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Preface

In recent decades, growing population, depletion of aquifers, and extreme drought
have exacerbated long-termwater scarcity problems inmany countries of theworld,
especially in the United States and Europe. Nowadays, agriculture, the energy
sector, municipalities, feedstocks for biofuels, as well as the oil and gas industry are
competing for water, with very few instances of well-functioning markets to
regulate water allocation. Moreover, water is generally underpriced, because water
rates do not reflect the actual economic value of water. As water scarcity emerges as
a global problem, strategies for sustainable and cost-effective ways of dealing with
water shortages are an urgent and highly relevant topic. This book offers answers to
those issues by following two main goals:

1. It evaluates sectoral water use and competition for water resources on both
sides of the Atlantic, and provides case study examples from the United States
and Europe.

2. It discusses water management strategies and approaches applied in the
United States and Europe to optimize water use and allocation, mitigate water
scarcity, and adapt to water scarcity.

The comparative analysis between the United States and Europe points out
national and regional perspectives on water problems and management strategies,
and more importantly lessons learned from applying specific strategies and ap-
proaches. The condensed knowledge can be valuable for scientists, practitioners,
stakeholders, and other policymakers evaluating different water management
strategies for their potential effectiveness. This knowledge can also help with
designing and establishing effective strategies and policies subject to regional
natural conditions, regional socioeconomic and environmental needs, and weather
patterns. By learning from experiences in different countries and regions, potential
successful ways of dealing with water scarcity could be learned while mistakes in
water management policy could also be avoided in the future.

Chapter 1 provides an overview of global and regional problems related towater
scarcity based on the example of the western United States, Europe, as well as
institutional and policy deliberations on water scarcity issues. In Chapter 2, a
country-specific analysis with case study examples is provided for different sectors
both in the United States and Europe to evaluate similarities and differences in the
existing water issues on both continents. The section is summarized by a discussion
on the watereenergyefood nexus that combines the presented sector-specific

xv



examples. Chapter 3 is focused on management approaches and strategies to
mitigate and/or adapt to water scarcity based on experiences from both continents,
through public- and policy-driven approaches as well as new water innovations and
technologies. The section is summarized with a discussion detailing experiences
from different countries, their transferability, and accessibility to other countries at a
larger scale. Chapter 4 gives an outlook toward challenges for water management in
the 21st century based on the past and recent developments in the water sector.

Competition for Water ResourcesdExperiences and Management Approaches
in the US and Europe will be of a great interest to scientists, practitioners, stake-
holders with research/work fields related to water scarcity, natural resource man-
agement, environmental economics, and water economics, as well as students and
any person interested in water issues and water management.

We hope you will enjoy reading and working with this book.

Jadwiga R. Ziolkowska
Jeffrey M. Peterson
Norman, Oklahoma
St. Paul, Minnesota

September 2016
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Chapter 1.1

Meeting the Challenge of Water
Scarcity in the Western United
States

K. Hansen
University of Wyoming, Laramie, WY, United States

1. INTRODUCTION

Over the past 100 years, all regions of the United States have experienced increased
temperatures and marked changes in average annual precipitation. A range of climate
models project more dramatic changes to come (IPCC, 2013). Existing water supply
infrastructure was built with outdated population estimates and environmental constraints
in mind and, it now turns out, often optimistic estimates of future water supply availability.
Water managers are working to find creative solutions to the resulting imbalance between
supply and demand.

This is especially true in the western United States, where recent and ongoing
droughts have already challenged existing water infrastructure and management in-
stitutions. California is in its fourth year of a severe drought, which is having profound
impacts on humans and ecosystems in the state (CDWR, 2015; Howitt et al., 2015). The
Colorado River Basin is also in the midst of a multiyear drought (16 years and count-
ing), prompting significant regional discussion on how to adapt to a drier future. The
higher temperatures projected for the western United States will lead to earlier runoff
and increased variability in the intensity and timing of flows (Stewart et al., 2005;
Shinker et al., 2010; IPCC, 2014). These additional challenges will increase the diffi-
culties water managers face in maintaining a reliable water supply. They will also in-
crease the frequency of conflicts among water users. This is especially true in light of
continued population growth and increasing environmental constraints in many parts of
the western United States.

The good news to consider against this rather bleak backdrop is that water managers
and policymakers at the federal, state, and local levels are working within existing water
management institutions to resolve conflicts. In many cases they are also seeking new
and innovative solutions when and where the old institutions no longer generate satis-
factory outcomes. For example, the Western Governors Association (WGA), an orga-
nization comprised of the governors of 19 states and three territories in the western
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United States, recognizes drought as a foremost concern.1 In 2015, the WGA imple-
mented the Western Governors’ Drought Forum, which creates a framework for states to
share information and best practices so that they can better anticipate and manage
drought impacts.

Themes raised by water managers and policymakers through the Forum fall broadly
into three categories. First is finding mechanisms for addressing present and future
imbalance between demands and available supplies in any particular location, whether
these mechanisms be maintenance and expansion of existing infrastructure, new water
sources, or conservation strategies. Second is working effectively within water man-
agement institutions through increased communication and collaboration between state,
local, and federal agencies, water providers, agricultural users, and citizens. This can be
particularly challenging when existing legal frameworks and regulations slow response
to drought. The final theme is increased recognition of the interconnectedness of water
users and the ecosystems upon which they depend. This is simultaneously a call for
improved data collection and analysis and better land management practices for forests
and farmland.

This chapter describes existing mechanisms for increasingdor reallocatingdwater
supplies to meet changing demands. Such mechanisms are most effective when they can
resolve water crises before they occur and reflect changes in societal priorities regarding
water resource allocation and management. The next section provides an overview of
water resources and uses in the United States. It very quickly identifies the western
United States as the location where water management institutions have been stressed the
most to date and where they likely require the most attention moving forward. Section 3
describes methods used in the past to resolve conflict between water users and some of
the challenges currently facing water managers in the western United States. Section 4
describes the complex regulatory relationships between state, federal, and local water
managers that must be part of water management solutions moving forward. Section 5
concludes.

2. OVERVIEW OF WATER IN THE WESTERN UNITED STATES

The majority of water conflicts in the United States have occurred in the West, where
average precipitation levels and high inter- and intraannual variability create challenges to
water management. Average annual precipitation levels have decreased over the past
100 years in this region (IPCC, 2013), further straining resource availability. Some com-
parison with conditions in the eastern region of the country is useful, but the remainder of
the chapter will focus on the western region.

2.1 Resource Availability

The westernmost 17 states form the western region of the contiguous United States and
represent approximately 59% of its landmass and 35% of its population. Average annual

1. The WGA is an association of the governors of the 19 westernmost states (the 17 discussed later

plus Alaska and Hawaii) and the three western US territories of American Samoa, Guam, and

Northern Mariana Islands. The mission of the WGA is to “be an instrument. for bipartisan policy

development, information exchange, and collective action on issues of critical importance to the

Western U.S. (WGA, 2016).”
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state-level precipitation in this western region varies between a low of 10 in. in Nevada and a
highof 39 in. inWashington.The regional average is just 21 in., significantlybelow thenational
average of 37.2 The region is characterized by significant variability in average precipitation,
within as well as between states. Precipitation often falls as high-elevation snowpack, which
acts as a natural reservoir, storingwater until temperatures rise in the spring, causing the snow to
melt (Svoboda et al., 2002; Pierce et al., 2008).

More of the western United States is currently experiencing drought conditions than is
the eastern United States (Fig. 1). This is no surprise given the average precipitation levels
mentioned previously. But also note that the concept of drought encompasses resource
availability for demands rather than just absolute precipitation levels. The National
Drought Mitigation Center defines drought to be a moisture deficit bad enough to have
social, environmental, or economic effects (NDMC, 2016).

2.2 Water Use

Public supply (deliveries to households, commercial, and industrial customers over public
supply systems) comprises 12% of water withdrawals in both the western and eastern

FIGURE 1 Snapshot of current drought conditions across the United States.

2. By contrast, average annual precipitation in the eastern region is 46 in. The eastern states with the

lowest and highest annual precipitation levels are Minnesota (27 in.) and Louisiana (60 in.),

respectively. Averages, compiled by NOAA (2016), are based on historical data (1971e2000).
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regions (Fig. 2).3 However, in stark contrast to the eastern region, 69% of withdrawals in
the western region are for agriculture (primarily irrigation but also including livestock
watering and aquaculture).4 The remaining 15% and 4% of water withdrawals are for
thermoelectric power and industrial uses (self-supplied rather than from a public supply
system and including withdrawals for mining activity), respectively. Approximately 83%
of withdrawals for irrigation and 74% of irrigated acres were in the western region in 2010.
Surface water supplied approximately 57% of total irrigation withdrawals nationwide.
Surface water accounts for 65% of withdrawals in the western region (compared to only
31% in the eastern region).

Greater variability in states’ reliance on water for different uses from different sources
exists between western states than between eastern states because of the higher variability
in climate and precipitation conditions. Irrigated agriculture accounts for 80% of
consumptive water use in the 17 westernmost states and is as high as 90% in some states
(Schaible and Aillery, 2012). Water improves farm production value; nationwide, the
average value of production for an irrigated farm is more than three times that of a dryland
farm (Schaible and Aillery, 2012).
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FIGURE 2 Water withdrawals by region, use, and source for the contiguous United States. GW,

groundwater; SW, surface water.

3. The most comprehensive, recurring source of water withdrawals in the United States is the estimates

released every 5 years by the US Geological Survey. The information presented in this section is

compiled from the most recent report (Maupin et al., 2014). The public supply total includes

domestic use by individuals who self-supply, primarily from groundwater wells in rural areas.

Approximately 14% of the US population self-supplies their water rather than receiving it through a

public system.

4. By contrast, the largest portion of withdrawals in the eastern region is for thermoelectric power,

which uses 69% of water withdrawn in the eastern region. Thermoelectric power use is by and large

sourced from surface water. Only 12% of withdrawals in the eastern region are for agriculture,

though irrigation there has been expanding (Schaible and Aillery, 2012).
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Water use is measured in one of two ways: by quantifying the amount of water
withdrawn or the amount of water consumed. Withdrawals far exceed consumption in
many uses because much of the water returns to the streams, wetlands, and aquifers from
which the water was taken. The US Geological Survey (USGS) numbers reported earlier
refer to water withdrawn rather than consumptively used. For water resource management
and policy purposes, consumptive use is defined as water removed from an available supply
(both surface and groundwater) without return to the system. Thus some withdrawn water
is returned to rivers, wetlands, or aquifers and is available for use by others downstream.
The percentage of water withdrawn that is returned to the system varies by use.

The uses described previously are consumptive in nature. Some water usesd
hydropower, recreation on streams and lakes, and instream flows for fisheriesdare entirely
nonconsumptive; the water remains entirely available for use downstream. Nonconsump-
tive uses do not reduce the quantity of water in a river but they may change the quality,
location, and timing of flows in ways that affect downstream users. Instream flows are
waters that are retained in the river, rather than diverted, to support fish populations.

2.3 Water Management

States have primary authority to administer waters within their borders. Western states
rely in part or entirely on the doctrine of prior appropriation. Under prior appropriation,
the first to divert water from a waterway has the more senior right, giving rise to the
phrase, “first in time is first in right.” Thus in dry years a more senior right must be
entirely satisfied before a more junior right receives any water. To retain a prior
appropriation water right, diverted water must be put to a use defined under relevant state
law as “beneficial.” Uses defined as beneficial in all western states are, for example,
municipal, agricultural, industrial, and mining. Recreational and/or instream flows are
also identified as beneficial in an increasing number of states. Water is also subject to
abandonment if it is not used continuously (Getches, 2009).

Water law has developed fundamentally differently in the western region than it did in
the eastern region because of their different water resource profiles. The eastern states
inherited the riparian doctrine from English common law. Under the riparian doctrine, the
right to water accrues automatically to land adjacent to the waterway, regardless of whether
water has been applied historically to that land (Getches, 2009). Settlers moving west
found that the riparian doctrine did not fit the harsher, more arid climate of the western
United States. For example, gold miners in California wanted to use water in hydraulic
mining operations located on public lands far removed from waterways. They would not
have had a right to the water under the riparian doctrine. But under prior appropriation,
they were able to lay claim to the water by diverting it and putting it to beneficial use. Prior
appropriation further helped to ensure that a mining or irrigation project with a senior right
would likely have sufficient access to water to justify their often significant capital
investment, even in dry years (Hundley, 2001).

3. ADDRESSING WATER SCARCITY

Inhabitants of western North America have managed and grappled with scarce water
resources since the earliest human settlements (Hundley, 2001). In more recent history,
settlers of European descent have set to the task of harnessing land and water resources to
human purpose in a way that has had a profound impact on the environment. This is
particularly true for water.

6 Competition for Water Resources



3.1 Water Development

The first solution to the water scarcity problem implemented on a wide scale was con-
struction of storage and conveyance infrastructure to move water from where it arose
naturally to places where people wanted to live. The US Bureau of Reclamation (USBR)
played a significant role in this effort. Originally established in 1902 as the US Recla-
mation Service and housed within the USGS, its original mission was to develop water
projects in the 17 western US states with the goal of “reclaiming” arid lands for irrigated
agriculture.5 Today, USBR is the largest wholesale supplier of water in the United States. It
operates 337 reservoirs, with a total storage capacity of 245 million acre-feet. One in five
farmers receives irrigation water from USBR. USBR water irrigates 10 million acres,
which produce 60% of vegetables and 25% of fresh fruit and nut crops in the United States.
USBR is also responsible for over 8000 miles of irrigation canals. Approximately
31 million people rely on USBR water deliveries for municipal, residential, and/or in-
dustrial use (USBR, 2016).

Many individual states have also constructed significant infrastructure to store and
convey water from where it falls to population centers and locations most conducive to
agricultural production. One early example (and the inspiration for the classic 1974 movie
Chinatown) is the purchase of land in Owens Valley, in eastern California, by the City of
Los Angeles. Many credit this purchase, controversial though it was, with Los Angeles’
subsequent population boom and current economic importance to the California state
economy (Libecap, 2005). More recently, the state of California constructed the State
Water Project (SWP) to deliver water to 29 municipal and agricultural water suppliers
across the state through a system of reservoirs, aqueducts, and pumping plants. Unlike
USBR projects, well over half (70%) of SWP water is delivered to municipal rather than
agricultural users. SWP includes 34 storage facilities and over 700 miles of open canals,
through which it delivers supplemental water to 25 million Californians and over
700,000 acres of irrigated farmland (CDWR, 2016).

The agricultural landscape created by water projects such as these is now a funda-
mental part of the western identity. Many environmental services, most notably wildlife
habitat, have come to depend on the pastoral landscape created by agriculture. We see
water removed from agriculture and transferred to other uses, but not without resistance,
for both of these reasons.

Some of this infrastructure has been constructed for the purpose of transferring water
from one basin to another. For example, the Colorado-Big Thompson project was built in
the mid-twentieth century by USBR to transport water from the western slopes of the
Rocky Mountains under the Continental Divide to population centers in northeastern
Colorado, including Denver. The project consists of 12 reservoirs and 130 miles of tunnels
and canals. It provides over 200,000 acre-feet of water to municipal, agricultural, and
industrial users (NCWCD, 2016).

Interbasin transfers are not without controversy (Howe and Easter, 1971). Basins with
plentiful water supplies and low populations that might be easily tapped for imports are
increasingly rare. The potential for ecological harm to native species in the basin of origin

5. Many earlier private and state efforts to establish irrigation projects had failed, either because of

lack of funds or lack of engineering capability. USBR projects were originally funded from reve-

nues received by the federal government on federal lands. Beginning in the 1920s, projects were

funded directly from Congressional appropriations.
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is often an issue, as is the risk of importing exotic and nonnative species to the importing
basin. Economic harm in the basin of origin is not always fully compensated financially to
everybody’s satisfaction, which can contribute to political tension. For all of these reasons,
new interbasin transfers, and even new water development projects located within a single
basin, are not common. Siting such projects in places where the water supply benefits
outweigh construction costs and environmental concerns is difficult. Instead, water man-
agers are increasingly finding ways to use existing water resources more efficiently, either
through conservation or transfers.

3.2 Conservation

USGS reports that per capita withdrawals for domestic use decreased by nearly 10%
nationwide between 2005 and 2010, from 98 to 88 gallons per day.6 Cities in particular
have made a concerted effort to reduce reliance on what are often imported water supplies
with complicated relationships with the basin of origin. For example, Phoenix, Arizona, has
reduced water use by 35% between 1980 and 2014. Urban southern California imports less
water now than it did 20 years ago, even though the region’s population has grown by
4 million (approximately 20%) over the same timeframe. Denver, Colorado, and Las Vegas,
Nevada, have reduced overall water use by 20% and 30%, respectively, since 2002, even
though the populations of both communities have been growing steadily (USBR, 2014).

Economists like prices as a form of water management because they send a clear signal
of water’s relative value among competing uses. Prices, however, are not always the
preferred instrument in a residential setting because of concerns about universal and
affordable access to water. What water managers tend to do instead is to ask for voluntary
reductions in water use during drought, impose mandatory restrictions on landscape
watering, and fund incentive programs to replace old, inefficient appliances. Nonetheless,
water managers are increasingly turning to price to regulate demand. Between 2000 and
2012, the number of public and private water systems in the United States with an
increasing block rate structure (so that the rate per unit of water consumed increases as
consumption increases) rose from 29% to 52% (Smith and Zhao, 2015). One challenge
water managers often face is maintaining affordable rates in light of decreasing con-
sumption. As more communities adopt a rate structure based on volume consumed or
otherwise encourage conservation, some water supply systems are faced with the prospect
of increasing rates to cover the costs of maintaining their supply infrastructure.

Total irrigated acres in the western region increased by 2.1 million acres between 1984
and 2008, though total agricultural water applied declined by nearly 100,000 acre-feet. The
portion of all crop agricultural water in the western region using inefficient gravity irri-
gation systems such as flood and furrow irrigation decreased from 71% to 48% over this
time period (Schaible and Aillery, 2012). The pressure irrigation systems brought on line
included drip, low-pressure sprinkler, and low-energy precision application systems.

There is room for more efficiency gains, as more than half of irrigated cropland
acreage in the United States is irrigated with less efficient irrigation systems such as

6. Withdrawals for most uses (including public supply systems, self-supplied domestic, livestock,

irrigation, thermoelectric power, and industrial) decreased between 2005 and 2010. (Withdrawals

for mining and aquaculture, though small in absolute terms, did increase.) Population increased

from 300.7 to 313 million over the same period.
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flood irrigation (Schaible and Aillery, 2012). Pressures to increase agricultural efficiency
come from diminished supplies (for example, aquifer drawdown in areas that rely on
groundwater) and, in states where water users are able to market their water savings, the
lure of selling water to higher-value municipal, industrial, and environmental uses.
Agricultural efficiency improvements can be an important part of integrated watershed-
level planning, when used in conjunction with other tools, for example, drought water
banks, contingent water markets through which water is only transferred in dry years,
reservoir management, irrigated acreage and groundwater pumping restrictions, and
irrigated acreage retirement (Schaible and Aillery, 2012).

A few words of caution are in order. First, efficiency measures may have unintended,
negative effects at the watershed level. Flooding fields may indeed be inefficient and
result in significant losses through evaporation and runoff. However, much of the runoff
often reenters streams and aquifers and is available downstream for other users. In some
systems, where return flows are de minimis, it may make sense to increase efficiency, in
the interest of decreasing withdrawals and evaporation rates. In other systems, flood
irrigation may provide artificial wetlands for wildlife habitat and generate return flows
that provide benefits to downstream users (Peck and Lovvorn, 2001; Conner et al., 2012;
Mount et al., 2016).

Even in systems where return flow is relatively small, agricultural conservation
measures may not have the intended effects. For example, in areas that rely on declining
groundwater aquifers for irrigation supplies, the recharge rate is so low as to be negli-
gible. In such locations, water managers discuss strategies for managed depletion rather
than sustainable use. Pfeiffer and Lin (2014) find that irrigators in western Kansas,
drawing water from the Ogallala Aquifer, increase water use after installing drop nozzles
on their sprinkler systems. Increased irrigation efficiency may increase yields by
reducing water losses from runoff and evaporation and allow irrigators to plant more
valuable crops. It does not, however, necessarily reduce water use if irrigators are able to
use the saved water intensively on the same fields (thus increasing yields or allowing
irrigators to grow more valuable crops) or apply the water extensively on fields that
would otherwise be fallowed. To be truly effective, efficiency measures must be linked to
measurable reductions in withdrawals.

3.3 Water Transfers

Water transfers facilitate reallocation of water to higher-value uses dynamically in
response to relative changes in supply and demand conditions (Howe et al., 1986; Easter
et al., 1998). They allow water managers to adapt quickly to shortfalls in water availability,
whether such shortfalls result from increased demands or decreases in supply related to a
changing climate or, as is increasingly common in the western United States, a combi-
nation of both. Water transfers provide a cost-effective alternative to the development and
construction of expensive infrastructure and may be of particular use when additional
conservation measures are relatively more expensive or politically infeasible.

Transfers are increasingly common in the western United States. They generally fall
into two categories: leases, in which the seller retains the water right but simply allows
another party to use the water that flows from the right for a specified period of time; and
rights transfers, where the water permit actually changes hands. Leasing activity is more
responsive to annual fluctuations in precipitation than sales activity; lease volume is higher
in dry years than in normal/wet years. The most common sellers of water and water rights

Water Scarcity in the Western US Chapter j 1.1 9



are from the agricultural sector. The user group that has acquired the most water through
rights transfers is municipalities (Hansen et al., 2015).7

One would expect a certain price differential between a 1-year lease of water and a
water right, reflecting the expected stream of benefits a rights holder would accrue in
perpetuity from the right. Even given this expected price differential, water rights prices
tend to be high relative to 1-year leases. One reason is the high transaction costs associated
with a rights transfer; a water right once sold would be expensive to reacquire. High
transaction costs notwithstanding, many rights holders prefer to retain a water right even
when a strict costebenefit analysis would suggest that the water user would be better off
with a cash payment. Water is life, as the saying goes, and westerners are reluctant to part
with it. This feature makes water different than standard commodities, more easily bought
and sold in the marketplace, a fact that is reflected in the price of water rights.

Another trend in water transfer activity is that environmental purchasing (both leases
and rights) has increased over the past 25 years. In fact, more leasing has occurred to
environmental use than to agricultural or municipal use. One oft-cited example is the
Environmental Water Account (EWA) in the San Francisco Bay Sacramento Delta. The
EWA is a fund established by the CALFED Bay-Delta Program through which state and
federal fishery managers could purchase water in real time to help fisheries during critical
periods (Hanak, 2003). In 2003, USBR also implemented a temporary water bank in the
Klamath River Basin of southern Oregon and northern California to protect three endan-
gered fish species. USBR purchased the water from irrigators, who idled land and pumped
groundwater to make the water available (Burke et al., 2004).

Regnacq et al. (2016) observe that in Australia’s Murray-Darling Basin, one-third or
more of total water available has been traded, whereas in California, trading volumes in the
late 2000s were only roughly 3e5% of total water use in the urban and agricultural sectors.
Similarly, Hansen et al. (2013) show percentages for all western US states ranging between
roughly 0.25% and 6% of total water for 1990 through 2008. These numbers are a lower
bound on trading activity, as the data source utilized by these researchers is not compre-
hensive of trading activity. Further, short-term leases may often happen on a more informal
basis, for example, between agricultural producers located within the same irrigation
district. Despite increasing political acceptance of water transfers, however, trading
volume is still low compared to what it might be. Why are there not more transfers?

Young (1986) detailed the reasons why water transfers were not more common in the
western United States 30 years ago. The situation and the underlying reasons remain
unchanged. Water is mobile and in cases where consumptive use is something less than the
quantity diverted from the waterway, downstream users come to depend on the flow pat-
terns created by the upstream use. These physical challenges and costs associated with
measuring and harnessing water have contributed to transfer proceedings at the state level
that are complex, time-consuming, and expensive. One feature of transfer proceedings

7. See also Howitt and Hansen (2005), Brown (2006), Brewer et al. (2008), and Doherty and Smith

(2014) for detailed discussion on various aspects of water trading in the western United States.

These articles all rely on data from the Water Strategist, a trade journal that reported water

transaction details (price, quantity, buyer/seller identity, and some additional terms) in western US

states through 2010. Transactions reported in the Water Strategist are not comprehensive of all

trading activity and results should thus be taken with a grain of salt. However, theWater Strategist is

the most comprehensive source of western US water trading activity during the time period. See

Hanak and Stryjewski (2012) for a more comprehensive database of transfers in California.
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(though specifics vary by state) is a determination that no harm will accrue to other water
users as a result of the transfer. As a consequence, a water transfer is generally limited to
the quantity of water that has historically been consumptively used (rather than the full
amount a user has a right to), to prevent harm to downstream water users who have come to
depend on return flows (Getches, 2009). Transfer proceedings also increasingly recognize
environmental impacts of changes in the timing or location of flows, largely because of the
influence of federal environmental legislation, such as the Endangered Species Act and the
Clean Water Act.

Even in the absence of harm to downstream users and the environment, transfers can
have negative economic impacts on the exporting community. When fields are fallowed,
the exporting community can experience unemployment and income loss (Howitt, 1994;
Howe and Goemans, 2003). Water purchasers are not generally required to compensate
exporting communities for these costs, though some transfers (most notably the purchase
of up to 111,000 acre-feet annually for 35 years by Metropolitan Water District of Southern
California from the Palo Verde Irrigation District) have included mitigation funds to assist
the exporting communities adapt to a reduced resource base (O’Donnell and Colby, 2009).

A recent report commissioned by the WGA documents the increase in water transfer
activity that has occurred in recent decades and suggests ways to make water transfers more
efficient and equitable (Doherty and Smith, 2012). This report demonstrates significant
political will in the western United States to use water markets, where appropriate, to
increase allocative efficiency between competing sectors by redirecting water to its highest-
value use. Creatively structured water transfers such as dry-year options, interruptible
leases, and water banks8 can avoid the sale of water rights out of rural communities, a
phenomenon known as “buy and dry.” This type of arrangement avoids many of the political
pitfalls historically associated with water rights transfers from agriculture to urban areas but
also provides nearby cities with a way to access water in dry years when they need it most.

State laws have been changing in response to the need for increased flexibility to
address drought and protect the environment (Schempp, 2009; Doherty and Smith, 2012;
Hansen et al., 2015). One important example is instream flow laws. Prior appropriation has
often historically failed to take into account public interests. Nondiversionary uses such as
instream flows for fish and wildlife habitat were not originally identified as beneficial use
under most state laws. However, when state laws do allow water to be re-allocated to
instream flows, the rights are generally assigned a more junior priority date. The question is
whether incremental change within the framework of prior appropriation will be sufficient
to keep pace with the changing needs of water users and the environment. Chapter 3 of this
book provides a thorough discussion of the shortcomings of prior appropriation in the
current climate of water scarcity. However, if water transfers can be structured so that they
reallocate water more efficiently, without undue harm to existing water users, the envi-
ronment, or the exporting basin, the answer may be yes.

8. These transfer mechanisms facilitate water sharing during dry years. Under a dry-year option, the

buyer pays a premium for the right to lease water should the year turn out to be dry. Under an

interruptible lease, irrigation is temporarily suspended and the water transferred to some other user

during dry years. Through a water bank, users make water available for future use by storing it in an

aquifer or reservoir. If correctly structured, water banks can prevent users from losing a water right

from lack of use, thereby facilitating efficient use of water over time and between users.
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4. STATE, FEDERAL, AND LOCAL GOVERNANCE
OF WATER RESOURCES

4.1 State Authority

States have primary authority to administer waters within their borders. Western states’
constitutions and statutes generally claim ownership to all the water within their bound-
aries and reserve the right to administer water consistent with the public interest (Getches,
2009). It is certainly the case that all of the transfer activity described earlier has taken
place with the approval and oversight of the relevant state, and that virtually all such
transfers have been intrastate. States are also primarily responsible for water supply
planning that takes place within their borders.

4.2 Federal Influence

Nonetheless, the federal government has historically exercised considerable influence over
water allocation in the western United States. In addition to the water development already
discussed, the United States also owns 32.7% of the land in the 17 westernmost states.9 In
the early 1970s, the federal government extended its reach even further into water man-
agement through the passage of the Clean Water Act of 1972 and the Endangered Species
Act of 1973. These environmental protection laws, designed to protect and improve water
quality, ecosystem health, and biodiversity, placed limits on new and existing water users
and somewhat further constrained states’ ability to administer land and water resources
(Getches, 2001; Mount et al., 2016).

Getches (2001) argues persuasively that federal influence on western US water policies
has always been significant. Getches refers to the “myth of state control” of water, given
the power of the federal government to supersede that control through court rulings or
legislative action. He notes that although the federal government has repeatedly deferred to
the states in control over water resources, it has always done so with reference to an early
Supreme Court case involving the Rio Grande Irrigation Company, in which the Court
found that “state-authorized water use must not interfere with federal rights to protect the
flow of the stream and can be superseded by the exercise of federal powers over commerce
and public land.”10 In practice, this has meant that whenever a conflict arises between
states’ exercise of authority over water allocation and federal programs (namely, con-
struction of water projects and enforcement of environmental regulations), the federal
purpose has prevailed.

This federal authority, though not always exercised, is an opportunity for improved
water management. The Public Policy Institute of California issued a report describing the

9. Federal ownership is even higher in the 11 westernmost US states (46.9%) and is highest of all in

Nevada (84.9%). By comparison, federal land ownership at the national level is only 27.4% of the

US land surface. These percentages are based on management by five federal agencies (Bureau of

Land Management, Fish and Wildlife Service, and National Park Service in the Department of

Interior, Forest Service in the Department of Agriculture, and the Department of Defense). These

percentages exclude lands managed by other federal agencies, for example, USBR and Department

of Energy (Vincent et al., 2014).

10. The quote is from page 6 of Getches (2001). The court case is United States v. Rio Grande

Irrigation Co., 174 US 690 (1899).
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ways in which federal water policy could change to improve drought resilience in the
western United States (Mount et al., 2016). The report is based on interviews with water
resource managers and policymakers in western US states and Washington DC. Those
interviewed recognized efforts by the federal government to improve coordination between
federal agencies and align funding with needs but also suggested additional federal actions
that could help western states ready themselves for drought, drought emergencies, and
general water scarcity.

The report’s first suggestion is to align federal farm program activitydprimarily
subsidies to irrigators that have historically focused on farm efficiency and easement
programsdwith local watershed and river basin conservation objectives. Second is to
improve the health of headwaters forests (often federally owned and managed) by taking
actions to reduce wildfire risk. Third is to improve coordination in the collection and
dissemination of water information. Given the multiple roles that the federal government
plays in water management, it has great potential to be a positive influence on water
management in the western United States.

Although there may well be a larger role for the federal government in resolving
conflicts over water allocation, tensions remain regarding the proper extent of federal
authority over water. In 2015, the Environmental Protection Agency (EPA) issued an order
designed to improve protection for public health and aquatic resources and to clarify the
scope of waters of the United States protected under the Clean Water Act. Within days,
more than half of US states (along with industrial and agricultural groups) had filed suit
against the EPA, claiming that the clarifications extended federal regulatory reach into
smaller, previously unregulated waterways and ditches in a way that would increase
uncertainty and liability for farmers and ranchers. The case awaits resolution by the courts
(Copeland, 2016). USFS also recently proposed a directive, this one on groundwater
resource management, intended to establish a clear approach to evaluating and monitoring
the effects of actions on USFS groundwater resources. USFS subsequently withdrew the
directive amid complaints from states (as well as industry and agriculture) that the directive
was an infringement on states’ authority over groundwater management (WGA, 2015).

These tensions between state and federal authority over water management will
continue. They are likely ultimately useful as well, given, as Huffaker suggests in Chapter 3,
relying on traditional state policy to allocate water among competing uses without continued
federal intervention might not be enough to protect environmental uses of water that society
increasingly finds important.

4.3 Tribal Water Claims

The federal government has also played a significant role in allocation of tribal water
rights. Most Indian reservations were established by treaty with the federal government
before the turn of the 20th century, and without reference to water. The coexistence of
these implicitly granted federal rights with the more conventional, state-administered prior
appropriation rights led to conflicts that could not be resolved within the rubric of prior
appropriation. The 1908 Winters Doctrine clarified the situation somewhat by stating that
Indian reservation establishment carried with it sufficient water for the purposes of the
reservation.11 The priority date of these “reserved rights” is reservation establishment,

11. See Winters v. United States, 207 US 564 (1908).
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which in most cases predates the general allocation of water in a region through prior
appropriation (Doherty and Smith, 2012; Wilkinson, 2015). Reserved water quantities are
litigated and quantified through a general stream adjudication, to determine the nature,
extent, and relative seniority of all water claimants in a river basin. The first of these
occurred in 1978. Since then, general stream adjudications have been completed or are now
under way in at least 12 western states (Thorson, 2015).

Wilkinson (2015) describes the tension inherent between state-granted prior appro-
priative rights and tribal water rights, which are senior to most non-Indian rights and,
unlike rights granted under prior appropriation, do not require diversion or actual use to
remain valid. States have historically taken umbrage at tribal and federal lawyers’ claims to
a superior right to water over the generations-old diversions for irrigated farmlands. Prior
appropriation is, Wilkinson notes, “infused with history, myth, emotion, politics, eco-
nomics, and public acceptance.” He also notes that state and federal court judges in general
stream adjudications have not been unfair but that the proceedings “do not reflect the
normal supremacy of valid federal laws over contradictory state provisions.”

General stream adjudications tend to be lengthy, contentious court proceedings. Tribes
tend to fair better in negotiated settlement. Settlement is more likely to result in “wet” rather
than “paper” water for tribes. It also promotes flexibility in finding solutions that involve
conservation and wise water management and a spirit of cooperation between tribes and
states (Thorson et al., 2006). A combination of litigation and settlement is most common, as
tribes can leverage court cases to negotiate settlements outside of court (Thorson, 2015).

Some of these observations are borne out by the experience of the Eastern Shoshone
and Northern Arapaho tribes. These two tribes, state and federal agencies, and countless
water claimants in the Big Horn Basin of central Wyoming recently completed a 37-year
general stream adjudication. As one former Wyoming State Engineer involved in the
proceeding has noted, the parties got off on the wrong foot and would likely have achieved
a better outcome through settlement rather than litigation (Wilkinson, 2015). In particular,
the tribes received rights to 500,000 acre-feet of water, though approximately half of these
adjudicated rights so far remain paper rights because the tribes have been unable to obtain
funding to develop them (Wilkinson, 2015). Also of note is the failure of the courts in the
Big Horn Adjudication to allow the tribes to use their water for instream flows to enhance
the fishery, as the tribes did not historically rely on water for this purpose. As Wilkinson
(2015) notes, “The weight of classic prior appropriation surely played a role here, for these
uses were wholly unrecognized under the consumptive, out-of-stream imperative that
drives western water law.”

4.4 Local Collaboration

As competition between water uses has become more pronounced, basin- and watershed-
level planning processes have become increasingly important to water conflict manage-
ment. Such processes incorporate input from multiple stakeholder groups, thus increasing
the probability of successful resolution. Getches (2001) argues that the state agencies
established by state constitutions and statutes to administer prior appropriation did not deal
well with the pressing water management issues of the 1990s: efficiency and conservation,
conjunctive use of groundwater, protection of instream flows, more comprehensive plan-
ning, and inclusive public participation at the local level. Rather, it was locally based
problem-solving efforts motivated by federal regulatory pressure that implemented needed
water reforms.
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One such example is the Dungeness Water Exchange located in western Washington
state, which arose in response to recent ESA regulations for salmon and pressure on land
and water resources from agricultural and residential development. Washington Water
Trust developed a mitigation and voluntary leasing program, in coordination with local
water users, funded by the State Department of Ecology.12 New groundwater appropriators
must mitigate their impacts to water resources through the program. The mitigation portion
of the exchange consists of water rights purchases from Dungeness irrigators used to
support instream flows and aquifer recharge projects. The voluntary leasing portion of the
exchange serves restoration needs in the watershed. Local irrigators sign forbearance
agreements to cease late-season irrigation in exchange for payment. Leasing activity has
occurred in 2009 and 2015 and is expected to continue in 2016. The leasing program is
flexible and consistent with state law. The watershed-level objectives of the program and
the active involvement of local entities in the watershed and state agencies with regulatory
oversight responsibilities have been critical to the program’s success (Amanda Cronin,
personal communication, March 3, 2016).

Given the hydrologic interconnectivity and the fact that many water users are
affected by changes in water use patterns, there are many examples moving forward of
ways in which local communities can work together to incorporate water transfers into
broader, more integrated strategies for addressing water scarcity. Another example is the
case of Deschutes County, Oregon. In response to increasing municipal demands, higher
environmental standards, and no obvious ways of acquiring new supplies, stakeholders
are implementing a combination of agricultural conservation (lining ditches and
installing pipes), water transfers, a water bank for irrigators, and improved reservoir
management to meet local needs. Part of the result is increased instream flows to meet
requirements for endangered fish species (steelhead and salmon). Important to the res-
olution was a USBR study that provided detailed projections on supply and demand. This
information served as a catalyst for action on the part of local stakeholders (Doherty and
Smith, 2012).

Local stakeholders can also come to agreement on how to address water scarcity even
in the absence of a federal regulatory driver over endangered species. Groundwater
Management Districts were formed in Kansas in the early 1970s to establish local control
over groundwater rights. Irrigators in Sheridan County, Kansas, wanted even more local
control and so pushed for state legislation to create a new kind of management institution
called Local Enhanced Management Areas (LEMAs). Under a LEMA, the Kansas Chief
Engineer approves locally generated management plans and corrective controls. Based on
an economic study, stakeholders in Sheridan County decided to voluntarily reduce present
groundwater pumping, which was estimated to produce a slightly lower gross profit in the
present but a proportionately higher gross profit in the future, as a result of the greater
groundwater reserves generated in the present (Golden et al., 2008). Local stakeholders
raised no objections to the plan, so the Chief Engineer approved it (Kansas, 2013). Farmers
have altered cropping patterns and implemented deficit irrigation in response to the
reductions (Bill Golden, personal communication, February 16, 2015).

12. Also involved in the program is Washington Water Trust, an environmental nonprofit organization

that works to use voluntary, market-based transactions and cooperative partnerships to improve

water management.
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5. CONCLUSIONS

Wide-scale water development is no longer the option for addressing water scarcity it once
was in the western United States. The relatively low marginal benefits of such new projects
do not outweigh the costs, especially given increased awareness of the resulting envi-
ronmental damage. Water transfers can do some of the work needed to reallocate water in
response to changing circumstances. However, prior appropriation has not so far proven
flexible enough to meet all of these needs. The question is how to increase transfer activity
that improves allocative efficiency while at the same time discouraging transfers that harm
water users and the environment downstream.

Local, stakeholder-driven, collaborative processes driven by federal regulations may
hold the answer, as evidenced by some of the examples presented here. Such collaborative
processes facilitate common understanding and can implement solutions not strictly
envisioned by existing water management institutions. Support from federal and state
agencies with information on the consequences of alternative courses of action can also aid
stakeholders in the decision-making process. And in such examples, water transfers are
often one part of the solution.

Water managers must find ways to adapt to emerging needs and accommodate
changing circumstances. This is no small challenge, given increased water scarcity and the
complexity and interconnectedness of water systems. Strong, flexible water management
institutions can tip the balance from protracted conflict to rational and orderly competition.
Local, collaborative processes guided by watershed-level needs can help communities and
regulators meet their objectives as effectively as possible within the prior appropriation
framework.
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Chapter 1.2

Competition for Water
Resources From the European
Perspective

D. Zikos, K. Hagedorn
Humboldt University of Berlin, Berlin, Germany

1. INTRODUCTION

There are mounting pressures on water resources at the global level, as increasingly
variable weather conditions resulting in extreme hydrological events (floods and
droughts) create additional stress on water supplies essential both for human demand and
for ecosystem health. These pressures arise from the natural variability in water avail-
ability and climatic changes, but they are also linked to national and international social,
environmental, and economic policies (Estrela et al., 2007). In Europe, the problem of
water scarcity is particularly intense in the Mediterranean region, where some semiarid
zones are located (like in Spain, Greece, and Italy but most importantly in Malta and
Cyprus). However, other European countries are increasingly exposed to similar dangers
impacting their water resources, making water conservation strategies crucial to ensure
water availability in the long term (EEA, 2007a). In qualitative terms, humans’ per-
ceptions and actions regarding water resources are changing, which is reflected with the
southern EU Member States gradually recognizing the importance of water quality issues
(traditionally a concern rather typical for western Member States) in the general water
availability discourse. This makes the call for Europe-wide water strategies, “effective”
water policies, and “good” management practices crucial for ensuring both water
availability and quality across the continent. The EU Water Framework Directive (WFD)
is arguably one of the most significant manifestations of this logic, as it incorporates
scattered elements referring to qualitative and quantitative targets of previous EU water
legislations and regulations in an integrative way.

However, the impact of climate change on water resources further contributes to
Europe’s vulnerability to extreme weather phenomena and is expected to magnify existing
regional differences of Europe’s natural resources and assets, where southern countries will
become even drier in comparison to northern EU Member States (EEA, 2012a). Growing
water stress and the risk of more people in the future living in river basins under high water
stress raise further societal concerns (EEA, 2007b; Alcamo et al., 2007). The combination of
these factors will intensify competition between single users or whole sectors of the economy
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(eg, agriculture and tourism) and might even spark regional conflicts within or across
Member States because of the unequal distribution and allocation of water resources (Zikos,
2010). Moreover, it is argued with high confidence (Alcamo et al., 2007) that numerous
economic sectors will be challenged and this might lead to a redistribution of economic
activities. The European Environmental Agency (EEA) summarizes the situation by iden-
tifying a growing imbalance between water demand and availability, reaching critical levels
in some parts of Europe (EEA, 2012b). Anthropogenic factors like overabstraction, coupled
with natural phenomena like extensive periods of low rainfall or drought are deemed
responsible for the situation (EEA, 2012a,b). The recognized economic, social, and envi-
ronmental impacts of the identified imbalance might contribute to the final breakdown of the
fragile economies in the Mediterranean Member States that have already been devastated by
the financial crisis of 2008/2009. Under these anticipated severe changes, even the basis of
the founding principles1 upon which the European “dream” has been built might be shaken
because of water scarcity and its contribution to the increasing inequalities between the
Member States.

The aim of this contribution is twofold: (1) provide a brief overview of water resources in
Europe2 and the associated anthropogenic and natural pressures, and (2) introduce the main
European instrument (the WFD) to enable a response to the expected water crisis. The
authors argue that despite WFD’s careful design allowing flexibility in the implementation of
the Directive in the respective Member States, the regional characteristics of Europe, both
natural and socioeconomic, urges for a rather differentiated approach. Such an approach
should explicitly take into account the major differences between Member States and thus
also explicitly deal with existing, underlying, or future conflicts caused by the increased
competition for water. It might further deal with the very political economy of water, the
process of how public policy related to water is created and implemented, how institutions
develop in different social and economic conditions, and how actors from different fields
interplay. An in-depth analysis associating the water crisis and its manifestations with the
financial and consecutive economic and social crisis in the European Union might sound
particularly interesting in the described context. However, the authors decided to address a
more integrative approach aligning this chapter with the broader scope of the book, and
providing an analysis of a regional water scarcity problem.

For this chapter, mostly secondary data sources from the European Environmental
Agency were used. A second data and information source was a metaanalysis of the research
conducted by one of the authors between 2005 and 2015 on a multitude of issues concerning
European waters and water governance with a particular focus on European institutions and
the WFD. Finally, four interviews were conducted with water administrators in Athens and
the Cyclades Island complex in Greece in early September 2015 that provided a number of
expert opinions on water issues in relation to the ongoing European financial crisis.

The next section presents the “great divide” of Europe in terms of water availability,
use, and the main sectors competing for water resources. Further, the WFD is presented as

1. Since December 2009, the Treaty of Lisbon (EC, 2007) sets the fundamental EU objectives, aiming

at promoting the Union’s main values (rights, freedom, solidarity, and security) and highlights the

importance of solidarity between Member States: the Union and its Member States act jointly in a

spirit of solidarity if a Member State is the subject of a terrorist attack or the victim of a natural or

man-made disaster. Solidarity in the area of energy is also emphasized.

2. It should be noticed that the terms “Europe” and “European Union” are used interchangeably in this

chapter, unless specifically noted.
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the main instrument addressing water-related problems across the European Union and, in
a rather implicit way, facilitating the settlement of disputes. In the following section we
argue that the limited success of the WFD, especially in terms of competition for water, is
largely because of the great European divide in terms of water availability and use and thus
stability in Europe. The authors conclude that the WFD fails as the main European in-
strument to deal with water issues with respect to conflict resolution and mitigating
competition for water resources between users, sectors, and whole European regions.

2. THE “GREAT DIVIDE” OF THE EUROPEAN UNION

Water is perhaps the most emblematic natural resource when viewed from the perspective of
direct linkages and interfaces of nature and society (EEA, 2012a; Zikos, 2010). Managing the
whole spectrum of water functions and uses presents a fundamental example of how
ecological, physical, social, economic, political, and even cultural processes can fuse together
in the modes of organizing, regulating, controlling, and/or accessing natural resources. Water
bodies, be it surface waters or groundwater, provide an extremely variable multitude of
functions crucial to the human population. They are a source of drinking water, providers of
relaxation and recreation, as well as a transportation route. They receive treated wastewater,
providewater for irrigation, and are used for industrial cooling or for energy generation.Water
is also closely connected to traditions, cultural, or historical events. Furthermore, water sus-
tains life and as such it is absolutely essential for a healthy ecosystem to fulfill its ecological
functions. Therefore water, conceived as a hydrosocial cycle, constitutes an “encompassing
vector” (Swyngedouw et al., 2002) to such a degree that the ecological processes of water, the
natural hydrocycle, can no longer meaningfully be abstracted from its twin social hydrocycle
of sociopolitical, economic, and cultural embeddedness.

Because of this multitude of functions, it is self-evident that water as a resource cannot
be managed like other natural resources such as minerals, either fulfilling very specific
functions or treated simply as a “commodity” that can be easily evaluated in monetary terms,
distributed and allocated according to clearly defined economic and social needs in a direct
way, either in a centralized or in a free-market economy. Because of the limited space in this
chapter, we choose not to discuss how water was managed historically and the contemporary
discourses on the typology of goods, property rights and regimes, “environmental wars” and
“environmental peace,” and the unique role that water maintains in such debates. Instead, and
from the perspective described previously, we employ water as the lens through which
different paths to development have been manifested within Europe.

The European Environmental Agency (EEA, 2012c) identified several driving forces
behind the existing pressures on European3 waters. These can be broadly categorized as
pressures both in water quality and quantity arising from agriculture, public water

3. The European Environmental Agency divides Europe into three regional blocks of countries: (1)

eastern Europe (which includes several central and southeastern European countries) consisting of

Bulgaria, Czech Republic, Estonia, Latvia, Lithuania, Hungary, Poland, Romania, Slovenia,

Slovakia; (2) western Europe (including the several central European and all north or Nordic

countries) consisting of Belgium, Denmark, Germany, Ireland, France, Luxembourg, Netherlands,

Austria, Finland, Sweden, England, and Wales, including the non-EU countries of Iceland, Norway,

and Switzerland; and (3)southern or Mediterranean Europe consisting of Greece, Spain, Italy,

Cyprus, Malta, and Portugal (Fig. 1).
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provision, production of energy, and industry. Another driving force having a direct impact
on the hydrocycle is the increasing land use change mainly caused by urbanization and
technological and structural change in agriculture and land conversion giving way to the
tourism industry (especially in the Mediterranean Member States). The effects of climatic
changes multiply the impact of pressures arising from increased sectoral demand for water
and from land use change.

According to the European Environmental Agency, agriculture accounts for 33% of
total water use in Europe (EEA, 2012a). However, this is an average not reflecting the great
diversity of agricultural water demand in different EU Member States. In some parts of
Europe, agricultural water use can reach or even exceed 80% (especially in arid and
semiarid areas of the Mediterranean Member States including much of southern France,
Greece, Italy, Portugal, Cyprus, and Spain). In all those regions, water shortage would be a
limiting factor to crop production (EEA, 2012b). The dependency of some countries on
agriculture comes at a price. In summer 2005, Portugal faced a severe drought that
destroyed large amounts of crops (60% loss of wheat and 80% loss of maize) (Isendahl and

FIGURE 1 Map of the European continent, with EU Member States highlighted. Own map.
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Schmidt, 2006). The cost of this damage is estimated at half a billion EUR4 (EEA, 2012a).
Contrary to the high water demand for irrigated agriculture in the European south, the
western and northern Member States only use a fraction of this amount: barely 1% in some
cases (like Finland and Ireland) and for a total of 5% (Table 1). There are several reasons
for this startling difference. For thousands of years most irrigation has been practiced in
southern Europe and was historically and overwhelmingly associated with huge numbers
of very small farms. Higher temperatures in summer and lower precipitation make the
irrigation vital for the agricultural sector in southern Europe, resulting in an average use of
7000 m3/ha water compared to less than 2000 m3/ha in western and northern Europe (EEA,
2003). The Common Agricultural Policy (CAP) also plays a role in the continuation of the
current trend as crops like maize, rice, tobacco, and olives receiving support under CAP are
typically produced in the European south.

Supplying public water systems (including households, small businesses, hotels, and
small industries connected to the public network) accounts for 25% of water abstraction
across Europe although some variation exists between the European countries, with the
eastern Member States accounting for an average of 18% water for public supply, with 27%
in the western Member States and 29% in the southern Member States (EEA, 2012b).
Differences between countries, but also within countries, reflect the greater degree of ur-
banization in the west, but also the different patterns of domestic water use between
countries (household use vs. tourism, for example).

Water scarcity may result in severe impacts on the supply of drinking water. For
example, the 2008 extreme drought in Spain left some reservoirs in Catalonia (supplying
almost 6 million inhabitants) with only 20% of their capacity, which ultimately caused
restrictions on domestic water use (Collins, 2009). In recent years water has become a
scarce commodity in Cyprus and it is regularly rationed, even in Nicosia, the capital city
and the largest human settlement on the island (Zikos and Roggero, 2012). The division
between southern European states and the rest of Europe in terms of how water is
distributed between different categories (agriculture, industry, energy, and public supply)
becomes even more acute when differences within each category are also examined
(Fig. 2). In this respect, water for tourism is very often included in public water, which
might change the big picture of water consumption and the data accuracy. For example, per
capita daily water use in Spain is twice as high as in Germany (265 L/day and 122 L/day,
respectively). However, a large share of this amount is actually water consumed by tourists
or tourism-related infrastructure. While the economic impact of tourism is well docu-
mented, the true costs of tourism in terms of water usage have not been fully determined,
despite the fact that tourism facilities are usually much more water demanding than
households (cf. EEA, 2007b).

In the European Union, a significant amount of water is used for energy production
(hydropower) and for cooling (especially in nuclear plants), while some industries are
particularly water demanding (like the textile industry). The picture here is also very
diverse. The average water use for energy generation in western and eastern Member States
accounts for about 50% of total water use. In contrast, the average for southern Member
States is around 30% (EEA, 2012d). What greatly differentiates the countries is the average
for the industrial use of water, reflecting the stereotypical division between the industri-
alized north and the agricultural south. Western European industry accounts for almost

4. 1 EUR ¼ 1.08 USD as of January 31, 2016.
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TABLE 1 Water Abstractions (mi m3/year) Distributed per Region and Sector

Region Year Range Energy % Industry % Agriculture % Public % Total

Southern Europe 1990s 6,635 11.4 2,010 3.5 35,542 61.3 13,828 23.8 58,015

2009e2011 7,018 12.2 666 1.2 33,175 57.6 16,738 29.1 57,597

Western Europe 1990s 67,088 51.3 22,548 17.2 7,570 5.8 33,682 25.7 130,888

2009e2011 54,787 50.9 17,787 16.5 5,797 5.4 29,439 27.3 107,810

Eastern Europe 1990s 21,901 36.8 12,573 21.1 13,945 23.5 11,058 18.6 59,477

2009e2011 18,538 56.3 4,882 14.8 3,545 10.8 5,990 18.2 32,955

Adapted from EEA (2015). The European EnvironmentdState and Outlook 2015: Synthesis Report. European Environment Agency, Office for Official Publications of the

EU, Luxembourg.
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20% of all water use while the southern Member States consume barely above 1% of water
for industrial use (EEA, 2012d). An impressive, but not surprising, fact is that after the
rapid deindustrialization of the 1990s, eastern European Member States largely reduced
water use for industrial purposes from more than 20% in the early 1990s down to 10% in
the early 2000s, while consumption rose to around 15% as of today (EEA, 2012d). Water
scarcity also largely impacts industrial/energy water use. In Portugal, during the 2005
drought, hydropower generation dropped 54% below the average, and 37% below the 2004
average (EEA, 2012a). Similarly, for nine consecutive summers between 1979 and 2007,
Germany reduced production of nuclear power because of a combination of high surface
water temperatures and low water flow rates (Müller et al., 2007).

The European Environmental Agency has acknowledged land use change as a factor
seriously influencing both water flows and water availability, especially when combined
with sealing of soils, for instance, when an agricultural area is transformed to an industrial
zone (EEA, 2012a). The total area of land use change from agriculture to artificial surfaces
greatly varies across Europe and does not follow the great divide although it can be
generally said that southern and western Europe are more prone to such changes than
eastern and northern Europe (EEA, 2012a). However, the highest share of land use change
of this kind occurred in Cyprus (1.7% conversion from agriculture to other uses). It is
suspected that rapid urbanization in combination with a booming tourism since 2000
caused this phenomenon (EEA, 2012a).

The diverse picture just described has direct implications for competition for water
resources between users, sectors, regions, and even countries. What is more the in-
terdependencies between resources caused by the characteristics of water, often creating a
waterefoodeenergy nexus, contain synergies, tradeoffs, and potential conflicts between its
component parts (EEA, 2012d). Indeed, the impacts of water shortages are not equally
distributed across Europe and can be a source of conflict, again differentiated depending on
the European region and its specific characteristics. In Mediterranean Europe, for instance,
the periods of peak demand for irrigation come during the summer, when rainfall is already
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low and when regions are already suffering from drought. This creates an additional
pressure for tourism with its water demand peak occurring also in summer. Domestic water
use also increases in hot months, creating a difficult situation of limited water resources. In
Greece, for example, a Member State almost entirely depending on tourism and services
and in some areas on agriculture, water users are affected by serious water shortage during
the irrigation season using about 87% of the total available freshwater resources (Isendahl
and Schmidt, 2006). Increased competition for water resources often leads to conflicts
occurring at the local level between users, but it can also rise to regional importance when
water transfers are employed as a response to shortages. The Tagus-Segura water transfer
in Spain raised conflicts between the autonomous communities of Castilla-La Mancha and
Murcia, and even created tensions at the binational level between Spain and Portugal
regarding flow regimes (Isendahl and Schmidt, 2006). In eastern and western Europe such
conflicts might take a completely different course. For example, many infrastructure
projects promoting the development of rivers for inland navigation, financed through the
EU cohesion policy as a freight mode that can reduce greenhouse gas (GHG) emissions,
can have negative effects on the hydromorphology of water bodies, destroy natural habi-
tats, and/or decrease their recreational value (EEA, 2012d). On the other hand, in some
countries, for example, Germany, the Netherlands, Poland, the Baltic, and Scandinavian
countries water scarcity is not of a particular concern. Beyond an intensified effort to
ensure high water quality (especially surface waters), large infrastructure projects serve to
get the land dry and regulate water flows, as flooding occurrences are on the rise (EEA,
2012a). In northern Germany, for example, the dykes at the North Sea are increased by
1 m, although skeptics argue that with the current rate of climatic changes the existing
dams might not be sufficient.

Attempting to summarize the comprehensive materials from the European Environ-
mental Agency for cases across Europe (EEA, 2007b, 2012a,b,c,d,e, 2015) we can
distinguish several key characteristics of the great divide between the European south and
western Europe:

l Mainly, southern Europe faces limitations in terms of water quantity while western
Europe is generally challenged by qualitative problems and increasingly by floods.
However, this gap is gradually closing.

l Agriculture is by far the main water user in southern Europe, with industry consuming
a relatively tiny fraction of water, while in northern Europe the situation is the
opposite.

l Patterns of water use, reflecting the actual paths to economic development, also
determine the form of competition: in southern Europe, agriculture, tourism, and do-
mestic users compete for the scarce resource, while water scarce regions and countries
are often in conflict with their privileged neighbors. In western Europe, industry,
especially power plants, and other users of water like navigation and recreation
compete not only for water quantity but also for the overall high water quality and
status of water bodies.

l Land use changes caused by urbanization, tourism, and the decrease of agricultural
land use play an equally important role in competition for water resources, although
the specificities differ, with tourism playing a much more important role in southern
Europe.

l The effects of climatic changes are also affecting both southern Europe and western
Europe but might take a much more dramatic turn when applied in southern Europe.

26 Competition for Water Resources



3. THE WATER FRAMEWORK DIRECTIVE

Historically, many European countries faced barriers such as weak and sector-specific
legislation, fragmented administrative structures, exclusive decision-making procedures,
inadequate financial resources, and entrenched organizational cultures resulting to a large
extent in a separation of water resource management from other societal and economic
sectors (Zikos et al., 2006). Following the Earth Summit in 1992, there have been
numerous, rather universal, calls for governments and their agencies to reform their water
institutions and to adopt more integrated, holistic, and/or ecosystem-based approaches for
sustainable water management. The European Council, following the global discourses,
gradually recognized the emerging water crisis as one of governance and introduced the
WFD (2000/60/EC) in an attempt to introduce a sound basis to meet the principles of
effective water governance. This Directive offers a new perspective on water governance
and presents an opportunity to enhance interactions between water stakeholders. Since the
early 2000s, the WFD and issues related to its implementation were the main focus of
several interesting dialogs across Europe. This was especially true in cases where some of
the introduced innovations were almost completely unknown in practice (for instance, the
concept of public participation in decision making and consultation of nongovernmental
actors in east and southeastern Member States).

The European WFD (EC, 2000) requires significant changes in the procedures and
performance of water management in all EU countries. It replaced older pieces of Eu-
ropean water legislation, such as Directives 76/160/EEC (EEC, 1976a) (quality of
bathing water), 76/464/EEC (EEC, 1976b) (water pollution by discharges of certain
dangerous substances), 80/68/EEC (EEC, 1980) (groundwater protection against
dangerous substances), 91/676/EEC (EEC, 1991a) (nitrates directive), and 91/271/EEC
(EEC, 1991b) (urban wastewater treatment). At the time, it reflected the changing so-
ciopolitical and economic context of the 1990s: (1) the increasing internationalization
and complexity of water resource management; (2) the rising number of actors and in-
stitutions involved; (3) the newly vested economic interests in water supply; and (4) the
growing concern and sensitivity toward environmental protection (Kaika, 2003). The
Directive promotes an integrated and holistic water management approach, targeting all
water bodies and pursuing a sustainable use of water resources, both from a quantitative
and a qualitative perspective. Economic, environmental, and ethical issues are incor-
porated in the overall aim of achieving good water status by 2015 (Giannoccaro et al.,
2011; Demetropoulou et al., 2010).

The Directive’s objective of “good ecological and chemical status of all European
waters” introduces an indirect incentive for Member States to address functional, temporal,
and spatial interrelations between multiple water uses, various water systems, and in-
stitutions to mediate their interdependencies. Petersen et al. (2009) therefore argued that a
fundamental shift in the public mandate to regulate water use has occurred. The WFD has
significantly enlarged the scope of responsibilities of the respective EU countries in water
management by demanding provision of a good environmental status, a task that the authors
associate with greater country interference.

Specifically, the WFD introduced a series of key innovations, including organization
of water management around river basins and widening of participation in water poli-
cymaking (Page and Kaika, 2003). For river basins, several measures have been devised:
identification of key river-basin natural, social, and economic characteristics, prediction
on how human activities impact the quality and quantity of basin waters, and a program
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of measures to achieve good ecological and chemical status of waters. The corresponding
processes often require significant changes in national water management and planning
practices (cf. Limburg et al., 2002).

The elaboration of such plans is informed by the operationalization of the Directive in
the so-called pilot river basins. Measures to improve waters are to be founded on in-depth
data. The WFD contains further institutional prerequisites regarding water management,
such as “increasing public participation and balancing interest of various groups,” as well as
ensuring that the “price charged to water users integrates the true costs” (Bressers and Kuks,
2004). Broad integration with other policies and coordinated procedures for data gathering
throughout stock-taking exercises are also required. The process by which the WFD was
elaborated (the so-called Common Implementation Process) is a top-down approach, which
gained local, bottom-up input and legitimization only in a very abstract fashion (EC, 2000).
Only later, participation and consultation exercises throughout the elaboration of River Basin
Plans allowed for more bottom-up involvement, necessitating a case-by-case analysis of the
construction of legitimacy. Several authors have concluded that participation exercises have
varied greatly (Borowski et al., 2008). It has also been argued that gathering information
about water management problems, bringing actors together to develop and legitimize
measures and potentially changing water use and management culture, and, at the same time,
researching such processes of transformation is a lengthy, time, and resource consuming
process. Such a process often goes well beyond the limited scope of bureaucratic assess-
ments casually conducted by national authorities with respect to River Basin Plans (Zikos
and Thiel, 2013). From such a perspective the processes of implementing these various
aspects of the Directive become a veritable field of social science studies. Early warning
signs have been given, for example, with assessments highlighting the need for collaboration
across sectors and levels, which also set agendas for research to support the implementation
of the WFD (Borja, 2005; Mohaupt et al., 2007; Ravesteijn and Kroesen, 2007; Liefferink
et al., 2011; Dieperink et al., 2012). Another set of studies highlighted a potential role of
social learning as a necessary component to meet the integrative management challenges and
uncertainties involved in achieving the WFD objectives (Watson and Howe, 2006; Ison et al.,
2007; Wright and Fritsch, 2011). These challenges in designing processes that contribute to
achieving the integrative aims of the WFD and establishing mechanisms for resolving crises
and responding to potential conflicts are yet to be addressed.

The WFD has substantive, performance-related, and procedural goals with regard to
water management. In all European Member States, changes are required in water man-
agement practices, and therefore extensive institutional change, formal and informal, is
implied. Thus despite key provisions for participation, consultation, and deliberation, the
WFD constitutes a typical top-down policy, aiming at changing water institutions toward a
“desired” direction. To reach its goals it relies on a variety of mechanisms to foster and
implement interrelated, multifaceted institutional change. For example, certain pre-
requisites concerning organization of water planning and management in river basin dis-
tricts aim at the change of institutions external to people’s practices. They require water
managers and users to adapt to WFD or face possible European sanctions for noncom-
pliance (Zikos and Thiel, 2013).

Similarly, requirements regarding the achievement of a good ecological and chemical
water status and the introduction of water pricing policies presume changes of rational
actors’ practices, as a result of changes in formal requirements. In contrast, extensive data
and knowledge gathered as an input for water planning and goals of WFD can be
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considered a prerequisite for endogenous mechanisms triggering institutional change
through learning about challenges for water management. They are necessary to adapt to
the substantive aims of the WFD and adaptation of practices to achieve these aims.
Similarly, the Common Implementation Strategy of the WFD aims at an institutional
change by bringing together European high-level water managers and fostering a collective
learning process. Furthermore, the WFD’s rules on participation and consultation often
require changes in formal institutions to avoid EU sanctions. They finally aim at
unleashing information exchange and learning processes among local water users and
managers to draw up cohesive and legitimate measures for attaining the substantive ob-
jectives of the WFD (Zikos and Thiel, 2013).

Thus, in the context of the WFD, the intended institutional change with regard to water
management unquestionably relies on a clear understanding of such a change as being
multifaceted with strong reliance on certain presumed conditions. Above all though, it
relies on a very rational assumption that the European integration process will continue as
expected and all changes will occur in a rather stable political and economic setting, as set
and anticipated in the EU’s founding principles from 1958.

4. WISHFUL THINKING OR A DANGEROUS MISMATCH?

As early as of 2002 experts claimed that institutionalizing river basin management in
accordance with the WFD will require substantial changes to the established modes of
water governance (Water Directors, 2002; Heinelt et al., 2002). It has been further argued
that in the future water governance in the European Union will become more open and
transparent, inclusive and communicative, coherent and integrative, accountable, equitable
and ethical, and thus efficient (GWP, 2002). A parallel synthesis process, with continuous
coordination and integration of top-down and bottom-up approaches, was acknowledged as
a vital requirement to ensure that the implementation of any water-related policies and
plans can satisfy the objectives of the WFD (Heinelt et al., 2002). Moreover, many ex-
amples from different countries around the world showed that to enhance the democratic
mechanisms in the water sector, particular attention needs to be paid to putting ideas into
practice and learning from experience through networks and partnerships (Water Directors,
2002).

It is our position though that water governance implemented in a form of organization
that is almost entirely based on physical boundaries resulting from the spatial extent of the
main transactions (in the given case the water flows in river basins defined by the WFD) is
a rather poor unit of analysis for complex socialeecological systems, especially when
technology plays an influential role. In a largely diverse setting like on the European
continent there might be other physical or cultural boundaries that have to be taken into
account. Hagedorn (2008) suggested to consider transaction as a unit of analyses, since
“(.) the properties of the transactions are strongly influenced by attributes that are typical
of natural systems (.)” (p. 358). As additional properties of transactions, Hagedorn
(2008) identified complexity, irreversibility, time lags between a transaction and the
consequences, and jointness of production, meaning that the production of one desired
good cannot be separated from another, maybe undesired, outcome. From this perspective,
institutional diversity and tailored governance structures are in fact seen as an advantage,
since they account for the diversity of the natural system (Hagedorn, 2008), which are
typical on the European continent. An additional element pointing at an inherited weakness
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of the river basin as the main unit for the implementation of the WFD is pooling of re-
sources, in our case of water. Whereas in man-made systems pooling of resources is
achieved artificially (for example, in agricultural cooperatives based on capital shares
provided by the members), in nature-related or socialeecological systems the resources
used as commons are often naturally pooled already (for example, a lake used by waterside
communities for diverse purposes going beyond the use of its water to irrigate their fields)
(Hagedorn, 2013). In such cases, tailored governance structures (often already existing in
cases of common pool resources) might present certain advantages over the river basin
approach of the WFD as they account for the complexity of the socialeecological system
in question.

Such a superficial, rather mechanistic approach to water indicates that certain failures
were to be expected, and more importantly give rise to new types of competition between
sectors, thus struggling to reach often contradicting European and national policy objec-
tives. Indeed, recent assessments of river basin management plans under the WFD indicate
that to reach the objectives of the WFD a reduction of inputs in agriculture are urgently
needed (EEA, 2012b). However, this is a huge burden that Mediterranean Member States
would be affected by most. Given the current financial crisis and its crippling effects in
economic development and social cohesion, it remains unclear how such a reduction could
be implemented, especially as reviving agriculture by unemployed youth recently emerges
as a still largely unstudied response. Indeed, the ongoing financial and economic crisis has
triggered an uncoordinated reruralization process, especially in Greece (Kasimis and
Zografakis, 2013). This process underlines a growing momentum of young people seeking
alternative development paths relying on agriculture as a response to the crisis (Koutsouris,
2013). In parallel, a much stronger driver for agricultural intensification has been emerging
throughout Europe, namely, the structural and technological change in agriculture. It in-
cludes an extensive use of crops for bioenergy production, actually intensifying the pro-
duction processes, which fosters the objectives and targets regarding biofuel production
and GHG emissions in the European Union.

Similarly, reports from the European Environmental Agency reveal that more than half
of the surface water bodies in Europe are currently below a good ecological status and will
need mitigation and/or restoration measures to meet the WFD’s objectives (EEA, 2012d).
Northern Germany, the Netherlands, and Belgium are the worst areas of Europe concerning
the ecological status and pressures on freshwater bodies (EEA, 2012d). Pollution from urban
waste and agricultural effluents constitutes a major pressure on water ecosystems and is
largely diffused across Europe (EEA, 2012d). This pollution denigrates water quality making
it unusable for human purposes, thus creating scarcity of pure water, without meteorological
drought. In quantitative terms, water scarcity is reported for nearly all river basin districts in
the Mediterranean area (EEA, 2012d).

Since late 1990s, demand-side strategies emerged across the European Union as a
promising solution to most of the described (and expected) water problems. Such strategies
focused on water demand management instead of the most traditional approaches of
managing water supply. Accordingly, the liberalization of the water sector and the intro-
duction of demand-side measures like differentiated water tariffs, water metering, cost-
reflective pricing, and increasing the efficiency of the water system gained momentum
over costly infrastructure that would aim at increasing water supply (Zikos, 2008). The
European Environmental Agency, however, recognized as soon as in 2007 and increasingly
since then (EEA, 2015; EEA, 2012a; EEA, 2007a,b) that the reliance on demand-side

30 Competition for Water Resources



strategies have the potential to create conflicts between competing demands from eco-
nomic sectors or entire regions. Furthermore, the European Environmental Agency indi-
rectly acknowledged that the WFD is not a panacea. Although cooperation among water
users is a primary goal that requires appropriate institutional frameworks to guarantee that
water users “play by the rules,” potential conflicts are to be expected in the face of
decreased water availability (EEA, 2012a, p. 68). Going beyond the requirements of the
WFD and increasing awareness and participation is a necessary precondition not only for
success but also for “even greater priorities” (EEA, 2012a, p. 68).

This is better understood given the increasing pressures for cuts in public spending,
threatening the provision of water in rural areas with large water deficits. This may lead to
intensified competition between water users and entire sectors, which has already occurred in
several countries in Europe and further afield. In Greece, for example, according to water
administrators interviewed by the authors, in summer 2015 intense conflicts have been
observed in the Aegean Archipelago between farmers, domestic users, and tourism busi-
nesses about the allocation of the diminishing water reserves. An attempt undertaken by the
municipalities in this region to use local water resources to relieve water scarce areas within
their administrative boundaries has caused additional conflicts between communities,
sometimes even violent.

In such a chaotic situation, the WFD provisions are often not only forgotten, but even
officially breached in an attempt to find new equilibria in terms of reallocating water.
Italy and Greece, but most notably Spain and Cyprus, were discussing significant in-
creases in desalination plants, in an attempt to ease the pressure on their existing water
bodies and support the implementation of the WFD’s requirements. The alternatives were
discussed despite potential environmental concerns, fears about high dependency on
energy supplies, rapid increase in energy demand for operating desalination plants (in
Cyprus energy demand was expected to rise from 4% to 40%), and concerns about land
use change (Zikos et al., 2015; EEA, 2012b). The inherent risk involved in this approach
was proven when an explosion of stored ammunition at a naval base destroyed a major
power plant in the country on July 11, 2011, shutting down half of Cyprus’s power
supply. This tragedy forced desalination plants to operate at one-third of their capacity
during the driest month of the year. It needs to be mentioned though that accidents like
this do not happen frequently, and current energy availability in Europe does not present
any technological or economic impediment to desalination.

In a study by Gikas and Tchobanoglous (2009), comparing seawater desalination, im-
ports of water, and wastewater reclamation on the Aegean islands, the latter was found as the
solution with lowest costs and energy requirements. This approach could, however, generate
another type of conflict between local communities and water administrators, as the use of
wastewater has not gained public acceptance compared to desalination. According to an
interview conducted by the authors with the water directorate of the Aegean, desalination
has been acknowledged by the public as an acceptable solution to additional sources for
water supply.

What really casts a dark shadow on any Europe-wide solutions and blueprints is the
increasing frustration of administrators, questioning the very rationale of European poli-
cymaking, especially in the face of the ongoing economic crisis. Interviewees in Greece
stated that the water divide in Europe is nothing more than one of the facets of other
existing divides. They could be summarized as follows: increasing economic inequalities,
the role of southern Europe as a buffer to immigrants, dump area for waste, potential
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special economic zone for foreign investments, source of raw materials, and others.
Without a lengthy discussion, if such views are substantiated with real evidence, we judge
that when such opinions are expressed by ministerial officials in a country with long-
standing experience in water management and who are responsible for the implementa-
tion of the WFD’s requirements in Greek regions, the emerging political divide gains
special weight in this debate. Even though analyzing such a possible political divide and
further examining its potential role in European water systems and management is very
interesting, this topic goes well beyond the scope of this chapter.

5. CONCLUSION

Based on the analysis of secondary data sources and our empirical research findings from
several research projects in the past, we claim that the WFD does not meet the challenge of
rescoping water management in Europe. Further, it does not foster determining the
appropriate process of institutional change, conflict resolution, and softening competition
between users, sectors, and all European regions.

We argue that the great divide of Europe makes the implementation of the ambitious
targets of the WFD a particularly challenging task, not only because of different socio-
economic stages of development and the subsequent uses of water, but also because of
hugely diversified cultural and physical settings in the respective EU Member States.
Moreover, a governance approach relying almost entirely on the physical boundary of
transactions, the river basins, and the assorted River Basin Plans has failed to take into
account complexity, irreversibility, time lags between a transaction and the consequences,
the jointness of production, and the natural and artificial pooling of water during millennia
of European history. We argue that in the case of the European water management system,
institutional diversity and tailored governance structures can and should be seen as an
advantage, since they account for the diversity of natural systems.

The authors suggest that this failure might not be blamed on the Directive as an
instrument of European water legislation as such, but rather an issue related to the po-
litical economy of water systems that have not been explicitly dealt with in the short time
of European water legislature. Water, in every context but especially in the European
diverse setting as described in this chapter, retains high exchange value, gives economic
and political power, and allows nations to flourish, while its lack can doom entire eco-
nomic sectors. The European Union as a political entity has largely failed to address
issues related to the political economy of water through the WFD, and has instead treated
water as another natural resource requiring EU regulation. Despite ambitious targets and
important steps forward, the WFD is challenged by the same obstacles, consisting of
elements that Europe constantly faces: an amalgamation of diverse nation-states, with
competing and often conflicting interests, entangled in a power struggle in the EU’s
political arena.

It is an educated guess of the authors informed by changes in European water
governance in the last 15 years that the competition for European waters, be it between
users, regions, sectors, or countries, is related to the governance style and the ability for
institutional change in the first place. Also, vested interests of big international actors
and uncoordinated competing political decisions such as the European bioenergy policy
(often negating any positive steps resulting from the WFD) play an important role as
well.
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Chapter 1.3

Institutional Aspects and Policy
Background of Water Scarcity
Problems in the United States

R. Huffaker
University of Florida, Gainesville, FL, United States

1. INTRODUCTION

Interest in overhauling water management institutions spikes in response to devastating
water shortages. As the MurrayeDarling basin endured an extended drought during the
2000s, Australia’s prime minister urged that “the only hope of restoring the river to health
lies in a complete overhaul of how it is managed” (Unnamed, 2007). When California
suffered its third worst drought in 106 years during the the 2010s, the California governor
observed that “it’s a different world.we have to act differently” (Fear, 2015). Editorials in
the Washington Post advised that the California drought was “a crisis worth exploiting” by
making changes needed “to shift [away from] an arcane and antiquated system” (Bittman,
2014), and “finally creat[ing] a transparent and efficient water market” (Editorial, 2015).

Economists have long recommended water markets (Milliman, 1959). Water markets are
attractive because they rely on decentralized voluntary transactions, not political consensus, to
maximize social benefits by equalizingmarginal water values across competitive uses.1 Howitt
contended that a free water market would “leave everyone better off” in drought-stricken
California, and that “small engineering changes [could] move the water from east to west,
from the $20 region to the $2000 region” (Charles, 2014). Hamilton et al. (1989) estimated that
water transfers from irrigation to hydroelectric power in the Columbia Basin would generate
potential benefits 10 times greater than lost farm income.

Despite large prospective benefits, water markets have not developed substantially as a
mitigation measure in the drought-stricken western United States (Charles, 2014; Perala
and Benson, 1995; Howitt and Lund, 2014). This chapter investigates a key contributing
factor: the prior appropriative doctrine governing water use in the western United
States provides poor soil for growing markets, similar to relying on hardpan to grow

1. The equi-marginal principle holds that the social benefits of water allocation are maximized when

competitive water users each earn the same marginal benefits per unit of water. Otherwise, social

benefits are increased by allocating an available unit to the water user who earns the greatest

marginal benefits.
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award-winning roses. How can the prior appropriation doctrine be amended to grow better
markets?

2. INSTREAM FLOWS

The prior appropriation doctrine grants a user’s right to the quantity of publicly owned water
first diverted to a beneficial use on a fixed tract of appurtenant land. The priority of the right
is determined by the date of first diversion. During water shortages, appropriators with senior
priority receive their full water duty until no water remains at the source. Appropriators with
more junior priority receive no water at all. If senior appropriators wish to expand their water
duties, they must execute a new appropriation with the most junior priority.

The requirement that water be diverted to obtain an appropriative right secured 80e90%
of dependable river flows to irrigated agriculture in the late 19th and 20th centuries, and
excluded modern instream uses such as hydropower production and aquatic ecosystem
protection. The result is that traditional appropriative rights can “with impunity, flood deep
canyons and literally dry up streams, as has happened with some regularity” (Wilkinson,
1992, p. 21).

Water markets cannot equalize marginal water values across competitive uses that are
excluded from participation. Reallocating water from irrigation to hydropower production in
the Pacific Northwest has been demonstrated to generate benefits 10 times greater than lost
farm income (Hamilton et al., 1989), and two times greater if the flows are shaped specifically
to meet the migratory needs of endangered fish species (Hamilton and Whittlesey, 1992).
Without markets, advocates for nonappropriative uses must lobby state water agencies to
establish instreamflow rights that typically have junior priority to existing senior rights already
allocated to the bulk of dependable river flows (see, eg, Instream Flows). Consequently,
instream flow rights are liable to be among the first curtailed during water shortages.

Do western states have the legal authority to extend their instream flow policies to allow
private parties to compete in water markets for appropriative rights that could be converted to
instream uses? In sum, states would be relying on water markets to recondition private water
rights in the public interest. Can states recondition appropriative rights?

There is reason to believe that states have this authority. Appropriative water rights
grant a private right to use publicly owned water. Representing the public owners of water,
states retain the authority to condition private water use so that it is consistent with public
values, and they do this to varying degrees in their water statutes (Wilkinson, 1992). The
public trust doctrine, recognizing the government’s obligation to manage some types of
natural resources in trust for the public benefit, provides an additional font of legal au-
thority. States are empowered to condition appropriative water rights to the degree needed
to protect public resources and uses under the trust. The US. Supreme Court has deter-
mined that the trust applies to navigable freshwater bodies and tidelands. Individual states
have extended public trust obligations to rural parklands; wetlands associated with navi-
gable water bodies; nonnavigable tributaries; and waters usable for fish and wildlife habitat
and recreational purposes (Stevens, 1980).

3. SPECIFICATION OF APPROPRIATIVE RIGHTS

The quantity of water conveyed by a prior appropriative right (the “water duty”) is the
diversion deemed sufficient to irrigate an average mix of crops on the appurtenant land
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with the irrigation technology prevailing when the water right was granted. Water that is
not beneficially used reverts back to the public, and can be reappropriated by another
person (“use it or lose it”).

Limiting the definition of the water duty to diversionary quantities gives an incomplete
accounting of water use in a river basin to the detriment of appropriators and instream
flows (Allen et al., 1997). Water users are linked in a complicated hydrologic web because
of the fugitive nature of water. When crops consume less water than is diverted from the
stream, as is almost always the case, the unconsumed water may: (1) return to the stream as
surface runoff or as underground spring flow after deep percolation to an underlying
aquifer (return flows); or (2) escape by the same means to a second water course (escape
flow). Return and escape flows often supply part of the water required to satisfy the water
rights of other appropriators, and constitute an essential component of instream flows in
western US rivers (Pulver, 1988). Consequently, a farm that increases consumptive use (ie,
the volume of water consumed by crops and lost in evaporation) and reduces return flows
can impair the water rights of other appropriators.

Consumptive water use has not remained static in irrigated agriculture. Although water
duties are tied to the irrigation technology prevailing when the right was issued, farms have
been allowed to gradually improve on-farm irrigation technology, which has tended to in-
crease consumptive use at the expense of basin-wide water supplies (Ward, 2008). Improved
irrigation technology may increase consumptive water use at the intensive margin of pro-
duction because water is applied to crops more uniformly in space and time on appurtenant
land. Consumptive use may also increase at the extensive margin if efficiency-improving
farmers are allowed to spread irrigation water to land that is not appurtenant to the water
right (“nonappurtenant land”) in further contravention of the prior appropriation doctrine.
Efficiency improvements may require less of the original water duty to achieve increased
levels of consumptive use in crop production on appurtenant land (Huffaker et al., 2000).
Efficiency-improving irrigators reasonably fear that the unused portion of the water duty will
be forfeited subject to the “use it or lose it” criterion of the prior appropriation doctrine
unless they can use it to irrigate nonappurtenant land (water spreading). Several western
states have been convinced by this argument (see, eg, Chapter 537 Oregon Revised Statutes;
Water Code, Revised Code of Washington, 2003).

The hydrologic impact of turning a blind eye to noncompliant water spreading is that
instream flows and aquifer levels decrease while concealing the true culpritdincreased
consumptive use. For example, improvements in irrigation technology in the upper Snake
River Plain aquifer were eventually identified as the cause of an “invisible drought” in the
lower aquifer (Johnson et al., 1999). In another example, water spreading pursuant to shifts
from flood to center-pivot irrigation contributed to water shortages in the Columbia Basin
Project in Washington State (Huffaker et al., 2000).

The legal impact of noncompliant water spreading is to allow senior appropriators to
expand their water use to nonappurtenant land. Compliant senior appropriators would
request a new and junior appropriative right to irrigate nonappurtenant land, and this would
not be granted to the detriment of preexisting water rights. Allowing water spreading allows
efficiency-improving irrigators to increase water consumption to the detriment of other water
rights.

Markets require well-specified property rights so that buyers can be secure that what
they purchase will be delivered. Water markets cannot provide this security so long as
appropriative rights conceal the true hydrologic impacts of water use. Buyers cannot
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reasonably expect that their rights will not be jeopardized as noncompliant senior appro-
priators are allowed to enlarge their water use without requesting a new junior appropri-
ation. To provide this security in water markets, appropriative rights must be more fully
specified with the “use of terms and definitions that clearly describe the effects of various
water uses, both consumptive and non-consumptive, within a hydrologic system” (Allen
et al., 1997, p. 72). Fully specified water rights must include consumptive use, and return/
escape flow parameters. Satellite remote-sensing Earth-observing systems (eg, Landsat)
offer increased capacity to monitor agricultural water consumption (NASA).

4. TRANSFERABILITY OF APPROPRIATIVE RIGHTS

States impose moderate to severe restrictions on water-right transfers to prevent changes in
the timing, quantity, and quality of return/escape flows detrimental to third-party rights
(Gould, 1988; Young, 1986). For example, some states place the burden of proof on transfer
proponents to prove with “clear and convincing” evidence that third-party rights will not be
injured (eg, Wyoming), or ban transfers of agricultural water to nonagricultural uses (eg,
Nebraska) (Huffaker et al., 2000). These restrictions have been identified as the principal
reason why water markets have failed to develop substantially within the framework of the
prior appropriation doctrine (Perala and Benson, 1995; Young, 1986).

Economists have long recommended that transferred water rights be restricted to the
seller’s consumptive water use to protect irrigation return/escape flows relied upon by other
water users (Milliman, 1959). Unfortunately (as discussed earlier), the water duty that
would be transferred under appropriative right is quantified in terms of diversion, not
consumption. Moreover, restricting transfers to consumptive use does not completely
resolve quantity-related impairments to use-dependent rights (Anderson and Johnson,
1986), and does not reach timing- or quality-related impairments (Gould, 1988). In
response, economists have designed specialized transfers to limit the extent and duration of
third-party impairment. For example, “trial transfers” could be modified or revoked if
actual impairment occurred, “one-time-temporary transfers” would reduce the duration of
an injury, and “contingent transfers” would be triggered by some predetermined, often
drought related, contingency (Huffaker et al., 2000).

Another barrier to transferability is that appropriative rights holders may be reticent
to participate in water markets because of the fear that marketed water may be lost to the
“use it or lose it” requirement (Howitt and Lund, 2014). This was the root cause of why
Idaho potato growers continued irrigating in a poor market year rather than lease their
water rights to hydroelectric power generators (Unnamed, 2001).

A third barrier is that rural agriculturally dependent communities may actively resist
water exports that reduce local economic activity and tax receipts. As a farmer in Turlock,
California, stated, “If we sold our water off, the jobs would go away here, too. There would
be less commerce going on in our county” (Charles, 2014). Some westerns states require
that projected economic impacts on the area of origin be considered in transfer applications
(Texas), while other states require an export fee on transferred water and possibly creation
if a mitigation fund (Nevada) (Unnamed, 2012).

5. ENFORCEMENT OF APPROPRIATIVE WATER RIGHTS

Water users whose rights are impaired by expanded consumptive use of efficiency-
improving irrigators or negative transfer externalities can seek redress from state courts
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or administrative water agencies. However, judicial actions are costly, lengthy, and
possibly futile. Courts have not consistently recognized the complex hydrologic web of use
dependencies linking water users. For example, in Estate of Steed v. New Escalante
Irrigation Co. [846 P.2d 1223 (Utah 1992)], Steed (plaintiff) contended that improved
irrigation technology adopted by the New Escalante (defendant) substantially reduced
escape flows providing water for Steed’s water right. The court refused to enforce Steed’s
water right on the basis that it was based on a previously wasteful irrigation practice. The
ruling allowed New Escalante to enlarge its water use at the expense of Steed’s water right.

Enforcement through administrative channels may be even less promising. For
example, a Washington State court ruled that constitutional due process requires a
judicial basin-wide adjudication of water rights before the state water agency is autho-
rized to evaluate and enforce the priorities of water rights [Rettkowski v. Department of
Ecology 1983 (Sinking Creek)]. A renowned water lawyer in Washington concluded:
“Since most of the state’s waters remain unadjudicated, the most obvious effect of
Sinking Creek is that for most water users, prioritydthe keystone of Western water
lawdis now meaningless” (Dufford, 1994).

Extreme and prolonged drought can motivate states to take extraordinary enforcement
measures. For example, in 2015, California water regulators proposed a $1.5 million fine
against an irrigation district for illegally diverting water in violation of a state-imposed
cutbacks. Similar to the Sinking Creek case, the district claimed a breach of constitu-
tional due process in curtailment of its senior water rights (Nagourney, 2015).

6. CONCLUSION

The prior appropriation doctrine promoted the rapid economic development of the western
United States by providing irrigated agriculture with a secure water supply when it was the
major economic sector. However, the doctrine’s past success works against current pres-
sures to reallocate water to emerging nonappropriative uses whose contribution to social
welfare increases as irrigated agriculture’s historic contribution declines.

The doctrine provides poor soil for growing water markets that could work toward
equilibrating substantial differentials in the marginal value products of water across
competing uses. This chapter investigated several reasons for this, and what might be
done about it. First, prior appropriative rights require water diversion and thus exclude
nondiversionary instream-flow uses from owning rights that could be acquired in market
transactions. As managers of water in trust for the public owners, states could recon-
dition traditional appropriative rights to include modern instream-flow uses. Second,
prior appropriative rights are incompletely specified as diversionary quantities so that
the hydrologic and legal implications of water use under right are concealed from water
market participants. Satellite remote-sensing systems offer prospects for monitoring key
parameters of water use such as agricultural water consumption. Third, water-right
transfers may impose negative water quantity/quality and timing externalities on
third-party rights that decrease social benefits from water marketing. Externalities can
be mitigated by restricting water transfers to consumptive use and promoting specialized
transfer mechanisms designed to limit the extent and duration of third-party impairment.
Finally, water market activity is frustrated by the difficulty of enforcing the priority of
appropriative rights. The judicial branch may mistake agricultural runoff as waste
instead of return/escape flow essential to supply another’s appropriative right, and also
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strip away the authority that state agencies require to enforce water-right priorities.
Unfortunately, the most effective remedy for poor enforcement may be a drought so
devastating that state governors and legislatures order water agencies to police water
diversions.
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Chapter 2.1.1

Challenges for US Irrigated
Agriculture in the Face of
Emerging Demands and
Climate Change

G.D. Schaible, M.P. Aillery
Economic Research Service, USDA, Washington, DC, United States

1. INTRODUCTION

Across the United States, human and environmental demands for water resources have
increased significantly over the last 50 years. Population and economic growth, changing
social norms regarding the importance of water quality and ecosystems, and longstanding
Native American water-right claims have increased pressures on available water supplies,
particularly in the arid western states. Given that agriculture accounts for roughly 85% of US
consumptive water use, growing water demands with relatively fixed water supplies have
heightened conflicts over agricultural allocations in water-short years.

Water conflicts have required a variety of legislative and judicial remedies, generally
involving reallocation of agricultural water supplies to meet increasing competing water
demands (NRC, 1996; CBO, 1997; Schaible, 2000; Schaible et al., 2010). Historically,
federal and state policy response has focused on agricultural water conservation and
mandatory withdrawal restrictions, and more recently the use of water markets to meet the
nation’s various water needs. Expanding water demands for energy development and other
uses, together with shifting regional water balances under projected climate change, have
heightened awareness of the importance of water conservation for the long-term sustain-
ability of irrigated agriculture. Knowledge about the status and the social and institutional
dimensions of competing uses of water resources provides a better understanding of the
supply and demand challenges facing irrigated agriculture.

2. WATER SUPPLY AND DEMAND CHALLENGES
FOR US IRRIGATED AGRICULTURE

The US Geological Survey (USGS) has developed water use estimates for major water
demand sectors of the United States, reported every 5 years since 1950 (Fig. 1). Water
withdrawals across all sectorsdincluding public use (largely municipal), rural/domestic
use, livestock use, irrigation, thermoelectric power generation, and all other usesd
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increased dramatically between 1950 and 2013.1 Total water withdrawals peaked at about
482 million acre-feet (maf)2 in 1980 before declining slightly after 1985 to about 458 maf
in 2005 (126% higher than in 1950) and declining further to 398 maf by 2010 (still 97%
higher than in 1950 but a 13% decline since 2005) (Maupin et al., 2014). Water withdrawals
for irrigated agriculture and thermoelectric power are the dominant sources of water de-
mand. Nationally, water withdrawals for thermoelectric power (primarily for cooling pur-
poses) have increased threefold since 1950, accounting for 45% of total US withdrawals in
2010 (about 180 maf). However, efficiency gains in thermoelectric cooling have reduced
water demand in recent decades, contributing to a decline in withdrawals of 23% from peak
demand in 1980 and 20% since 2005. Nearly 98% of water withdrawals for thermoelectric
cooling systems currently return to their source of origin, where the water can be reused for
other purposes, including irrigation.

Irrigated agriculture, with withdrawals of about 129 maf, accounted for 32% of the
nation’s total in 2010. Irrigation withdrawals, while 29% greater than in 1950, have
declined 23% from peak demand in 1980 and 9% below the level for 2005. For the 17
western states,3 where much of the nation’s irrigated production is concentrated, irrigated
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FIGURE 1 Trends in US water demands by major sector, 1950e2010 (agriculture vs. nonagriculture
withdrawals). “Other” category includes water use for the self-supplied industrial, mining, commer-

cial, and aquaculture sectors. Note: US geological survey water use numbers were converted to million

acre-feet units. Adapted from Maupin, M.A., Kenny, J.F., Hutson, S.S., Lovelace, J.K., Barber, N.L.,

Linsey, K.S., 2014. Estimated use of water in the United States in 2010, US Geological Survey,

Circular 1405, Table 14, p. 45, http://dx.doi.org/10.3133/cir1405.

1. Water withdrawals (one measure of water demand) refer to the quantity of water removed during a

period of time from streams, rivers, lakes, reservoirs, and groundwater aquifers, for an intended use.

2. An acre-foot represents the water quantity required to flood 1 acre at 1 ft in depth, equivalent to

325,851 gal.

3. The 17 western states include Arizona, California, Colorado, Idaho, Kansas, Montana, Nebraska,

Nevada, New Mexico, North Dakota, Oklahoma, Oregon, South Dakota, Texas, Utah, Washington

State, and Wyoming. All other states within the contiguous United States are referred to in this

chapter as the 31 eastern states (or eastern states).
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agriculture continues to account for most water demand from both surface water and
groundwater sources (Maupin et al., 2014). In 2010, irrigation water withdrawals in the
West totaled approximately 107 maf, or 64% of total water withdrawals in the region;
irrigated agriculture accounted for 61% of surface water withdrawals and 72% of
groundwater withdrawals across the region.4

2.1 Challenges Facing Irrigated Agriculture

Competing demands for US water resources have continued to increase and are ex-
pected to intensify water resource conflicts over the foreseeable future. Important
sources of expected growth and/or emerging water demands include Native American
water rights, instream (environmental) flow requirements, and an expanding energy
sector. In addition, climate change is projected to affect both the supply of and demand
for freshwater.

2.1.1 Native American Water Rights

Native American reservation water rights were established by the US Supreme Court in
its 1908 Winters v. United States decision. The ruling established reserved water rights
based on the amount of water necessary for Native Americans to maintain and survive
on the land granted to the reservation by the federal government, even if those rights
were not explicitly stated in the reservation treaty. In subsequent decisions, the US
Supreme Court quantified those water rights as the water needed to irrigate all “prac-
ticably irrigable acreage” on the reservation and made such rights generally superior to
the rights of all other appropriators by vesting them with a “priority” date equivalent to
the date the reservation was established (Gregory, 2008; Moore, 1989). In addition,
while Winters v. United States applies to surface waters, in 1976 the US Supreme Court
(in Cappaert v. United States) opened the door for Native American reserved water-right
claims to apply to groundwater. No definitive decision on Native American reserved
rights to groundwater has been made, but some states recognize these rights (Gregory,
2008).

Native American water-right claims have been estimated at nearly 46 maf annually
(Western States Water Council, 1984). At present, the claims for many reservations are
under negotiation or remain unresolved within settlement disputes or judicial proceedings.
Future resolution of these water-right claims will undoubtedly affect the water resources
available for competing uses, including off-reservation irrigated agriculture. However,
settlement of Native American water-right claims may not necessarily result in less water
for agriculture, but rather a reallocation of existing water rights. While water delivered to
reservation lands generally originates from existing water-right allocations, tribes through
settlement arrangements are generally allowed to assign, exchange, or lease their water-
right allocation. Within existing negotiated settlements, some reallocated water supports

4. Water withdrawals as a measure of water demand are used here because they are the best and most

recently available data by water demand sector. Some portion of withdrawals returns to the hy-

drologic system, is lost to the system, or is otherwise irrecoverable after its initial use. Consumptive

use by sector would provide improved estimates of water demand; however, USGS estimates of

consumptive water use were discontinued after 1995.
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irrigation expansion on reservation lands, but Tribes may also agree to lease water to off-
reservation agricultural users, to non-Indian lessees on reservation lands, and to nonagri-
cultural users such as municipalities (Claims Resolution Act of 2010). To the extent that
tribes accept compensation in lieu of wet water, the actual reallocation of water from
existing agricultural users may be limited. However, because of the political and financial
challenges in negotiating or adjudicating water-right claims and a lack of ability to finance
irrigation projects and related storage, exercising reservation water rights have moved
historically at a relatively slow pace. The reality is that, for many reservations, future
development of these claims will likely continue to progress slowly barring an infusion of
economic, legal, and technical assistance.5

2.1.2 Instream (Environmental) Flows

Historically, water resources were managed to fulfill the needs of out-of-stream develop-
ment, such as crop irrigation and municipal or industrial expansion. Water not withdrawn
from a stream for economic development was generally considered wasted water. Until
relatively recently, water-flow needs for fish and wildlife habitat and other ecosystem
benefits were not a legally recognized water management priority. From the 1970s on,
however, changing social values with respect to water quality and environmental/
ecosystem services have had greater influence on federal and state water resource man-
agement institutions and policies. Changing environmental values initially led to the
establishment of minimum streamflow requirements to meet legally recognized instream
water needs. Subsequently, watershed/basin-level water management agencies were legally
bound to manage water resources consistent with maintaining sustainable ecosystems.

Minimum streamflow management focused primarily on the need for a minimum
amount of water to be left in a stream, generally to maintain fish habitat (Poff et al., 2003;
Zellmer, 2009; MacDonnell, 2009). In basins with significant irrigation withdrawals,
minimum flow provisions often reallocate water supplies from agriculture, particularly
during low-flow (drought) years. More recently, the use of flow provisions designed to
enhance ecosystem services has become more complex (eg, minimal flow requirements for
seasonal time durations by stream node) and broader in scope. Often referred to as
“environmental flows,” these flow regimes are intended to provide multiple instream
benefits, including enhanced filtration, dilution of sewage and other effluents, fish and
wildlife habitat, recreation (fishing, hunting, boating, and environmental aesthetics), hy-
dropower, navigation, groundwater recharge,6 riparian wetlands, and migratory bird
habitat, as well as exotic species control and local/regional economic development
(Sophocleous, 2007; Zellmer, 2008; MacDonnell, 2009).

5. Under the Interior Department’s Indian Water Rights Settlement Program the federal government

has refocused settlement of tribal water-right claims, emphasizing negotiated settlements (with

congressional approval) rather than litigation (US BoR, 2012b). Congressional hearings have

revealed that in the last dozen or so years many more tribal claims were settled via negotiation than

through litigation (US Senate Committee on Indian Affairs, 2012). While many tribal water rights

remain unquantified, these settlements help to enhance certainty in water-right allocations, which

may also contribute to new investment in improved irrigation systems.

6. Use of the hydrologic process to refill a groundwater aquifer by either pumping water back into

wells or managing surface water to increase downward water percolation to the groundwater

aquifer.
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Environmental flows will likely play an increasingly important role in the ongoing
competition among alternative water demands. Most western states have adopted some
form of legislation establishing minimum instream flows, and provisions have evolved over
time to reflect the complexities of hydrology and a range of instream uses.7 Water demands
for environmental flows very often exceed the historical “minimum instream flow”
requirement, placing increasing pressures on limited water supplies. The following ex-
amples illustrate the rising importance of environmental water demands.

Stream and river restoration projects have become an important component of federal
and state environmental management programs. Based on a review of these projects in the
National River Restoration Science Synthesis database, the number of river restoration
projects across the United States increased exponentially since 1990, costing more than
$14 billion (1990e2004), averaging slightly more than $1 billion annually (Sophocleous,
2007; Bernhardt et al., 2005). These projects may be designed to achieve multiple ob-
jectives, including enhanced water quality, management of riparian zones, improved
instream habitat for fish and other aquatic species, improved fish passage, bank stabili-
zation, flood plain management, river/stream channel reconfiguration, and flow modifi-
cation for fish, aesthetics, and recreation.

In many western states, water markets are increasingly being used to reallocate water
from existing uses, particularly from agriculture, to enhance supplies for environmental
flows within fully or overappropriated basins. Many state water laws now recognize
environmental flows as a beneficial use and allow state and nongovernmental organiza-
tions, including conservation and environmental groups, to lease, purchase, or donate water
or water rights to enhance river flows (Sophocleous, 2007; MacDonnell, 2009). In one of
the few studies conducted, Landry (1998) reported that from 1990 to 1997 about 2.4 maf of
water was “leased, purchased, or donated for purposes of enhancing river flows in the
Western United States.” This quantity represented about 5.2% of the surface water applied
by irrigated agriculture in 1998.

Over the years, managing water supplies to enhance benefits for fisheries and
ecosystem values has become an increasingly important focus for the Central Valley of
California. The Federal Central Valley Project (CVP), initially authorized in 1933 and
completed in the early 1970s, is comprised of 18 dams and reservoirs and over 500 miles of
canals and aqueducts. The project has historically, in nondrought years, conveyed about
7.4 maf of water annually from the Sacramento, Trinity, American, Stanislaus, and San
Joaquin Rivers to agricultural users (irrigating more than 3 million acres), municipal users,
wildlife refuges, and for endangered fish species recovery in the Sacramento and San
Joaquin Valleys and the San Francisco Bay/Delta Estuary. In 1992, the US Congress
adopted the Central Valley Project Improvement Act, which formally identified fish and
wildlife protection, restoration, and mitigation as project objectives of equal priority with
irrigation and other domestic uses, as well as required the CVP to contribute to the state’s
efforts to protect the Bay/Delta Estuary (US BoR, 2009). The Act also reallocated
800,000 acre-feet of water from existing off-stream uses to fish and wildlife annually.
Since 1992, and after nearly $1 billion has been spent on numerous restoration projects
throughout the Central Valley, reallocating water supplies to meet environmental/

7. The evolution and status of state-specific minimum instream environmental flow programs, statutes,

and policies, which vary widely across the western states, has been summarized by MacDonnell

(2009).
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ecosystem concerns within the Central Valley remains a high priority of the state/federal
partnership (CALFED), an agreement by 25 state and federal agencies established in
2000 to “work collaboratively toward achieving balanced improvements” for the Bay/
Delta Estuary (CALFED Bay-Delta Program, 2010). More recently, efforts of the state
and CALFED have taken on a larger ecosystem sustainability focus. In 2006, California
state agencies initiated the Bay Delta Conservation Plan, a collaborative effort by state,
federal, and local water agencies, state and federal fish agencies, environmental orga-
nizations, and other interested parties to identify water flow and habitat restoration ac-
tions designed to recover endangered sensitive species and their habitats in the Bay/Delta
area, while also providing for improved reliability of water supplies (US BoR, 2010).

2.1.3 Water for Energy Expansion

US energy sector growth, for production of fossil fuels, biofuels, and other renewable
energy sources, is also expected to place increasing demand on water resources.8 In the
western states, where surface water systems are already overappropriated and ground-
water aquifer levels are declining in many areas, energy-related water demand is ex-
pected to affect local water supply/demand conditions with potential impacts on regional
agricultural production.

An expanded biofuel sector requires water for both processing and feedstock pro-
duction. Water demand for a biofuel plant with a given processing capacity is generally
known (an engineering relationship), local (site specific), and typically managed through
market-based permanent lease or purchase agreements between local farms and the biofuel
firm. While total withdrawals for biofuel processing are comparatively low, local/regional
impacts on water resources can be sizable. Water demand for irrigated feedstock pro-
duction for biofuel production, however, is expected to be more significant. Chiu et al.
(2009), in estimating the “embodied water in ethanol,” revealed that: (1) more corn pro-
duction for ethanol was taking place within highly irrigated regions, particularly in the
northern High Plains (Ogallala Aquifer) region; and (2) consumptive water use for bio-
ethanol production in the United States (including water for irrigated feedstock crops)
(measured in acre-feet equivalent units) increased from 1.54 to 4.95 maf (246%) between
2005 and 2008. The National Research Council (2008) estimated that: (1) irrigated corn for
ethanol (in Nebraska) required about 780 gal of freshwater withdrawals per gallon of
ethanol; and (2) “while irrigation of native grass today would be unusual, this could easily
change as cellulosic biofuel production gets underway.” The US Government Account-
ability Office estimated that corn ethanol production (adjusting for irrigation return flows)
for the Northern Plains states consumed 323.6 gal of water per gallon of ethanol, with
nearly 88% of this requirement estimated to come from groundwater (US GAO, 2009). The
full impact of biofuel expansion on agricultural land and water resources, however, is
expected to be complex, involving the substitution of land and water among crops,
cropland expansion, reduced use of idled cropland, expanded use of applied inputs, and
increased double-cropping (producing two crops on the same land within the same year),
depending on where biofuel development occurs (Wallander et al., 2011; Malcolm et al.,

8. For more information on the watereenergy nexus, see the Resources of the Future infographic

(Kuwayama, 2016) summarizing literature estimates of water intensity for various categories of

fossil fuel sources at: http://www.rff.org/research/publications/infographic-exploring-water-energy-

nexus-water-use-fossil-fuel-extraction-and.
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2009). Expansion of corn acreage to meet biofuel feedstock demand would likely involve
an increase in consumptive water use, particularly for the Plains states, both because of
expanded irrigated corn acres and because water consumption by corn plants is greater than
that for soybeans, placing additional pressure on groundwater resources where withdrawals
have generally exceeded natural recharge.

Water demands are also expected to increase because of growth and technical inno-
vation forecast in other energy-related uses, including thermoelectric generating capacity,
development of utility-scale solar power across the southwestern United States, and
development of a commercial oil shale industry in the Upper Colorado River Basin. In
addition, expansion of hydraulic fracturing (fracking) for deep shale natural gas explora-
tion is expected to continue to increase energy sector water demand in the eastern and
central United States. Hydraulic fracking involves pumping water, sand, and chemicals
under high pressure into a shale formation to generate fractures or cracks that allow oil or
natural gas to flow out of the rock and into the well. Water demand for hydraulic fracking
does not represent a long-term water resource commitment, as it occurs only during the
drilling and completion phases of each well (Chesapeake Energy, 2012). However, the
practice has raised public concern for groundwater use and quality.

Increased use of evaporative cooling technology for thermoelectric and solar power
may also significantly increase consumptive water use requirements for the energy sector
in areas where expansion occurs. Water demand for the oil shale industry could also be
significantdongoing studies by the US Department of Interior are intended to address the
uncertainties of water resource impacts for this sector. In a study of hydraulic fracturing
water use, the USGS indicates that based on information from 263,859 oil and gas wells
drilled between 2000 and 2014, water use varies significantly across well types (horizontal,
vertical, or slanted), well depths, regions and their hydrologic and geologic characteristics,
type of water used (saline or freshwater), as well as the volume and composition of the
produced water originating from the oil and gas well itself (Gallegos et al., 2015). The
USGS study indicates that as oil and gas production associated with fracking has increased,
the median annual water volume used to hydraulically fracture horizontal wells increased
from less than 670 m3 (176,995 gal) to nearly 15,275 m3 (4 million gal) per oil well and
19,425 m3 (5.1 million gal) per gas well. Because associated environmental problems are
heavily linked to volumes of water used and produced by fracking wells, differences in
local hydrologic, geologic, and fracking practices ultimately translate into significant
differences in the potential for fracking-based wastewater environmental impacts.

For most new energy development, water quality and environmental impacts are
potentially the more significant policy concern. Summarizing these demands is outside
the scope of this chapter because of the unique needs by energy type, the complexities of
energy forecasts, technological uncertainties, and the lack of aggregate water use esti-
mates for projected energy expansion.9

2.1.4 Climate Change and Water Resources

Substantial evidence demonstrates that the global climate is changing, with important
implications for agriculture and water resources (IPCC Report, 2007, 2014; US CCSP,
2008; Melillo et al., 2014; US BoR, 2012a). In much of the western United States, effective

9. For more specific information on these water-use demands, see NETL, 2008; GWPC and All

Consulting, 2009; US DOE, 2010; US GAO, 2010; Bartis et al., 2005; US BLM, 2011.
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precipitation available for crop uptake is projected to decline, particularly in the warmer
summer months. Moreover, gradual temperature increases will shift the West’s traditional
source of freshwater supplies from winter snowpack to more frequent and intense early
spring rain (IPCC Report, 2007, 2014; Knowles et al., 2006). These shifts are expected to
alter both the quantity and timing of associated streamflow, with more flow in the early
spring, and reduced late season reservoir storage amounts from precipitation and late
spring and summer snowmelt. In many areas, streamflow and reservoir storage effects are
expected to reduce water supplies for traditional peak irrigation water demands during the
summer and fall growing seasons.

Studies conducted for the Intergovernmental Panel on Climate Change’s (IPCC) Fourth
Assessment Report (IPCC Report, 2007) revealed that: (1) the April 1 snow-water
equivalent snow cover “has declined 15 to 30 percent since 1950 in the western moun-
tains of North America” (Mote et al., 2003, 2005; Lemke et al., 2007); and (2) streamflow
over the last century has “decreased by about 2 percent per decade” in the Central Rocky
Mountain region (Rood et al., 2005). These studies indicated that these patterns were not
uniform across the Mountain region and that, while there has been a general downward
trend in snowpack levels across the western states, decreases have been relatively larger at
lower elevations. In addition, results from various climate simulation models or analyses
based on multicentury tree-ring reconstruction (1490e1998) indicate that expected
warming temperatures and precipitation changes will reduce streamflow in the Upper
Colorado River Basin. Streamflow could decline by 8e11% by the end of the 21st century,
with declines as high as 25% by 2030 and 45% by 2060 (Christensen and Lettenmaier,
2007; Hoerling and Eischeid, 2007; McCabe and Wolock, 2007).

The US Climate Change Science Program’s Final Report of Synthesis and Assessment
Product 4.3 (US CCSP, 2008), drawing on 2007 IPCC climate change assessments and
other studies, projected that annual runoff would increase across the eastern United States,
gradually transition to little change in the Missouri and Lower Mississippi basins, and
substantially decrease (by up to 20%) in the western interior (particularly the Colorado and
Great Basin areas). The Bureau of Reclamation (BoR) report to Congress (US BoR, 2011)
further disaggregated climatic impact and hydrologic projections to eight reclamation river
basins. For the Colorado Basin, this study indicates that the southern subbasins are ex-
pected to experience greater warming and a decrease in precipitationdwhile portions of
the upper basin are expected to experience wetter conditionsdbut warming temperatures
will dominate expected basin-wide effects. As a result, projected reductions in natural
runoff and changes in runoff seasonality in the Colorado Basin are expected to reduce
water supplies given current reservoir system capacity and operational regimes, with
differences between northern and southern subbasins. In addition, because reservoir stor-
age opportunities are limited by flood control considerations, increased winter runoff is not
expected to translate into increased water storage for the spring season. However, re-
ductions in runoff during the spring and early summer are expected to reduce reservoir
levels and water supply deliveries during the irrigation season. In its 2012 Study Report,
the US BoR projected that with warming temperatures and reduced snowpack, the mean
annual natural flows for the lower Colorado River (at Lees Ferry) over the next 50 years
could be reduced by nearly 9% (US BoR, 2012a).

The 2011 BoR report also indicates that warming temperatures are expected to be
relatively uniform over the Columbia River Basin, with generally wetter conditions
varying across subbasins (US BoR, 2011). Decreases in snowpack are expected to be more
substantial over the western mountain ranges of the basin and the lower elevations of the
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basin’s eastern mountain ranges, which “contribute significantly to runoff in headwater
reaches of major Columbia River tributaries.” Snowpack in northern and higher elevations
of eastern portions of the basin, however, are projected to increase overall. These impacts
are expected to result in varied annual runoff across subbasins. The BoR report recognized
that, for the Columbia Basin, the impact on water supply and reservoir operations is less
obvious because of the anticipated variability in climatic effects across subbasins. The
report also notes, based on some studies, that general warming effects across the basin
appear to have the most influence on runoff and ultimately on basin water supplies.10

Other climate change studies indicate that, as increasing temperatures thin snowpack
and raise snowline elevations, mountain recharge rates will decline as recharge areas
shrink, thereby reducing aquifer recharge and water table levels (Dettinger and Earman,
2007; Hall et al., 2008). For the Ogallala Aquifer region, groundwater recharge is expected
to decrease by more than 20% if temperatures increase by 4.5�F (2.4�C) (IPCC Report,
2007). Aquifer recharge rates could decrease by as much as 25% in the Ellensburg Basin of
the Columbia Basin Plateau (NWAG Report, 2000). While these studies provide some
initial information on how climate change may affect groundwater resources, these pro-
cesses are less well understood (USGS, 2009; Green et al., 2007). This uncertainty affects
researchers’ ability to isolate climate change influences on the subsurface hydrologic cycle
and their effect on such factors as recharge, discharge, and groundwater storage. These
factors are influenced significantly by groundwater residence timedthe time it takes
climate variability and long-run climate change to affect a groundwater resourcedwhich
can range from days to tens of thousands of years. The longer the groundwater residence
time, the greater the challenge in detecting responses in groundwater supply caused by
climate variability and change.

Climate-induced declines in snowpack and altered runoff also create uncertainties
involving the interactions between evapotranspiration (ET), mountain recharge versus al-
luvial (fan) basin recharge, and their combined effect on lower-basin groundwater recharge
(Dettinger and Earman, 2007). In addition, most groundwater systems have been altered
substantially by human activities (Green et al., 2007). The USGS reports that improved
groundwater monitoring systems and an expanded research focus are needed that go
beyond concerns about groundwater-level fluctuations and also address groundwater un-
certainties and processes occurring over multiple decades to improve our understanding of
groundwater’s response to climate change (USGS, 2009).

Moderate temperature increases are also expected to increase crop ET for the southern-
tier western states, increasing irrigation water demands in the region, while enhancing
ET efficiency for many crops in the northern-tier western states.11 Even for northern-tier

10. For more information on how projected climate change affects water supplies for other river

basins, see the Reclamation report (US BoR, 2011) at http://www.usbr.gov/climate/SECURE/

docs/SECUREWaterReport.pdf.

11. Crop evapotranspiration (ET) is generally defined as the loss of water to the atmosphere through

evaporation (from soil and plant leaf surfaces) and transpiration (water from inside the plant that

vaporizes through plant stomata or microscopic pores on plant leaf surfaces). Crop ET efficiency,

as used here, refers to the effect that rising temperatures have on crop yield per unit of water

consumed in ET, alternatively recognized as crop water use efficiency (Izaurralde et al., 2003;

Hatfield et al., 2008; Bates et al., 2008). Rising temperatures are expected to reduce crop yield per

unit of ET in the southern-tier western states, while having a positive effect in the northern-tier

western states.
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states, however, moderate warming conditions will likely still impact irrigation water
demands because, with less total water supply, the timing of irrigation becomes a more
critical on-farm water management issue. Crop ET may also shift with projected changes
in crop biomass because of temperature stress, carbon fertilization, and other factors, with
expected yield declines for some crop/regions (eg, for corn) and positive CO2 impacts for
other crop/regions (eg, for wheat). In the eastern United States, where precipitation is
generally sufficient to support rain-fed crop production, climate-induced changes in irri-
gation to meet water demands will depend on shifts in normal growing season rainfall,
potential increases in the frequency and severity of drought, and relative returns to irrigated
and dryland production.

2.2 The Challenge for Agricultural Water Conservation

New pressures on regional water budgets, particularly in the western states, have raised
important questions concerning the sustainability of water resources for irrigated agri-
culture. Three critical questions include:

1. Can irrigated agriculture adapt to climate-adjusted water supplies and emerging water
demands through conventional means alone (ie, the adoption of more efficient irri-
gation technologies, improved water management practices, and/or cropland allocation
shifts)?

2. What changes in water institutions may be needed to complement and drive water
conservation policy to more effectively manage increasingly scarce water supplies for
agriculture?

3. How will these changes impact irrigated agriculture, land and water resource use, the
environment, and rural economies?

2.2.1 Sustainability of US Western Irrigated Agriculture

Reduced water supplies because of climate change will likely further constrain already
overallocated water resources across much of the western United States, while increased
water demand from alternative user groups, ecological requirements, and Native American
claims will put additional pressure on water allocations. For agriculture, increased compe-
tition underscores the importance of managing irrigation applications effectively, that is,
applying water at the time and in the amount needed to meet consumptive use requirements
by crop growth stage. In addition, high-pressure sprinkler and traditional gravity irrigation
systems will become even less efficient as application losses increase because of higher
evaporation rates caused by rising temperatures.

The critical link between climate change vulnerability and sustainability is adaptability
(Wall and Smit, 2005; Hall et al., 2008; IPCC Report, 2007, 2014; Brekke et al., 2009;
Marshall et al., 2015).12 Given growth in competing demands and projected climate

12. For purposes here and consistent with USDA reports, we define sustainable irrigation water use as

a goal of conservation policydensuring a viable irrigated agriculture sector and adequate agri-

cultural water availability for future generations, while also protecting offsite environmental ser-

vices. Adaptation strategies involve various mechanisms for achieving agricultural water

conservation and allocation goals.
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changes, the adaptability of western irrigated agriculture to a more sustainable future could
involve more widespread use of efficient gravity and pressurized irrigation systems,
coupled with more intensive use of field-level water management practices to enhance
irrigation efficiency and potential farm water savings. Such practices may include broader
use of soil or plant moisture sensing devices, commercial irrigation-scheduling services,
and computer-based crop growth simulation models that help producers decide when and
how much to irrigate.

Practices that enhance gravity-flow systems through improved distributional unifor-
mity of field water advance include field laser leveling, gated pipe systems with surge
flow/cablegation applications, shortened furrow lengths, alternate row irrigations, reduced
irrigation set times, and polyacrylamide (PAM) applications (a water-soluble soil
amendment that stabilizes soil and waterborne sediment). Broader use of tailwater pits
may also be used to enhance capture and reuse of irrigation drainage from fields. Pres-
surized system enhancements, including low-energy precision application/drop-tube
systems, drip/trickle and low-flow microspray irrigation systems, and automated nozzle
control systems, also improve the precision of applied water while reducing energy re-
quirements for pressurization.

Under more efficient gravity and pressurized irrigation systems, intensive infield water
management practices can enhance a producer’s ability to apply water closer to a crop’s
consumptive use requirement. This is especially important when deficit irrigating a crop to
maximize profits, particularly during drought years. Deficit irrigation is a water manage-
ment strategy that concentrates the application of limited seasonal water supplies on
moisture-sensitive crop growth stages to maximize the productivity of applied water. The
quantity of water applied provides less than the full crop ET requirement, which inevitably
results in plant moisture stress and reduced crop yield. With deficit irrigation, however,
the farmer’s goal is to maximize profits (net income) per unit of water used rather than per
land unit used for production (Fereres and Soriano, 2007; Geerts and Raes, 2009). Thus
appropriately integrating water management practices with efficient irrigation systems
improve the adaptability of irrigated agriculture to water supply deficits, while enhancing
long-run sustainability.

2.2.2 Sustainability of US Eastern Irrigated Agriculture

Conservation also ensures a more sustainable future for irrigated agriculture in the 31
eastern states. In the more humid East, irrigation generally complements growing season
precipitation that normally provides sufficient water to meet crop consumptive use
requirements in average rainfall years. When precipitation during the crop-growing season
falls short, some producers supplement with irrigation to meet crop water use
requirements.13 Nearly 80% of crop water applied in the eastern states is pumped from
shallow aquifers subject to annual recharge that also often serve as the primary source for
downstream surface water flows for nonagricultural uses (USGS, 2011a). Less than 6% of
the water for eastern irrigated agriculture comes from off-farm water sources (USDA/
NASS, 2014b).

13. While all irrigation is supplemental to rain-fed crop production, irrigation in humid regions is often

referred to as supplemental (or complementary) within the scientific literature (Evans and Sadler,

2008; Clemmens et al., 2008).
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Historically, irrigated production has accounted for a small share of crop production in
the eastern states. Since the mid-1990s, however, crop irrigation has expanded significantly
across the East, increasing by nearly 42% from 1998 to 2013 and by 14% since 2008
(USDA/NASS, 2014b).14 Irrigation has increased in the eastern states primarily because of
increases in commodity prices and yields, increased risk avoidance because of recurring
drought conditions, and access to available groundwater supplies at relatively low cost
because of shallow aquifer pumping depths (Midwest Irrigation, 2010; Fischer Farm
Services, 2011; Evett et al., 2003; Vories and Evett, 2010). At the same time, population
growth has increased water demand to meet the needs of urban/industrial growth and
recreation, while changing social values have increased pressure for improved water
quality and ecosystem services. Expanded groundwater use for irrigated agriculture has
contributed to declining aquifer water levels, rising pumping costs, and saltwater intrusion
near coastal regions. The increasing importance of groundwater resources for nonagri-
cultural uses, the lack of reliable surface water supplies because of limited reservoir
storage capacity, rising irrigation pumping costs, and water quality concerns from irriga-
tion system losses have all heightened concerns for on-farm water conservation as a critical
component of a sustainable irrigated agriculture sector in the eastern states. As a result,
advancing on-farm water conservation is as important throughout much of the 31 eastern
states as it is in the 17 western states.

3. HOW IMPORTANT IS IRRIGATION TO US AGRICULTURE?

Nationwide, irrigated agriculture makes a significant contribution to the value of US
agricultural production. In 2012, the market value of all agricultural products sold was
$394.6 billion, with irrigated farms (farms with at least some irrigated cropland) ac-
counting for roughly 39% of market sales, or $152.4 billion, and nonirrigated farms (farms
not irrigating any cropland) accounting for the remainder (Table 1). While the average per-
farm value of agricultural products sold by all farms in 2012 was $187,097, the average
value for irrigated farms was nearly 2.7 times higher, at $514,412. The average value of
farm products sold by irrigated farms was nearly 3.9 times the average value for
nonirrigated (dryland) farms.

Irrigation also contributes to the value of livestock and poultry products via irrigated
crop production used as animal forage and feed. In 2012, the total value of crop products
sold (including nursery and greenhouse crops) by irrigated farms was $106.3 billion,
representing 50.0% of the value of crop sales by all farms (Table 1). For irrigated farms
only, the value of crop products sold accounted for nearly 70.0% of their agricultural sales
in 2012, with livestock products accounting for the remainder.15 In general, nonirrigated
farms were more dependent upon livestock and poultry, with livestock/poultry sales ac-
counting for 56.2% of agricultural product sales.

14. The largest irrigation increases in the East since 1998 (though 2013) have been in the Southeast

(Georgia at 85% and Alabama at 118%), the Lower Mississippi Delta (Missouri at 48%, Arkansas

at 22%, and Mississippi at 53%), and the Upper Midwest (Minnesota and Michigan, each at 60%).

15. The relative importance of irrigated forage and feed production varies across states. In California,

irrigated forage acres (alfalfa and other hay, grass silage, and greenchop) account for 88% of acres

devoted to irrigated forage and corn production. In the Plains states, however, irrigated corn for

grain acres dominate production acres for irrigated forage and corn for grain, ranging from 62% in

Texas to 87% and 93% in Kansas and Nebraska, respectively (USDA/NASS, 2014a).
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TABLE 1 Market Value of Agricultural Products Sold and Farm Production Expenses for Irrigated and Nonirrigated Farms, 2012

Farm Characteristic All Farms

Irrigated Farms

Dryland Farms (Farms

With no Irrigated

Cropland)

All Irrigated Farms

(Mixed Irrigated and

Dryland Cropland)

Farms With All Harvested

Irrigated Cropland

(no Dryland Cropland)

Market value of agricultural products
sold ($1000)

394,644,481 152,421,721 79,582,158 242,222,760

Average per farm ($) 187,097 514,412 471,687 133,603

Crops, including nursery and greenhouse
crops ($1000)

212,397,074 106,281,346 57,540,345 106,115,728

Average per farm ($) 205,754 444,231 386,509 133,809

Livestock, poultry, and their products
($1000)

182,247,407 46,140,375 22,041,814 136,107,032

Average per farm ($) 181,419 433,614 502,504 151,541

Total farm production expenses ($1000) 328,939,354 123,022,726 64,792,431 205,916,628

Average per farm ($) 155,947 415,192 384,028 113,578

Energy-related expenses (excluding
customwork) ($1000)

24,835,166 11,092,703 5,919,143 13,742,463

Average per farm ($) 7435 21,231 20,225 4876

USDA, National Agricultural Statistics Service, 2012 Census of Agriculture, 2014.
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3.1 Where Does Irrigation Occur and What Does It Produce?

In 2012, 55.8 million farmland acres were irrigated across the United States (52.1 million
acres of harvested cropland and 3.1 million acres of pastureland and other cropland), ac-
counting for about 14.3% of all cropland, and 6.9% of all cropland, pastureland, and
rangeland. About 16.5% of US harvested cropland acres were irrigated, while only 0.8% of
pastureland acres were irrigated (USDA/NASS, 2014a). Nearly three-quarters of US irri-
gated agriculture occurred in the 17 western states, including 71.0% of harvested irrigated
cropland and 92.3% of irrigated pastureland.

For 2012, 12 leading irrigation states accounted for 76.2% of all irrigated acres,
including harvested cropland, pasture, and other lands (Fig. 2). Nebraska’s 8.3 million irri-
gated acres led all other states (14.9% of the US total), followed by California with
7.9 million acres (14.1%), Arkansas with 4.8 million acres (8.6%), and Texas with
4.5 million acres (8.0%). Three eastern statesdArkansas, Mississippi, and Floridadwere
among the 12 leading irrigation states. Mississippi accounted for 1.7 million acres (3.0%)
and Florida for 1.5 million acres (2.7%) of the total US irrigated area.

Irrigated agriculture and water use are not static; areas grow and decline over time,
influencing regional demands for water, energy, and other inputs (Fig. 3). From 2002 to
2007, agricultural water use reflected a net increase of nearly 1.3 million irrigated acres
across the United States. Nebraska accounted for nearly a million of those additional acres
(72% of the increase), with lesser increases occurring in the Mississippi Delta and
Southeast regions (Arkansas, Mississippi, Missouri, and Georgia). Irrigated acreage
expansion in these states was attributed to availability of water supplies, improved irri-
gation economics [partly because of higher crop yields and reduced water costs associated
with more efficient irrigation systems (USDA/NRCS, 2006)], increased biofuel demand for

Arkansas, 8.61 %

Texas, 8.04 %

Idaho, 6.03 %Kansas, 5.16 %

Colorado, 4.51 %

Montana, 3.41 %
Mississippi, 2.96 %

Washington, 2.93 %

Oregon, 2.92 %

Florida, 2.67 %

All Other States, 
23.82 %

California, 14.08 %

Nebraska, 14.86 %

FIGURE 2 State shares of total US irrigated acres for 2012. Note: twelve leading irrigation states

(nine from the West and Arkansas, Mississippi, and Florida from the Delta and Southeast) accounted

for 76.2% of US irrigated acres, including harvested cropland, pasture, and other lands. U.S.

Department of Agriculture, National Agricultural Statistics Service (USDA/NASS). May 2014a. 2012

Census of Agriculture: U.S. Summary and State Data. Geographic Area Series, Part 51 (AC-12-A-51),

vol. 1, p. 695, at: http://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_

1_US/usv1.pdf.
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corn, recurring regional drought conditions, and the prospect of future restrictions on new
irrigation development (at least for Nebraska).16 California and Florida led the states where
irrigated acres fell during this period (0.7 million and 0.3 million acres, respectively).17,18

Acres of Irrigated Land - 2012 
1 Dot = 10,000 Acres 

U.S. Total
55,822,231

Change in Irrigated Acres: 2007 - 2012 

Net
Decrease

-
777,074

1 Dot = 1,000 Acres Increase
1 Dot = 1,000 Acres Decrease

Change in Irrigated Acres: 2002 – 2007 
1 Dot = 1,000 Acres Increase
1 Dot = 1,000 Acres Decrease

Net Increase:
+1,288,069

(A)

(B) (C)

FIGURE 3 US irrigated acres, 2012: how has it changed over time? Adapted from US Department of

Agriculture, National Agricultural Statistics Service, Map Atlases from the 2007 and 2012 Census of

Agriculture (Maps 12-M080, 07-M081, and 12-M081, respectively).

16. Personal communication with Professor Raymond J. Supalla, University of NebraskadLincoln,

Agricultural Economics Department.

17. Florida’s irrigated acreage has been decreasing for a variety of reasons, including: (1) the real-

location of water supplies to restore the Everglades ecosystem; (2) declining groundwater aquifer

levels and saltwater intrusion; (3) loss of competitive markets; (4) urbanization; and (5) crop

diseases (Aillery et al., 2001; USGS, 2008; Florida DEP, 2010).

18. In California, irrigated acres have been declining because of: (1) increased use of pumping re-

strictions on water supplies from the San Francisco BayeDelta Estuary to meet environmental

regulations to protect endangered species; (2) continued urban growth (although more recently at a

slower pace because of current economic conditions); and (3) reduced soil productivity because of

increasing salinity (particularly in the Imperial and San Joaquin Valleys). Recurring droughts have

heightened water supply pressures in California, resulting in significantly increased Delta pumping

restrictions and subsequent reductions in irrigated cropland (Ayars, 2010; California Department

of Conservation, 2011).
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For the period 2007 to 2012, irrigated area had a net decline of 777,074 acres across the
United States. The larger decreases occurred in Texas (521,000 acres), Colorado
(351,000 acres), Nebraska (262,000 acres), and Oregon (215,000 acres), with smaller declines
in California and New Mexico. The larger net gains in irrigated acres during this period
occurred in Arkansas (343,000 acres) and Mississippi (283,000 acres), with smaller increases
in Louisiana, Georgia, and Kansas. However, since about 1997, the dominant pattern of
change across the United States reflects a shift in irrigated acreage from the 17 western states
to the Delta and Southeast (with the exception of Florida).

Fig. 4 illustrates the longer-term changes that have taken place since the early 1980s in
irrigated acres (Part A) and agricultural water applied (Part B) across United States
Department of Agriculture (USDA) farm production regions. From 1982 to 1997, irrigated
acres increased for most farm regions. Since 1997, however, most regions saw either a
decline in irrigated acres or a slowing of irrigated expansion. The largest growth in irri-
gated acres since 1997 was concentrated in the Northern Plains, Delta, and Corn Belt
regions, with more moderate expansion across the eastern United States (except Florida).
Growth rates in the Northern Plains (primarily Nebraska) pushed irrigated acreage
(11.9 million acres in 2007) above acreage irrigated in the Pacific region (11.6 million
acres). While both regions had a net decline in irrigated acres from 2007 to 2012, the
Pacific region’s decline occurred at a slightly faster pace. Similarly, since 1997, irrigated
acres in the Delta region surpassed acres irrigated in the Southern Plains. Since 1997, the
largest contraction in irrigated acres has occurred in the more arid western Mountain,
Pacific, and Southern Plains regions.

Agriculture in the Pacific region is the most dependent on irrigation, with about half
(51%) of cropland acreage irrigated in 2012. Other arid western regions with sizable
concentrations of irrigated cropland include the Mountain (30%), Northern Plains (12%),
and Southern Plains (12%) regions. In the eastern states, irrigated acreage accounted for 44
and 25% of cropland in the warmer Delta and Southeast regions, respectively, but less than
5% of cropland acreage in the middle- and northern-tier regions.

Although more acres were irrigated in the Mountain states than in the Pacific or
Northern Plains states, agriculture in the Pacific region uses significantly more water
overall, in part because of higher application rates. Average per acre field-level water use
for agriculture in the Pacific region was 2.8 acre-feet, compared with 2.0 acre-feet in the
Mountain states. Differences reflect regional variation in crop consumptive use re-
quirements associated with climate and cropping pattern choices, as well as variation in the
contribution of natural precipitation. Applied water rates are also influenced by differences
in irrigation efficiencies, water prices, and energy costs for irrigation pumping. Irrigated
agriculture within the Pacific and Mountain states accounted for the largest share (62%) of
total agricultural water applied across the continental United States.

What does irrigated agriculture produce? Irrigated agriculture accounts for a share of
harvested acreage for most US crops. Vegetable, orchard, and rice crops had the dominant
share of their harvested acres irrigated in 2012, with 82% for orchards and 100% for rice
and vegetables (USDA/NASS, 2014a). For all other crops, irrigated acreage accounted for
less than half of US harvested acreage by crop, with shares ranging from 41% for cotton to
5% for oats.

Irrigated cropping patterns differ regionally across the United States. For the West, the
cliché that “if a crop is not irrigated it is not grown” is not universally true. Rice, vege-
tables, and orchard crops were the only crops in the West with more than 80% of their
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harvested cropland acres irrigated in 2012 (USDA/NASS, 2014a). Cotton, peanuts, and
sugar beets grown in the West also relied heavily on irrigation, but only 50e64% of
harvested cropland for these crops was irrigated. As much as 65e95% of the harvested
cropland acres for corn for grain, sorghum, soybeans, wheat, oats, barley, and forage crops
(hay, haylage, grass silage, and greenchop) in the West were farmed using dryland pro-
duction systems.

Fig. 5 illustrates the relative distribution of 2012 harvested irrigated acres by major
crop category for both the western and eastern United States. Corn for grain and forage
crops accounted for about 49% of all harvested irrigated crop acres across the West (Part
A). However, corn for grain, soybeans, rice, and vegetables accounted for nearly 80% of
harvested irrigated crop acres across the eastern states (Part B). Cotton accounted for an
additional 10% of irrigated harvested acreage in the East. Relative to the western states, the
irrigated cropping pattern in the eastern states reflects a much smaller share of irrigated
acres for forage crops and wheat, and a larger share of irrigated acres devoted to rice and
soybeans.

3.2 How Much Water Is Applied, What Is Its Source,
and What Does It Cost?

In 2013, irrigators across the western states applied about 72.9 maf of water for irrigated
cropland production (for all “acres in the open,” but excluding water applied to horticulture
under protection), averaging about 1.8 acre-feet per acre (af/ac) overall (Table 2). Much of
this water (51%) originated from surface water sources, with the remainder (49%) supplied
from wells used to pump groundwater from local and regional aquifers (USDA/NASS,
2014b). Surface water is drawn from both on-farm and off-farm sources. On-farm surface
water from ponds, lakes, or streams and rivers on the farm account for roughly 10% of total
agricultural water applied in the West, while off-farm water sources accounted for nearly
41% of total water applied. Water from off-farm sources is generally supplied through
local irrigation districts; mutual, private, cooperative or neighborhood water-delivery
“ditch” companies; or from commercial or municipal water systems. Applied water
from groundwater sources in the West averaged about 1.5 af/ac in 2013 (Table 2).
In contrast, applied water averaged 1.7 af/ac for on-farm surface water and 2.2 af/ac for
off-farm surface water over the same period. These application differences likely reflect the
generally higher cost of groundwater and the fact that more off-farm surface water is
applied to higher-valued, more water-intensive crops. In addition, more efficient systems
are more likely to be used where groundwater is the primary water source. Center-pivot
systems, for example, tend to be the more cost-effective system when drawing on
groundwater. More than half (54%) of agricultural water for crop production in the western
states was applied using pressure irrigation (sprinkler, drip/trickle, and/or low-flow
microspray) systems, with most of the remainder (42%) applied with gravity irrigation
systems.19 Application rates using gravity systems, which are generally less water use
efficient and more likely associated with lower-cost surface water, averaged about 2.3 af/ac

19. For more information on gravity and pressure (sprinkler) irrigation systems, see Irrigation and

Water Use Glossary on the USDA/ERS website at: http://webarchives.cdlib.org/sw1rf5mh0k/

http://www.ers.usda.gov/Briefing/WaterUse/glossary.htm.
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TABLE 2 Water Application Statistics for the 17 Western States, for “Acres in the Open”, by Type of Irrigation and Water Source, 2013

Water Application Type of Irrigationa

Total Water

Applied

(Acre-Feet)

Gravity

Systems

(Acre-Feet)

Percent

Gravity

Sprinkler

Systems

(Acre-Feet)

Percent

Pressure

Drip/Trickle

and/or Low-Flow

Microsprinkler

Systems

(Acre-Feet)

Percent

Other

Other

Systems

(Acre-Feet)

Percent

Other

Water
applied:

72,896,810 30,970,461 42.0 36,144,815 50.0 3,276,408 4.0 2,505,126 3.0

Average
Application
(acre-feet/
acre):

1.83 2.29 1.34 0.90

Water Sourcea

Wells Surface Water Sources

Ground

Water

(Wells)

(Acre-Feet)

Percent

Ground

Water

On-Farm Surface

Water (Acre-

Feet)

Percent

On-

Farm

Surface

Off-Farm

Surface

Water

(Acre-

Feet)

Percent

Off-

Farm

Surface

Water
applied:

72,896,810 36,023,636 49.0 6,984,525 10.0 29,888,649 41.0

Average
Application
(acre-feet/
acre):

1.83 1.49 1.68 2.18

aUSDA, Economic Research Service calculations based on data from the USDA, National Agricultural Statistics Service, 2013 Farm and Ranch Irrigation Survey.

USDA, National Agricultural Statistics Service, 2013 Farm and Ranch Irrigation Survey, 2014.
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while rates for sprinkler systems averaged 1.3 af/ac, and drip/trickle and/or low-flow/
microspray systems averaged about 0.9 af/ac.

Irrigation water is generally pumped from groundwater wells, surface water sources, or
from water-delivery ditches (canals), and may be conveyed under pressure to access irri-
gated fields. Pumps are also used to pressurize field-level sprinkler, drip/trickle, low-flow,
and microspray systems for field application. As a result, producers typically incur sig-
nificant energy expenses over and above typical crop production costs under nonirrigation
production.20 Both capital expenses (irrigation conveyance and distribution systems) and
variable irrigation costs (depending on the quantity of water used) vary significantly by
region and across irrigated crops. These cost differences impact irrigation profitability,
which will fluctuate based on available water sources, type of irrigation system used, crops
irrigated, energy source used to power irrigation pumps, and water costs charged for off-
farm water supplies.

In 2013, irrigated agriculture in the western states incurred nearly $2.2 billion in energy
expenses for on-farm pumping of irrigation water (Table 3). Costs for pumping water varied
by type of irrigation [including water applied to “acres-in-the-open” (for field crops or
horticulture crops) versus water applied to horticulture crops under protection (eg, green-
house structures)], and whether the water was pumped from groundwater or surface-water
sources. Water pumped from wells and for pressurizing irrigation systems used to irrigate
field crops averaged about $65 per irrigated acre, compared with $33 per acre for water
supplied from a surface water source. To pump water from wells to irrigate horticulture crops
grown in the open cost about $92 per acre and nearly $101 per acre when using surface
water. Pumping water from wells to irrigate horticulture crops grown under protection cost
about $190 per 10,000 square feet of area under protection, while costing $57 per
10,000 square feet when pumping surface water for horticulture under protection. Expenses
for scheduled irrigation replacement and maintenance and repairs for on-farm irrigation
systems in the West totaled nearly $852 million (averaging $99 per affected irrigated acre).
Irrigation labor costs across the western states in 2013 totaled about $814 million
($671 million for hired labor and $142 million for contract labor). Hired labor for irrigation
averaged about $27,042 per irrigated farm while contract labor for irrigation averaged
$28,535 per farm. In addition, irrigators using off-farm water supplies paid nearly
$742 million to purchase water from irrigation districts and other off-farm water suppliers.
Purchased water costs across the West averaged about $74 per affected irrigated acre, or $33
per acre-foot of water. However, total variable irrigation costs can vary significantly across
states and water sources. In 2013, the sum of energy costs for pumping irrigation water, the
cost of water purchased from off-farm suppliers, and scheduled replacement and mainte-
nance and repair costs ranged from $55 per acre in Montana to $386 per acre in California
for field crop acres irrigated in the open. For horticultural crops irrigated in the open, the sum
of these costs ranged from $58 per irrigated acre in Oklahoma to nearly $550 per acre in
Nevada. Costs for hired and contracted irrigation labor also varied significantly across states,
influenced heavily by the crops irrigated and quantity of labor required. For 2013, average
contract irrigation labor costs ranged from $2250 per farm in North Dakota to over $75,000
per farm in Arizona. Average hired irrigation labor cost ranged from $6000 per farm in South
Dakota to $42,000 per farm in California.

20. In addition, irrigated production can often involve higher (nonenergy) input and harvest costs

because of more intensive input use and higher yields relative to nonirrigated production.
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TABLE 3 Irrigation Cost Statistics for the 17 Western States, by Type of Irrigation and Irrigation Expense, 2013a

Water from 
Wells

Surface 
Water

Water from 
Wells

Surface 
Water

Water from 
Wells

Surface 
Water

Total 
Expenditures

Average Cost 
per Irrigated 

Acre
($1,000 dollars) ($1,000 dollars) Dollars per acre

2,147,696 64.56 32.70 91.58 100.87 190.00 57.00 851,265 99.39

Hired           
Labor

Contract
Labor

Hired           
Labor

Contract
Labor

Total Purchased 
Water Expenses

Per                            
Acre

Per Acre-
Foot

($1,000 dollars)

671,265 142,245 27,042 28,535 741,900 74.25 32.74

Energy Expenses for Onfarm Pumping of Irrigation Water,
Total and by Irrigation Category and Water Sourceb

For Operations With Only 
Acres in the Open

Total Pumping 
Expenditures

Expenses per Irrigated Acre Expenses per 10,000 sq.ft.

Irrigation Labor Costs by Type (Hired and Contract Labor)

Scheduled Irrigation 
Replacement and 

Maintenance/Repair Expenses

Dollars

Average Cost

Purchased Water Costs for 
Off-farm Water Supplies

Dollars per acre

For Operations With Only 
Horticulture in the Open

Dollars per acre

For Operations With Only 
Irrigated Horticulture 

Under Protection

Dollars per 10,000 Sq.Ft.

b Includes expenditures for all energy sources (electric, natural gas, LP gas, propane, butane, diesel fuel, gasoline and gasohol), except for solar.

Dollars per farm$1,000 dollars

Average Cost per                 
Irrigated FarmTotal Expenses

a USDA, Economic Research Service calculations based on USDA, National Agricultural Statistics Service, 2013 Farm and Ranch Irrigation Survey.

USDA, National Agricultural Statistics Service, 2013 Farm and Ranch Irrigation Survey, 2014.
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In the 31 eastern states, variable irrigation costs in 2013 were generally less than those
for the western states. Average energy pumping costs for water pumped from wells ranged
from $31 to $74 per acre for field crops and horticultural crops, respectively, to $120 per
10,000 square feet for horticultural crops irrigated under protection (USDA/NASS, 2014b).
Energy costs for water pumped from surface sources ranged from $34 per acre for field crops
irrigated in the open to $66 per 10,000 square feet for horticulture crops under protection.
Pumping costs for water pumped from wells are lower in the eastern states because
groundwater pumping depths are generally shallower. Purchased water costs averaged $36
per acre (or $41 per acre-foot). However, purchased water from off-farm sources in the
eastern states account for less than 6% of water supplies for acres irrigated in the open, and
about 14% of water supplies used to irrigate horticulture crops under protection. Irrigation
labor costs averaged $12,687 per farm for hired labor and $16,095 per farm for contract labor
(with an overall average of $23 per acre for affected irrigated acres, compared to $55 per acre
in the western states). In the eastern states, costs for scheduled irrigation replacement and
maintenance and repair costs were similar to those in the western states, averaging $107 per
acre for affected irrigated acres.

4. HOW EFFICIENT IS IRRIGATED AGRICULTURE?

Prior to the 1970s, gravity-fed furrow and flood irrigation systems were the dominant pro-
duction systems for irrigated crop agriculture. By 1978, sprinkler irrigation, including center-
pivot systems, accounted for about 35% of crop irrigation in the western states. Virtually all of
this transition involved adoption of high-pressure sprinkler irrigation.21While the center-pivot
system improved field irrigation efficiency, water conservation was not the primarymotivation
for its widespread adoption. Other factors, such as yield enhancement from uniform water
application and irrigation’s expansion into productive lands that were not suitable for a
gravity system because of topography, soils, or distance from traditional riparian bound-
aries, were the primary drivers behind the early transition from gravity-flow irrigation to
center-pivot sprinkler irrigation.

The expansion of irrigated agriculture, along with increasing water demands from
nonagricultural users, significantly intensified the competition for available water re-
sources. Over time, federal and state resource conservation programs provided financial
and technical assistance to promote adoption of more efficient irrigation systems, to
improve irrigation returns and enhance the health and productivity of the resource base,
and to help ensure a more sustainable future for small farm and rural livelihoods. Adoption
of more efficient irrigation systems and water management practices has been examined
extensively, particularly within the 17 western states (Schaible and Aillery, 2006; Schaible,
2013; Schaible et al., 2010). Fig. 6 illustrates that between 1984 and 2013 a substantial
shift has occurred across the western states away from gravity irrigation to pressure-
sprinkler irrigation systems. In 1984, for example, 71% of crop agricultural water in the
West was applied using gravity irrigation systems. By 2013, operators used gravity systems
to apply just 41% of water for crop production, while pressure irrigation systems accounted
for 59%, or an increase of 31 percentage points from 1984. By 2013, much of the acreage
in more efficient pressure irrigation systems included drip/trickle or low-flow microspray

21. Sprinkler irrigation systems operating with greater than 60 pounds per square inch (PSI) of

pressure.
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systems, low-pressure sprinkler, and low-energy precision application systems. Adoption
of improved (more efficient) irrigation systems contributed to reducing agricultural water
use, as fewer acre-feet were required to irrigate a greater number of acres using these
systems. From 1984 to 2013, total acres irrigated (in the open) across the West increased
by 1.7 million acres (from 38.1 to 39.8 million acres), while water applied for this agri-
cultural production declined by nearly 1.4 maf (from 74.3 to 72.9 maf).

On-farm crop irrigation efficiency is measured as the fraction of applied water bene-
ficially used by the crop, including the quantity of water required for crop ET (consumptive
use) and water to leach salts from the crop-root zone (Howell, 2003; Burt et al., 1997).22

Water applied to crops but not used for beneficial purposes is generally regarded as field
loss, including water lost through excess evaporation and transpiration by noncropped
biomass as well as surface runoff and percolation below the crop-root zone. Some portion
of water loss to surface runoff and deep percolation may eventually return to the hydro-
logic system through surface return flow and/or aquifer recharge and may be available for
other economic and environmental uses.

What happens to irrigation water that leaves the farm (ie, water not beneficially
consumed through crop production) and its ultimate impact on local or regional water
supplies depends on the many factors that influence the hydrologic water balance for the
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22. This definition of crop irrigation efficiency is conceptually consistent with Howell’s (2003)

“seasonal irrigation efficiency” and the “irrigation efficiency” performance indicator presented by

Burt et al. (1997). Depending upon the crop and region (and consistent with both references cited),

crop beneficial use may also include water for cooling or frost protection of plants, seed bed

preparation, enhancement of seed germination, and to meet ET requirements for plants beneficial

to the crop, such as herbaceous windbreaks and cover crops.
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watershed. Water balance accounts for where all the water within a watershed comes from
and where it goes and is significantly influenced by soils, land cover, climate, water source,
topography, and hydrologic characteristics both on and off the farm. Research demon-
strates that while generally recognized as conserving water on the farm, improved on-farm
irrigation efficiency may or may not contribute to water conservation at a basin scale
(Clemmens et al., 2008; Evans and Sadler, 2008; Sadler et al., 2005; Fereres and Soriano,
2007; Geerts and Raes, 2009; CIT, 2011). This may require accompanying institutional
measures that restrict agricultural consumptive use or reallocate efficiency savings within
the basin. These studies do, however, reveal that improved on-farm irrigation can conserve
water on and beyond the farm by:

1. reducing unnecessary evaporation and unwanted transpiration by weeds and other
noncropped biomass within waterlogged parts of irrigated fields, along water supply
ditches and canals, and within and along irrigation drainage pathways;

2. improving rainfall use with precipitation capture and moisture retention techniques (eg,
land grading, snow fences, plant-row mulches, and furrow diking techniques);

3. reducing deep percolation water that is severely degraded in quality or uneconomic to
recover;

4. reducing field runoff that is lost to the hydrologic system (ie, runoff water that is not
accessible or reusable because of salinization or entry to a saline body);

5. reducing crop ET requirements for downstream irrigated agriculture (ie, by reducing
saline return flows allows downstream irrigators to reduce their salt leaching re-
quirements); and

6. reducing normal crop ET associated with crop stress under deficit irrigation (ie, the
irrigator intentionally provides the crop with less than its full ET requirement, resulting
in reduced yield but higher net economic returns).

These studies also indicate that, in many cases, conserved water to augment water
supply in the river basin may not be the primary policy concern. Water conservation
programs also focus on enhancing the viability and sustainability of the regional agri-
cultural economy, improving the quality and availability of water supplies locally,
improving the quality of return flows, and reducing environmental degradation of
existing regional supplies. USGS National Water-Quality Assessment studies have
identified irrigated agriculture as a key contributor to many of the nation’s degraded
surface-water bodies and groundwater aquifers because irrigation often makes heavier
use of agricultural chemicals and because excess irrigation increases the hydrologic
transport of agricultural chemicals, salts, and other soil-based chemicals potentially
detrimental to water-based ecosystems (USGS, 2011b). Thus, even without adding to
regional water supplies, water conservation programs encouraging improved on-farm
irrigation efficiency can purposefully serve local and regional economic, water-quality,
and environmental policy goals that contribute to farmer and societal welfare, improve
fish and wildlife habitat, and reduce ecosystem and human health risks associated with
environmental pollution. Such programs can also serve to help the USDA promote small
farm, limited-resource, and socially disadvantaged farm policy goals.23

23. For these programs, see the website at: http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/

people/outreach/slbfr/.
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The potential for continued improvement in on-farm irrigation efficiency to contribute
to water conservation program goals relies a great deal on how efficient US irrigated
agriculture is today. Because actual irrigation water use is rarely measured and actual
consumptive use can vary significantly depending on agriclimatic conditions, the efficiency
of irrigated agriculture (based on its traditional definition) cannot be readily measured. For
an alternative measure, using farm-level data from USDA’s Farm and Ranch Irrigation
Survey (FRIS) from 1994 to 2008, Fig. 7 illustrates the relative efficiency of irrigated
agriculture for the 17 western states based on the shares of irrigated acres where water is
applied using more efficient irrigation systems (separately for gravity and pressure-
sprinkler systems). Between 1994 and 1998, the share of western irrigated acres using
improved gravity-flow systems increased from 21% to 25%. During this time period, the
share of irrigated acres using improved pressure-sprinkler irrigation also increased and
accounted for about 23% of total irrigated acres in 1998. Thus more efficient irrigation in
1998 (based on a system-based definition, unadjusted for on-farm water management)
accounted for nearly 49% of irrigation in the West. From 1998 to 2008, however, the share
of gravity-flow irrigated acres using improved gravity systems declined. At the same time,
improved pressure-sprinkler irrigated acres continued to increase, although at a slower rate
than in the earlier period. FRIS evidence reveals that while substantial technological
innovation has already occurred in western irrigated agriculture, significant room for
improvement in farm irrigation efficiency existsdas traditional gravity or less efficient
pressure-sprinkler systems still account for over 50% of irrigated acres. Similarly, potential
for improvement exists for irrigated agriculture in the eastern states where traditional, less
efficient systems irrigate at least 48% of irrigated acres (USDA/NASS, 2014b). Historical
transitions suggest that, while US irrigated agriculture is on a path toward greater sus-
tainability, further progress will likely be needed as water demand and supply conditions
evolve.
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Schaible, G.D., Aillery, M.P., 2015. Irrigation and Water Use. USDA, Economic Research Service at:

http://www.ers.usda.gov/topics/farm-practices-management/irrigation-water-use.aspx.
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However, adopting more efficient physical systems alone may not be enough in the
face of increasing water scarcity, especially with new demands from climate change and an
expanding energy sector. The sustainability of irrigated agriculture will depend increas-
ingly on expanded adoption of more efficient “irrigation production systems” (Evans and
Sadler, 2008; Sadler et al., 2005; Clemmens et al., 2008). A “production system” policy
perspective encourages a continued shift from traditional, less efficient gravity/sprinkler
irrigation to more efficient irrigation application systems, but with greater reliance on on-
farm water management improvements that increase overall production efficiency beyond
that normally attainable because of complementary investments in human capital, that is,
helping farmers determine the optimal timing of irrigation and how much water to use by
crop growth stage (Schaible et al., 2010).24 Improved on-farm water management practices
can help producers maximize the economic efficiency of their irrigation systems and the
potential for real water savings through reduced system losses and managed reductions in
crop consumptive use.

For irrigated agriculture in general, and for gravity irrigation in particular, FRIS survey
data suggest that producers give more emphasis to such conventional practices as reducing
irrigation set times, alternating furrow irrigation (for row crops), and using end-of-field
dikes to restrict field runoff (USDA/NASS, 1996, 2004, 2010, 2014b). Use of tailwater pits
for on-farm water reuse has declined across gravity irrigation, from 22% in 1994 to 8%
by 2008, partly in response to irrigation application improvements that limit field runoff.
In 2013, the combined application of these conventional water management practices
was used on only 23% of gravity-irrigated acres (USDA/NASS, 2014b). Total gravity-
irrigated acres that have been laser leveled or zero graded have declined from 27% of
acreage in 1998 to 15% in 2013.

By 2013, less water-intensive gravity management practices, such as use of special
furrowing techniques, shortened furrow lengths, PAM, and use of surge-flow or cablegation
irrigation, were applied on a relatively small portion (ranging from 3% to 7%) of gravity-
irrigated agriculture in the West. Less interest in these practices may reflect their expected
economic impact at the farm level, either through increased costs for land preparation or
for specialized furrow management equipment, particularly when expected profit margins
are low.

Despite technological advances in crop and soil moisture sensing, irrigators across the
United States continue to depend heavily on traditional decision-making methods in
deciding when to irrigate a crop and by how much. In the West, most producers generally
irrigate based on the visible “condition of the crop” or by “feeling the soil” for soil
moisture content, or irrigation may be based on a calendar schedule or an “in-turn” (fixed
rotation) delivery schedule for water supplied to the farm. For 2013, fewer than 12% of
irrigators throughout the West used soil or plant moisture-sensing devices or commercial
irrigation scheduling services (USDA/NASS, 2014b). Fewer than 2% of irrigators used
computer-based simulation models to evaluate crop irrigation requirements based on
consumptive use needs by crop growth stage and local weather conditions. Low adoption
rates may be because these practices are much more human capital and management
intensive than traditional water application decision tools. These more sophisticated tools

24. The sustainability of irrigated agriculture could also be enhanced through continued research and

development of crop cultivars with improved tolerance to drought, heat, and salts, as well as

shorter growing seasons. However, this particular issue is beyond the focus of this chapter.
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may require more extensive technical training and support to increase their adoption.
Similar relationships exist for the eastern states, except that irrigation decisions for this
region generally are not based on water delivered within a fixed rotation to the farm
because less than 5% of the region’s irrigated acres use off-farm water sources.

Our findings suggesting significant potential for wider adoption of more efficient
“irrigation production systems” are consistent with recommendations of the National
Research Council report, Toward Sustainable Agricultural Systems in the 21st Century
(NRC, 2010) and the USDA REE 2014 Action Plan (USDA REE, 2014). Both reports
recommend the need for greater policy emphasis on integrating on-farm water conserva-
tion with watershed-level water management mechanisms that help facilitate optimal
allocation of limited water supplies among competing demands, including use of
conserved water rights, drought-year water banks, water option markets, contingent water
markets, reservoir management, well drilling and/or groundwater pumping restrictions,
and irrigated acreage retirement.25

Integrating agricultural water conservation programs with watershed-level water
management tools allows for accounting for basin-level water balance by considering the
fate of farm-level water savings/losses. Watershed-level water management tools help to
create more efficient water allocations by encouraging basin stakeholders to recognize the
opportunity value of water across competing uses and by facilitating water transfers
through market-based trading and reallocation schemes.

5. IRRIGATION INVESTMENTS AND FUNDING SOURCES

While the need for continued improvements in water-conserving production systems in US
irrigated agriculture is well established, water use efficiency gains depend primarily on
irrigation investment decisions in the private farm sector. Approximately $2.6 billion was
invested in irrigation systems in 2013 by irrigated farms across the United States (including
both private expenditures and public funding assistance), compared with $2.1 billion in 2008
and $1.1 billion in 2003 (USDA-NASS, 2004, 2010, 2014b).26 On-farm irrigation in-
vestments have tended to focus on more precise water application that satisfies crop
requirements while minimizing field losses. Total irrigation investments across the western
states for 2013 ($1.9 billion) accounted for 72% of irrigation investments across the United
States. Upgrades in application equipment and machinery in 2013 (at $1.4 billion) accounted
for 71% of total irrigation investments in the western states. New well construction or
deepening of existing wells accounted for the next largest farm-level investment in the West
($340 million, representing 18% of total irrigation investment regionally). In terms of

25. “Sustainable agriculture” as a USDA policy goal was initiated with the Food, Agriculture, Con-

servation, and Trade Act of 1990, with the key objective to “protect and enhance America’s water

resources.” In addition, USDA’s Strategic Plan for FY 2014e18 also highlights the importance of

using farm-level, watershed, and institutional measures as a strategic means to meet this goal

(USDA, 2015).

26. Total irrigation investment expenditures reported by FRIS include those made by the farm and “the

portion of the expenditures made by or shared with others (landlords or government agencies).

Including programs such as Environmental Quality Incentive Program (EQIP)” (USDA-NASS,

2014b). While FRIS information does not allow for separation of private versus publicly financed

investment expenditures, it does indicate the share of farms using such financial assistance (dis-

cussed in the next paragraph).
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investment purpose, scheduled investments for equipment/machinery replacement or main-
tenance accounted for the largest share of investments on western irrigated farms
($851 million out of $1.9 billion). Nationally, upgrades in irrigation facilities and equipment
specifically to improve water conservation accounted for $450.7 million in 2013 for the
western states and $70.3 million for the eastern states, or roughly 24% and 10% of regional
on-farm irrigation investment expenditures, respectively. The larger share (70%) of in-
vestments for land leveling or zero grading of cropland to improve the uniformity of applied
water with gravity-flow systems across the West occurred on existing irrigated acres
($74 million out of $106 million); investments in land leveling to establish new irrigated
acres accounted for less than 2% of total investment expenditures.

Most on-farm irrigation investment in the United States is financed privately. Of farms
reporting irrigation improvements in 2013, only about 11% received public financial assis-
tance. The Environmental Quality Incentives Program (EQIP), administered by USDA’s
Natural Resources Conservation Service (NRCS), is the nation’s primary source of funding
for agricultural conservation activities on working farms and ranches. In 2013, EQIP
accounted for 28% and 2% of farms reporting public financial assistance for irrigation in-
vestments across the western and eastern states, respectively.27 Other USDA financial
assistance programs (eg, Conservation Stewardship Program, Wetlands Reserve Program,
Conservation Reserve Program) accounted for 15% and 10% of farms reporting assistance
within the western and eastern states, respectively, with the remaining funding provided by
non-USDA programs (eg, Environmental Protection Agency, Bureau of Reclamation, as well
as state and local water management and supply district programs).

6. WATER CONSERVATION POLICY: A WATERSHED
PERSPECTIVE

USDA signaled a shift to a more watershed/institutional, stakeholder partnership focus for
implementing its agricultural water conservation activities with the Agricultural Water
Enhancement Program (AWEP) under the 2008 Food, Conservation, and Energy Act (2008
Farm Bill). AWEP, a voluntary conservation initiative, provided technical and financial
assistance to producers to implement practices on agricultural land to conserve surface and
groundwater and improve water quality. Producers applied for AWEP participation through
USDA/NRCS watershed-level partnership agreements. From 2009 to 2013, USDA’s NRCS
entered into 100þ AWEP partnership agreements involving 6886 producer conservation
contracts designed to enhance agricultural water conservation, with a total obligation
commitment of $331.4 million (82.3% for financial assistance and 17.7% for technical
assistance).28

27. Irrigated farms reporting EQIP funding assistance represented 3% of all US irrigated farms making

irrigation investments in 2013. However, the statistics here represent irrigated farm participants in

EQIP only for 2013 and do not reflect program participation over time.

28. AWEP, operated under USDA’s EQIP program, involved numerous complex partnership agreements.

These partnerships ranged from providing producers with assistance to convert from gravity irri-

gation to low-pressure sprinkler irrigation, to using irrigated acreage and water use restrictions and

conserved water for instream flow uses, and to implementing managed drought-year water banks. For

a description of AWEP and its partnership agreements, see http://www.nrcs.usda.gov/wps/portal/nrcs/

detailfull/national/programs/?&cid¼nrcs143_008334.
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With passage of the Agricultural Act of 2014 (2014 Farm Bill), Congress established
the broader USDA Regional Conservation Partnership Program (RCPP). RCPP is designed
to help implement USDA resource conservation programs in a way that enhances farm
land and water stewardship at the watershed/regional landscape scale. This program ac-
complishes this goal through USDA partnerships with farmers and other resource stake-
holders within a watershed or multicounty/state region, leveraging federal, state, and local
financial resources to assist producers with a broader set of land and water conservation
activities designed to increase the restoration and sustainable use of soil, water, and
wildlife and related natural resources across the landscape (USDA/NRCS, 2015). RCPP
partnerships may include one or more of the following eligible partners: agricultural or
silvicultural producer associations, farmer cooperatives or other groups of producers, state
or local governments, American Indian tribes, municipal water treatment entities, water
and irrigation districts, conservation-driven nongovernmental organizations, and in-
stitutions of higher education. Once established, eligible partnership participants, via
actual conservation contracts or easement agreements, may include producers and land-
owners of agricultural land and nonindustrial private forestland.

For 2014e15, RCPP funded 114 approved projects29 at a total obligation of
$361.0 million (20 projects through the national competitive pool at $142.9 million; 24
projects through the CCA pool at $125.8 million; and 70 projects through the state
competitive pool at $92.3 million). The number of partners on a given project range from 1
to 46, but average about 13. RCPP project costs range from $100,000 to $17.5 million, but
average $7.1 million for national competitive projects, $5.2 million for CCA projects, and
$1.3 million for state competitive projects. Improving water conservation and water quality
associated with irrigated agriculture were significant objectives across 22 projects, funded
at $66.4 million or 18.4% of RCPP project obligations for the 2014e15 period. Irrigation-
oriented projects accounted for 16.8% of national project funding (five projects), 19.6% of
CCA project funding (six projects), and 19.2% of the state competitive project funding
(11 projects).30 RCPP funding for 2016 projects is projected at $225 million with project
proposal decisions expected by USDA’s NRCS in early 2016. While the share of future
RCPP funding involving irrigation water conservation/water quality objectives is yet to be
determined, it is expected to play a continued prominent role in achieving USDA’s
landscape-based, resource conservation objectives.

Even with a watershed conservation focus, adoption of more efficient irrigation appli-
cation systems will continue to be an important component of agricultural water conser-
vation efforts. The sustainability of irrigated agriculture, however, could be further enhanced
by more intensely integrating improved on-farm water management practices with high-
efficiency irrigation application systems, that is, greater emphasis on promoting efficient

29. RCPP funding is allocated to partnership projects through three funding pools: (1) 25% for projects

through a state competitive process administered by the USDA NRCS State Conservationist; (2)

35% to projects within one of up to eight Critical Conservation Areas (CCA’s) designated by the

Secretary of Agriculture; and (3) 40% percent for projects established via a national competitive

process managed by USDA. Project partners are required to contribute to the cost of the project,

conduct outreach and education to eligible producers, and for assessing project effects. For more

discussion of RCPP, see the website: http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/

programs/farmbill/rcpp/.

30. For a more detailed discussion of RCPP-funded projects, see the USDA, NRCS website at: http://

www.nrcs.usda.gov/wps/portal/nrcs/detail/national/programs/farmbill/rcpp/?cid¼stelprdb1264664.
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“irrigation production systems” rather than sole emphasis on efficient irrigation application
systems. In addition, through collaborative federal, state, and local partnerships under
USDA’s RCPP, integration of on-farm conservation efforts with watershed-level water
management tools will further encourage increased conservation of water resources for
current, alternative, and future uses. Integrating irrigation efficiency improvements with
other practices, such as deficit irrigation, acreage idling, and off-farm water transfers that
compensate producers for water conservation gains, allows producers to balance yield de-
clines with improvements in profitability through reduced costs of applying water and related
inputs. Integrating on-farm conservation and federal/state institutional mechanisms
(conserved water rights, drought-year water banks, contingent (option) water markets,
reservoir management, as well as irrigated acreage and/or pumping restrictions) will likely
also encourage producers and other stakeholders to interact jointly in determining market-
based water reallocations.

Finally, designing agricultural water conservation policies that promote a more sus-
tainable future for irrigated agriculture depends a great deal on improving the economic
analysis of adaptation options within the irrigated farm sector. In an increasingly water
scarce world, production system adaptation strategies are likely to involve complex pro-
duction decisions on crop choice, water application rates, and adopting efficient irrigation
technology and water management practices that adjust to changing water supply conditions
over time. Economic analyses from a production system perspective could simultaneously
consider all components of a producer’s production decisionsdcrop choice, crop yield
target, irrigation system type, and on-farm water management regimedcombined with field-
level physical/environmental characteristics and water supply conditions. As competing
demands and climate change increasingly strain the water supply/demand environment for
agriculture, economic analysis will be required to address the complexity of water conser-
vation policy issues and their impact on agricultural production and regional resource use
and quality. Such analyses, however, could also enhance the quality and reliability of in-
formation on irrigation choices, improving our understanding of irrigated agriculture’s
adaptability toward a more sustainable future.
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1. INTRODUCTION

With rising populations coupled with concern over a changing climate, much attention has
been directed at agricultural production and the current and future challenges it confronts in
meeting societal demands for food and agricultural products (Whittlesey, 1987; Carruthers
et al., 1997; Lotze-Campen et al., 2008; Foley et al., 2011). One strategy to meet such demand
has been to increase the amount of cultivated area using irrigation, since irrigation has been
shown to produce yields of up to three times greater per acre than rain-fed agriculture globally
(Rosegrant et al., 2002).1 Between 1950 and the early 1980s, acreage under irrigation nearly
doubled in the United States, expanding from 26 to 49 million acres. With increased irrigated
acreage, however, comes increased water withdrawals. As shown in a popular United States
Geological Survey (USGS) figure (Fig. 1; Maupin et al., 2014), withdrawals for irrigation in
the United States increased significantly (w69%) from 1950 to the early 1980s as well, and in
lockstep with population growth, which grew by more than 50%.2

Continual expansion of irrigated agriculture as a singular strategy to meet rising food
demand has challenges, particularly because of increased competition for water from the
energy sector and for the environment. These two factors are likely largely behind the
leveling of irrigation water withdrawals beginning in the early 1980s to 2010 even
though the population rose by nearly 40% in the United States (Fig. 1). Certain types of
energy production can be very water intensive as evidenced by the fact that thermo-
electric energy production has surpassed irrigated agriculture since the mid-1960s as the

1. While the largest differences seem to appear in developing countries, smaller but significant dif-

ferences still appear in developed countries.

2. Note that withdrawals are not the same as consumption and in many cases they can be significantly

different (eg, in the case of hydropower).
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sector withdrawing the most water annually. Competition for surface water supplies for
instream flows also increases water scarcity. Both sorts of competition likely contributed
to reductions in aggregate irrigation water withdrawals, particularly surface water
withdrawals with some corresponding increase in groundwater usage.3 Indeed, over the
period from 1950 to 1975 in which water withdrawals from thermoelectric power
increased significantly and surpassed agriculture, groundwater withdrawals in the
western United States grew from 18.2 million acre-feet (MAF) to 56 MAF (Lacewell and
Collins, 1987), a move that likely increased on-farm water costs for growers that have
access to both surface and groundwater supplies.4 Consequently, and as emphasized in
Waskom et al. (2014), both competition and rising costs over the past few decades have
led producers to increasingly invest in intensification rather than expansion to meet
demand and adapt.

While energy generation requires significant amounts of water, irrigated agriculture re-
quires significant amounts of energy. For instance, in California, over 10,000 GWh of
energydnearly 20% of California’s electricity productiondis used for moving and pumping
water for agriculture (CEC, 2005).5 Overlooked in these estimates is the indirect energy
embedded in fertilizer and pesticide use, which comprises nearly 30% of all energy used in

Trends in total water withdrawals by water-use category, 1950-2010
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FIGURE 1 USGS estimated trends in US water withdrawals by water use category, 1950e2010

(Maupin et al., 2014).

3. Thermoelectric power primarily relies on surface water withdrawals. As Maupin et al. (2014) note,

over 99% of thermoelectric power water withdrawals is from surface water supplies (with 73% of

those supplies emanating from freshwater sources).

4. For instance, Harman (1987) writes that nearly two-thirds of the water pumped from groundwater

sources was about 80% more expensive than surface water supplies.

5. The California State Water Project, which delivers 30% of its water supplies to nearly 750,000 acres

of irrigated farmland, is the largest single energy user in the state, consuming about 2.5% of all

electricity produced.
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agriculture in the United States (Miranowski, 2005). Accordingly, changes in energy prices
can impact irrigated agriculture both directly (ie, through on-farm energy purchases) and
indirectly (ie, through inputs that require significant energy to produce). These relation-
ships can be significant since energy generation, similar to irrigated agriculture, has also
had its share of challenges, including increased competition for water and environment
concerns. Again referring to Fig. 1, water withdrawals for thermal energy production have
also leveled off, if not declined slightly, since the 1980s. As Maupin et al. (2014) explain,
this reduction in thermoelectric water withdrawals was caused by a combination of factors,
including more power plants that use recirculating or dry cooling systems and concerns
over the environment, including both aquatic life and greenhouse gas emissions from
thermoelectric power plants burning fossil fuels.

With these considerations and concerns in mind, the objectives of this chapter are
twofold. First, we will highlight recent trends in irrigated agricultural production and
related factors in an attempt to shed light on the directions and developments among
irrigated agricultural relationships across different regions within the United States over
the past 35 years. By shedding light on these relationships, we can identify similarities and
differences across these regions since the late 1970s that may or may not conform to our
expectations and thus provide motivation for more in-depth and targeted research. We limit
our analysis from the late 1970s to the present given the significant changes in energy
policy and environmental regulations since the mid-1970s.6 Second, we will investigate,
using a dynamic economicehydrologic model of regional irrigated agricultural production
with access to both surface and groundwater supplies, the impacts of changes in (1) surface
water and groundwater costs from energy price increases and (2) surface water availability
on agricultural profits and production, water use efficiency and management, and
groundwater levels. The relationship between water and energy in irrigated agricultural
production is complex and influenced by relative rates of economic and technical substi-
tution, among many other factors. As such, the programming model we develop will help
us account for this complexity and provide insight into a wide array of impacts from
changes in water supply costs and availabilities.

The next section highlights recent trends from the late 1970s to the present, while
Section 3 provides a discussion of the dynamic economicehydrologic model of irrigated
agricultural production. Section 4 presents results from an analysis of changes in water
prices and availabilities on irrigated agricultural management, profits, and groundwater
levels. In Section 5, a summary of the findings and chapter is presented.

2. TRENDS IN US IRRIGATED AGRICULTURE

The graphs, tables, and discussions in this section are based on data gathered from the
Farm and Ranch Irrigation Survey (FRIS) and published by the United States Department
of Agriculture (USDA) Economic Research Service. We limit our focus to the years from
1979dafter the 1970s energy crisesdto 2013. Over this period, the USDA published eight
FRISd1979, 1984, 1988, 1994, 1998, 2003, 2008, and 2013. Considering trends over the

6. Two excellent resources that investigate the watereenergy nexus in irrigated agriculture from the

1950s through the energy crises of the 1970s and soon thereafter include Lockeretz (1977) and

Whittlesey (1987). Waskom et al. (2014) provide breadth and depth into the foodeenergyewater
nexus discussion.
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past 35 years seems reasonable given advances in the technologies and changes in the
policies surrounding both water and energy since the mid-1970s. In some instances,
aggregate US statistics will be presented, but the bulk of the analysis is presented on a
regional basis. Within FRIS, data are tabulated at the national and state levels, but also
regionally in what they term Water Resource Region (WRR). A WRR is defined by
topographic drainage characteristics. Within the continental United States there are 18
individual WRRs.

For the purpose of this chapter, we focus on four WRRs that differ significantly in
terms of prominent energy source, climate, water supplies, and regulations/governance.7

The four WRRs include: the California region (CAL), which encompasses the drainage
basins in the United States that discharge into the Pacific Ocean and whose point of
discharge is within California; the Pacific-Northwest WRR (PNW), which includes
drainage basins that discharge into the Straights of Georgia and Juan de Fuca and the
Pacific Ocean, and includes regions in Washington and Oregon; the Arkansas-White-
Red WRR (AWR), which includes drainage basins that include parts of the Arkansas
River, Red River, and White River; and the South Atlantic-Gulf WRR (SAG), which
accounts for drainage basins that discharge into the Atlantic Ocean and the Gulf of
Mexico and whose points of discharge are located within and between North Carolina,
Mississippi, and Florida. Combined, these regions cover a significant part of the irri-
gated acreage in the United States. For instance, in 2013 these four WRRs comprised
nearly 50% of the 55 million acres of irrigated farmland in the United States (FRIS,
2013). For data that include costs or prices, such data are transformed into 2013 dollars
using the historic producer price index series from the US Bureau of Labor Statistics
(USBLS, 2015).8

2.1 Irrigated Acreage, Water Rates, and Energy Costs
per Acre for the United States

Fig. 2 presents the trends in irrigated acreage and applied water rates in the United
States since 1979, including for farms with access to off-farm water sources.9 Also
presented in Fig. 2A (with units presented on the right vertical axis) is the FRIS estimate
of the energy costs per acre as a percentage change from 1979 values (which was $50.62
in 2013 dollars).10 As shown in Fig. 2A, overall irrigated acreage has increased slightly
to over 11% since the late 1970s, while acreage irrigated with some amount of off-farm
water supply has experienced a near 18% decline (from 17.5 million down to

7. Whittlesey (1987) highlights the variability in energy source usage across the United States and,

consequently, energy costs.

8. Additionally, each FRIS report presents sample characteristics and measures of precision for each of

the variables.

9. As noted in the FRIS reports in defining off-farm water supply (eg, USDA, 2013; p. B-6), “Off-farm

water supply is water from off-farm water suppliers, such as the U.S. Bureau of Reclamation;

irrigation districts; mutual, private, cooperative, or neighborhood ditches; commercial companies;

or community water systems. It includes reclaimed water from off-farm livestock facilities,

municipal, industrial, and other reclaimed water sources.”

10. On-farm energy costs are presented as per acre costs and include on-farm energy expenses for

pumping irrigation water from both wells and surface water yet exclude energy expenses asso-

ciated with solar-powered pumps.
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14.5 million). Over this period, as shown in Fig. 2B, applied water rates for land without
access to off-farm water supplies declined by less than 9% while rates for farms with
access to off-farm sources declined by nearly 14%. Noticeable in Fig. 2B is the
significantly higher application rates for farms with access to off-farm water supplies.
As shown next, most of the acreage with access to off-farm water supplies is in the west
and thus more reliant on irrigation as a means to meet full crop requirements than
elsewhere in the country.
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FIGURE 2 Irrigated agricultural trends in the United States at the national level: 1979e2013. (A)
Irrigated acreage and energy costs. (B) Applied water rates. Calculated by authors using USDA FRIS

data (various years). All prices were transformed into 2013 dollars using the Producer Price Index
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Energy costs per acre (in real, not nominal, terms) are quite variable over the period
examined. The 1998 FRIS shows a spike in off-farm applied water rates per acre, coin-
ciding with the year with the lowest per acre energy costs (over 5% less relative to 1979
values). Beyond this, there does not appear to be any clear trend based on these data alone
with the value in 2013 estimated as only 1% higher in real terms than the value in 1979.
This is not surprising given there are significant differences in both water supply (eg,
groundwater, surface water) and energy (eg, diesel, wind, thermoelectric, hydropower,
natural gas) prices across the country.

To better appreciate how energy costs per acre vary across regions and time for
different energy sources, Table 1 presents USDA FRIS energy costs per acre for four water
resource regionsdCAL, PNW, AWR, and SAGdand four energy source categoriesdAll,

TABLE 1 Energy Cost per Acre by US Water Resources Region

and Energy Type (1979e2013)a

Region

Year CAL PNW AWR SAG

(a) All Sources

Baseline 1979 $65.77 $42.99 $48.09 $36.69

% Change from baseline 1984 35% 15% 18% 14%

1988 49% 35% �5% �11%

1994 74% 35% �4% �20%

1998 40% 19% 0% �15%

2003 22% 31% 35% �34%

2008 37% 15% 21% 50%

2013 29% 33% 19% 8%

(b) Electricity

Baseline 1979 $68.18 $43.68 $48.24 $30.45

% Change from baseline 1984 33% 13% 26% 56%

1988 52% 38% 2% 32%

1994 78% 34% �4% 20%

1998 52% 18% 13% 40%

2003 27% 30% 0% 7%

2008 28% 13% 55% 36%

2013 33% 32% 25% 23%

Continued
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Electricity, Natural Gas, and Diesel. The 1979 baseline estimates are presented, followed
by the percentage change from the baseline for each of the subsequent FRIS surveys. Two
general conclusions can be drawn from Table 1. First, while all regions incurred higher per
acre energy costs on average in 2013 relative to 1979, there is significant variability across
the region, source, and time. For instance, for all four regions per acre energy costs have
decreased for acreage reliant on natural gas, but increased for acreage reliant on electricity.
Per acre costs on acre reliant on diesel has increased by the largest percentagesd
approximately 84% in CAL and PNW. Second, the CAL region incurs consistently higher
energy costs per acre than the other regions. Indeed, the largest spikes occur in the CAL
region on acreage reliant on diesel for pumping.

TABLE 1 Energy Cost per Acre by US Water Resources Region

and Energy Type (1979e2013)adcont’d

Region

Year CAL PNW AWR SAG

(c) Natural Gas

Baseline 1979 $103.14 $37.62 $47.76 $60.37

% Change from baseline 1984 38% 11% 19% 48%

1988 �6% 50% �5% 69%

1994 19% �10% 1% 70%

1998 �41% �32% 6% �64%

2003 15% �100% 85% �29%

2008 �16% 81% 159% 120%

2013 �43% �31% �3% �60%

(d) Diesel

Baseline 1979 $33.19 $22.73 $51.43 $35.98

% Change from baseline 1984 54% 67% 7% 0%

1988 48% 4% �36% �19%

1994 150% 52% �22% �32%

1998 22% 4% �44% �28%

2003 60% 41% �20% �34%

2008 214% 130% 15% 80%

2013 84% 83% �28% 15%

AWR, Arkansas-White-Red; CAL, California; PNW, Pacific Northwest; SAG, South Atlantic-Gulf.
aCalculated by authors using USDA FRIS data (various years). Baseline estimates all are in 2013 dollars
using Producer Price Index (US BLS, 2015).
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2.2 Regional Irrigated Acreage, Water Use, and Energy Costs

To better understand how irrigation trends vary across regions, Fig. 3 presents a comparison
of trends in irrigated acreage and applied water rates by region. Included on the acreage
graphs for each region is a graph of the percent change in energy costs per acre (measured
using the right-hand side vertical axis) relative to the 1979 baseline; included on the applied
water rates graphs are each region’s per acre expenses for irrigation water from off-farm
suppliers ($/acre). As shown, while overall irrigated acreage fell in the CAL and PNW
regions by 9.3% and 5.5%, respectively, between 1979 and 2013 (Fig. 3A and C),
it rose slightly in the AWR region (2.9%) and significantly (by nearly 15%) in the SAG
region (Fig. 3E and G). Yet, acreage irrigated with water from off-farm supplies decreased in
all regions, falling by 15% in the CAL region and by 43% in AWR region relative to 1979.11

Applied water rates varied significantly across the regions. The CAL region has the
highest average water application rates per acre, ranging from 2.78 to 3.10 acre-feet per
acre, with significantly lower levels in PNW (1.90e2.02), AWR (1.20e1.54), and SAG
(0.80e1.60). CAL is the only region with an increase in applied water rates over the 35-
year period, with an overall increase of 11.51%, while the SAG region experienced the
greatest decrease (w40%). For application rates associated with off-farm water supplies,
each region experienced a decline in rates, ranging from around 5% in the CAL region to
23% in the SAG region.

Two potential drivers of irrigation decisions and application rates are the costs of
pumping water and the price of water. The black lines in Fig. 3 provide estimates of the
trends in (1) the on-farm energy costs per acre for irrigation pumping (top graphs) and (2)
the off-farm water costs per acre (bottom graphs) over time. As shown, on-farm energy
costs per (irrigated) acre generally increased, an outcome that would be associated with
increases in pumping pressure (irrigation system efficiency) or groundwater pumping,
either of which are often associated with lower application rates, ceteris paribus. In per-
centage terms, energy costs per acre increased the most in western regions (w30% in the
CAL and PNW regions) and least in the SAG region (w5%). Yet, given the significant
variability in real energy costs per acre from one FRIS survey to another, the trends are
poor predicators of what to expect from one year to another.

Off-farm water costs per acre by region are presented on the bottom graphs in Fig. 3.
As shown, off-farm water costs increased by 57% and 126% in the CAL and SAG regions,
respectively, but decreased in the PNW and AWR regions by 20% and 52%, respectively.
As shown, however, and similar to the energy costs, there is significant variability across
surveys for these estimates. Noticeable in Fig. 3 is the significant drop in off-farm water
costs for the CAL, PNW, and AWR regions from 2008 to 2013. Whether such a precipitous
drop is because of the recent drought, which leads to more groundwater pumping and less
reliance on off-farm sources, the economic downturn in the United States between those
periods, or some other factors remains unclear and is certainly worthy of additional
attention.

Increases in irrigation efficiency often result in increased energy costs per acre and
lower application rates. Fig. 4 presents estimates of the trends in irrigated acreage devoted

11. It should be emphasized that while many of the figures are summarized by presenting a percentage

that represents the change in the factor from 1979 to 2013, in many cases there was significant

variability across years (as can be seen from the figures). Consequently, the percentages high-

lighted in the text should not be considered to represent long-term trends.
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to three different irrigation categories: gravity systems, sprinkler systems, and drip or
trickle systems.12 In comparing systems across each of the WRRs, note that in each case
the amount of acreage devoted to gravity irrigation declined, from around 28% in the
CAL region to nearly 67% in the AWR region. These two regions alone contain around
4 million fewer acres of gravity irrigation as of 2013 relative to the late 1970s. Much of
the acreage losses in gravity systems in the AWR region were replaced by acreage under
sprinkler systems, which experienced a near 160% increase. Indeed, other than the CAL
region, which experienced about a 17% decline in sprinkler acreage, each of the other
regions saw acreage under sprinklers increase. In terms of acreage under drip, trickle, or
low-flow microsprinkler, each region experienced an increase, with the CAL region
adding over 2.5 million acres and the SAG region adding about 650,000 acres.

Each graph in Fig. 4 also includes estimates of water use per acre over the eight FRIS
periods. Water use per acre is often a measure of efficiency and/or intensification. Based on
that definition alone, the PNW, SAG, and AWR regions have experienced water use ef-
ficiency improvements ranging from around 6% (PNW) to 40% (SAG) as measured by
declining applied water rates since the late 1970s. Surprisingly, the CAL region, which
underwent an overall decrease in irrigated acreage by over 9% yet invested significantly in
high-efficiency irrigation systems (eg, drip, trickle), experienced an increase in applied
water rates by approximately 12%. While the figures are not shown, the applied water rates
for the drip and trickle systems in California decreased by over 10%, but rates for sprinkler
and gravity systems have increased by 8% and 5.6%, respectively, since the late 1970s.
Furthermore, as illustrated in Fig. 3, overall applied water rates for farms with access to
off-farm water supplies decreased by nearly 9%dfor a total reduction of over 10 MAF per
yeardin the CAL region. Obviously, changes in crop type might be driving this result as
California has invested heavily in almond and other perennial crop acreage in recent years.
For instance, between 1980 and 2003, acreage devoted to almonds and wine grapes
increased by 69% and 116%, respectively (Lobell et al., 2006).13

3. IRRIGATED AGRICULTURAL PRODUCTION MODEL:
AN EMPIRICAL INVESTIGATION

For an evaluation of the interactions between water and energy within an irrigated agri-
cultural context, a hydroeconomic model of irrigated agricultural production is developed.
Conceptually, the model consists of an irrigated agricultural region overlying an aquifer.
Growers have access to two sources of waterdsurface water and groundwater. A portion of
applied irrigation water goes to crop evapotranspiration (ET). Irrigation system non-
uniformities and salt leaching requirements, however, generate deep percolation flows that
add to the aquifer. In addition to deep percolation flows from both surface water and

12. In the 2013 FRIS the drip and trickle category also included low-flow microsprinkler acreage.

Gravity systems refer to traditional irrigation methods such as furrow or flood systems in which

water is applied at the top of the field and then is distributed by gravity over the remainder of the

field. Sprinkler systems might include solid-set or linear move systems in which the system moves

across the field with nozzles emitting over a limited range. Drip systems involve plastic tubing to

deliver the water to very precise points. These systems have roughly increasing capital re-

quirements in the order given.

13. Later we consider a coupled production/aquifer model with variable crop areas, irrigation

systems, and applied water rates to investigate underlying determinants of these trends.
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groundwater applications, additions to the aquifer include natural recharge and conveyance
losses from surface water imports. Conversely, in addition to natural leakage, the aquifer
water table height declines with groundwater pumping (extractions) for irrigation. Major
energy costs associated with irrigated agriculture in the region are associated with
conveying surface water and pumping groundwater.

Empirically, our application focuses on Kern County, California, with approximately
1 million acres of irrigable farmland. The aquifer in Kern County can be considered a
poorly regulated common property resource given there are over 2000 individual irrigators
pumping from the aquifer and for which there is little monitoring and organized man-
agement.14 Because of environmental concerns and recurring drought over the past
30 years, surface water deliveries for irrigation within the region have been significantly
reduced. Groundwater levels have been reduced substantially over the past three decades as
well. The challenges confronting Kern County, then, are not uncommon elsewhere as most
irrigated agricultural regions worldwide are threatened by lower surface water supplies and
overdrafted aquifers. These aquifers are often poorly managed and monitored, essentially
being treated as a common property resource. Consequently, exploring how changes in
energy costs or surface water availability affect irrigated agricultural production and water
management can be useful in understanding issues surrounding groundwater use and
irrigated agriculture both in California and elsewhere.

The general irrigated agricultural production model is developed next. Following this,
the dynamic economicehydrologic model of irrigated agricultural production is used to
investigate the implications of changes in energy costs associated with both surface and
groundwater supplies, reductions in surface water availability, and changes in the biophysical
characteristics of the system on groundwater use, water table height, and annual net benefits.
The last section concludes with a summary of the qualitative and quantitative insights.

3.1 Model

The regional agricultural production model developed next follows Kan et al. (2002) for
the cropewater production functions, and Knapp et al. (2003), Schwabe et al. (2006), and
Knapp and Schwabe (2015) for the regional programming model. Annual net benefits from
crop production in year t are defined in Eq. (1).

pt ¼
X
j

X
k

pjktxjkt � cgw
�
ht; qgt

�� csw½qst� (1)

Indices j denotes crop type, k denotes irrigation system type, s denotes surface water,
and g denotes groundwater, and per-acre net returns are pjkt ¼ ( pcjyjkt � gjk � gwjkwjkt).
Variables are yjkt, crop yield; wjkt, applied water depth (feet); and xjkt, cropped area (acres).
Parameters are pcj, crop price ($/ton); gjk, nonwater production cost ($/acre); and gwjk,
pressurization cost ($/acre-foot). Surface and groundwater costs, both of which include
energy costs, are represented by cgw and csw, respectively, with the former a function of
water table height, h.

14. While there is progress in California legislation to begin monitoring groundwater use and

developing plans for sustainable groundwater use, for most aquifers in this basin, little collective

management and monitoring occur presently.
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Cropewater production functions were developed in Kan et al. (2002) and used more
recently in Knapp and Schwabe (2014) and Schwabe and Knapp (2015). These functions
give crop yield and deep percolation flows as a function of applied water depth and salt
concentration, and vary by crop, irrigation system, and time. Deep percolation flows, djkt,
adhere to mass balance conditions and are equal to the difference between applied water
and ET. An underlying production function model is specified utilizing concepts from the
soil science, agronomy, and irrigation engineering literature. At the plant level, crop ET
as a function of irrigation quantity and quality is derived utilizing a steady-state soil
salinity model and crop salinity response functions. Crop yield then depends on ET.
Field-scale water infiltration follows a lognormal distribution with standard deviation
calibrated to reported Christiansen uniformity coefficients associated with the different
irrigation systems. Data for the model come from a wide range of experimental trials.
This system is then simulated over a wide range of irrigation water quantities and sa-
linities, and then fit to nonlinear estimating equations. Kan et al. (2002) provide the
details. A salinity concentration in the surface and groundwater source is assumed
constant and equal to 0.7 dS/m. Land constraints are defined so the sum of crop-irrigation
system areas in any period t cannot exceed total land available for irrigated production x
(million acres):

X
j

X
k

xjkt � x (2)

Rotational constraints are also imposed on individual crops as:

xj �
X
k

xjkt � xj (3)

where x and x are lower and upper bounds, respectively. Historical ranges over the past
20 years are used to develop these values.

The regional water constraint in this model is defined in Eq. (4):

Xnc
j¼1

XK
k¼1

wjktxjkt � qst þ qgt. (4)

Eq. (4) implies that water use for irrigation is less than or equal to total supply, where
total supply is combined surface and groundwater. Surface water deliveries are subject to
the constraint that qst � ð1� bsÞqst; qst is the maximum amount of surface water
available to the region.

The equation of motion describing water table elevation, ht, response to extractions and
deep percolation flows is defined as:

htþ1 ¼ ht þ 1

Asy

0
@uþ bsqst þ

X
j

X
k

djktxjkt � qgt

1
A (5)

where A and sy are defined previously, u is natural recharge, and bs is the surface water
infiltration coefficient. Here the water table rises with surface water imports (canal losses)
and deep percolation, and falls with extractions for irrigation. The water table elevation is
constrained by h � ht � h, where h is determined by the lower confining layer and h is
determined by the rootzone depth. The lower bound limits groundwater extractions to the
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available supply, while an upper bound limits net deep percolation flows to the maximum
storage capacity consistent with maintaining a sufficient rootzone depth for crop
production.

3.2 Data

The six crops considered are cotton, tomatoes, wheat, lettuce, alfalfa, and Bermuda grass.
Cost, price, and production data come from a variety of sources, including Kan et al.
(2002), Schwabe et al. (2006), Knapp and Baerenklau (2006), and Knapp and Schwabe
(2015). Market prices for each cropping system are derived from county agricultural
commissioner crop reports. Nonwater production costs account for planting, land prepa-
ration, weed cultivation, fertilizer, and tile and drainage systems. Harvest costs include
both a yield-related variable component and a fixed per acre component. Irrigation system
data are generally from Posnikoff and Knapp (1996), with adjustments for inflation. The
six irrigation systems considered include furrow with 1/2 mile and 1/4 mile runs, low-energy
precision application, linear move, sprinkler, and drip. In addition to the crops just
mentioned, a minimum of 12% of the regional agricultural land is designated as fallowed
and 5% set aside as permanent tree crops.

Water costs, which are represented by the last two terms in Eq. (1), are derived from
two sources. Following Knapp et al. (2003), groundwater pumping costs, cgw(.), are defined
as:

cgwðh;wgÞ ¼ ðk þ e� DhcdÞwg þ e
�
h� h

�
wg þ e

ðwgÞ2
2Asy

(6)

where k is the average cost per acre-foot of groundwater extraction related to
equipment use and is equal to $15.04, e denotes pumping costs per unit of lift per unit
of water and is assigned a value of 0.14, Dhcd is additional drawndown because of the
cone of depression associated with running the pumps and is equal to 60 ft, and h is
height of the land surface. wg is total amount of groundwater pumped, A is aquifer
area, and sy is aquifer-specific yield. The first term on the right side of Eq. (6)
captures the O&M costs associated with the well and pump along with the energy
costs associated with water table drawdown below the water table surface during
pumping. The second and third terms capture the nonlinear energy costs with lifting
the water to the land surface from the water table surface. Here the pumping cost
parameter e is calculated as an energy requirement to lift a unit of water a unit
distance, divided by typical efficiencies associated with physical pumps and then
multiplied by the cost of energy per unit of energy. To illustrate the implications of
changes in energy-related costs associated with groundwater pumping, we vary the
pumping costs, e.

For surface water costs, growers in Kern County receive water from a variety of
sources, with the costs to growers of surface water varying spatially and temporally within
Kern County. For example, Dale et al. (2008) estimate the embedded energy costs and the
wholesale water price for agricultural water in the Central Valley, California, based on the
conveyance distance of the surface water. For local surface water supplies, the energy cost
and water price is $3/acre-foot and $14/acre-foot, respectively. For water that is conveyed
medium distances, the energy cost and water price is $29/acre-foot and $63/acre-foot,
respectively, while for surface water that is conveyed from distance sources, the energy
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costs and water price are $61/acre-foot and $117/acre-foot, respectively. On average across
these three sources of water, energy costs comprise approximately 40% of the overall
surface water price. The average price over these three sources is approximately $65/acre-
foot. A baseline surface water price of $65/acre-foot is assumed. To analyze the impli-
cations of changing energy prices as they relate to surface water costs, sensitivity analysis
over the fraction of the overall surface water price that is related to energy costs is
performed.15

Aquifer characteristics for the Kern County empirical application come from Knapp
and Olson (1995). The aquifer specific yield (sy) is 0.13, with aquifer lower and upper
bounds at �233 ft below mean sea level (msl) and 375 ft above msl, respectively. The
surface water infiltration coefficient is 0.3, while natural recharge in the region is
0.052 acre-foot per year. Aquifer area extends beyond the regional irrigated area at
1.29 million acres.

3.3 Decision Variables and Management Regime

Given the setup in Section 3.1, the decision variables in the model for each time period t
include crop area, irrigation technology, applied water depth of groundwater and surface
water quantities for each crop-irrigation system combination, and aggregate surface and
groundwater quantities. As mentioned earlier, the aquifer is treated as a common
property resource. To model common property usage, a period-by-period optimization
framework is chosen in which irrigators select their decision variables to maximized
annual net benefits [Eq. (1)] over a unit area based on the water table height at the
beginning of the period and the previously mentioned land and water constraints. The
analysis is taken over a 100-year period, a time period intended to illustrate in general
terms the relationship between energy costs, groundwater use, water table height, and
agricultural production.

4. REGIONAL GROUNDWATER USAGE: WATER
AVAILABILITY AND ENERGY COSTS

Figs. 5 and 6 present the results from an analysis of changes in energy prices and surface
water availability on irrigated agricultural profits and management, and water table height.
Fig. 5 presents results given an initial aquifer level at 300 ft above msl. Given the aquifer
depth ranges from 385 ft above msl to 233 ft below msl, the series of results presented in
Fig. 5 is for a relatively full aquifer. Fig. 6, alternatively, presents the results for an initial
water table height significantly lower, at msl. Given the concern over depleting aquifers
worldwide, being able to compare the results from such an analysis under two different
aquifer conditions may be useful.

Within each set of analyses, four scenarios are presented. The baseline scenario
(Baseline) is the result from the current model as described earlier. The second scenario
(40%EnergyPrice) consists of increasing the electricity price by 40%. This price increase
impacts both surface water costs and groundwater costs (via increased pumping costs). The
third scenario (40%SurfaceWater) consists of a reduction in the available supply of surface

15. Assuming a $65/acre-foot price for water is within the range identified by Wichelns (2010) as well.
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FIGURE 5 Time profiles for an initial high water table level using the Kern County Groundwater

Model. (A) Annual net benefits. (B) Water table height. (C) Acreage irrigated using furrow 1/2 mile.

(D) Acreage irrigated with surface water. (E) Acreage irrigated with groundwater. (F) Applied water

rates with surface water (acre-foot/acre). (G) Applied water rates with groundwater (acre-foot/acre).
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FIGURE 6 Time profiles for an initial low water table level using Kern County Groundwater Model.

(A) Annual net benefits. (B) Water table height. (C) Acreage irrigated using furrow 1/2 mile.

(D) Acreage irrigated with surface water. (E) Acreage irrigated with groundwater. (F) Applied water

rates with surface water (acre-foot/acre). (G) Applied water rates with groundwater (acre-foot/acre).
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water by 40% relative to the baseline. The final scenariod(WaterEnergy) consists of
combining both the second and third scenarios, that is, energy prices increase by 40% and
surface water supply reductions by 40%. These scenarios are meant to represent trends that
have and will continue to impact irrigated agriculture from an energy and water availability
perspective.

4.1 Abundant Groundwater Supplies

As shown in Fig. 5A and B, and with an initially high water table height, annual net
benefits and water table levels initially decrease under each of the scenarios, with those
scenarios that confront lower energy costs producing higher annual net benefits initially.
A steady state is reached for both the baseline and the 40%EnergyPrice scenario at
around 20e30 periods. For those scenarios in which surface water quantity is con-
strained, annual net benefits and water table levels continue to decline, even after
100 years. Obviously, the 40% reduction in surface water supplies poses a greater
challenge to irrigated agriculture based on our model than a 40% increase in energy
prices.

Fig. 5C illustrates that as the water table is being drawn down, and groundwater
pumping costs increasedby over 70% under all scenariosdless acreage is devoted to the
least water-efficient irrigation systemdfurrow 1/2 mile. So, while initially all acreage is
irrigated with furrow 1/2 mile, energy price increases or surface water supply reductions
lead to adoption of more water-efficient irrigation systems. The most significant change,
not surprisingly, is when both energy prices increase and surface water supplies are
reduced. Under this WaterEnergy scenario, less than 5% of the acreage remains in furrow
1/2 mile.

Fig. 5DeG illustrate how acreage irrigated with surface water and groundwater, and
their respective application rates, change over time under each scenario. With a nearly full
aquifer, initially all cultivated acreage is irrigated with groundwater given that the pumping
costs associated with such a small lift are low.16 Yet, after about 20 periods, the costs of
groundwater reach such a level that the model begins to allocate more acreage to surface
water irrigation, first under those scenarios in which surface water supplies are reduced.
While surface water irrigation is adopted earlier under the quantity restriction scenarios
than the baseline or 40%EnergyPrice scenario, less surface water acreage is adopted as
well. Indeed, for those situations when surface water supplies are more binding, the ma-
jority of acreage continues to be irrigated with groundwater.

Fig. 5F and G present the applied water rates for acreage irrigation with surface water
and groundwater, respectively. Initially, groundwater application rates are quite high but
level out and reach a steady state for the baseline and price-only scenarios at around period
20. But for the scenarios in which surface water availability is reduced, application rates
for both groundwater and surface water continue to decline. This is not surprising given
that, as shown in Fig. 5C, there is a continual reduction in the amount of acreage irrigated
with furrow 1/2 mile. It is also noteworthy that for the first 20 years, over which there is no
change in irrigation system efficiency, applied groundwater rates decline. Clearly, the
higher pumping costs create the incentive to reduce groundwater application rates through
deficit irrigation.

16. Recall that at least 5% of the land must be fallowed and 12% is in permanent tree crops.
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4.2 Scarce Groundwater Supplies

Fig. 6 presents a similar analysis of the four scenarios but with a much lower initial water
table level. As shown, the results are significantly different, particularly for those scenarios
in which surface water availability is not reduced. For those scenarios in which surface
water is not further constrained, both annual net benefits and the water table rise. In these
scenarios, deep percolation flows add more to the water table than groundwater use ex-
tracts. Annual net benefits increase as the pumping costs decrease because of a rising water
table. Similar to Fig. 5A and B, the baseline and 40%EnergyPrice scenario reach a steady
state between 30 and 40 periods. Under the two scenarios with surface water reduced by
40%, annual net benefits decline as the declining water table requires increased pumping
costs.

Fig. 6C illustrates that with a lower initial water table relative to that in Fig. 5, less
acreage is devoted to furrow 1/2 mile initially. Indeed, for the WaterEnergy scenario less
than 5% of the acreage is devoted to furrow 1/2 mile for the entire 100 periods. For the
baseline scenario, there is an increase in acreage over time to the less water-conserving
irrigation technology, a response likely caused by the rising water table and consequent
lower pumping costs. For the 40%EnergyPrice scenario, furrow 1/2 mile is also increas-
ingly adopted over time. Yet, for the 40%SurfaceWater scenario, irrigation system effi-
ciency continues to improve, likely as a result of a declining water table and rising
groundwater pumping costs.

Fig. 6DeG illustrate how groundwater and surface water acreage and application rates
change over time across the scenarios. When surface water availability is reduced, less
acreage is devoted to irrigation with surface water relative to acreage with groundwater,
and vice versa. Yet, for those scenarios for which the groundwater table rises over time
and, consequently, groundwater becomes relatively less expensive, more acreage is irri-
gated with groundwater and less with surface water over time. Similarly, as the water table
decreases and costs of pumping groundwater increase, less acreage is irrigated with
groundwater and more with surface water over time. In terms of water application rates, a
similar trend occurs. As the water table declines, both surface water and groundwater
application rates decrease; conversely, as the groundwater table rises, application rates for
both water sources rise. As expected, as the price of energy increasesdunder both the 40%
SurfaceWater and WaterEnergy scenariosdwater application rates are lower. Finally,
comparing irrigation system adoption with water application rates illustrates a one-to-one
qualitative correspondence.

5. CONCLUSIONS

The relationship between water and energy presents an interesting challenge for irrigated
agriculture. As the demand for food and agricultural products rises, and given the yield
benefits from irrigated agriculture relative to rain-fed agriculture, it is likely that society
will demand more from irrigated agricultural production. Ceteris paribus, more food
production requires more water and more energy. Meeting societal agricultural demands
through increases in the “scale” of input use alone, however, is unlikely given current and
future levels of water scarcity relative to past periods. Alternatively, increases in food
production will need to be met through changes in the efficiency in which water is used (ie,
the intensity effect) and perhaps in changing the basket of goods that are consumed/pro-
duced (ie, the composition effect). Yet, intensification often requires more energy. With
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energy often a competitor with agriculture for water, coupled with concerns over fossil fuel
use, changes in the energy sector and future energy costs will present unique challenges to
this strategy as well.

What makes this problem even more complicated, if not interesting, is how water and
energy are intricately related to one another. That is, significant amounts of water are
required to produce energy, and significant amounts of energy are required for the
conveyance and movement of water. While there is significant insight into how agricultural
production and sustainability can or will persist with changes in either water or energy
inputs, they really are intricately intertwined in agricultural production. Consequently,
agricultural as well as energy, water, and environmental policymakers will increasingly
need to be cognizant of these intricacies and complexities if they intend to develop
effective policies.

In an effort to provide some additional clarity and understanding of these relationships
as they pertain to irrigated agricultural production in the United States, this chapter has
highlighted trends in irrigated agricultural productiondwater use, acreage, irrigation system
adoption, and both energy and water costsdover the past 35 years. Overall irrigated acreage
has increased slightly since the late 1970s, and there has been a significant increase in the
adoption of more efficient irrigation systems. More efficient irrigation systems are likely
one reason for the overall decline in water application rates. A decrease in the acreage
irrigated with off-farm water sources may be another given that applied water rates are
shown to be higher on average for farms that have access to off-farm water sources than
farms that do not have such access. Environmental restrictions on the import from such
sources and rising energy costs associated with electricity could be factors motivating
such changes. While overall energy costs per acre in the United States are nearly what
they were 35 years ago (in real terms), this result overlooks two important factors. There
is significant variability in energy costs over time and there is significant variability across
regions and energy source. For instance, in CAL and the PNW regions, energy costs per
acre for irrigation reliant on diesel fuel have increased by around 84% relative to 1979
values, but for acreage reliant on natural gas, such costs have decreased by over 30%. One
consistent result across the four regions analyzed is that the per acre costs for acreage
irrigated using electricity have risen.

This chapter also provided a dynamic analysisdusing an economic hydrologic
regional programming model of irrigated agricultural productiondof how changes in
energy prices and surface water restrictions influence net benefits, groundwater levels,
and irrigation management over time under two different groundwater initial conditions.
Reductions in the availability of surface water supplies was shown to have significant
impact on water management and groundwater levels. Relative to a change in energy
prices alone, groundwater tables declined more rapidly, energy costs rose more pre-
cipitously (because of increased pumping), and the adoption of more efficient irrigation
systems took place sooner. Given that there were significant opportunities to change
water application rates, switch irrigation efficiencies, and change crop mix, increases in
energy prices alone impacted annual net benefits, but steady-state solutions were
reached relatively quickly (as compared to the scenarios that included surface water
supply reductions). Finally, as groundwater levels become more depleted, we can expect
energy costs to rise, quicker and wider adoption of more efficient irrigation systems, and
greater incentives to utilize surface water supplies. Obviously, if the surface water
supplies are limited, or are responsible for the greater reliance on groundwater supplies,
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the impacts on irrigated agriculture will increase. Overall, then, while irrigated agri-
cultural acreage continues to expand in the United States and responds with increased
on-farm efficiencies, greater competition for increasingly scarce water resources and
concerns over energy production and greenhouse gas emissions portend continual
challenges.
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Chapter 2.1.3

The WatereEnergy Nexus
in Europe and Spain: An
Institutional Analysis From
the Perspective of the Spanish
Irrigation Sector

S. Villamayor-Tomas
Thaer Institute, IRI THESys; Humboldt University of Berlin, Berlin, Germany

1. INTRODUCTION

The watereenergy nexus approach is becoming increasingly popular among practitioners
and scholars, as illustrated by the number of publications devoted to the topic in recent
years (Hellegers et al., 2008; Hussey and Pittock, 2012; Waughray, 2011). Part of the
popularity of the approach responds to the production and consumption tradeoffs that have
emerged with the increase of scarcity and competition over the last few decades. The
nexus highlights the need to study the use and management of both resources together.
Although sectors such as water and energy can be analyzed independently, doing so would
overlook the multiplicity of feedbacks and interdependencies that jointly affect their
sustainability.

There are some excellent reviews of the watereenergy nexus in European countries. In
Spain the works of Hardy et al. (2010, 2012); Hardy and Garrido (2012) and Corominas
(2010) have set an important precedent. Both sets of studies distinguish the “energy for
water” perspective from the “water for energy” perspective. As they report, approximately
5.8% of total electricity demand in Spain is because of the water sector. Extraction and
water treatment are the most electricity demanding stages of the water cycle, accounting
for 64% of the total demand. Irrigated agriculture is one of the Spanish water sectors that
show the largest growth in energy requirements, accounting for 40% of total water-related
electricity demand. On the other hand, the energy sector accounts for only 3.2% of the total
water usage, but in terms of extracted volumes it reaches 25% of the total water withdrawn.
Excluding hydropower, which is by far the main source of water withdrawals (24,400
MCM in 2008), nuclear power accounts for 50% of water withdrawals by the energy
sector, followed by thermal (30%) and gas (15%).
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This chapter aims to complement existing reviews of the watereenergy nexus in Spain
in three ways. First, the text offers a broad characterization of energy and water institutions
at multiple levels, from the European down to the local level. Second, the chapter provides
a historical perspective to governance in the two sectors, including important reforms that
took place from the late 1990s to the late 2000s. Last but not least, the chapter sheds light
on the cross-scale interaction of water and energy institutions over time, through a focus on
the use of energy for water extraction and allocation in the Spanish irrigation sector.

The Spanish water governance system is internationally renowned for the long-
standing governmental promotion of water infrastructure, the organization of water
management into river basin organizations (RBOs), and the high autonomy of irrigation
communities (ie, associations). The roots of the system can be traced back to the early 20th
century, when, motivated by the economic crisis, the government took over the promotion
of irrigation and hydropower generation via investments in infrastructure. So-called
hydroagricultural plans (Perez Picazo and Lemeunier, 2000) and a series of RBOs
responsible for their implementation became the centerpieces of the policy. This water
supply paradigm started to be challenged in the 1990s, with the push for so-called demand
management measures seeking water efficiency and water savings. As further explained in
this chapter, the European Water Framework Directive (EWFD) consolidated that trend
and pushed it forward.

The Spanish electricity sector has also gone through changes over the last decade,
including a market transition and a renewable energy transition. Until 1997, the electricity
system was regulated. The government fixed the electricity price based on generation,
transport, and distribution costs from a set of private electricity firms. The market reform
was launched at the European and national levels by the end of the 1990s. It suppressed
part of the regulatory role of the government and introduced competition and a market-
based energy pricing system in the generation and commercialization stages of the
chain. The National Market and Competition Commission became the body responsible for
competition and transparency of the pricing system. Electricity prices were supposed to
decrease over the long run; however, they have tended to increase (Robinson, 2014). The
renewable transition unfolded in parallel to the market transition. The enormous financial
effort made by the government put Spain at the forefront of renewable electricity gener-
ation worldwide; however, this effort has also created finance issues in the sector.

The Spanish irrigation sector represents almost a third of the total irrigated area in the
European Union. This is a result of both the climatological conditions of the country that
make water a naturally scarce resource, as well as the previously mentioned public in-
vestments in the promotion of irrigation infrastructure (López-Gunn et al., 2012). Irrigation
in Spain accounts for 60% of total agricultural production and 80% of total farm exports,
but also consumes 70% of total water resources in a typical year. The crisis of the water
supply paradigm translated in the irrigation sector to new infrastructure investments,
including improvements in existing infrastructure as well as the introduction of sprinkler
and drip irrigation technologies.

As mentioned, the irrigation sector is also an important consumer of energy. By 2013,
energy consumption in the sector was slightly below 6670 GWh (Berbel et al., 2014).
Approximately 70% of the energy consumed is electricity and the rest is diesel. Energy in
irrigation systems is for the most part used to pump groundwater and distribute it through
sprinkler and drip irrigation systems. In 2008, the government suppressed the preferential
tariff that irrigation communities had enjoyed in the past and pushed them to acquire
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electricity at market prices, which were by then considerably higher than the tariff. The
2008 shock created a still unsolved financial crisis in the sector. This chapter focuses on the
crisis in the irrigation sector to shed light on the watereenergy nexus.

Many nexus studies begin by identifying two or more resources that are often broadly
defined in terms of water or energy within a particular geographic or sociopolitical
boundary. They then continue by quantifying resource use and the ways in which the use of
one resource affects the other to affect the sustainability of the interconnected sectors. Few
studies consider the role of institutions as the focus of their analysis. This is not a trivial
omission, as one of the central questions for nexus scholars is to assess the social and
ecological effects of alternative policies (Scott et al., 2011).

The institutional analysis proposed in this chapter aims to contribute to fill that gap, in
an attempt “to move the waterenexus construct beyond an inputeoutput relationship into
the realm of resource governance” (Scott et al., 2011). From an institutional perspective,
policies are understood as amalgams of institutions that shape either directly or indirectly
the use and production of water and energy resources and thus potentially mediate the
emergence of tradeoffs and synergies across different production chains (Villamayor-
Tomas et al., 2015). Institutions are viewed as particularly important as they structure
the incentives that actors face when they make choices from among a set of alternatives.
These institutions are themselves the result of social processes and “consist of both
informal constraints (sanctions, taboos, customs, traditions, codes of conduct), and formal
rules (constitutions, laws, property rights)” (North, 1990).

The study presented here follows a sort of before and after design. Water and electricity
policies are reviewed at the European, national, and local levels, before and after the 2008
price shock in the irrigation sector. Data come from two sources. On the one hand, the
chapter is a synthesis of a number of studies and reviews on the watereenergy nexus in
Spain and in the irrigation sector. On the other hand, the chapter uses new data, mostly
coming from governmental and stakeholder documents, press, and informal interviews, on
institutional developments that followed the 2008 shock.

2. WATER AND ENERGY REFORMS IN THE EUROPEAN
UNION AND SPAIN: A LOOK FROM THE TOP DOWN

Current affairs in the Spanish irrigation sector can be understood by looking at water
and energy policy and the reforms launched at the European and national levels.

2.1 Water Reform in Europe and Spain

The EWFD, approved in 2000, embodies the most recent and overarching water man-
agement reform across European countries. One of the central tenets of the EWFD is the
principle of cost recovery of water services, including environmental and resource costs
(Gómez-Limón et al., 2002). The inclusion of environmental costs in the cost recovery
principle is not trivial. According to the Directive, the costs of investments in maintaining
the good ecological status (GES) of water bodies should not severely outweigh the benefits.
This has faced a number of implementation challenges because of lack of clear definitions
of GES and appropriate methods to calculate environmental benefits and costs (Martin-
Ortega, 2012).
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The EWFD was transposed to the Spanish system in 2003. The transposition was not
particularly smooth. The principle of cost recovery generated certain resistances given the
traditionally strong role played by government in the promotion of water infrastructure
(La Roca, 2011). According to the Spanish rule, hydrologic plans would need to include
estimates of water service costs, environmental costs, water service revenues, planned
investments, and a balance of cost recovery. Although this has been accomplished, there
are issues related to a number of exceptions to the cost-recovery prescription and the
methodology used by RBOs to assess costs and revenues (La Roca, 2011).

2.2 Energy Liberalization and Diversification Reforms in the
European Union and Spain

The EU regulations to create a single energy market have exerted notable influence over
the energy sector of Member States. By the early 1980s, neoliberal arguments about the
benefits of competition and privatization and the development of more efficient generation
technologies opened a window of opportunity for European reformists to promote a
liberalization reform across Member States (Serrallés, 2006). In 1996, a Franco-German
deal paved the way for the approval of an Electricity Directive (EC, 1996). The Direc-
tive called for an increase in efficiency via the unbundling and open access to the trans-
mission and distribution networks “while reinforcing security of supply and the
competitiveness of the European economy and respecting environmental protection”
(Preamble 4).

In 2003, a new Directive (EC, 2003) further expanded the reform, requiring legal
unbundling of network activities from generation and supply, establishing a regulator in all
Member States, imposing transparent network tariffs, and establishing deadlines for
opening the electricity market to all nonhousehold consumers in 2004, and to all con-
sumers in 2007 (Jordana et al., 2006)

In Spain, Law 40/1994 mandated the legal unbundling of the transmission network and
created an independent joint publiceprivate operator to regulate its use called Red Elec-
trica Española. Regarding generation, the law did not create maximum market share for
generating companies, which encouraged firms to start a process of consolidation. From
over 35 independent regional generation companies in operation in 1990, only five were
left by 2002. The three largest companies in 2005 (ENDESA, Iberdrola, and Union
Fenosa) accounted for 83% of the installed generation capacity (Serrallés, 2006). A new
electricity law in 1997 and an agreement between the Ministry of Industry and Energy and
the electricity sector in 1998 accelerated the liberalization process even beyond the EU
minimum requirements (BOE, 1997). Since 2003, all consumers have been eligible to
freely choose their supplier.

European environmental policy has also exerted notable influence over energy sector
reforms of Member States. In a context of increasing concern about climate change, the
development of renewable energy has become one of the central objectives of the European
Commission (Mı́guez et al., 2006). In 2001 and 2003, two directives set the path for the
transition to renewables, suggesting that Member States generate at least 22% of total
electricity consumed and around 6% of all fossil fuel-primary energy consumed from
renewable sources. In 2007 the European Council approved the so-called decision 20-20-20,
which prescribed a 20% share of renewables in electricity consumption, a 20% reduction of
greenhouse gases, and an increase in 20% in energy efficiency. This commitment was
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integrated in a new Renewable Energy Directive in 2009 (EC, 2009), which also prescribed
the approval of Action Plans by Member States to accomplish those goals.

In Spain the promotion of renewables can be traced back to the 1986 Renewable
Energy Plan and two National Energy Plans (1991e2000 and 2000e2003 editions). The
1997 electricity law and the Program for the Encouragement of Renewable Energy in
Spain (2000e2010) set a target of 12% of primary energy consumption from renewables
by 2010 (BOE, 1997). In 2005 a new National Plan of Renewable Energy integrated
updates from EU regulations, increasing the renewable share of electricity consumption to
30% and setting a 6% biofuel share in the transportation sector. The public investment
from 2005 to 2010 was notable, including subsidies to investments (V198M), fiscal in-
centives (V1116M), and price premiums (V5572M) for a total of V6886M. Private in-
vestments for the same reached V36462M (AEVAL, 2011). By 2010 the share of
renewables was 11.3% for primary energy and 30.6% for electricity consumption. Most
notably, the share of renewables in the electricity market surpassed that of nuclear elec-
tricity, and the share of wind production was twice that of coal with a 16% share. Spain
ranked third in the world in wind generation capacity and among the top five countries in
amount of investments (AEVAL, 2011).

Although the European Union anticipated that competition will result in a reduction in
prices both for industrial and residential consumers, prices have tended to increase across the
board (Robinson, 2014). The reasons for the increases vary by country across the European
Union. In the Spanish case, much of the increase is because of the so-called “governmental
levy” (Robinson, 2014). The electricity bill in Spain consists of two components, the power
component and the energy component. Both components are partially regulated by the
government through an “access” fee, which recovers mostly transport and distribution costs,
price premiums to renewables (ie, not uncovered via public funding), and compensates
electricity companies for the so-called “tariff deficit” (owed by the government to electricity
generation companies for maintaining the access fee below the level required to recover the
theoretical cost of production and distribution). In 2013, all costs amounted to V19,658M,
45% and 27% of which corresponded to the renewables premium and distribution costs,
respectively (Energia y Sociedad, 2014b). From 2008 to 2012, the weight of the government
fee on the final price increased by 68% (from V19/MWh to V32/MWh) for mid-sized in-
dustrial users, and by 130% (fromV49/MWh toV113/MWh) for domestic users (Robinson,
2014).

3. THE WATEReENERGY NEXUS AT THE LOCAL LEVEL
IN SPAIN: THE CASE OF IRRIGATION

The water reform triggered important modernization efforts in the Spanish irrigation
sector. This made the sector more robust to water scarcity but also more vulnerable to the
new market dynamics of the energy sector.

3.1 “Modernization” Reform in the Spanish Irrigation Sector

Water policy reforms at the European level paved the way to reform the irrigation sector
(Corominas, 2010; Dumont et al., 2013; Hardy et al., 2010). The growth of the service
sector and cities as well as a series of severe droughts in the previous decade had already
triggered debates about the allocation of water across sectors. The irrigation sector was
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increasingly seen as an old fashioned, wasteful, and inefficient user of water (López-Gunn
et al., 2012). The European reforms added concerns about environmental impact and
competitiveness (Hardy and Garrido, 2012).

In recognition of this, the government initiated a series of programs for the modern-
ization of the sector. After a failing National Irrigation PlandHorizon 2005 and a number
of subsequent studies, the government approved in 2002 the National Irrigation Pland
Horizon 2008 (MAPA, 2001). In clear resonance with European regulations, the Plan
aimed to secure the agrofood value chain, improve living conditions of farmers, increase
water efficiency and conservation, and include environmental criteria in the management
of irrigation systems. For this purpose, the Plan included farmer training programs and
infrastructure improvement investments ranging from the lining of old canals and
improvement of storage facilities to the promotion of sprinkler and drip irrigation tech-
nologies (MAPA, 2001). The Plan was for the most part implemented in the form of public
subsidies for infrastructure improvement projects that would be carried out by irrigation
associations on a voluntary basis. Depending on the project, the subsidies reached up to
60% of the total projects costs (MAPA, 2001).

In 2005 the country witnessed a severe drought that triggered a new step in the
modernization process. The Royal Decree 10/2005 prescribed drought mitigation mea-
sures, some of which included infrastructure improvements. In 2006 the government
approved the Shock Plan for Irrigation Modernization, which aimed for additional water
savings of 1420 hm3/year on top of the planned water savings foreseen by the 2002 Plan.
The Modernization Plan counted on financial support from the European Rural Devel-
opment Fund, with the understanding that such modernization contributed to the imple-
mentation of the EWFD (MAGRAMA, 2012b).

The Plans found much support in the old hydroagricultural policy community. Farmer
organizations and the Federation of Irrigation Associations (FENACORE) understood the
process as an opportunity to increase water productivity and improve the image of the
irrigation sector vis-à-vis future investments in the sector. The Plans were generally
executed by state companies, mostly staffed by the corps of engineers. The companies
designed and implemented projects as contractors for irrigation communities while also
acting as catalysts for state investment (Eimil, 2003).

According to the Spanish Department of Agriculture, more than V3.800M has been
invested in the “modernization” of water storage and conveyance infrastructure since 2000.
The EU Rural Development Fund has covered V925M, the central and regional govern-
ments V1.718M, and farmers (irrigation associations) the remaining amount. Additionally,
farmers have invested V5000M in in-plot infrastructure improvements, mostly associated
with the introduction of sprinkler and drip irrigation technologies (Union, 2014).

As a result, from 2004 to 2013 flood irrigation decreased from more than 1.23M ha to
around 1M ha (�20%), sprinkler remained constant at around 530,000 ha, and dripping
irrigation increased from 1.19 to 1.7M ha (þ42%) (Hardy et al., 2010; MAGRAMA,
2015).

Outcomes of the irrigation reform have been only mixed. At the national level, water
savings seem to have increased. Water use has decreased from 17,681 hm3 in 1999 to
15,833 hm3 in 2012, and irrigated land has increased from 3.3M ha in 2002 to 3.6M ha in
2014 (Hernandez Garcia, 2014). There has also been a diversification in the water sources.
Notably, groundwater has reached a 30% share of total water used and the use of trans-
ferred, desalinized, and treated water collectively has reached 4% (Corominas, 2010).
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At the basin level, results are also mixed. In some basins, for example, basins in
Andalucı́a, modernization has led to water savings of more than 1200 hm3/ha (Corominas,
2010). In other basins, water productivity has not offset increases in irrigated land or
intensification of irrigation, resulting in net water use increases and/or decreases in irri-
gation returns (Cots, 2011; Dumont et al., 2013; Lecina et al., 2010). This rebound effect
has generally been associated with property rights and economic issues. First, water ef-
ficiency gains have been used to satisfy otherwise unfulfilled water use rights. Second,
studies have shown that modernized systems may not be able to increase profitability with
the same level of consumptive use, thus forcing farmers to increase water use to pay their
investment back (Dumont et al., 2013).

3.2 The Electricity Tariff in the Agricultural Sector

Traditionally, the irrigation sector had enjoyed a preferential tariff (the R tariff), regulated
by the Department of Industry and published every year in the National Legislative
Bulletin (BOE). Since the approval of the energy reform in the late 1990s, the government
issued a number of moratoria for electricity users to join the new system. The irrigation
sector benefited from the moratoria until 2008, when the R tariff was eliminated (BOE,
2007, 2008). From 2008 to 2009 the average power component price paid in the irrigation
sector increased by 350% and continued to do so by around 25% every 6 months at least
until 2010 (Ederra and Murugarren, 2010). The energy component price increased more
progressively (Ederra and Murugarren, 2010), but also faced volatility issues associated
with supply and demand dynamics (Robinson, 2014).

3.3 A Crisis of Sustainability in the Irrigation Sector

The year 2008 marked the beginning of a financial crisis in the Spanish irrigation sector.
The crisis disproportionately affected irrigation systems and communities that had invested
the most in modernization. As reported by FENACORE, from 2005 to 2014 fixed costs
associated with the electric tariff (ie, the power term) increased by more than 1000% (from
V390M to more than V700M). Accordingly, irrigation costs increased from 7% to 40% of
total production costs (Berbel et al., 2014; Garcı́a de Durango, 2014; RRAA, 2009b). In a
1-year period (from 2008 to 2009), the energy bill in many irrigation communities rose to
reach three times the cost of water (200e300 V/ha vs 80e100 V/ha, respectively) (López-
Gunn et al., 2012). This, together with the high loans farmers and communities had to
acquire to face the cost of modernization, has led many communities to quite difficult
economic situations (ASAJA, 2013; Garcı́a de Durango, 2014).

The EWFD full cost recovery principle limits governmental support so farmers are to a
great extent on their own to pay back their debt (Hardy et al., 2010). Moreover, the increase
in the energy bill has not come with equivalent increases in crop market prices, rather the
contrary (Ederra and Murugarren, 2010). Overall, the situation has caused energy to
become a limiting factor for agricultural production (Mayor et al., 2015), putting a number
of irrigation systems under risk of abandonment (Corominas, 2010). As of today, the
discontent among farmers keeps growing across the country, as shown in the number of
public protests and petitions addressed to the government (Garcı́a de Durango, 2014).

One side of the crisis is rather technical and has to do with the inverse relationship
between water and energy efficiency in the Spanish irrigation sector (Corominas, 2010).
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Drip irrigation systems in Spain are more water efficient than sprinkler and flood irri-
gation, but also consume more energy per unit of water. Water use in gravity and
sprinkler irrigation systems reaches 7500 and 6500 m3/ha, versus 5000 m3/ha in drip
systems. Alternatively, energy use for flood and sprinkler ranges from 0.15 to 0.49 kWh/
m3 depending on the source of water, versus 0.28 to 0.68 kWh/m3 for drip systems
(Corominas, 2010). Thus from 2000 to 2007 the 40% increase in drip systems (Hardy
et al., 2012) translated to a 7% decrease in water use per hectare (from 7000 to 6500 m3/
ha) (Corominas, 2010); however, that also meant an increase in electricity needs (by
20%, from 4893 to 5866 GWh) and an increase in energy use per hectare (by 9%, from
1435 to 1560 kWh/ha) (Corominas, 2010).

The other side of the crisis is rather institutional and has to do with the dramatic
increase of electricity prices in the irrigation sector and the difficulties faced by
irrigation communities in dealing with the energy market and the new tariff options.
From 2008 to 2009 the communities had to confront both the transition from the R
tariff to the market system, as well as a dramatic increase in government fees (ie, the
“access” fee). The decision of the government to increase the access fee in 2008 has its
own story. Since the energy reform, and particularly after the year 2000, the gov-
ernment had kept its fee systematically lower than the costs of maintaining the system.
Although this contributed to controlling inflation and protecting the competitiveness of
the industry, it also resulted in a debt with electricity companies (ie, the “tariff
deficit”). From 2004 to 2005 the debt increased by V4000M, for a cumulative deficit of
V5368M since 2000. The lack of legal tools to force electricity companies to reveal
their cost structure prevented a revision of the debt. After a series of unsuccessful
attempts to solve the problem, the government opted for increasing its fee in 2008 and
successive years with the goal of cancelling the deficit in 5 years (Energia y Sociedad,
2014b).

Irrigation communities found themselves rather unprepared to deal with the energy
market and energy prices from one year to another (Ederra and Murugarren, 2010).
Neither the government nor the communities planned for a transition phase during the
almost 10 years that elapsed from the approval of the energy reform until 2008. Indeed,
few communities voluntarily joined the market before 2008. By 2008, many remaining
communities lacked the necessary expertise to properly evaluate offers from energy
retailers, and this diminished their bargaining power and capacity to sign efficient
contracts. By the same token, lack of common understanding among farmers in the
communities caused delays in decision making and the formalization of contracts with
the energy retailers, which in turn translated into important penalties by the retailers
(Ederra and Murugarren, 2010).1 Also communities found it difficult to adjust their
irrigation (ie, water pumping) schedules to the periods when energy was cheaper because
those periods did not match the periods when farmers were used to irrigating (Ederra and
Murugarren, 2010; RRAA, 2008). Similarly, communities had to contract power capacity
with retailers without much information about their collective needs. At best, many
communities overcontracted capacity and failed to effectively use up all the contracted

1. Following regulations, communities that would not abandon the R tariff voluntarily before July 1,

2008 were automatically transferred to the most similar tariff under the market system, with a

monthly increase of 5% in the tariff, until they formalized a new contract with the retailer (BOE,

2008).
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capacity. At worst, the communities undercontracted capacity and had to face penalties
by retailers for exceeding power use (Ederra and Murugarren, 2010).2

4. NEW GOVERNANCE ARRANGEMENTS IN THE
IRRIGATIONeENERGY NEXUS: A LOOK FROM
THE BOTTOM UP

The crisis since 2008 has generated a series of institutional responses at the local, regional,
and national levels.

4.1 Local Responses

At the local level, irrigation communities have taken the lead via a number of collective
action responses, all of them oriented toward mitigating the impact of energy price in-
creases and adapting to the new institutional scenario. One of the first responses of many
communities to the crisis was the redesign of irrigation schedules to reduce the energy bill.
They have done so by organizing different irrigation schedules for different groups of
farmers depending on their electricity needs (eg, sprinkler and higher elevation plots vs
others), as well as by concentrating water use during the lowest price periods (Abadia
et al., 2010; Rocamora et al., 2008; RRAA, 2009b). The strategic use of in-system water
storage pools and the individual metering and billing of energy use has also contributed to
the adaptation (Rocamora et al., 2008).

Energy audits are also spreading quickly among communities, both to assess the
feasibility and design of modernization projects, as well as to optimize those that have
been implemented (Abadia et al., 2010; Carrillo-Cobo et al., 2010; Jiménez et al., 2014;
Mayor et al., 2015; Moreno et al., 2010; Rocamora et al., 2008; Rodrı́guez Dı́az et al.,
2011; RRAA, 2009a). According to experts, the energy saving potential of audits in
Spanish irrigation communities can reach up to 20% of total energy use and up to 25% of
the energy bill (Hernandez Garcia, 2014); however, for audits to be effective, communities
also need to have the capacity to implement necessary changes in the system, and this can
be both costly and difficult from an organizational point of view (Moval-Agroingenieria,
2014).

Another successful institutional response has been the collective bargaining and con-
tracting of energy. Communities have self-organized at both the local and national levels
(FENACORE, 2013; RRAA, 2012). The national level experience is remarkable. It was
initially born as a collaborative venture in 2013, coordinated by FENACORE between a
retailer firm and a handful of communities from Andalucı́a (Parias Fernandez de Heredia,
2014). In 2014, the initiative coordinated more than 20 communities representing
100,000 ha, and generated savings of 9% in the electricity bill on average per community
and up to 30% for some communities. The strategies followed to increased savings have
included the counseling of communities, collective bargaining with wholesalers, strategic
purchase of energy in the futures market, and bilateral agreements with energy generators
(Europa-Press, 2015; Parias Fernandez de Heredia, 2014). According to estimations by

2. According to regulations, users that would demand more power than contracted with the retailers

would face a penalty equal to the demand excess every 15 min (BOE, 2001).
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FENACORE, collective bargaining could save the ensemble of Spanish irrigation com-
munities around V56M (FENACORE, 2013). By 2016, FENACORE has indeed estimated
that more than 200 communities representing close to 1M ha will join the enterprise (iagua,
2014).

Finally, a possibility proposed by FENACORE is to turn water users’ communities
into renewable electricity producers so they can consume their own electricity (Retema,
2015). The irrigation period in Spain usually begins in Mar. and ends in Oct. The number
of sunshine hours and water flow (ie, through the canals) during that period is high; thus
the electricity that communities would produce should be enough to supply their own
needs (Hardy and Garrido, 2012). Auto-production is one type of distributed energy
system, characterized by small generators that are near the points of energy consumption.
Distributed systems and auto-production make sense in the context of “net balance”
systems, which allow auto-producers to deliver energy surpluses to the grid in exchange
for discounts in the electricity bill or for energy during periods of production deficit
(Energia y Sociedad, 2014a). The price of photovoltaic panels, small windmills, and
batteries has notably decreased over time, making auto-production a real possibility. In
the irrigation sector, this adds to the existing capacity to use the canals to generate
hydropower.

4.2 Regional and National Responses

At the regional level, there have been initiatives in both the water and energy sectors.
Much of the energy consumed in sprinkler and drip systems has to do with the pumping
of underground water. Unfortunately, underground water management in Spain shows
serious issues of governability and overextraction (Garrido et al., 2006; Ross and
Martinez-Santos, 2010). To cope with this issue, regional and basin authorities across the
country have promoted the creation of groundwater user associations (ie, communities)
that take responsibility over water management (Rica, López-Gunn and Llamas, 2012).
Additionally, water authorities in some Spanish basins have provided irrigation com-
munities with technical and administrative support to reduce pumping; assisted the
communities in finding low electricity-demand water sources (Mayor et al., 2015); sold
electricity at reduced prices (ie, electricity coming from hydropower plants located in
basins) (CHE, 2015); and facilitated the promotion of large-scale, renewable energy
projects in the sector (Extremadura, 2015; N.A., 2009).

At the national level, efforts have also been oriented to reduce the energy costs borne
by irrigation communities. Measures include, for example, the sponsoring of conferences
on the topic (IDAE, 2011) and electricity tax deductions (MAGRAMA, 2014). Most
important are, however, the efforts made to better integrate irrigation and energy policies.
An example is the Strategy for Sustainable Modernization Horizon 2015 (MARM, 2009).
According to the Strategy, every modernization project should include studies that
guarantee the provision of necessary infrastructure for the distribution of electricity as
well as the use of the most up-to-date technological devices to optimize energy use
(Hardy et al., 2010). Another example is the water-related indicators proposed in the
National Energy Plan to assess the sustainability of the energy sector (MINETUR, 2011).
A final example is the inclusion in the new National Hydrologic Plan of a chapter looking
at the interactions between water and other policies, including energy policy (Mayor
et al., 2015).
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5. INSTITUTIONAL CHALLENGES

Broadly speaking, the water (ie, irrigation) and energy policy sectors in Spain need to be
better integrated (Mayor et al., 2015). The previously reviewed responses reveal the ex-
istence of a number of institutional challenges that would need to be overcome to further
move forward in that direction.

5.1 Water Property Right Reforms to Reduce Water Use

The increased return to water use resulting from the introduction of drip and sprinkler
technologies has encouraged the intensification of irrigation and extension of irrigated
land and, in turn, the use of more energy intensive water sources such as groundwater
(Dumont et al., 2013). As already mentioned, this has partially to do with an issue of
water property rights in the irrigation sector. In a nutshell, the modernization process has
not been followed by a proper revision of water use rights in the sector. The “Alberca”
program was launched by the Department of Agriculture, Food and Environment to
update water use rights at the national level across all types of uses (MAGRAMA,
2012a). The program has withdrawn a notable number of unused rights from the system;
however, most of these correspond to abandoned agricultural land or water uses such as
old mills. Although this is a necessary step in the advent of new modernization in-
vestments, it is unlikely that landowners who do use their agricultural land and are
interested in modernizing are going to give away their rights. This is even more the case
when irrigation communities have not been able to fulfill those rights in some basins
because of structural problems of water scarcity (Tàbara et al., 2004). A similar situation
indeed occurs in the context of water rights markets in Spain and other countries, where
farmers and communities are rather reluctant to lease their rights for fear of becoming
vulnerable to water use rights downgrades later on (Palomo-Hierro et al., 2015).

5.2 Socioecological Diversity

A second important challenge is that of socioecological diversity. There are a variety of
factors that affect water and energy consumption at the local level, including the crops
planted, the water source, the technology used, the topography of the terrain, and man-
agement aspects (Rodrı́guez-Dı́az et al., 2008). As shown by some scholars, applying the
same governance arrangements (eg, energy contracts, water and energy management rules)
to the combined used of water and energy can lead to unsatisfactory results (Abadia et al.,
2010). This means that, to a great extent, solutions have to be tailored to the characteristics
of each local context. This implies a strong involvement of water and energy users in the
conjunctive management of both resources. The promotion of auto-production and
participatory policy making are two potential ways to move in that direction, but, as
explained next, there are also barriers to overcome.

5.3 Participatory Energy Policy Making

Irrigation communities have long enjoyed a privileged access to the decision-making
process. Water planning in the early 20th century was centered on the RBOs, and con-
sisted mostly of promoting hydraulic and irrigation infrastructure. Accordingly, much of
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the decision making was exclusive to a close policy community composed of hydropower
firms, irrigation communities, and the corps of engineers (Perez Picazo and Lemeunier,
2000). With the transition to democracy and the approval of the Water Act of 1986, the
planning process opened up, including the implementation of public information pro-
cedures and stakeholder-based water councils at the basin and national levels (BOE, 1985).
Additionally, irrigation communities have enjoyed a great deal of autonomy from early on.
They are depositaries of collective use rights granted by the RBOs and as such have au-
thority to manage water within their jurisdictions. Also they can form federations to co-
ordinate water allocation and infrastructure maintenance within subbasins and basins in
collaboration with the RBOs.

The situation in the energy sector is different. Although irrigation communities can
produce energy (ie, via small hydropower dams in their canals) and use it for self-
consumption they are not formally recognized as energy producers by the government.
They are recognized as a special energy user group and have accordingly enjoyed the favor
of government in different ways (eg, the R tariff, tax deductions); however, they do not
participate in the energy planning decision-making process. Indeed, neither consumer
groups nor regional authorities at large have a formal seat in the decision-making process
other than via claims during public information periods (Ruiz de Apodaca Espinosa, 2010).
Energy plans are elaborated by the central government and then approved by the executive
board and the Congress (Ruiz de Apodaca Espinosa, 2010). There is a National Energy
Commission, but it has a purely technical advisory role, that is, it does not include political
or stakeholder representation and focuses on analyzing prices and technical norms.
Including the participation of stakeholders in the planning process would not only allow
policymakers to detect issues and conflicts derived from nexus tradeoffs (Mayor et al.,
2015), but maybe also contribute to the transparency of a process questioned for its opacity
and the disproportionate influence of big electricity companies (Hernandez Aguado, 2014).

5.4 Self-Consumption of Energy/Distributed Energy
in the Irrigation Sector

Auto-production also faces some institutional barriers to expansion. Although techno-
logically possible, the option is not fully cost effective for irrigation communities. This is
because of current regulations that de facto penalize the option. According to the Decree
signed in 2015, auto-producers have to pay a variety of fees associated with the public
maintenance of the electricity system that add to the existing “access” fee (BOE, 2015).
Those added fees include a “support fee” for the “backup function” fulfilled by the gov-
ernment in case of unexpected domestic shortages, and penalties for the use of storage
batteries that are connected to the grid. Additionally, the Decree prohibits that auto-
producers make agreements to pool production and demand; or that they use their en-
ergy surpluses to supply the grid in exchange for reductions in the energy bill (ie, net
balance). Finally, auto-producers have to commission feasibility studies, which can be
particularly costly (Miguel, 2015). The situation in Spain is in stark contrast with that of
many other European countries, where the system of net balance is not only allowed but
also promoted (EC, 2015; Ropenus and Skytte, 2005).

The government fears that an expansion of auto-production jeopardizes its ability to
finance the system and keep the “tariff debt” under control. This, however, is only partially
justifiable because the “tariff debt” is caused by preexisting structural problems such as the
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excess production capacity of the system. The promotion of renewables and combined
cycle plants in Spain has resulted in a considerable growth of production capacity. By
2013, the country reached a peak production capacity of 108,000 MW, almost twice that in
2000; however, the peak demand has never gone beyond 46,000 MW. This means that a
good portion of the production capacity in Spain (mostly coal and combined cycle plants)
is underutilized; however, the infrastructure still needs to be maintained and this is
particularly costly (Martil, 2014).

A European energy network could make Spain a net exporter of energy and help
balance production and maintenance costs (today net electric transactions amount to just
2.4% of total generation) (Jiménez et al., 2014); however, the long-promised transboundary
grid has its own institutional barriers (Serrallés, 2006). European governments are keeping
their grip on market competition for reasons of security of supply and protection of their
electricity companies (Karan and Kazda�gli, 2011). Some governments have favored the
emergence of national champions that would be much better positioned in a future Eu-
ropean electricity market than those from other countries where the sector is less
oligopolistic. Additionally, European countries are diverse in terms of their mix of elec-
tricity generation. France, for example, strongly relies on nuclear power, which positions it
well to cope with supply issues on its own. Alternatively, Spain strongly relies on quite
volatile sources such as solar, hydropower, and wind and would therefore benefit from a
cross-boundary electricity market. Not without reason, Spain has set up a common Iberian
electricity market with Portugal and has strong ambitions in developing it further.

6. CONCLUSIONS

This chapter provided a bottom-up and multilevel institutional analysis of the watere
energy nexus in Spain, with a focus on the use of energy for water extraction and distri-
bution in the irrigation sector. The analysis revealed important institutional interplays at
different levels of governance, from the European to the local level. The concurrent re-
forms of the energy and water policy at the European level converge in their aim to
promote efficient allocation of said resources and competitiveness; at the national and local
levels, however, the reforms have led many farmers to a crisis of financial sustainability.
On the one hand, the active promotion of new “modernized” irrigation technologies in the
irrigation sector has contributed to an increase in water efficiency but also in energy
dependence and use by farmers. On the other hand, the enthusiastic promotion of energy
liberalization and renewables has resulted in a structural problem of high electricity prices.
The crisis in the irrigation sector has also led to institutional responses at different
governance levels that aim to better integrate energy and water use. Cooperative responses
from local irrigation communities are most salient, and include the adaptation of irrigation
schedules to energy price schedules, the commissioning of energy audits for irrigation
systems, the collective purchase of energy, and the self-organization for auto-production.
The role of basin and regional authorities is also undeniable and has been oriented mostly
to support the communities’ initiatives. At the national level, there have been some efforts
to better integrate the irrigation and energy sectors, such as the prescription of energy
audits in modernization projects and the promotion of water-based sustainability indicators
in energy planning. Finally, the analysis revealed a number of institutional challenges for
future discussion. Those challenges include a water rights reform that capitalizes on
modernization efforts to conserve water, the participation of local stakeholders (eg,
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irrigation communities) in energy planning, and the effective promotion of a distributed
energy network within Spain and at the European level.

The interplay between modernization and energy intensification is not unique to
Spain. A number of Southern European and Mediterranean countries are facing similar
tradeoffs (Daccache et al., 2014). The Plan Bleu, issued by the regional center of the
United Nations Environmental Program, has shown that demand for water (domestic,
industrial, and irrigation only) in the Southern and Eastern Mediterranean countries will
rise from 150 km3/year in 2005 to 200 km3/year in 2025, while demand for electricity for
the same water uses and the same geographical area will rise from 20 TWh/year in 2005
to 200 TWh/year in 2025 (Bleu, 2009). This makes the irrigation sector in the region
particularly vulnerable to energy price increases. Not without reason, leaders from the
sector in a number of Mediterranean countries associated with the Euro-Mediterranean
Irrigators Community are considering joining Spanish irrigation communities in their
efforts to acquire energy collectively (iAgua, 2014).

The analysis of this chapter is limited to the irrigation sector and the understanding of
energy as an input for water extraction and allocation. This narrow focus facilitates the
tracing of the processes linking institutions, behavior, and outcomes. The nexus, however,
can also be studied from a “water for energy” approach (Hardy et al., 2012) and from the
perspective of value chains that involve multiple stages of water and energy production and
use (Villamayor-Tomas et al., 2015). Also irrigation is only one entry point to the nexus.
Other relevant entry points in Spain include issues associated with reservoir management
in the context of increased competition for water resources; discussions about the energy
implications of alternative water production systems (eg, desalination, urban waste water
treatment); the water implications of promoting biofuels; or the impact on water and en-
ergy availability from climate change and extreme weather events (Hardy and Garrido,
2012; Hardy et al., 2010). Further institutional analyses of the nexus from each of these
entry points shall contribute to a better understanding of challenges and opportunities of
integrated management.
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agrarias: el caso de la Comunidad General de Riegos del Alto Aragón. In: Paper Presented at the International

Conference on Regional Science, Zaragoza. http://www.reunionesdeestudiosregionales.org/Zaragoza2014/

htdocs/pdf/p1049.pdf.

Jordana, J., Levi-Faur, D., Puig, I., 2006. The limits of Europeanization: regulatory reforms in the Spanish and

Portuguese telecommunications and electricity sectors. Governance 19 (3), 437e464. http://dx.doi.org/10.1111/

j.1468-0491.2006.00325.x.

Karan, M.B., Kazda�gli, H., 2011. The development of energy markets in Europe. In: Financial Aspects in Energy.

Springer, pp. 11e32.

La Roca, F., 2011. Balance de la polı́tica de recuperación de los costes de los servicios del agua en el Estado Español,
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Mayor, B., López-Gunn, E., Villarroya, F.I., Montero, E., 2015. Application of a watereenergyefood nexus

framework for the Duero river basin in Spain. Water International 1e18. http://dx.doi.org/10.1080/02508060.

2015.1071512.

Miguel, M., 2015, 14 of June 2015. El Gobierno estrecha el cerco al autoconsumo eléctrico: las claves del nuevo
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1. INTRODUCTION

Biofuel production has increased in the past couple of decades with the aim of protecting
the environment and ensuring energy independence. In the United States, the Renewable
Fuels Standard Program was implemented to promote biofuel production through the
setting of blending targets and subsidies for biofuel production. The Energy Independence
and Security Act set the goal of producing 36 billion gallons per year of renewable fuel by
2022 (US Congress, House of Representatives, 2007). These policies have provided a
significant policy-driven demand for biofuel production (especially ethanol). In addition,
these policies have focused on the use of alternative biofuel feedstocks (eg, oilseeds,
cellulosic, etc.) to meet this higher biofuel demand, placing a demand on the agricultural
sector to help meet our energy needs.

The predominant biofuels used in the United States are ethanol and biodiesel. Ethanol
is mostly blended with gasoline, while biodiesel is blended with diesel or consumed
directly. In the United States, the main feedstocks are corn and soybeans for ethanol and
biodiesel production, respectively (Dufey and Grieg-Gran, 2006). Nevertheless, there has
been a recent a surge in ethanol produced from lignocellulosic feedstocks and other bio-
energy crops, such as corn stover, sorghum, and switchgrass (second-generation biofuels).

Significant growth in the biofuels industry can have both positive and negative envi-
ronmental effects. Biofuels produce lower carbon dioxide emissions than fossil fuels, but
expansion may put stress on land and water resources. Water is consumed at all stages of
biofuel production: at the agricultural level water is demanded for irrigation; at the industrial
level it is used in the cooling and drying processes; and water is present in the biofuel that
reaches the consumer. Feedstock production, at the agricultural level, impacts water supply
and scarcity because of irrigation demands, and water quality because of runoff and sedi-
mentation (Gramig et al., 2013; Service, 2009). At the industry level, water supply is

Competition for Water Resources. http://dx.doi.org/10.1016/B978-0-12-803237-4.00007-0

Copyright © 2017 Elsevier Inc. All rights reserved. 124

http://dx.doi.org/10.1016/B978-0-12-803237-4.00007-0


impacted because of its use in cooling and drying processes, while incorrect waste water
disposal impacts water quality.

There are measures that can offset the impact of biofuel production on water scarcity,
supply, and quality. In agriculture, best management practices and the adoption of water
efficient irrigation technologies can reduce water usage, while residue management
practices can reduce runoff and sedimentation (Gramig et al., 2013; Stone et al., 2010).
Water demand can be reduced by motivating biofuel production with feedstocks that
require less water, fertilizer, herbicides, and pesticides, such as switchgrass or sorghum
varieties. Water requirements can also be reduced by promoting feedstock cultivation in
areas with higher precipitation. Refineries can reduce water usage by using treated
municipal water or by recycling their own used water (Varghese, 2007).

This chapter provides a summary analysis of the various impacts of biofuel production
on water usage and scarcity in the United States along the biofuel supply chain. Consid-
eration is given to practices and policies that promote water conservation along the supply
chain. The goal of the chapter is to make readers aware of how biofuels’ expansion could
be promoted while being conscientious of its impacts on water.

2. BIOFUELS PRODUCTION AND AGRICULTURE

Since 2007, total US production of ethanol has doubled, producing more than 14 billion
gallons of ethanol a year (USDA, FAS, 2015). The United States is a large producer of
biodiesel as well. Growth in the biofuels industry has been driven by government
policies and has had a significant impact on the agricultural economy. This section
of the chapter examines the market for biofuel production and its linkages to the
agricultural sector.

2.1 Market Demand and Government Policy

The Renewable Fuel Standard (RFS) program, implemented by the US Environmental
Protection Agency (EPA), was created under the Energy Policy Act of 2005 and expanded
in the Energy Independence and Security Act of 2007. The RFS program obligates refiners
and importers of gasoline and diesel to blend renewable fuels into petroleum-based fuels,
heating oil, or jet fuel. Since 2007, the program sets yearly volume requirements for the
production of renewable fuels. The goal is to reach a yearly production of 36 billion
gallons of renewable fuel in 2022, more than doubling the 2012 level of production of
approximately 13 billion gallons (EPA, 2016a). The increased level of production is
mandated to be produced from cellulosic feedstocks, dedicated bioenergy crops, and other
“advanced” feedstocks as designated by the EPA (EIA, 2013; EPA, 2016a). At the time the
RFS was implemented, standard vehicles were thought to be unable to handle more than a
10% ethanol blend (E10) because of technological obstacles. Warranties issued by vehicle
and engine companies decline to cover damage to cars using higher levels of ethanol
blends (Schnepf, 2011). These technological obstacles served as a “blend wall,” limiting
demand for ethanol. Despite these barriers, further testing by the US Department of
Energy, indicates a 15% ethanol blend (E15) does not produce adverse effects. The EPA
has issued partial waivers for gasoline containing up to E15 (Schnepf and Yacobucci,
2013). This raises the possibility of the EPA revising ethanol mandates upward to include
E15. Such a policy change would increase demand for E15 and in turn ethanol (but
decrease demand for E85) (Zhang et al., 2010).
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A consequence of the RFS program is that ethanol acts as a complement to gasoline.
Luchansky and Monks (2009) found a positive relationship between ethanol and gasoline
prices, but this relationship may not hold for higher ethanol blends. Additionally, increased
E85 demand led to further investment in infrastructure for supplying E85 fueling stations
and increased use of flex fuel vehicles (Liu and Greene, 2014). Though ethanol demand is
constrained domestically, the export market offers a potential area of growth. Canada and
Brazil comprise the largest markets for American exports (Canada held 29.5% and Brazil
17.6% of US ethanol exports for the first 9 months of 2015) (Meyer and Paulson, 2014).
Outside of ethanol, biodiesel and aviation biofuel present substantial areas of additional
biofuel demand. Consumption of biodiesel increased from 10 million gallons in 2001 to
1.4 billion gallons in 2014 (EIA, 2016).

Apart from the RFS, the US government also seeks to promote biofuel research,
production, blending, and/or commercialization through market incentives. Production of
biofuels from feedstock other than corn is the focus of current policies, which include:

l biodiesel blenders receiving a tax incentive of $1 per gallon of biodiesel blended with
petroleum diesel (Biodiesel Mixture Excise Tax Credit);

l second-generation biofuel producers being eligible to receive up to $1.01 per gallon of
second-generation biofuel (Second Generation Biofuel Producer Tax Credit);

l advanced biofuels producers receiving payments to support their production
(Advanced Biofuel Production Payments);

l loan guarantees for biorefineries that produce renewable fuels from a biomass other
than corn kernel starch (Advanced Biofuel Production Grants and Loan Guarantees);
and

l incentives for farmers to produce and deliver biomass feedstock to biofuel production
facilities (Biomass Crop Assistance Program) (DOE, 2016).

This focus on other types of feedstocks could reduce pressure on water if the policy
implemented aims at feedstocks with lower water requirements.

2.2 Market Supply and Biofuel Production

Corn-based ethanol production increased by 3 billion gallons between 1993 and 2003.
With the implementation of the RFS in 2005, ethanol production rapidly increased by over
10 billion gallons between 2005 and 2011. Consumption followed the same pattern. In
comparison, biodiesel production increased from 900 million gallons in 2005 to just over
1 billion gallons in 2013. Table 1 provides an overview of production of ethanol and
biodiesel by feedstock in the United States. Again the table shows that corn and soybean
are the dominant feedstocks for producing biofuels.

The geographic distribution of ethanol plants, biodiesel plants, and integrated bio-
refineries is varied. Most ethanol plants are located in the “Corn Belt” states of Iowa,
Nebraska, Minnesota, and Illinois. Biodiesel plants, on the other hand, are less
clustereddwith North Carolina, Texas, Iowa, and California having a large number of
plants (Fig. 1). Integrated biorefineries (mainly pilot facilities able to convert a large range
of bioresources) are lesser in number and more spread out. Among ethanol plants, there is
also diversity in the use of noncorn feedstocks.

In Kansas, four out of the 12 plants can produce ethanol from grain sorghum, while in
Colorado, one out of the four plants uses waste beer as a raw material for ethanol
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production. Other raw materials used by ethanol plants shown in Fig. 1 are cheese whey,
beverage waste, sugarcane, barley, wood waste, and waste sugar (NREL, 2014). Larger
ethanol plants have, on average, a 120 million gallon capacity per year, while smaller
plants have, on average, a 5 million gallon capacity per year. Biodiesel plants produce
from 30,000 to 100 million gallons per year. Integrated plants, which use agricultural

TABLE 1 Total Biofuel Production in the United States By Year and by Type of

Feedstock

Fuel Feedstock

US Production

(Million Gallons) Year Sources

Ethanol Corn 14,659 2015 USDA (2016a)

Sorghum, wheat, barley,
and brewery waste

>450 2009 Schnepf (2011)

Cane sugar 1.5 2009 Schnepf (2011)

Second generation 110 2015 USDA (2016a,b)

Biodiesel Soybean oil 1240 2015 USDA (2016b)

Other vegetable oils <10 2011 Schnepf (2011)

Recycled grease <10 2011 Schnepf (2011)

FIGURE 1 Location of biodiesel plants, ethanol plants, and integrated biorefineries in the continental

United States. Adapted from National Renewable Energy Laboratory (NREL), 2014. The Biofuel Atlas.

https://maps.nrel.gov/bioenergyatlas/. Map created using ArcGIS software by Esri. ArcGIS and

ArcMap are the intellectual property of Esri and are used herein under license. Copyright © Esri. All

rights reserved. For more information about Esri software, please visit www.esri.com.
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waste, algae, and energy crops as feedstock, have a capacity of producing 1e25 million
gallons per year (NREL, 2014).

2.3 Agriculture and Feedstock Production

There are a number of biofuel feedstock categories (Table 2). Traditional feedstocks for
producing ethanol and biodiesel include cereal grains, such as corn and grain sorghum, and
oilseeds, such as soybean, sunflower, canola, and rapeseed. Advanced biofuel feedstocks
have primarily included cellulosic sources for producing ethanol, but these include
advanced feedstocks for producing biodiesel and related products as well. These feed-
stocks comprise other oilseeds, agricultural residues, annual bioenergy crops, perennial
bioenergy crops, and other sources such as sugarcane and algae.

In the United States, farmers reacted to the increased demand for corn for ethanol
by increasing the total number of acres planted (Wallander et al., 2011). In 2001,
75 million corn acres were planted, increasing to a peak of 93.5 million acres in 2007.
From 2008 to 2011, acres planted trailed off until rising to a new high of 95 million
acres in 2013. Since 2010, about 5 billion bushels of harvested corn are used for pro-
ducing ethanol per year, representing approximately 40% of total US corn production.
Soybean production rose from 74 million acres in 2001 to 83 million acres in 2014. The
amount of soybean oil that goes toward biodiesel production has doubled since 2010,
from 2.8 billion pounds to 4.7 billion pounds, 25% of total US production in 2016
(USDA, 2016b).

Farmers have also significantly altered their production practices from 2000 to 2009,
switching from more diverse crop production to corn and soybean monocropping. Also,
during this period, double cropping (ie, planting two crops in 1 year) became increasingly
more common (Wallander et al., 2011). This specialization in production can place
additional pressure on traditional and marginal cropland and associated natural resources
(Wright and Wimberly, 2013).

3. WATER USAGE IN BIOFUEL AND FEEDSTOCK
PRODUCTION

Water is a scarce resource in the areas of the United States where biofuel feedstock and
biofuel production predominantly take place. Biofuel crops are irrigated with 2% of all the
water withdrawn for irrigation worldwide (De Fraiture et al., 2008). This section of the
chapter examines the linkages between water usage and biofuel feedstock and biofuel
production along the biofuel supply chain in the United States.

3.1 Brief Overview of Water Use for Agriculture
in the United States

In 2010, the top three water uses in the United States were for thermoelectric production
(49%), irrigation (31%), and industrial manufacturing purposes (15%). The remaining 18%
of water usage was split between public supplies, domestic use, aquaculture, mining, and
livestock (Maupin et al., 2014). Irrigation water use includes freshwater irrigation in agri-
culture and horticulture, as well as water used in the irrigation of parks, cemeteries, nurseries,
golf courses, and other areas. Water used for irrigation in agriculture includes water used
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TABLE 2 Biofuel Feedstock and Water Usage

Feedstock

Type Feedstock Sources

Primary Biofuel

Product

Water Usage for

Irrigated Production

Cereal grains Corn
Grain sorghum

Ethanol Corn:
14 in./acrea

Grain sorghum:
13 in./acreb

Soybeans e Biodiesel 10 in./acrec

Other oilseeds Rapeseed and canola,
safflower and
sunflower

Biodiesel
Heat oil
Aviation biofuel

Canola: 10e12 in./acred

Sunflower: 12 in./acred

Agricultural
residues

Corn stover, wheat
straw, sorghum stover

Cellulosic ethanol e

Annual
bioenergy
crops

Rotational crops:
Corn silage
Forage sorghum,
energy sorghum

Cellulosic ethanol Corn silage:
26 in./acree

Forage sorghum:
15 in./acref

Perennial
bioenergy
crops

Switchgrass
Miscanthus

Cellulosic ethanol Switchgrass: 20 in./acreg

Miscanthus:
30 in./acreh

Sugarcane e Ethanol Sugarcane:
43 in./acrei

aKansas State University Agricultural Experiment Station and Cooperative Extension Service, 2007. Corn
Production Handbook. C-560, Manhattan, KS, September.
bKansas State University Agricultural Experiment Station and Cooperative Extension Service, 1998. Grain
Sorghum Production Handbook. C-687, Manhattan, KS, May.
cAnderson, M., 1994. Agricultural Resources and Environmental Indicators. Washington, DC. US
Department of Agriculture, Agricultural Handbook AH-705, December.
dAiken, R.M., F.R. Lamm, Aboukheira, A.A., 2011. Water use of oilseed crops. In: Proceedings of the
23rd Annual Central Plains Irrigation Conference. http://water.columbia.edu/files/2011/11/
Aboukheira2011Water%20Use.pdf.
eBean, B., Marsalis, M., 2012. Corn and sorghum silage production considerations. In: High Plains Dairy
Conference. http://amarillo.tamu.edu/files/2010/11/CornandSorghumSilageProduction
Considerations.pdf.
fNewman, Y.J. Erickson, W. Vermerris, Wright, D., 2010. Forage Sorghum (Sorghum bicolor): Overview
and Management. University of Florida: IFAS Extension. https://edis.ifas.ufl.edu/pdffiles/AG/AG34300.
pdf.
gKansas State University Agricultural Experiment Station and Cooperative Extension Service, 2011.
Kansas Switchgrass Production Handbook. Manhattan KS, November.
hUS Department of Agriculture, 2011. Planting and Managing Miscanthus as a Biomass Energy Crop.
National Resources Conservation Service. Technical Note No. 4. http://www.nrcs.usda.gov/Internet/
FSE_DOCUMENTS/stelprdb1044768.pdf.
iCarr, M.K.V., Knox, J.W., 2011. The Water Relations and Irrigation Requirements of Sugar Cane (Sac-
charum officinarum): A Review. Experimental Agriculture 47: 1e25.
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for preirrigation, crop cooling, field preparation, frost protection, chemical application, and
harvesting. In 2010, more acres were irrigated than in 2005: 62.4 million acres compared to
61.5 million acres, respectively (Maupin et al., 2014). Arid western states displayed higher
irrigated water application rates.

3.2 Water Usage Across the Biofuel Production Supply Chain

Water is consumed in all stages of the biofuel production supply chain, illustrated in Fig. 2.
The supply chain can be subdivided into water used by (1) the agricultural sector, (2) the
biofuel industry, and (3) consumers.

At the agricultural level, the production of feedstock requires water as an input, which
comes from irrigation or from rainfall. Irrigated water is withdrawn from either ground-
water or surface water sources. Whether from rainfall or irrigation, only some of the water
is absorbed by the feedstock, the rest being lost through evapotranspiration; as runoff into
water bodies; or through the soil. Runoff can carry excess fertilizer and pesticides into
surface or underground water sources, possibly compromising water quality. This in turn
can cause the growth of excess algae, their decomposition, and consequential consumption
of oxygen in the water, creating “dead zones” where fish cannot live (NRC, 2008). Runoff
can be reduced with practices that improve fertilizer application efficiency by considering
each crop’s requirements and with residue management practices. The water that is
absorbed by the plant or lost through evapotranspiration is called “consumptive use,”
having no reuse during one hydrologic cycle (Fingerman et al., 2010). Evapotranspiration
rates vary across biofuel feedstocks.

Biofuel refineries use water for heating, cooling, and drying. This water is usually
withdrawn from wells or surface water sources. During ethanol production some water is
lost through steam and evaporation (NRC, 2008), but part of the water used by ethanol
refineries can be recycled and reused. The two main waste streams from ethanol production

 

Impacts water quality 

Feedstock 
Production 

Biofuel Production Biofuel Use 

Irrigation Rainfall 

Runoff Erosion 

Industrial Use 

Pollution 

Impacts water scarcity  

Agriculture Industry Consumer 

Re-cycling 

FIGURE 2 Water usage across the biofuel supply chain. Adapted from Fingerman, K.R., Torn, M.S.,

O’Hare, M.H., Kammen, D.M., 2010. Accounting for the water impacts of ethanol production.

Environmental Research Letters 5 (1), 1e7.
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are the discharge of salts from cooling towers and boilers and brine effluent from pro-
cessing of pure water (NRC, 2008). In contrast to agriculture, the amount of water a re-
finery needs for ethanol production is independent of its location.

King and Webber (2008) provide estimates for water usage per mile driven for light-
duty vehicles. Ethanol and biodiesel from irrigated feedstocks have an average water
consumption and withdrawal of 28e36 gallons/mile for corn and 8e10 gallons/mile for
soybeans (King and Webber, 2008). Another impact of water use in biofuels is with the
blending with other fuels consumed. For example, a higher presence of ethanol in gasoline
sold enhances the dissolution of the fossil fuel, such that in the event of fuel spills, toxic
compounds from the fuel may reach further distances, impacting water quality in a larger
area (NRC, 2008).

3.3 Water Usage in Feedstock Production

Water is a valuable input in crop production. In 2007, 40% of the value of US agricultural
production came from irrigated farms (Schaible and Aillery, 2012). Irrigation demand is
dependent on location, atmospheric conditions, and crop growth stage (Wu et al., 2009).
The majority of irrigation occurs in the states where the average yearly precipitation is
below 20 in. (Maupin et al., 2014). Out of the major biofuel feedstocks, corn is the most
likely to come from irrigated land.

The impact of biofuel feedstock production is not limited to water use. Feedstock
production requires fertilizers, herbicides, and pesticides. Given that the amount applied of
these inputs is not totally absorbed by the crop, the remainder can be carried away by
runoff into surface and groundwater sources. As mentioned earlier, elevated nitrogen
runoff can result in “dead zones,” which have occurred where the Mississippi River
empties into the Gulf of Mexico and the Chesapeake Bay in Virginia (NRC, 2008).
Increased biofuel feedstock production with higher rates of input usage may pose further
water quality risks in the future.

Water requirements for and impacts on water from biofuel feedstock production are
feedstock specific. For example, runoff containing excess herbicides and pesticides is less
likely from fields planted to soybean than corn, since corn production requires higher
amounts of fertilizer and pesticide (NRC, 2008). Even lower application rates are required
for native grasses, which can serve as a cellulosic biofuel feedstock.

3.3.1 Corn Grain

Corn ethanol production impacts water availability when produced in states that require
supplemental irrigation (eg, Nebraska, Kansas, and other states in the Midwest and High
Plains) (Stone et al., 2010). The impact on water scarcity has become more significant with
the expansion of corn production into areas that were traditionally used for dryland
farming (Barton and Clark, 2014). In the High Plains, the main supply of water for
agricultural uses is the Ogallala Aquifer, located beneath 45 million hectares spanning
eight states. Since the Ogallala recharges slower than the rate of water withdrawals, there
has been a decline in water tables across the aquifer over time (Stone et al., 2010). Around
70% of the corn grown in the United States requires 10e17 L of total water (rainfall plus
irrigation) to produce 1 L of ethanol from corn (Wu et al., 2009). Growing 160 bushels of
corn per acre in Nebraska requires approximately 25 in. of water. Thus each cubic meter of
corn used for ethanol needs 1553 m3 of water (Stone et al., 2010). Given the low amounts
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of rainfall in the western United States and on the High Plains, when corn prices are high,
there is a strong economic incentive to irrigate corn to increase yields and crop revenue.

The majority of irrigation in agriculture goes to corn production: 15.4 million acre-feet
annually (Barton and Clark, 2014). Demand for irrigation water for corn has increased,
primarily because of an increase in land used to grow corn. Additionally, 87% of irrigated
corn is grown in areas under water stress: Nebraska, Kansas, California, Colorado, and
Texas (Barton and Clark, 2014). The majority of ethanol plants are concentrated in the US
Corn Belt, a region with mainly rain-fed corn. Corn production in rain-fed areas (eg, states
of Iowa, Indiana, Illinois, Ohio, Missouri, Minnesota, Wisconsin, and Michigan) requires
less water per kilogram of corn produced, 3e6 L (Wu et al., 2009). Taking 2014 as an
example, 5.2 billion bushels of corn went into the production of ethanol, equating to water
requirements of approximately 814 million acre-inches of water (using the water
requirements from Nebraska).

While the states in the Corn Belt may not be situated in areas with very high water
stress (with the exception of maybe Nebraska and parts of Kansas) they are located in an
area with high nitrogen pollution from agriculture (Barton and Clark, 2014). Expansions of
corn production in these states could exacerbate existing problems, given the high appli-
cation rates of fertilizer and pesticides for corn (NRC, 2008).

3.3.2 Grain Sorghum

Grain sorghum or milo is another crop that has been used for ethanol production, primarily
in Kansas. Over 6.4 million acres of grain sorghum were harvested in 2014, amounting to
433 million bushels of production (USDA, 2015). Grain sorghum is a desirable crop,
highly resistant to drought and can withstand water logging better than other cereal crops.
In addition, sorghum varieties have been known to thrive better on marginal lands than
other cereal crops (Saballos, 2008). Reduced water and input use by sorghum has made
the EPA consider sorghum an approved advanced biofuel feedstock when combined with
other greenhouse gas-reducing technologies (Schill, 2012).

3.3.3 Soybean and Other Oilseeds

The United States produces around a third of the world’s soybean. Among the oilseed
crops, soybean contains a small amount of oil (18%), in comparison to canola or rapeseed
(40%), but still remains the largest feedstock for biodiesel production in the United States
(Hay, n.d.). Production of biodiesel from oilseeds is under heavy competition as demand
for vegetable oils has increased in recent years, limiting biodiesel consumption to about
5% of petroleum diesel fuel consumption (Van Gerpen, 2007). A potential alternative
oilseed that shows promise is rapeseed. Stephenson et al. (2008) show, using life cycle
analysis, that production of biodiesel from rapeseed may provide greater reductions of
greenhouse gas emissions compared to low sulfur diesel alternatives. Pimentel and Patzek
(2005) explain that soybean can yield (without nitrogen) up to 2668 kg/ha and it takes
5556 kg of soybean to produce 1000 kg of oil. This amounts to about 484 kg/ha of oil from
soybean. In contrast, canola or rapeseed can yield upward of 3000e4000 kg/ha, producing
1345e1794 kg of oil per hectare (Herkes, 2014). Thus more hectares of soybean are
needed to produce 1000 kg of oil than that of canola or rapeseed.

Soybean is often rotated with corn, although rotations with wheat, sorghum, and
other crops are common. In 2012, 14% of all irrigated acres were planted to soybean,
representing the second largest irrigated cash row crop in western states where water is
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scarcer (Schaible and Aillery, 2015). The amount of water required for soybean pro-
duction, in comparison to corn production, depends on soil and climate. For instance,
corn grown in the Pacific and Mountain regions needs less irrigation than soybean grown
in the same areas. A reversed situation exists in the Northern and Southern Plains
(Wu et al., 2009).

3.3.4 Agricultural Residues

Wood and agricultural residuals can be used to produce cellulosic ethanol, including corn
stover and cobs, sorghum stover, wheat straw, among others. Much of the available agri-
cultural and crop residues are located in the Great Plains, Midwestern United States, and
along the Mississippi River. The removal of crop biomass during or after harvest may
provide a farmer with an additional revenue source, but it may also have negative side
effects, such as a decrease in soil organic matter (SOM) and an increase in runoff rates
(USDA, NRCS, 2014a). Decreased soil organic matter or increased runoff rates can lead to
immediate and long-term costs to farmers.

When crop residues are removed for sale, producers are reducing the amount of SOM
that will be present in the future. One consequence is reduced water-holding capacity or
water infiltration rates (USDA, NRCS, 2014a). Water-holding capacity refers to the amount
of water stored in soils that is available for crop use (Currel, 2011) and water infiltration
refers to the portion of water that makes its way into the subsurface soil and rock (USGS,
2016). Simultaneous reductions in both water-holding capacity and infiltration are likely to
compound the overall impact on crops. A reduction in SOM reduces access to nutrients for
plants in the soil as well (USDA, NRCS, 2014a). If organic matter is diminished, farmers
may have to increase applied fertilization rates to compensate.

Runoff is another potential consequence of residue removal. Runoff from rain or snow
melt can cause erosion resulting in several negative impacts, including further reductions in
SOM (Pimentel et al., 1995). Pimentel et al. (1995) suggest that eroded soil (sediment carried
away by runoff) typically contains about three times more nutrients than the soil left behind.
Additionally, as water runoff increases, less water enters the soil, leaving less for future crop
use. Studies indicate that runoff rates of 20e30% can create significant water shortages
(Pimentel et al., 1995; Elwell, 1985). In addition, runoff can carry sediment, nutrients, and
pesticides into water bodies impacting local biodiversity and water quality.

3.3.5 Dedicated Annual Bioenergy Crops

Dedicated annual bioenergy crops provide a potentially flexible alternative cash crop for
farm managers that can be grown in traditional crop rotations. For example, sweet, energy,
or forage sorghum varieties may serve as annual bioenergy crops. There are several ad-
vantages to these crops: production of high amounts of biomass, drought tolerance, and the
ability to be included into existing crop rotations (Calvino and Messing, 2012). For
example, sweet sorghum may be an ideal feedstock for biofuel. It is more drought tolerant,
requires 36% of the fertilizer used in corn, grows rapidly, and matures early (Stone et al.,
2010). For biofuel production, it has been reported in some sorghum varieties that sugar
and starch content may be higher in stems that are under drought stress than in stems under
well-watered conditions, resulting in equal sugar yield despite reductions in plant growth
caused by drought conditions. Sorghum crops have large root systems that can obtain
nutrients and water even in poorer soils, making them more robust in marginal conditions
(Saballos, 2008).
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3.3.6 Switchgrass and Other Dedicated Perennial Bioenergy Crops

Dedicated perennial bioenergy crops (eg, switchgrass, miscanthus, and perennial grasses)
have distinct advantages and disadvantages. These crops may require a longer-term
commitment by the farmer and require up to 2e3 years to become fully established.

Switchgrass, for instance, needs relatively low amounts of water and nutrient inputs to
be productive, making it a good choice to plant on marginal land (Sanderson and Adler,
2008). It yields from 4.5 to 8 tons per acre without irrigation (Wu et al., 2009) and a ton of
switchgrass can produce from 65 to 90 gallons of ethanol (DOE, 2001). The plant can
withstand drought periods at the cost of yield reductions (Holman et al., 2011). Net water
consumed in the production of switchgrass ethanol ranges from 1.9 to 9.8 gallons of water
to 1 gallon of ethanol. Switchgrass has the advantage that it is deep rooted and uses water
and nutrients more efficiently than other biofuel feedstocks (Wu et al., 2009). Furthermore,
switchgrass can have positive effects on soil erosion and provide numerous environmental
benefits.

3.4 Water Usage in Biofuel Production

Biofuel plants use less water than the agricultural sector (Varghese, 2007). Although water
consumption at the industrial level is lower, it can still have a local impact as biofuel plants
are spatially more concentrated than feedstock production (Fingerman, 2012). In the
production of corn ethanol, water is distributed among heating (3%), cooling (53%),
and drying (42%) processes and production of the coproduct, distillers dried grains with
solubles (2%) (Wu et al., 2009)

Corn ethanol in the United States can be produced from wet mill or dry grind pro-
cesses. The production of second-generation ethanol is similar to that of corn ethanol,
though more complex. Water consumption occurs through evaporation, incorporation into
the final product, water discharge, and blow-down from the boiler. Corn ethanol consumes
up to 324 L of water to produce 1 L of ethanol, while ethanol produced from switchgrass
requires 1.9e9.8 L of water to produce a liter of ethanol (Wu et al., 2009). The
biochemical conversion of switchgrass technique needs 9.8 L of water while the thermo-
chemical conversion using gasification requires 1.9 L of water (Wu et al., 2009). Thus
refineries require pure water for the production of biofuels, which can be withdrawn from
wells (groundwater) or surface water. Generally, a water permit is required (NRC, 2008).

4. WATER CONSERVATION STRATEGIES AND OPTIONS
ACROSS THE BIOFUEL SUPPLY CHAIN

How biofuel production will impact water resources depends greatly on the type of
feedstock produced and the location of its production. Table 3 provides a measure of the
water requirements for the production of different feedstocks and its conversion to biofuel.
The impact of biofuel production on water use can be reduced by implementing various
techniques at the agricultural and industrial levels.

The impact on water from biofuel feedstock production can be lessened in several ways
at the agricultural level. Among these are methods that conserve irrigation water, prevent
erosion, increase fertilization efficiency, and utilize precision agriculture tools. By incor-
porating such strategies, producers can harvest feedstocks with less concern over exposure
to water-based risks. Multiple practices can help increase water use efficiency. Subsurface
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drip irrigation, rainfall harvesting, use of reclaimed water, and microwave remote sensing
to monitor soil moisture and weather are just a few options available (NRC, 2008).
Techniques that require fewer underground water withdrawals leave more water available
long term compared to techniques that lower surface water withdrawals (NRC, 2008). The
importance of such tradeoffs is likely to vary, perhaps both geographically and between
individual farmers.

There are many approaches to combat erosion impacts on water. Conservation buffers
or the use of conservation tillage such as no-till or strip-till, for example, are all effective in
reducing erosion and sediment runoff. In the case of conservation tillage practices, policies
such as the use of incentive payments have been available since 1985 and are credited with
decreasing annual cropland erosion from 2.98 billion tons annually in 1982 to 1.67 billion
tons in 2012 (USDA, 2015). Other options to combat erosion include focusing production
on feedstocks that require less irrigation, fertilizer, and pesticides and provide better
protection against erosion or produce higher amounts of biofuel per planted acre.

The primary focus of this section will be on the agricultural sector, given its pre-
dominance in the quantity of water used along the biofuel supply chain, but strategies and
policies will be discussed at the industrial level as well.

4.1 Irrigation and Water Conservation

Chiu et al. (2009) estimate that a liter of ethanol requires from 5 to 2138 L of water. This
estimation is from the farm to the pump and varies depending on the irrigation practices used

TABLE 3 Water Requirements for Feedstock Production and for Biofuel

Production

Crop

Water Requirements

(m3 Water/Mg Crop)

Biofuel Conversion

(L Fuel/Mg Crop)

Crop Water

Requirement for

Biofuel (m3 Water/

Mg Fuel)

World corn
(grain)

833 409 2580

World
sugarcane

154 334 580

Nebraska corn
(grain)

634 409 1968

Corn stover 634 326 2465

Switchgrass 525 336 1980

Grain sorghum 2672 358 9460

Sweet sorghum 175 238 931

Adapted from Stone, K.C., P.G. Hunt, K.B. Cantrell, Ro, K.S., 2010. The potential impacts of biomass

feedstock production on water resource availability. Bioresource Technology 101, 2014e2025.

Water Use Along the Biofuel Supply Chain Chapter j 2.2.1 135



on the farm. The authors find that water conservation measures in biofuel production should
focus on reducing irrigation amounts instead of on the water usage at the biorefinery level.

Precision agriculture technologies, particularly with respect to field operations and
input use, have made vast improvements in farmers’ efficiency. These technologies involve
applying the right product in the right place in the right amount at the right time (Ess and
Morgan, 2010), enabling producers to maximize production and minimize costs
(McBratney et al., 2005). Applying the correct amount of water in the right parts of a field
saves water, prevents runoff, and minimizes pumping costs (Howell, 2001). However,
farmers have been slow to adopt precision technologies because of variations in farm type,
size, technology cost, and uncertainty in terms of returns to the technology (Evans et al.,
2013; Schoengold and Sunding, 2014; Lichtenberg et al., 2015).

In general, site-specific water application has become more widely available, but has
not yet been widely adopted because of high marginal costs (Evans et al., 2013). Thus it
has been used primarily to reduce water on noncropped areas. Water conservation from
precision technologies will come from not watering noncropped areas. To do this, irri-
gation systems will need to be programmed to water only cropped areas and to apply only
the amount needed by the crop (Sadler et al., 2005). In addition, applying proper water
amounts based on soil types will reduce the potential for runoff, which is especially
important when chemicals or fertilizers are applied through the irrigation system (Basso
et al., 2013). Adoption should increase as restrictions on “wasteful” water use continue to
mount, but a positive return will need to be seen before widespread adoption occurs.
Farmers using best management practices are more likely to adopt precision irrigation
technology since they are more likely to recognize its environmental and economic
benefits (Pannell et al., 2006; Lambert et al., 2015).

In 2005, water use for irrigating crops in the United States was about 128 billion gallons
per day (U.S. Geological Survey, 2015), falling to 115 billion gallons per day by 2010
(Maupin et al., 2014). Reductions in water use for irrigation can be attributed to more precise
application practices. Drip irrigation, for instance, can reduce water use by 20e30%
compared to sprinkler-type irrigation systems (EPA, 2016b). However, the adoption of these
systems is slowed by water pumping prices, crop type and returns, and land characteristics
(Green et al., 1996). In addition, low-pressure systems (eg, drip technology) are more
likely to be installed on perennial crops than on annual crops (Schoengold and Sunding,
2014). To make adoption more feasible, drip irrigation may need to be combined with
other technologies. For example, drip irrigation systems can be coupled with soil
moisture sensors, which determine the soil moisture required by various crops, to reduce
water use.

A primary driver for the adoption of any technology is cost. Farmers investing in drip
irrigation must consider the large fixed costs (Schoengold and Sunding, 2014). Other
factors affecting adoption include farm size, operator education, percentage of income
from production, characteristics of sensor-based irrigation systems, reductions in pro-
duction loss, improvements in product quality, irrigation efficiency, and irrigation man-
agement (Lichtenberg et al., 2015). Low expected input prices positively affect the
likelihood of a producer adopting precision irrigation technology, while increased vari-
ability in profits and risk aversion negatively affect adoption (Schoengold and Sunding,
2014). As mentioned, the size of an agricultural operation can impact the likelihood of
adoption. Large grain and oilseed farms in the Midwest and Great Plains are more aware of
precision technologies (Daberkow and McBride, 2003).
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The US Department of Agriculture’s (USDA) Natural Resources Conservation Service
offers cost-share for irrigation technologies. The Conservation Stewardship Program will
help farmers install more efficient irrigation systems or provide cost-share assistance to
farmers to begin or continue the use of variable rate technology. The payment is limited to
$40,000 per year and may not exceed $200,000 over the period 2014e18. The Agricultural
Management Assistance Program also provides cost-share assistance to construct wind-
breaks and to improve irrigation efficiency, water quality, and conservation through the use
of conservation practices that control soil erosion in states with low participation in federal
crop insurance (USDA, NRCS, 2014c).

4.2 Residue Management Strategies

Half the sediment that reaches waterways comes from soil erosion (NRC, 2008). This can
negatively impact water quality. An increased demand for the production of biofuel crops
could also mean a reduction in the amount of land enrolled in environmental programs
such as the USDA’s Conservation Reserve Program. These negative indirect impacts
indicate the need for producers to consider the use of residue management strategies when
using agricultural residues as an input for biofuels.

When putting together a residue management strategy, there are multiple practices that
can be incorporated to limit or offset the impacts of residue removal. Some estimates suggest
that the removal of 30% of residues has little to no impact on runoff or soil loss under no-till
scenarios (Andrews, 2006; Lindstrom, 1986). This suggests conversion to a no-till operation,
where the soil surface is not disturbed by tillage implements or cultivation except for
planting and fertilization. The main benefits are protection from wind and water erosion.
Cover crops, grown in rotation between regular cash crop production periods to provide soil
protection and improvements, can be used as an alternative to or in conjunction with these
practices (Sullivan, 2003). Only harvesting a portion of the available crop residue is another
strategy (Anand et al., 2011). These practices can be used alone or in a suite of practices.

The adoption of these residue management practices will have an impact on water use,
soil productivity, and water quality. By leaving some crop residue on a field’s surface, a
producer will avoid decreases in soil organic matter and protect the soil surface from wind
and water erosion (USDA, NRCS, 2014a,b). Organic matter has a “sponge-like” charac-
teristic that allows it to hold up to 90% of its weight in water being released later for crop use
(USDA, NRCS, 2014a,b). A case study by Anand et al. (2011) indicates that it may be
possible to balance economic returns and ecosystem services when harvesting stover for
biofuels. Using data from research farms in Minnesota and assuming a biomass price of
$50 per dry ton, they estimate a farmer can maximize profit at $164.73 per acre by adopting
no-till and harvesting 81% of available corn stover. Particularly noteworthy is that this
maximum profit was attained when supplemental nitrogen was not added. Within each of the
scenarios considered, the economic objective was to maximize profits while maintaining
minimum residue and soil organic content requirements. These results suggest that it may be
possible for farmers to profitably remove biomass with limited environmental impacts.

4.3 Water Conservation and Biofuel Production

The amount of water needed to produce a gallon of biofuel varies depending on the
feedstock used (NRC, 2008). Considering the top producing states of ethanol and/or

Water Use Along the Biofuel Supply Chain Chapter j 2.2.1 137



biodiesel, the amount of water consumed annually was estimated, assuming full production
capacity (Table 4). For example, Iowa, with the highest ethanol production capacity and
second highest biodiesel production capacity, would require 16.7 billion gallons of water
annually to produce 4.0 billion gallons of ethanol and 285 million gallons of biodiesel. In
terms of the United States, 62 billion gallons of water per year would be needed to produce
14 billion gallons of ethanol and 2.1 billion gallons of biodiesel.

A biofuel refinery’s location is of importance when considering the impact of biofuels
on water. Plants located in the states on the High Plains aquifers (eg, Nebraska and Kansas)
consume potentially over 9 billion gallons of water per year (Table 4). While this amount
may only represent 1% of the total daily withdrawals for all purposes, it nevertheless puts a
strain on water resources that are being pumped at higher rates than the recharge rate
(NRC, 2008). Thus the location of the plant poses a concern, particularly in areas where

TABLE 4 Water Use in Ethanol and Biodiesel Production for Top Producing

States in the United States

State

Total Operating

Capacity (Millions

Gallons/Year)a
Water Consumption

(Millions Gallons/Year)b

Ethanol Biodiesel Ethanolc Biodieseld Total

Iowa 3968 285 15,872 855 16,727

Nebraska 1897 3 7588 9 7597

Illinois 1384 196 5536 588 6124

Minnesota 1129 125 4516 375 4891

South Dakota 1019 e 4076 e 4076

Indiana 936 120 3744 360 4104

Ohio 528 65 2112 195 2307

Wisconsin 506 29 2024 87 2111

Kansas 479 3 1916 9 1925

North Dakota 360 85 1440 255 1695

Texas 205 315 820 945 1765

Missouri 256 195 1024 585 1609

Washington e 107 e 321 321

Mississippi e 85 e 255 255

US Total 13,966 2087 55,864 6261 62,125

aUSDA, 2015.
bNRC, 2008.
cEstimate based on consumptive water use of 4 gallons of water per gallon of ethanol.
dEstimate based on overall water use of 3 gallons of water per gallon of biodiesel.
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water is drawn from confined and scarce sources (eg, the Silurian-Devonian, Cambrian-
Ordovician, and Ogallala aquifers). A plant with a capacity of 100 million gallons per
year requires an amount of water equivalent to the water supply of a town of around 5000
inhabitants (NRC, 2008). Apart from water consumption, wastewater discharge maybe a
local concern. Aden (2007) argues that many ethanol plants have little wastewater
discharge because they recycle the processed water by using a combination of centrifuges,
evaporation, and anaerobic digestion.

Although an ethanol plant may require less water than feedstock production, it can
generate a local problem because of water consumption needs. Water has become a barrier
to the installation of ethanol plants. For instance, a plant owned by Cargill, Inc. in Pipe-
stone, Minnesota, could not be supplied with the water they needed from the Lincoln
Pipestone Rural Water System (Keeney and Muller, 2006). Water used for distillation can
be reduced by producing broths highly concentrated with ethanol or through alternative
technologies such as pervaporation. During the cooling process, water usage can be
reduced further by using forced-air fans (Aden, 2007).

Wu et al. (2009) report that since the 1990s the amount of water needed to produce a
gallon of ethanol has decreased. In fact, a database maintained by the state of Minnesota
shows that from 1998 to 2005 there was a reduction by 20% of the water used by corn
ethanol plants. Water use can be decreased by using techniques that optimize the pro-
cess, such as capturing the vapor from the dryer for reuse and recycling the broiler
condensate to reduce its make-up rate (Wu et al., 2009). Furthermore, modern plants can
treat municipal waste water for use in the production, which reduces the need to pump
water from the ground. This also makes it suitable to locate plants closer to cities and
near wastewater treatment plants (Keeney and Muller, 2006).

4.4 Water Conservation Policies

To reduce the impacts of biofuel production on water resources, current policies focus on
motivating biofuel production from feedstocks that require less water, promoting adoption
of efficient water use technology and conserving environmentally sensitive areas.

4.4.1 Agricultural and Land Use Policies

Financial and technical assistance is provided to agricultural producers willing to implement
conservation practices through the Environmental Quality Incentive Program (EQIP). Pro-
grams that provide financial assistance or payments for agricultural practices that promote
water conservation and water use efficiency are especially important, since under 10% of
farms with irrigation use advanced on-site water management decision tools. Examples of
these tools include sensing devices for soil or plant moisture, services to schedule irrigation,
and computer-run crop growth simulation models (Schaible and Aillery, 2012). EQIP
financial assistance programs can be coupled with other institutional water management
measures, such as groundwater management, water markets and Conservation Reserve
Enhancement Program land easements (Schaible and Aillery, 2012).

4.4.2 Industry-Related Policy

At the industrial level, refineries require a permit to discharge waste water. Under the
National Pollutant Discharge Elimination System firms request permits from the state that
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allow them to discharge total dissolved solids, acidity, iron, residual chlorine, and total
suspended solids (NRC, 2008). The impacts of biofuel production on water could be
reduced by implementing subsidies that motivate water reuse or recycling.

5. CONCLUSION

Water is scarce. Biofuel production has expanded significantly because of strong gov-
ernment policies aiming for reduced carbon and greenhouse gas emissions, as well as
ensuring US energy security. Nevertheless, an increase in biofuel production has an impact
on the use of and quality of water. Thus water conservation and protection must be
considered when making biofuel production decisions and policy.

The RFS program has stimulated biofuel production by mandating production
levels for alternative biofuels to be met by 2022. This has increased the demand for
biofuels causing significant impacts in agricultural markets and on natural resources,
including water. In addition, there is pressure on the production of alternative feed-
stocks to serve as an input for advanced biofuel production. The production of these
feedstocks and the continuation of biofuel production from traditional feedstocks place
pressure on existing water resources as the demand for irrigation continues to increase
and agricultural biomass is removed from fields for cellulosic biofuel production. To
cope with this increased pressure, a number of strategies for conserving water and
increasing water use efficiency were presented.

The production of biofuels from agricultural residuals presents an opportunity to in-
crease water use efficiency at the agricultural level. This production though must be
conducted sustainably because agricultural residuals, such as corn stover, have the benefit
of protecting the soil, reducing erosion, improving water use efficiency, and reducing
runoff from agricultural fields. The temptation to remove all crop cover as a value-added
income stream for biofuel production may have adverse impacts on water use and water
quality. Further options for water conservation include the use of more efficient irrigation
technologies, crop rotations with drought-tolerant feedstock varieties, and policies pro-
moting water conservation strategies. At the industrial level, refineries could be motivated
toward the use of waste water and water recycling. Through all these mechanisms, water
use and demand may decrease, with the added benefit of further protecting the integrity of
our ground and surface water sources.

The impact of biofuel production on water does not imply that biofuel production
should be hindered. But it is important to be conscious of its impacts on water supply and
quality to promote policies and strategies to guide biofuel feedstock production, bio-
refinery locations, and the adoption of water conservation practices to protect this scarce
natural resource, ensuring its use for future generations.
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Chapter 2.2.2

Water Use for Biofuels in Europe

D. Drabik, T.J. Venus
Wageningen University, Wageningen, The Netherlands

1. INTRODUCTION

By providing tax credits and tax exemptions and by introducing minimum blending re-
quirements for biofuels, the United States and the European Union embarked on promoting
the use of biofuels (ethanol and biodiesel) in the early 2000s.1 Many other countries,
including Canada and India, followed. The United States and the European Union
implemented their biofuel policies with the objective of reducing greenhouse gas emissions
and dependence on imported oil in the transport sector; promoting the security of energy
supply by increasing domestically produced energy; promoting technological development
and innovation; and providing opportunities for employment and regional development in
rural and isolated areas.

The European Union is an important producer and consumer of biofuels in the world
market. Fig. 1 presents the production of ethanol (the solid line) and biodiesel (the dashed
line) in the EU-28 in the period 2002e2013. While the production of both biofuels was
increasing up until 2010, biodiesel production has been significantly higher for two main
reasons: biodiesel targets were higher compared to the ethanol targets and the consumption
of diesel (with which biodiesel is blended) has historically dominated gasoline con-
sumption. Germany, France, and the Netherlands are the leading biodiesel producers
(European Biodiesel Board, 2015).

Although a debate on the effects of biofuels on food commodity prices has been going
on for a few years, a debate on water use for production of biofuels appears far less
intensive. This is striking as biofuel production and water use are intimately connected
through agricultural crops that serve as feedstock for first-generation biofuels (ie, biofuel
produced from crops that are also used for food production).

More generally, agriculture is the major source of nitrogen pollution of European water
bodies, including lakes, rivers, groundwater, and the European seas (European Environ-
ment Agency, 2015). More intensive agricultural crop production in the European Union
because of higher food commodity prices (caused in part by biofuel policies) and limited
land expansion potential aggravates this pollution even more. The agricultural sector also
accounts for a large proportion of water use across Europe, particularly in southern

1. Biofuels were produced also before 2000, but at a much smaller scale.
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countries where the importance of irrigation means that agriculture can account for as
much as 80% of total water use in some regions (European Environment Agency, 2009).

Therefore the objective of this chapter is to provide a closer look at the nexus of
biofuels and water use in the European Union, especially from an economic point of view.
We focus on first-generation biofuels, as these are currently predominantly produced. Since
water use to process feedstock into biofuel is comparatively smaller than the amount of
water used during the cultivation of biofuel feedstocks, we focus on the latter.

We argue that technical indicators of water efficiency in biofuel production that ignore
market-mediated effects (through prices) of biofuel policies can lead to misleading esti-
mates of water consumption for biofuel production. To solve this issue, one needs to
calculate not only how much water corresponds to a unit of energy delivered to the market,
but also by how much demand for agricultural crops will decline in response to higher food
commodity prices.

We find that by determining the dominant biofuel type (biodiesel), EU energy policies
essentially determine the domestic water use in biofuel production and also affect water use
in the main biofuels (feedstock) import markets. From an economic point of view, water is
one of many inputs used to produce biofuel feedstocks and biofuels. Therefore if properly
priced, water codetermines the efficiency of biofuel production; that is, if externalities of
water use are properly internalized into the price of water, they will also be taken into
account as a weight on the water input to influence the cost of biofuel production.

To better understand the driving forces of EU biofuel production, in the next chapter
we discuss the main EU biofuel policies.
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FIGURE 1 Production of biofuels in the EU-28. Note: Eurostat data in 1000 tonnes of oil equivalent

(toe). 1 toe¼ 39,683,207.2 British thermal units (BTUs), 1 L of ethanol ¼ 20,103.503 BTUs, and 1 L of

biodiesel¼ 31,251.569 BTUs. Eurostat, 2015b. Primary Production of Renewable Energy by Type.

Reproduced from http://ec.europa.eu/eurostat/tgm/refreshTableAction.do?tab¼table&plugin¼1&pcode¼
ten00081&language¼en.
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2. EU BIOFUEL POLICIES

The policies governing the production and consumption of biofuels in the European Union
are complex. The complexity has three main dimensions. First, biofuel production and
consumption are regulated by the Renewable Energy Directive (RED) (Directive 2009/28/
EC) and the Fuel Quality Directive (FQD) (Directive 2009/30/EC). Second, EU biofuel
policies are shaped by three EU institutions: the Commission, the Parliament, and the
Council. In addition, a number of pro- and antibiofuel lobby groups are active in (re)
designing biofuel policies. For example, many EU biodiesel producers are associated in the
European Biodiesel Board; ePURE represents the European renewable ethanol industry;
and Copa-Cogeca, representing European farmers and their cooperatives, supports the
production of first-generation biofuels. On the other hand, nongovernmental organizations
such as Transport and Environment or Greenpeace are against land-based (ie, first-
generation) biofuels. Third, although the EU directives state general objectives to be
achieved and principles to be followed at the EU level, the actual implementation of the
biofuel legislation differs across the 28 EU Member States (Table 1).

Large-scale biofuel production in the European Union started only after May 2013,
when the EU Parliament and the Council passed Directive 2003/30 on the promotion of the
use of biofuels for transport. The objectives of this Directive were to replace diesel and
gasoline in the transportation sector to contribute to (1) meeting the EU climate change
commitments, (2) achieving environmentally friendly security of energy supply, and (3)
promoting renewable energy sources. Directive 2003/30 set an indicative target of 2% by
2005 for each Member State for the share of energy coming from biofuels and other
renewable fuels in the total energy of fuels used in the transportation sector; the Directive
also stipulated a target of 5.75% by 2010.

It is important to notice that the targets in Directive 2003/30 were (and to this date are)
expressed as energy shares, as opposed to volumetric shares used in other countries (eg, the
United States or Brazil). Most importantly, however, the targets were not binding, which is
indicated by Article 4 of the Directive: “Where appropriate, Member States shall report on
any exceptional conditions in the supply of crude oil or oil products that have affected the
marketing of biofuels and other renewable fuels.” This article implies that as long as a
Member State was able to explain why a lower energy share of biofuels had been achieved,
no consequences followed. Illustrating the nonbinding character of the target, the share of
biofuels in total transportation fuels in the European Union reached 1.65% in 2006 and
4.05% in 2010 (USDA, 2010). Furthermore, 22 out of 27 EU Member States failed to
achieve their target for 2010 (European Commission, 2013).

Another big milestone in the development of EU biofuel policies was the year 2009
when the RED and the FQD became EU laws. The RED requires (among other things) that
by 2020 at least 10% of the total energy consumed in the EU transportation sector comes
from renewable sources. Although it is expected that the lion’s share of the target will be
met by biofuels, other renewable sources of energy (such as renewable electricity) can also
be counted. Unlike Directive 2003/30, the RED explicitly uses the term “mandatory
target,” although it does not specify any enforcement mechanisms.

Although the RED stipulates an overall blend target (ie, ethanol and biodiesel com-
bined, bar the tiny share of other renewable energy sources), each Member State specifies
its own trajectory to achieve the overall 10% goal by 2020 and can set ethanol- and
biodiesel-specific submandates.

Another important piece of legislation affecting the production and consumption of
biofuels in the European Union is the FQD of 2009. The FQD addresses the reduction in
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TABLE 1 Minimum Biofuel Consumption Target in Energy Content for 2014

Overall

Target

(%)a

Ethanol

Target

(%)a

Biodiesel

Target

(%)a

Gasoline

Consumption

(million liters)b

Diesel

Consumption

(million

liters)b

France 7.57 7.00 7.70 619.7 2589.4

Poland 7.10 336.5 722.9

Slovenia 7.00 44.6 102.5

Sweden 6.41 3.20 8.78 244.8 303.3

Germany 6.25 2.80 4.40 1617.6 2524.3

Finland 6.00 128.8 196.0

Lithuania 5.80 3.34 6.45 19.3 85.2

Austria 5.75 3.40 6.30 143.5 451.7

Denmark 5.75 122.8 185.4

Portugal 5.50 105.5 303.6

Netherlands 5.50 3.50 3.50 363.8 510.3

Belgium 5.09 2.66 5.53 109.7 544.5

Ireland 4.94 109.1 184.7

Bulgaria 4.94 3.34 5.53 40.7 112.3

Hungary 4.90 4.90 4.90 109.7 164.0

Romania 4.79 3.00 5.53 116.6 280.8

Luxembourg 4.75 30.1 143.4

Czech
Republic

4.57 2.73 5.53 144.7 290.2

Slovakia 4.50 2.73 6.27 51.7 109.5

Italy 4.50 772.4 1735.2

Malta 4.50 6.8 7.9

Spain 4.10 3.90 4.10 429.1 1669.1

United
Kingdom

3.90 1236.8 1924.4

Greece 2.64 260.6 165.4

Croatia 2.06 55.3 96.1

aBiofuels barometer (2014).
bEurostat (2015a), consumption data for 2013.
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life cycle greenhouse gas emissions of transportation fuels by 6% by the year 2020 as
compared to 2010. With respect to biofuels, it specifies criteria that need to be met for
biofuels to count toward the mandatory consumption targets.

Perhaps the most important of these criteria is a requirement that biofuels should save
at least 35% of greenhouse gas emissions compared to fossil fuels they are to replace. This
threshold increases to 50% on January 1, 2017. Moreover, from January 1, 2018 the saving
shall be at least 60% for biofuels produced in plants that started production on or after
January 1, 2017. It is important to note, however, that these specified greenhouse gas
emissions savings do not take into account carbon emissions from land use change, a topic
that gave rise to a heated debate on biofuels in the European Union after 2012.

Moreover, the FQD allows imports of biofuels or biofuel feedstocks only from
countries that have ratified important international conventions such as the Convention on
International Trade in Endangered Species of Wild Fauna and Flora, the Cartagena Pro-
tocol on Biodiversity, or conventions of the International Labor Organization.

The food commodity price booms of 2008 and 2011 and the intensifying “food versus
fuel debate” have been an impetus for the reform of the EU biofuel policy. In October 2012,
the European Commission proposed to reform the EU biofuel policy (represented by the
RED and FQD directives).2 The Commission has assigned indirect land use change (ILUC)
factors to different biofuels but failed to account them for the climate performance of bio-
fuels. Thus the ILUC factors are used only for reporting purposes. In recognition of adverse
inflationary effects of first-generation biofuels on food commodity prices, the Commission
proposed to cap the use of these biofuels to 5% of energy. Environmentalists, such as
Transport and Environmentda Brussels-based environmental organizationdopposed this
proposal as it did not mean complete abolition of biofuels produced from food crops.

The reshaping of the EU biofuel policy continued in July 2013 when the European
Parliament’s Environmental Committee voted for the inclusion of the ILUC factors into the
RED and for capping all first-generation biofuels at 5.5% of energy. Later in September
2013 the European Parliament voted to cap the first-generation biofuels at 6% and placed a
2.5% minimum requirement to be achieved by 2020 for advanced (third-generation) bio-
fuels from, for example, seaweed or certain types of waste (European Parliament, 2013). In
June 2014 the Council of energy ministers decided to cap the use of land-based biofuels to
7% and to put a 0.5% floor on advanced biofuels.3 After long discussions, the EU Parlia-
ment finally approved the Council’s proposal on April 14, 2015. These policy developments
will have long-term implications for water use in biofuel production in the European Union
as they cap the use of land-based biofuels, the production of which requires significant
quantities of water.

Besides biofuel policies, water protection regulations also affect the biofuelsewater
nexus in the European Union. This we discuss next.

3. WATER PROTECTION REGULATIONS IN THE EUROPEAN
UNION

The Water Framework Directive (WFD) (Directive 2000/60/EC) is the key regulation that
protects water resources in the European Union. It is the first directive to consider not only

2. http://ec.europa.eu/clima/policies/transport/fuel/docs/com_2012_595_en.pdf.

3. http://gr2014.eu/sites/default/files/indirect%20land-use%20change_1.pdf.
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water quality, but also quantity (Chave, 2001). This is important because biofuel production
imposes significant changes in the amount of water used. To improve the quality of natural
waters in individual EU Member States, the main objectives of the WFD are to (1) prevent
any further deterioration of water bodies, (2) protect and enhance the status of aquatic
ecosystems and associated wetlands, (3) promote sustainable water consumption, and (4)
contribute to the mitigating effects of floods and droughts. One of the priority issues of the
WFD is the adoption of industry-specific measures since in many cases water pollution was
caused by specific types of industry that were much more significant in the context of their
impact on water quality than others.

The RED, which stipulates mandatory consumption targets for biofuels, also spec-
ifies biofuel sustainability criteria that include water use. For example, biofuels are only
counted toward the consumption target if they were not made from raw material obtained
from wetlands, namely, land that is covered with or saturated by water permanently or for
a significant part of the year. In addition, the RED requires each Member State to esti-
mate the biofuel production impact on water resources and water quality (among other
indicators) within its territory.

The economic implication of these two directives is that they partially internalize
negative externalities related to water use in biofuel production, thus bringing the water price
closer to water’s social marginal costs. The negative externalities related to water use for
biofuels include, for example, over use of water in some areas because of irrigation or
pollution of groundwaters with fertilizers because of intensive production of biofuel crops.

Since most water in biofuel production is used during the cultivation of biofuel
feedstock, and because a type of feedstock is determined by the type of biofuel, we now
look into the main biofuel crops produced in the European Union.

4. BIOFUEL TARGETS AND FEEDSTOCK USE IN THE
EUROPEAN UNION

Table 1 summarizes the minimum biofuel consumption targets (in energy terms) of
selected EU Member States for the year 2014 as reported by the Biofuels barometer.
France has the highest target of 7.57 energy percent, while Croatia is at the bottom of the
list with 2.06%. Observe that most Member States also specify minimum ethanol and
biodiesel submandates. For example, Germany requires that ethanol constitutes at least
2.8% of energy of motor gasoline fuel (ie, gasoline blended with ethanol), and the
requirement for biodiesel is 4.4%. Notice, however, that these are minimum requirements
since the overall target for Germany is 6.25 energy percent.

Comparing the mandates in the second and third columns of Table 1, we see that of
the Member States that have biofuel-specific mandates, a majority (save for the
Netherlands and Hungary) favor biodiesel. Because percentages can be misleading if the
corresponding bases to which they relate differ, we present the 2013 quantities of gas-
oline and diesel consumed in the last two columns. (The 2014 Eurostat data were not
available at the time of writing.) A higher relative consumption of diesel to gasoline in all
EU Member States (except for Greece) puts even more weight on the higher percentage
biodiesel submandates. This has an additional effect on the quantity of biodiesel in that it
is higher than ethanol. The specification of submandates has important implications for
water use as biodiesel feedstocks have different water balances compared to ethanol
crops.
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Most biofuels currently used in the European Union are derived from crops that can
also be used for food production. The main crops processed into first-generation ethanol
are wheat, corn, barley, and sugar beet. Wheat is mainly used for ethanol in northwestern
Europe, including the United Kingdom. Corn is mainly used in Central Europe and Spain,
whereas barley and rye are processed in Germany, Sweden, Poland, and the Baltics.
Germany, France, and the Czech Republic derive ethanol also from sugar beet. Wine and
wine by-products are important in regions of Italy (USDA, 2014).

Rapeseed oil has been the dominant biodiesel feedstock in the European Union; in
2013 it accounted for 58% of total biodiesel production (USDA, 2014). Palm oil is the
second most important biodiesel feedstock used in the Benelux, Spain, Germany, Italy, and
Finland. It has gained popularity because of its lower price compared to other feedstocks.
However, the use of palm (and soybean) oil in conventional biodiesel is limited because of
technical issues related to the iodine value of the fuel.4 Soybean oil has primarily been used
in Spain, France, Italy, and Portugal. After Austria, Denmark, Finland, France, Germany,
Ireland, the Netherlands, and the United Kingdom introduced double-counting of biodiesel
produced from used cooking oil, the use of this (recycled) feedstock has increased.
Because the demand for biodiesel feedstock in the European Union exceeds the supply, the
feedstock is imported either in its unprocessed form (soybeans and rapeseed) and is
crushed domestically, or it is imported directly as vegetable oil (approximately 1.5 million
metric tons) (USDA, 2014).

Fig. 2 depicts the area under the main crops used for biofuel production in the EU-28.
Wheat leads the list with almost double the area of barley and triple that of corn. The area
under rapeseed cultivation is comparatively smaller and soybean area is close to zero. The
relatively small areas of oilseeds compared to ethanol crops explain the excess demand for
biodiesel feedstock that needs to be imported. The figure also shows long-term stability of
areas under individual crops, which indicates that the growth in food crop commodity
prices in 2008 and 2011 did not affect the relative prices among commodities (de Gorter
et al., 2015).

The revision of the EU RED has seen a cap on the use of the first-generation biofuels,
thus encouraging the introduction of second-generation biofuels. A 2012 proposal of the
EU Parliament and the Council5 suggested that biofuel produced from the following
feedstocks be considered at twice their energy content: used cooking oil, animal fats,
nonfood cellulosic material, lignocellulosic material except saw logs and veneer logs. In
addition, the proposal also lists a set of biofuel feedstocks that are to be counted four
times their energy content toward the mandate: algae, biomass fraction of mixed
municipal and industrial waste, straw, animal manure and sewage sludge, palm oil mill
effluent and empty palm fruit bunches, tall oil pitch, crude glycerin, bagasse, grape marcs
and wine lees, nut shells, husks, cobs, bark, branches, leaves, saw dust, and cutter
shavings.

In the next section, we investigate how feedstocks for first-generation biofuels perform
in terms of water use.

4. Iodine value is an important parameter describing oil, fat, as well as biodiesel characteristics. Heated

fuels with a high iodine value tend to polymerize and form deposits on engine nozzles, piston rings

and piston ring grooves.

5. http://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri¼CELEX:52012PC0595&from¼EN.
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5. TECHNICAL INDICATORS OF WATER EFFICIENCY IN
BIOFUEL PRODUCTION

Most water use related to biofuel production occurs during the cultivation of biofuel
feedstock (de Vries et al., 2010). We therefore focus on this stage. We look at two possible
criteria that measure water intensity of biofuels and their feedstocks: the virtual water
content (VWC) and the water productivity of biofuels (WPB). It should be noted that these
technical criteria often used in scientific literature do not take into account commodity
market prices and are only partial indicators of water use efficiency as they are unable to
reflect other market effects (eg, competition for land). We will discuss an economic
evaluation of efficiency of biofuel production in Section 6.

The VWC of a product is defined as the volume of water used to produce the product
(eg, a crop), measured at the place where it was actually produced (Chapagain and
Hoekstra, 2004, 2007). With respect to biofuels it means the total quantity of water needed
to produce a metric ton of a biofuel feedstock (eg, corn or rapeseed). The upper part of
Table 2 presents estimates of virtual water contents for the main biofuel feedstocks in
selected EU Member States.6 The VWC varies significantly both across feedstocks and
among Member States, reflecting different technological and climatic conditions in
cultivation. For feedstocks, sugar beet exhibits the lowest, while rapeseed tends to have the
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6. We do not present values for soybeans as their production in the European Union is very low, and

more so in individual Member States.
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highest VWC. The pattern is more blurred across Member States, with the VWC in some
Member States being a multiple of others (eg, compare wheat in Italy and Slovakia).

The last row of Table 2 presents the gross energy content (ie, unadjusted for the energy
input) of biofuels derived from a metric ton of feedstocks. The gross energy content is
independent of where the feedstock is produced. Interestingly, the variation in the gross
energy content per ton of biofuel feedstocks is much lower than for the VWC. The only
exception is sugar beet that yields only 2.61 GJ of ethanol per metric ton. However, this
energy “disadvantage” is accompanied by a significantly lower VWC of the crop. To see
how much water is needed to produce one GJ of biofuels, one needs to divide the VWC of
a crop by the corresponding energy content reported in the last row of Table 2. Then, for
example, for corn and sugar beet in Germany we obtain 44.2 m3/GJ (¼442/10) and
29.5 m3/GJ (¼77/2.61), respectively. Thus, considering only the gross energy yield of a
feedstock, the VWC to produce 1 GJ is lower for sugar beet than for corn in Germany.

TABLE 2 Virtual Water Content and Energy From Select Biofuel Feedstocks

Wheat Corn Barley Sugar Beet Rapeseed

VWC in m3/tona

Austria 981 357 967 60 1341

BelgiumeLuxembourg 1168 597 1237 108 1841

Czech Republic 1180 564 1248 93 1395

France 895 482 886 63 1390

Germany 757 442 826 77 1128

Greece 1213 706 1112 121 NA

Hungary 556 666 637 94 539

Italy 2421 530 1822 117 5095

Netherlands 619 408 718 65 1182

Romania 759 1271 758 190 718

Slovakia 465 646 584 88 382

Spain 1227 646 1070 113 3284

Ukraine 720 1362 894 218 664

United Kingdom 501 NA 650 56 876

Energy of biofuel/ton
of feedstockb (GJ/ton)

10.17 10 10.2 2.61 11.7

VWC, virtual water content; NA, not available.
aChapagain and Hoekstra (2004).
bMekonnen and Hoekstra (2010).
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Although informative, the two measures presented in Table 2 provide little guidance as
to what biofuel feedstock could be appropriate (ignoring market prices) if a country has
limited availability of water resources to use in biofuel production. It is because the amount
of energy used to produce the feedstock is omitted. A more suitable measure is the water
productivity of biofuels (WPB). deVries et al. (2010) define this productivity measure as
the amount of net biofuel energy (ie, deducting the energy needed to produce a biofuel)
that is produced using 1 m3 of water lost through evapotranspiration.

de Vries et al. (2010) examine a number of studies to estimate the mean value of the
WPB. Their results are summarized in Fig. 3. Biofuel production from oil palm, sweet
sorghum, and sugarcane appear relatively water efficient given how much net energy of
biofuels is associated with 1 m3 of water used. Intriguingly, sugar beet and rapeseed also
perform relatively well. Sugar beet is characterized by a high (fresh) biomass production
per volume of water consumed (about double that of sugarcane). However, net energy
production of sugar beet ethanol is relatively low because of consumption of large
quantities of fossil fuels during processing, while energy required for sugarcane processing
is mostly supplied by crop residues (bagasse). Although a metric ton of rapeseed requires
significant quantities of water (Table 2), it does at the same time exhibit a favorable net
energy yield of 9.1 GJ per ton of processed rapeseed, resulting in a relatively high WPB.

Now we are in a position to evaluate the effects of increased EU biofuel consumption
on total water use in EU agriculture. The values in Table 1 suggest that the consumption of
biodiesel in the European Union is higher relative to ethanol for two reasons. First, EU
Member States mandate higher shares of biodiesel than ethanol, and second, the con-
sumption of diesel in the European Union has historically been greater than the

FIGURE 3 Water productivity of biofuels by feedstock. Modified after de Vries, S.C., van de Ven,

G.W.J., van Ittersum, M.K., Giller, K.E., 2010. Resource use efficiency and environmental performance

of nine major biofuel crops, processed by first-generation conversion techniques. Biomass and

Bioenergy 34, 588e601.
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consumption of gasoline. Combining the observed feedstock use pattern of ethanol (wheat,
corn, and sugar beet) and biodiesel (rapeseed and palm oil) with the water productivity of
individual feedstocks in Fig. 3, we come to a conclusion that for a given overall biofuel
mandate, water use for biofuels decreases with a higher share of biodiesel. The implication
of this finding is that if the European Union wants to achieve a 10% share of renewable
energy in total transportation energy consumption, and at the same time minimize biofuels-
related water use, the blending submandates for biodiesel should increase faster relative to
the ethanol submandates.

The earlier conclusion is based on the comparison of the observed biofuel consumption
pattern with a counterfactual where ethanol exhibits a higher share. No attention was paid,
however, to where the feedstock for the increased biofuel consumption comes from. Fig. 2
shows a stable area under the main biofuel crops in the European Union over time. The stable
area of biofuel crops implies unchanged water use for biofuels produced from domestic EU
feedstock. However, because of growing biofuel consumption and stable production of do-
mestic feedstock, the difference has to be covered by imports of biofuels or feedstocks (to be
processed in biofuels or human consumption). Therefore whether the growing EU biofuels
consumption increased or decreased, overall water use depends on the change in the area of
biofuels feedstock in the rest of the world.

The imported palm oil is the second most used biodiesel feedstock in the European
Union. Because of the favorable water productivity of oil palm relative to other feed-
stocks (Fig. 3), the additional acreage of oil palm in other countries (mostly Indonesia
and Malaysia) could have decreased water use, but only if the crops that otherwise would
have been grown in those places were more water-intensive. The net effect is therefore
ambiguous because of the EU biofuel policy-induced indirect land use changes
(Zilberman et al., 2011; Khanna et al., 2012), and thus cannot be determined a priori
without an empirical analysis.

Because these (partial) water efficiency measures do not take into account market
prices of biofuels and of their inputs, in the following section we advance a way to
incorporate these important market characteristics into the assessment of efficiency of
biofuel production.

6. A COMPREHENSIVE WAY TO ASSESS THE EFFICIENCY
OF BIOFUEL PRODUCTION

To illustrate how to include market effects of biofuel policies to avoid misleading estimates
of water consumption for biofuel production, we focus on biodiesel produced from
rapeseed oil. Unlike corn and wheat, which are directly processed into ethanol, rapeseed
needs to be crushed first, yielding oil and meal. The oil is then processed into biodiesel.
Because the two-stage biodiesel production process would complicate our graphical
exposition, in the left panel of Fig. 4, we directly present supply of rapeseed oil, SRO, that is
linked to the underlying rapeseed supply curve. Depicted in the left-hand panel is also the
demand for nonbiodiesel oil, DNBRO, used, for instance, in human consumption.

If biodiesel were not produced, the intersection of the oil supply and demand curves
would determine the oil price denoted by PNB, with the subscript NB denoting non-
biodiesel. Suppose the oil price increases above PNB, for example, because of biodiesel
production. Then the quantity of oil supplied exceeds the quantity demanded for non-
biodiesel use and the excess supply of oil is diverted to biodiesel production. In Fig. 4 this
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is depicted in the right-hand side panel where the curve SB is derived as a horizontal
difference between the SRO and DNBRO curves in the left-hand panel. Point b on the bio-
diesel supply curve then corresponds to the price PNB in the left-hand panel. Because the
measurement units in both panels differ, the prices and quantities need to be properly
converted. Specific equations linking the rapeseed and biodiesel market can be found in
Drabik et al. (2014).

One implication of Fig. 4 is that the intercept of the biodiesel supply curve is never at
zero, meaning that there is always a positive shutdown price for the industry. Another
implication has to do with the relative magnitude of the shutdown price and the free market
biodiesel price.

The free market biodiesel price is the price that biodiesel producers would receive if
consumers were free to choose a fuel (ie, biodiesel or diesel in our case) based on the
number of kilometers a vehicle could travel per unit of a respective fuel, and if no biofuel
consumption subsidy (a tax credit or a tax exemption) were provided. Mathematically, this
price can be written as (Drabik, 2011)

P�
B ¼ gPD �ð1� gÞt; (1)

where g ¼ 0.91 denotes kilometers traveled per liter of biodiesel relative to diesel;7 PD

denotes the diesel market price, and t denotes the fuel tax. The biodiesel price that
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FIGURE 4 Economic efficiency of biofuel production.

7. Calculated as the ratio of the energy content of a liter of biodiesel (31251.6 BTUs, British thermal

units) and a liter of diesel (34210.3 BTUs). The actual relative kilometers traveled per liter of both

fuels might differ slightly from this ratio because there is not a one-to-one correspondence between

energy of fuel and the distance it yields (consider, for example, different driving styles or varying

weather conditions during a year).
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consumers are willing to pay is lower than the price of diesel for two reasons. First,
consumers are willing to pay only 91% of the price of diesel per liter of biodiesel because
of fewer kilometers traveled per liter of biodiesel relative to diesel. Second, there is a
penalty on blenders because of the volumetric fuel tax. Consumers are willing to pay a fuel
tax only on biodiesel that is proportional to its kilometers per liter, gt, but blenders have to
pay the full tax, t. Therefore the difference (1eg)t represents the penalty on biodiesel
(reflected in lower biodiesel market prices) because of the volumetric fuel tax. The penalty
increases in countries with high fuel taxes and hence makes the production of biodiesel less
attractive.

The relative position of the biodiesel free market price and the intercept of the
biodiesel supply curve is an empirical issue and depends on the prevailing diesel price
and the fuel tax as well as on the relative position of the rapeseed oil supply and
demand curves. As Fig. 4 shows, when the free market biodiesel price is below the
intercept of the biodiesel supply curve, free market would not support biofuel pro-
duction. Intuitively, the fossil fuel (diesel) is less expensive than the alternative product
(biodiesel).

This has important welfare implications because if biodiesel production does occur
because of biofuel policies (eg, the EU Member States’ biodiesel targets), then part of the
biofuel policy price premium (ie, the difference between the observed and free market
biofuel prices) is not effective in increasing the biofuel production; it just fills up the gap
between PNB and P�

B. Using the jargon of international economics, de Gorter and Just
(2008) term this gap “water” in the biofuel price premium.8 This means that within the
range of “water,” a biofuel policy has no effect on feedstock prices. Alternatively, “water”
can be thought of as representing the waste of societal resources because diesel (fossil fuel)
is less expensive and yet production of more costly biofuel is incentivized through biofuel
policies.

Although the economic term “water” (as a measure of policy inefficiency) might be
confusing in the discussion of liquid “real” water use for biofuel production, we show that
it is useful in explaining why (liquid) water use should not be taken as the key indicator of
efficiency of biofuel production.

Consider again the rapeseed oil supply in the left panel of Fig. 4. It is derived directly
from the rapeseed supply curve that reflects the (private) marginal production costs
associated with rapeseed production. In theory, the marginal cost curve encompasses the
competition for land use among crops (eg, wheat or corn vs. rapeseed or soybean); the
effects of biofuel policies; and, last but not least, the actual water use in rapeseed pro-
duction. It is important, however, that water be priced properly so that its true cost is
reflected in the social marginal cost of feedstock production. It then follows that water is
but one of many components that determine the position of the intercept, and therefore also
the level of “water” (ie, the economic term).

Therefore to determine which biofuel is more efficient to produce and from which
feedstock, one needs to estimate the level of “water” for every biofuelefeedstock pair and
then choose the one with the lowest “water” levels. This is an empirical question left for
further research.

8. International economics literature uses the term “water” in an import tariff to represent the dif-

ference between bound (ie, the highest permitted) and applied (ie, actual) duties.
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7. CONCLUSIONS

Water is a key input into production of agricultural crops that are later processed into
biofuels. As global consumption of biofuels gradually increases and water becomes scarcer
(and more so in different parts of the world), the nexus between biofuels and water be-
comes more important. In this chapter, we have looked at water use for biofuels in Europe.
We have focused on the first-generation biofuels, as these are currently predominantly
produced in the European Union, and particularly on the water used during the cultivation
of biofuel feedstocks since the amount of water for processing feedstock into biofuel is
comparatively smaller.

We find that most EU Member States mandate higher shares of biodiesel relative to
ethanol, thus favoring the former. In addition, facing a lower fuel tax, diesel consumption
in the European Union has historically been advantaged over gasoline. As a result, more
diesel is being consumed in each EU Member State (except for Greece), thus reinforcing
the need for biodiesel (as the percentage target applies to a larger base). This implies that
by determining which biofuel will be dominant in the European Union, the EU energy
policies essentially determine the domestic water use in biofuel production. We show that
for a given overall biofuel mandate, water use for biofuels decreases with a higher share of
biodiesel.

Because the EU demand for biodiesel is short of supply, many Member States import
the biofuel feedstock or biodiesel directly from abroad. This means that EU energy policies
also have repercussions for water use in other countries of the world, depending on where
biofuels are imported from and the feedstock used. However, since the European Union as
a whole is currently consuming only about a half of the 10% target for 2020, and because
imports of biofuels (in various forms) play an important role in biofuel consumption, one
can expect that EU biofuel consumption will exert even greater pressure on global water
use.

Unlike previous scientific literature that determines the efficiency of biofuel production
based on partial and mutually disconnected indicators that ignore commodity market prices
and market interactions, we stress a holistic economic approach. From an economic point
of view, water is one of many inputs used to produce a biofuel feedstock and later a
biofuel. Therefore if properly priced (which is likely not the case now), water codetermines
the efficiency of biofuel production, but there is no reason to assume that all factors should
have the same weights (eg, as in de Vries et al., 2010); the importance of individual inputs
is determined by (correct) market prices.

We stress that technical indicators of water efficiency in biofuel production that ignore
market-mediated effects (through prices) of biofuel policies can lead to misleading esti-
mates of how much more water is needed because of biofuel production. That is to say, one
needs to mechanically calculate not only how much water corresponds to a unit of energy
delivered to the market, but also by how much demand for agricultural crops will decline in
response to higher food commodity prices.

Finally, dwindling resources of fossil fuels suggest that consumption of biofuels in the
European Union will not vanish but is likely to increase over time. So what is the way
forward with respect to water use in this scenario? The recent reform of the EU biofuel
policies that capped the consumption of first-generation biofuels at 7% of energy is one
avenue. Another is improvement of productivity and development of crops with a lower
water use; this would improve the efficiency of biofuel production from a water-efficiency
perspective. The development of plant cultivars, for example, through a more intensive
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exploitation of biotechnology, that would require less water, produce higher yields, or be
drought resistant would improve the water efficiency of biofuel production as well (eg,
Hochman et al., 2008).
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WatereEnergy Nexus and
Environmental Aspects of
Oil and Gas Production
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1. INTRODUCTION

Water and energy are inextricably linked (Fig. 1). Energy production with modern tech-
nology cannot be conducted without water as an input in the process and is also one of the
by-products (produced water). Energy is also needed for water acquisition, transport, and
treatment. Energy and power production requires water (eg, hydropower and oil and gas
extraction). Additionally, water production, processing, and distribution require pumping,
conveyance systems, and treatment. The United States is in the midst of an energy boom
with no near term end in sight. Domestic production of natural gas has increased
dramatically over the past 5 years (Energy Information Administration, 2014). Similarly,
domestic production of oil has also increased because of tight oil (shale) production,
particularly in North Dakota and Texas. This increase in energy production has resulted in
relatively low and stable prices, reduced imports, increased exports, increased jobs, and
increased tax revenues. It has also resulted in increased water usage and a myriad of costly
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FIGURE 1 Water and energy production are intimately linked. Adapted from http://www2.epa.gov/

hfstudy.
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problems, especially for local communities. Water use has increased in part because it
takes up to 10 million gallons per well in some locations to hydraulically fracture a well
over a period of several days (Murray, 2013). While water usage for energy production is
significantly less than most uses (agriculture, drinking water, other industrial uses), it is an
additional use and can have an adverse impact on local water supplies in areas that are
experiencing drought conditions.

Local conflicts may occur where water is withdrawn from small streams, under drought
conditions, and where aquifers are already being depleted by irrigation for agriculture.
Fig. 1 sets the stage for what is discussed in this chapter. While it is not the intent of the
authors to focus on the hydraulic fracturing process itself, the reader will better understand
the water-related issues if they have a sense of the process and how important water is to
that process.

The technology of hydraulic fracturing and its policy implications go beyond the focus
on water. While the primary focus for this chapter is water, some tangential issues will at
least be noted and discussed briefly. An outline of the various issues related to hydraulic
fracturing is seen in Fig. 2.

1.1 Historic Perspective on Boom and Bust

The United States, particularly the western United States, has a long history of boomebust
cycles including the following:

l Gold and silver mining
l Metal mining
l Oil and coal production

Technology and policy implications
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FIGURE 2 Technology and policy implications.

WatereEnergy Nexus Chapter j 2.2.3 161



l Potash and other mineral mining
l Real estate speculation
l Unconventional oil and gas production

Historically, the main problem with these cycles is the lack of fundamental planning
for sustainable development in communities where these cycles are occurring. They are
usually characterized by rapid rise in population and economic activity, increased cost of
goods and housing, insufficient infrastructure (water, sewer, schools, businesses, housing,
medical facilities, etc.), and potentially increased crime. The “boom” is generally caused
by a single industry or resource. When the “boom” is over, the “bust” follows, often as
quickly as the “boom” arrived. What is left behind depends on how quickly the community
rose to the challenge of providing needed services and infrastructure for ongoing devel-
opment (Scott et al., 2011).

The implications for oil and gas activity, especially with respect to water use and
water quality, become more evident as light is focused on this very real process of an
initial burst of economic activity, often welcomed by communities desperate for such,
and the inevitable downturn that results from both market glut and exploitation of the
limited natural resource. Macke and Gardner (2012) have discussed the boomebust
cycle (also known as “Dutch disease”) in three broad phases: (1) preboom without the
insertion of the catalytic action; (2) the boom phase, where the action accelerates
economic performance above the preboom growth trend; and (3) the boom contraction,
beginning at the peak of the boom and continuing through the bust or contraction
(Fig. 3). The third phase initially has the contraction or deceleration of economic activity
with economic performance still above the preboom growth trend and declining, then the
deceleration continues below the preboom growth trend. The difference between the
preboom growth trend and the new and lower postboom growth trend captures the lost

FIGURE 3 Community boomebust cycle (Macke and Gardner, 2012).
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economy that results over the long term. This “lost economy” effect is seldom
considered in the planning and development phases by public and private agents who are
making long-term investments in infrastructure such as roads, bridges, housing, schools,
hospitals, utilities, etc. Thus the community is not only having to carry this over-
investment cost (in the form of higher taxes for overbuilt public infrastructure, for
example), but also dealing with a labor force that must be retrained for new opportu-
nities to be attracted to the area.

Case after case of natural resource extraction in the oil patch and western United States
has generally exhibited the boomebust cycle to a greater or lesser extent (Weber, 2011;
Lindholm, 2012). Of course, the specifics are always unique with respect to duration,
expansion, decline, and “smoothness” or “fits-and-starts.” During a public meeting coor-
dinated by one of the coauthors of this chapter and in the height of the Oklahoma boom,
one otherwise-intelligent Oklahoman sneered at the suggestion that there would be a “bust”
following the boom created by hydraulic fracturing. Instead, he insisted this activity was
different, and technology would put the economic performance on a long-term upward
trend (Sanders et al., 2015). As 2014 came to a close and the oil and natural gas gluts drove
prices down, the market was sadly proving the attendee wrong, at least in the near term.
Additionally, the specific issues of water use and water quality are of growing concern for
the public, public agencies, and private investors. With respect to the boomebust cycle, the
use of fresh water to facilitate hydraulic fracturing diminishes its availability in future
years for potential economic activity that may also require cheap, accessible potable water.
Also the tandem issues of produced water and reuse water disposal cloud water quality and
possibly toxic water disposal further complicates attraction of other potential economic
activities during and after the boom. Public and private agents deal with the aftermath of
the boom.

1.2 Evolution of a Generic Shale Play

Work on a shale play is initiated and leases for mineral rights are obtained. There is initial
excitement shared by numerous parties including landowners, local businesses, politicians,
oil and gas companies, and supporting industries. A drilling boom begins and there is a
rush to hold leases, which may last 3e5 years. Initial drilling identifies “sweet spots” in the
shale formation where production is highest and companies focus their activities in these
areas (Halliburton). Production rises rapidly but then declines on a per well basis. To
maintain overall production increases in an area or play, more wells need to be drilled
(Hughes, 2013). To increase production further, lateral lengths may be extended. Gradu-
ally, there is a shift to areas outside the “sweet spots” where there is a reduction in pro-
duction on a per well basis and overall production of the area begins to decline, even with
increased drilling.

Finding the “sweet spot” for hydraulic fracturing public policy incorporates the fiscal,
physical, and social aspects of success:

l Drilling success in any reservoir is dependent on finding the most prospective areas, or
the “sweet spots,” and aligning the well bore for maximum borehole exposure to these
zones.

l In shale reservoirs this means placing the well in the zones most conducive to
fracturing.

l This requires a thorough understanding of the shale gas reservoir characteristics.
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l Aiming for the middle is rarely a successful strategy, as shales can have significant
variance in thickness and composition.

l For public policy as well, “aiming for the middle” may not be a successful strategy.

As a play develops and becomes more mature, land lease prices tend to rise and overall
production costs increase. This is why the industry is constantly looking for new plays and
new opportunities for more profit potential. In late 2012 and 2013, with gas prices low,
there was a shift from gas-rich shale plays to oil-rich shale plays because these were more
profitable because of resource market prices, but the play evolution characteristics are the
same for both oil- and gas-rich plays. At what point does a play become uneconomical?
Have we discovered or explored all play options? These are largely unanswered questions
to date.

2. WATER SOURCING

A reasonable question that begs a public policy answer is: will water supplies be sufficient
to meet US energy demands in 20 years given other competing uses related to population
increases (eg, crop production, drinking water supply, industrial applications)? Populations
will increase in many parts of the world and in many regions of the United States, but fresh
water will not increase with the possible exception of desalinating nonfresh water re-
sources. Unfortunately, population increases seem to be occurring mostly in regions where
water is already stressed (eg, west, southwest United States). Climate change will likely
exacerbate this trend. In almost every major economic sector, the question of adequate
availability of water is being asked and addressed. Increasingly, golf courses are being
encouraged and sometimes forced to use less water and/or marginal waters (eg, nonpotable
groundwater, municipal wastewater). Municipalities and states are aggressively pushing
more water conservation efforts, especially in water-stressed regions.

When it comes to energy production, the industry tends to be defensive about fresh water
usage and points out that oil and gas resource extraction activities generally use less than 1%
of all total fresh water consumption (World Resource Institute, 2013). While this is un-
doubtedly true on a global, national and even regional level, it may not be true at a local
level, particularly during droughts. Most discussions do not evaluate this issue at the local
level in any great detail, but this is where some impacts have been observed as noted earlier.

Water is the most common and most heavily used fluid in the petroleum industry. Water
is produced from virtually every well along with oil and gas. It is used as the base fluid in
drilling, completion, and production operations. Well completion itself (ie, hydraulic frac-
turing) will use most of the water and generally ranges from 3 to 10 million gallons per well.
It will be produced throughout the lifetime of the well. Increasingly, it is being recycled and
reused in subsequent completion operations. However, fresh water is becoming a scarce
commodity in some regions and its value is increasing. This has significant implications for
the oil and gas industry in terms of cost, availability, planning of operations, and profitability.
Water is typically sourced locally from surface and groundwater. In areas where there is
competition for water resources, marginal water sources are being used to some extent.
These include brackish groundwater, wastewaters, acid mine drainage, and produced water.
To date, there has not been extensive use of these alternative sources, except for produced
water. When cost effective, recycling of produced water is becoming more common and
states are cooperating with industry to make this easier to do in terms of permits and
streamlined processes.
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2.1 Oklahoma Water Use Trends

Oklahoma stream and aquifer nondomestic water use requires a permit from a state
agency. These permits include long-term or permanent permits that are granted for
more than a year, and short-term or provisional temporary permits that are granted for
90 days. The latter are the permits usually used by the oil and gas sector for water
acquisition for oil and gas operations. These permits can usually be obtained quickly
and only require sign-off by the Director of the Oklahoma Water Resources Board
(OWRB). Long-term permits require more approval time and can be challenged by
other parties.

Fig. 4 shows the annual allocation of the number and amounts allocated for the oil and
gas sector with these 90-day permits since 1992. Note the rapid increase in the amounts
allocated since 2007. This coincides with the expansion of oil and gas activity in the state
and the use of horizontal wells (Fig. 5), requiring on average about 3.3 million gallons per
well since 2009.

An analysis of data from the IHS database (industry sponsored oil and gas database)
shows a steady increase in the number of horizontal wells completed in Oklahoma since
2000, with a rapid and accelerating increase since 2010.

The state of Oklahoma released the Oklahoma Comprehensive Water Plan (Oklahoma
Water Resources Board, 2014) in 2012. It represents Oklahoma’s long-range strategy for
managing and protecting its surface and groundwater resources for the next 50 years.
Results and findings in the plan emphasize demand projections for different state regions
and different water usage sectors (eg, irrigation, drinking water supply, thermoelectric
power, oil and gas). It identified the oil and gas sector as the sector that would experience
the greatest demand growth by 2060. However, this projected increase would still only
represent 5% of total water demand compared with slightly more than 2% of the state
total at the time of publication of the plan. Nevertheless, current trends in water usage for
the oil and gas sector suggest that those estimates might greatly underestimate future
demands as current oil and gas water usage permits in 2013 already exceed 2060 demand
estimates.

Fig. 6 shows the potential major water deficits and primary reasons through 2060.
Central and Southwest Oklahoma face the biggest challenges in water management in the
state. There is significant oil and gas activity in the central and west central part of the
state. One example of permitted water use for oil and gas activity is Woods County
(Fig. 7). Woods County is in the northwest portion of the Central Oklahoma water region.
This where the Mississippi Lime formation is being heavily exploited. It occurs in north
central Oklahoma and south central Kansas and is an area of the state that is prone to
drought and water stress.

Fig. 8 suggests the temporal nature of extraction, with the industry quickly gearing up
to exploit the natural resources with increased water input, then moving on. The figure
shows acre-feet of water used for oil and gas permits in Canadian County, located in the
heart of the Central Oklahoma water region. Rapid expansion and contraction of activity in
an area is not atypical. Many factors can contribute to this including movement of re-
sources to plays with greater payoff, reductions in the price of gas or oil, drought or lack of
available water, and other economic or social factors.

Another local example of oil and gas sector demands on water resources is in Alfalfa
County in north central Oklahoma near the Kansas border. There was a substantial increase
in the number of 90-day provisional permits for water supply for oil and gas operations
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FIGURE 4 Ninety-day water permits for oil and gas sector since 1992. Courtesy of Tracy Scopel (Oklahoma Water Resources Board, selected water data, Scopel,

T., 2014; Oklahoma Comprehensive Water Plan, 2012).
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from 2011 to 2013 (Fig. 9) with the onset of exploitation of the Mississippi Lime for-
mation. A total of 5250 acre-feet was allocated using 90-day permits for oil and gas in
Alfalfa County in 2013. The total acre-feet allocated for all oil and gas operations in 2013
for the entire state was slightly more than 30,000 acre-feet. Therefore Alfalfa County
represented more than 17% of the state total. The total long-term permits allocated for
Alfalfa County for all uses in 2013 was 27,651 acre-feet. Therefore water allocated for oil
and gas operations in Alfalfa County represented almost 20% of total usage for all sectors
for the county compared with statewide percentage estimates of less than 3%.
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FIGURE 5 Horizontal well completions in Oklahoma since 2000 (IHS database, 2014).

FIGURE 6 Water planning regions, 2012 and potential major deficits through 2060, Oklahoma

Comprehensive Water Plan, Oklahoma Water Resources Board.

WatereEnergy Nexus Chapter j 2.2.3 167



2.2 Recycling and Reuse

One of the primary means of disposing of produced water from oil and gas operations is
underground injection. Some studies have noted an increase in seismic activity in parts of
the country where there has been increased underground injection of wastewaters from oil
and gas operations (Ellsworth, 2013; van der Elst et al., 2013; Holland, 2011). Fig. 10
shows a correlation between the previous graphs of oil and gas activity in Oklahoma and
the incidence of quakes. While correlation does not prove causation, it is suggestive of at
least a need for further research. To date, most research does not indicate that hydraulic
fracturing causes earthquakes; however, much of the research does indicate that increased
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FIGURE 7 Acre-feet per year (AFY), permitted water use for oil/gas activity in Woods County.
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use of injection wells to dispose of produced and used water does result in quakes
(USGS, 2014).

If underground injection becomes a less reliable means to dispose of produced water,
recycling will increase in importance and industry may be faced with more expensive
options for treatment, reuse, and ultimate disposal.

Devon Energy has recently built a 502,000 BBL (21.1 million gallons) capacity water
reuse facility in Oklahoma (Fig. 11). It is a state-of-the-art system, with a high density liner
and an automated leak detection system. The Oklahoma Corporation Commission coop-
erated with industry in updating rules to permit the construction of this large facility. It will
have water pipelines connected to 36 different sections that will contribute to the
completion of 270 wells. The system will reduce truck traffic in the region, reduce fresh

FIGURE 9 Total acre-feet-year (AFY) allocated for 90 provisional permits for oil and gas in Alfalfa

County from 2011 to 2013.

FIGURE 10 Earthquakes per year near Stillwater, Oklahoma, 2000e2014 (http://earthquake.usgs.

gov/research/induced/).
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water usage and reduce operating expenses (Shaffer, 2013). This is a good example of the
energy industry working with regulatory authorities and communities to balance envi-
ronmental stewardship with our need for energy production. Implementation of these types
of systems is not trivial. There is a need to do additional research on how to quickly
characterize the water and integrate appropriate controls for efficient sediment removal,
reduce total dissolved solids, and in some cases remove or degrade organic compounds that
may contribute to fouling and reduced performance for subsequent well completions.

3. DROUGHT IMPACTS ON OIL AND GAS OPERATIONS

In 2013, a report by CERES, a nonprofit organization that advocates for sustainability
leadership among corporations, identified the potential for water stress from hydraulic
fracturing in some geographic locations based on some limited data from FracFocus
(GWPC, 2014), a public registry for oil and gas operators (Fig. 12). These include Col-
orado and Texas and to a much lesser extent Oklahoma and Wyoming.

FIGURE 11 Devon recycling impoundment in western Oklahoma.

FIGURE 12 Ceres analysis of FracFocus data from Jan. 2011 through Sep. 2012.
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Almost 90% of the shale gas and tight oil wells that were hydraulically fractured from
January 1, 2011 through September 30, 2012 in Texas (GWPC, 2014) were in areas of
medium to extremely high water-stressed regions. In Colorado almost 97% of the wells
were developed in high or extremely high water-stressed regions. It should be noted that
this does not cover all wells in operation during that timeframe as FracFocus data over this
time period were voluntarily submitted by operators and not required. In contrast, less than
2% of the wells developed in Pennsylvania were in high to extremely high water-stressed
regions during this same timeframe. Nonetheless, even in Pennsylvania, the Susquehanna
River Basin Commission suspended 16 water withdrawal permits in 2012.

During the drought of 2011e2012 that was experienced in the western and south-
western United States, some impacts were noted by the oil and gas industry in terms of
water cost increases. Extreme to exceptional drought was present in 95% of the state of
Oklahoma (The National Drought Mitigation Center, 2013) (Fig. 13). In addition to the
suspension of water withdrawal permits by the Susquehanna River Basin Commission,
water auctions went from $9 to $100 per acre-foot in Meade County and water shortages
required increased water transport distances in the Eagle Ford play in south Texas. As a
result, companies have evaluated contingencies for water supply in times of drought or
other potential factors that may limit supply. Many companies have implemented produced
water reuse or recycling, particularly in water-stressed areas. Companies are also looking
at the use of other nonfresh water sources (eg, brackish and saline water). In addition to
drought having negative impacts on water availability, some major aquifers are being
depleted at alarming rates as a result of overpumping, mainly because of agricultural
demands. A USGS report (USGS, 2013a,b) that assessed the extent and rate of major
aquifer depletion in the United States, found that aquifers in peril include the Ogallala in
the High Plains of central United States and the Mississippi embayment in the Gulf Coastal
Plain. Both of these aquifers touch regions where there is intense hydraulic fracturing
activity.

In parts of west Texas and southwest Kansas there have been declines of more than
150 ft in water levels in the Ogallala aquifer primarily because of irrigation practices.
However, any continued stress on this aquifer will aggravate current unsustainable water
management practices. Figs. 14 and 15 show where 90-day provisional permits for oil and
gas were granted in 2013 in Oklahoma and the relative amounts. Many of these locations
have experienced recent severe to exceptional drought and are located over water-stressed
aquifers (eg, Ogallala, Salt Fork alluvial aquifer). There are more groundwater permits
granted in the western part of the state because of lack of available surface water. Intensive
water withdrawals of both surface and groundwater have occurred in the north central part
of the state. Localized competition for water resources in this area have been steadily
increasing with the oil and gas sector claiming about 20% of the total demand.

Water reuse strategies are actively being investigated to minimize fresh water usage
and prevent impacts to oil and gas production schedules. The industry is also looking at
marginal waters as alternatives to fresh water sources. For example, in Oklahoma,
groundwaters that have over 5000 mg/L total dissolved solids do not require a permit for
withdrawal of these resources. This would lessen the dependency on fresh water usage and
improve a company’s social license to operate in water-stressed regions. Another USGS
report (USGS, 2013a,b) provides a synthesis of information on the hydrogeology, distri-
bution, and volume of saline groundwater in the midcontinent and south central areas of
the United States. Additional research is needed to provide more detail on the capacity and
chemistry of these resources.
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FIGURE 13 US drought monitor for Oklahoma in Jan. 2013.
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4. WATER QUALITY

The dual issues related to water depth are maintaining water sources as noted previously
and protecting the quality of fresh groundwater. Whether hydraulic fracturing impacts
groundwater by depletion or by contamination is typically a localized issue depending on
the water tables and depth of the shale plays. Table 1 shows how variable this issue can be.

Degradation of water quality of fresh water resources will necessarily impact the
supply of fresh water and therefore water availability for all uses. Restoration of
contaminated groundwater has been shown to be extremely difficult and expensive and in
many cases technically impractical. Concerns regarding impacts from oil and gas opera-
tions on the quality of water resources, particularly drinking water sources have increased
over the last several years (USEPA, 2010aed), especially in areas where communities

FIGURE 15 Groundwater permits with relative volumes for oil and gas operations in 2013.

FIGURE 14 Surface water permits with relative volumes for oil and gas operations in 2013.
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were not used to the presence of conventional oil and gas production. These concerns have
been heightened by documented cases of illegal wastewater disposal, well blowouts, stray
gas (methane) events, and adverse impacts to private well owners. While the number of
such events is small in comparison to the number of wells drilled over this period
(>100,000), these events have been highly publicized. The Pennsylvania Department of
Environmental Protection (DEP) disclosed that oil and gas operations have damaged
Pennsylvania water supplies 209 times since the end of 2007 (Powersource, Pittsburgh
Post-Gazette, 2014). However, they did not disclose characteristics of the wells, which
companies were responsible, what caused the problems, or what pollutants were found.
During that same period more than 20,000 wells were drilled in the state, so this would
represent about a 1% rate of impact to water resources. The same article, however, found
deficiencies in how DEP maintained and organized its data.

Other states such as Colorado also disclose violations such as spills (Colorado Oil and
Gas Commission, 2011). While there continues to be no firm case demonstrating impacts
to groundwater from the hydraulic fracturing process itself, there are reported impacts to
water resources from spills, wastewater mismanagement and poor production well con-
struction practices (USEPA, 2015). Research by Hildebrand et al. (2015) found elevated
levels of 10 different metals as well as the presence of 19 different chemical compounds
including BTEX (benzene, toluene, ethyl benzene, and xylenes) compounds associated
with hydraulic fracturing in the immediate vicinity of oil and gas operations in the Barnett
shale area.

The study also found elevated levels of methanol and ethanol. The researchers noted
that these data do not necessarily identify oil and gas activities as the source of contam-
ination. However, they do suggest a need for further monitoring of groundwater quality in
this region. There is very little available data on the quality of flowback and produced
water from oil and gas operations. This makes it difficult to determine the ultimate fate of
pollutants in these wastewaters if they are spilled or leak from holding pits into surface and
groundwater.

TABLE 1 Rock Column Thickness by Gas Shale Basin and State in Feet (Ferrell

and Sanders, 2013)

Gas Shale Basin States

Rock Column Thickness b/w

Play and Treatable Water (ft)

Barnett TX 5300e7300

Fayetteville AR 500e6500

Haynseville LA, TX 10,100e13,100

Marcellus NY, PA, OH, VA, WV 2125e7650

Woodford OK, TX 5600e10,600

Antrim MI 300e1900

New Albany IL, IN, KY 100e1600
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Drilling muds (mixture of clay and water or oil to lubricate/cool the bit and flush the
borehole) are often confused with fracking fluids (mixture of water and other chemicals
used to open the rock formation under high pressure to remove oil and natural gas) and
complicate the nature of water quality issues. As noted by OSU’s Chad Penn (Penn et al.,
2014):

All wells produce drilling mud as a by-product of drilling. And drilling mud, as opposed

to fracking fluids, is often purposely applied to the soil surface for disposal. Drilling

mud is used to seal formations, remove/suspend cuttings, lubricate and cool drill bits,

control corrosion on the drill stem, and control well bore pressure. The mud is recycled

until it cannot be used. Additives vary but may include bentonite clay, barium sulfate,

lime, soda ash, lignite, peanut/walnut shells, mica, cellophane, calcium carbonate,

plant fibers, and cottonseed hulls. It is either water based or oil based.

Penn further notes that, when done correctly, the soil spreading process of disposal has
few long-term risks. However, incorrect disposal carries such risks as soil salinization, sodic
soils, and total petroleum hydrocarbon toxicity to plants. Produced water and flowback water
are mostly disposed of by deep injection wells, as noted previously. Occasionally, it is also
land applied. Also there are experimental processes to filter and reuse wastewater.

5. SUSTAINABILITY OF WATER AND ENERGY RESOURCES

Increasing demands for sources of water, combined with changing land use, population
growth, aging infrastructure, and climate change, pose significant threats to our water
resources. Failure to manage our waters in an integrated, sustainable manner will limit
economic prosperity and jeopardize both human and ecosystem health. Water resource
management is typically focused on reallocating water to where and when it is needed.
Such a narrow approach may prevent water use for alternatives as needs arise. A new,
holistic approach would include the integrated, conjunctive use of surface and groundwater
resources and take account of social, economic, policy, and environmental factors.

The drivers for this paradigm shift are emerging risks to future water availability.
These include climate change, increasing demand for fresh water because of population
increases, pollution of fresh water sources, and energy demands. In the context of the
oil and gas industry and its rapid expansion in resource extraction activities in the
United States, potential adverse outcomes are increasing costs, delays in production,
and potential short-term impacts on water availability in some local communities.
Whether water use for oil and gas production is right or wrong is not the question for
this chapter. Rather, the question is how does such use fit into an integrated process of
achieving societal goals while recognizing physical constraints.

Sustainable principles for energy development include:

l Communication and education
l Water usage efficiency
l Improvements in water quality and water availability monitoring
l Identification and use of alternative water sources
l Water storage to meet varying cyclical demands
l Contingency planning to mitigate shortages
l Economic sustainability of communities
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Communication with the public, especially impacted communities, is essential. This
involves all stakeholders, not just the energy companies. This will engender trust, alleviate
local community concerns, and facilitate the resource extraction process. Transparency
must be part of the communication process; in the long run this will help to satisfy the
goals and objectives of all parties. Education of the public in a straightforward, unbiased
manner is also important.

Water usage efficiency and protection of water quality can be increased through better
management practices, hydraulic fracturing where the carrier media is something other
than water, improved water conveyance structures that minimize leakage, storage struc-
tures that reduce leakage and evaporation, and cooperation and collaboration among oil
and gas companies operating in the same play or basin.

Alternative water sources include treated wastewater effluent, brackish groundwater,
acid mine drainage, and flowback and produced water from oil and gas production
wells. Reuse or recycling of produced water can result in cost savings for industry.
Other advantages of using these sources include no competition from agricultural and
municipal water uses and the fact that many of these sources do not require permits for
usage.

Demands for water vary on an annual basis for certain sectors. Agricultural demand is
greatest in the spring and summer months. This is also true for municipal drinking water and
irrigation demands. Heating demands are highest in the winter months, but as natural gas be-
comes more widely used for electricity generation, the demand will be higher in the summer
months as well. Water storage when water is more plentiful (eg, spring) can alleviate higher
demand periods. This would also be true for increased demands during periods of drought.
Aquifer storage and recovery in groundwater can alleviate these shortfalls and minimize
evaporative losses associated with surface water storage (eg, reservoirs).

Contingency planning will be an essential piece of any integrative water management
strategy. What happens during a drought? Where are alternative water sources if
groundwater or surface water withdrawals are restricted? What happens if recycled water
becomes unsuitable for use? Alternative options and plans need to be explored and put in
place before drilling and completion activities commence.
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Chapter 2.2.4

Water Use for Unconventional
Natural Gas Development
Within the Susquehanna River
Basin

M.K. Shank, J.W. Balay, J. Richenderfer
Susquehanna River Basin Commission, Harrisburg, PA, United States

1. INTRODUCTION

1.1 Emergence of a New Water User

The northeast United States has a long history of hydrocarbon extraction. The nation’s first
commercial natural gas well was drilled in New York in 1821 and the first oil well was
drilled in Pennsylvania in 1859. Since then, over 350,000 oil and gas wells have been drilled
within Pennsylvania alone. Recent technological advancements that combined horizontal
well drilling and hydraulic fracturing created the unconventional natural gas industry as
it currently exists. The unconventional gas industry first began operating within the
Susquehanna River Basin (SRB) during 2006e2007. However, it was not until mid-2008 that
the industry substantially increased its drilling activities and its need for multiple non-
interruptible water sources. Unlike the conventional gas industry (vertical drilling), which
used very little water for drilling and development purposes, the unconventional gas industry
requires significant quantities of water, typically 4e6 million gallons (Mgal) per well
hydraulic fracturing event.

The Susquehanna River Basin Commission (SRBC) is a federal-interstate agency that
has regulatory authority over water withdrawals and consumptive water uses within the
watershed boundary of the SRB. Because of permitting requirements, industry operators
may not begin well construction, drilling, or hydraulic fracturing without SRBC approval
of the water use. This requirement allows the SRBC to regulate the industry’s individual
and cumulative impacts on water resources. This chapter is intended to provide insight into
gas development and water use within the SRB through 2013 and also to provide an
example of a regulatory response to a new and atypical water user.
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1.2 The Susquehanna River Basin

The SRB is a 27,510 mi2 (71,251 km2) watershed in the northeastern United States,
which covers portions of New York, Pennsylvania, and Maryland (Fig. 1). The
Susquehanna River is 444 miles in length, making it the largest river lying entirely in the
United States that drains into the Atlantic Ocean and the 18th largest river in the United
States based on mean discharge (Kammerer, 1990). The Susquehanna is an important
tributary to the Chesapeake Bay, which is the largest estuary in the United States.
The SRB comprises 43% of the Chesapeake Bay’s watershed area and the river provides
about one-half of the freshwater flow to the Bay (SRBC, 2013a).

FIGURE 1 Location of drilled unconventional natural gas wells and approved water withdrawals

within the Susquehanna River Basin from 2008 to 2013 and underlying gas-containing shale forma-

tions in the northeastern United States.
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The Appalachian Plateau, Ridge and Valley, and Piedmont physiographic provinces
comprise approximately 56, 32, and 11% of the SRB, respectively. Mixed forested and
agricultural land uses are found in this relatively rural watershed. The SRB has a human
population of more than 4.1 million, with the densest development located in the southern
portion in the Piedmont province. Approximately 62.5% of the SRB is forested, while
27.5% is cultivated and 4.2% is developed. About 42 in. of precipitation fall annually on
the SRB, with greater than 50 in. in extremely wet years and less than 25 in. in drought
years. Changing climate is the suspected cause of increased precipitation in recent decades
in the SRB (SRBC, 2013a). Annual minimum and median streamflow have likewise
increased considerably post-1970 when compared with historic records (Zhang et al.,
2010). The condition of water resources in the SRB is generally good (SRBC, 2013b).
Pollution and aquatic habitat alteration persist as a result of large-scale logging activities
that peaked in the early 1900s when only 30% of forest cover remained (DePhilip and
Moberg, 2010). Abandoned coal mines continue to be a significant source of pollution,
causing over 2000 impaired stream miles. Sediment and nutrients, however, are the two
largest contributors to stream impairment. These pollutants, coupled with stormwater
runoff, are challenging issues caused by urban and suburban development and agricultural
practices (SRBC, 2013a).

1.3 Shale Gas in the SRB

The Marcellus Shale is the largest gas-containing shale formation in the United States, both
in surface area (150,000 mi2) and estimated recoverable gas reserves (141 trillion cubic feet)
(Johnson, 2010; USEIA, 2012). Approximately 66% of Pennsylvania is underlain by the
Marcellus and 85% of the SRB is underlain by one or more gas-containing shale formations.
The most favorable locations for gas development are in the more undeveloped portions of
the SRB in northern Pennsylvania, including areas inhabited by sensitive species such as
brook trout (Weltman-Fahs and Taylor, 2013; Fig. 1). New York and Maryland state gov-
ernments currently impose a moratorium on high-volume hydraulic fracturing, thus no
unconventional gas development currently occurs within their borders. During early stages
of development in 2010, approximately 2 billion (109) cubic feet (Bcf) of natural gas per day
was produced from the Marcellus Shale. Production has expanded greatly, with over 15 Bcf
of natural gas produced per day in July 2014, accounting for almost 40% of US shale gas
production (USEIA, 2014). The huge increase in gas production in a short amount of time
creates a challenge to the environment, and water resources in particular (Rahm et al., 2015).

1.4 Terminology Used

The phrase “unconventional natural gas development” herein represents the drilling,
casing, cementing, stimulation, and completion of wells undertaken for the purpose of
extracting gaseous hydrocarbons from low permeability geologic formations utilizing
enhanced drilling, stimulation, or recovery techniques. The word “industry” will be used
throughout this document to refer to the unconventional natural gas industry. The “study
period” referenced herein is the period from July 1, 2008 to December 31, 2013.
“Consumptive water use” is defined as water withdrawn and not returned to the hydrologic
cycle of the SRB undiminished in quantity. Well drilling, hydraulic fracturing, and dust
control operations are common examples of gas industry consumptive water uses. The
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term “flowback” is used herein as the return flow of water and formation fluids recovered
from the wellbore of a hydrocarbon development well (including unconventional gas
wells) following the release of pressures induced as part of the hydraulic fracture stim-
ulation of a target geologic formation, and until the well is placed into production. The
return flow of water or formation fluids recovered at the wellhead after the well is placed
into production is referred to as “production fluids” or “produced water.” Industry water
use and well development data referenced herein were obtained from an assessment of
unconventional natural gas development occurring within the Susquehanna River Basin
from July 2008 through December 2013 (Richenderfer et al., 2016).

1.5 Initial Water Needs and Challenges

During the early stages of unconventional gas development within the SRB, which
extended from late 2007 through early 2008, the industry had not yet established many
water sources that were approved by SRBC. Consequently, during that early period, the
industry relied heavily upon water obtained from municipal public water systems to
support its hydraulic fracturing operations. As development progressed, the industry began
developing a water-sourcing network comprised of approved surface and groundwater
sources under the direct control of the industry or independent purveyors and more cen-
trally located to its expanding area of operations than were the public water systems.

For geologic reasons, the industry has been most active in the northcentral and
northeastern Pennsylvania portions of the SRB (Fig. 1). The topographic characteristics of
this region result in watersheds of smaller sizes when compared to other portions of the
SRB, therefore the industry’s preference for nearby water sources was initially focused
within these smaller watersheds. Typically, these headwater systems have limited water
availability, especially during the drier late summer and early fall seasons; are occupied by
sensitive yet critically important ecosystems; are generally of very high water quality; and
often cannot provide the sustainable water sources the industry seeks for operations.

The industry operates much differently than most regulated water users within the
SRB. Most historic, regulated water users exist at a fixed geographic location and use
approximately the same amount of water on a routine basis, either daily or seasonally. The
gas industry’s daily water needs fluctuate widely and routinely migrate over significant
distances in relatively short periods of time. Some individual water sources are used at
moderate rates by the industry on a daily basis for many months at a time while other water
sources are used at varying rates on an infrequent basis. This unpredictable water use
pattern proves to be challenging for regulatory agencies responsible for managing water
resources.

2. EVOLUTION OF REGULATORY PROGRAM

The President of the United States signed the Susquehanna River Basin Compact (SRBC,
1972) into law on December 24, 1970 (US Congress, 1970). The Compact created SRBC, a
federal-interstate compact agency comprised of the member jurisdictions of the states of
New York, Pennsylvania, and Maryland and the US federal government. SRBC’s mission
is to enhance public welfare through comprehensive planning, water supply allocation, and
management of the water resources of the SRB. Projects involving development of the
water resources of the SRB are evaluated in terms of their compatibility with regulatory
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requirements in 18 Code of Federal Regulations, Parts 801, 806, 807, and 808 and stan-
dards set forth in the Comprehensive Plan (SRBC, 2013a).

In general, the SRBC regulates ground and surface water withdrawals of
100,000 gallons per day or more on a 30-day average, consumptive water uses and out-of-
basin diversions of 20,000 gallons per day or more on a 30-day average, and all into-basin
diversions. SRBC may approve or modify projects, or may deny a project if it determines it
is not in the best interest of the conservation, development, management, or control of the
SRB’s water resources, or is in conflict with the Comprehensive Plan. SRBC does not have
a regulatory responsibility in the area of water quality. However, potential water quality
impacts of projects are considered in regulatory decisions, and coordination occurs among
member jurisdictions to prevent and reduce water pollution and maintain water quality as
required by the Comprehensive Plan.

2.1 “Gallon One” Rule

SRBC’s regulatory thresholds for water withdrawals, consumptive water uses, and
diversions were modified during the emergence of the unconventional natural gas industry
in the SRB. In 2008, SRBC notified the industry that any amount of water withdrawn or
consumptively used to develop wells in shale formations in the SRB will require prior
approval (SRBC, 2008). The SRBC regulations allow its executive director to make a
determination when water use activities, regardless of the amount of water, have the
potential to affect the water resources of the SRB. It was determined that the industry’s
water use activities could have an adverse, cumulative adverse, or interstate effect on the
water resources of the SRB. This action established what has become referred to as the
“gallon one” rule. The “gallon one” rule was also enacted to avoid regulatory confusion for
the industry. In 2008, the industry did not know if a new well planned for drilling would
ultimately be completed as a vertical or horizontal well until drilling began and cuttings
were analyzed. Nor did the industry know, beforehand, how much water they would
eventually need to successfully fracture the new well. Because these projects would be in
violation of SRBC regulations if approval was not obtained prior to initiation, the industry
would begin each new well with a high level of uncertainty. To eliminate this confusion,
the SRBC made the decision that all unconventional natural gas wells needed regulatory
approval, and consequently issued the “gallon one” rule.

2.2 Approval by Rule Program

SRBC promulgated new rulemaking in 2008 to help achieve the objectives of the “gallon
one rule” without impacting the legitimate development of the SRB’s water resources.
The rulemaking, which expanded upon existing approval by rule procedures, was tailored
to provide a procedure for authorizing and tracking consumptive uses by the gas industry.
The previous process was available for use only if the source of water was an approved
public water supply system. This expansion allowed gas companies to use the process to
seek consumptive use approvals regardless of the water source, including wastewater,
mine drainage, and other lesser-quality sources.

At a drilling pad, water is consumptively used for many purposes including well
drilling and construction, well completion processes, hydrostatic, geophysical, and other
testing, and dust control. SRBC regulates all consumptive use by the natural gas industry
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on a drilling pad basis through the administrative approval by rule process (SRBC,
2015a). This allows for tracking sources of water transported to and from the site,
quantities of water consumptively used, and associated mitigation requirements. The
process also allows gas companies to use sources of water previously approved for use at
any of their drilling pads and to share sources previously approved for use by another
company, as long as access and use agreements are registered with SRBC. This process
was intended to encourage water sharing and thereby limit the need for multiple and
redundant withdrawals.

2.3 Water Withdrawal Approvals and Passby Flow Requirements

Industry applications for the withdrawal of surface or groundwater in any amount are
reviewed by SRBC for potential individual or cumulative impacts on water resources and
water users. Approvals are issued in the form of dockets that specify maximum
instantaneous withdrawal rate, peak day withdrawal amount (for surface water), 30-day
average withdrawal (for groundwater), and other project-specific conditions. Water
withdrawal approvals issued to the industry are valid for a period of 4 years and subject
to additional review prior to renewal. Factors such as foreseeable demand, availability of
alternate sources, competing water uses within the watershed, stream classification,
stream biology, and other similar factors are considered during the review process. SRBC
also incentivizes industry use of lesser-quality water (eg, abandoned mine drainage and
municipal wastewater) by decreasing the fees associated with application for withdrawal.
This is intended to reduce withdrawal and consumptive use of high-quality sources
(SRBC, 2012a).

SRBC requires passby flows for certain surface and groundwater withdrawals. A
passby flow is defined as a prescribed streamflow below which withdrawals must cease.
Withdrawals that are sufficiently small in rate and quantity that the impacts on streamflows
and the ecosystems they support are negligible during all or certain months of the year are
considered de minimis. Withdrawals, considered individually and cumulatively, that are
determined not to be de minimis are conditioned with passby flow requirements. This
results in the approved withdrawal being interruptible at designated, site-specific, low flow
conditions. While streamflow may continue to decline after a withdrawal ceases, passby
flow requirements prevent the withdrawal from further exacerbating stressors or impacting
other downstream water users during natural low flow periods. Passby flow thresholds are
defined within SRBC dockets and are unique to each project location. Water withdrawals
approved during the early portion of the study period were conditioned with annual passby
flow thresholds set to a percentage of average daily flow (SRBC, 2002).

The Nature Conservancy (TNC) conducted a study entitled Ecosystem Flow Recom-
mendations for the Susquehanna River Basin (DePhilip and Moberg, 2010). In the report,
TNC presented a set of recommended limitations to flow alteration to protect the species,
natural communities, and key ecological processes within the various stream types of the
SRB. One of the key findings of the study was that seasonal flow recommendations are
preferred to year-round flow recommendations as ecosystem flow needs are naturally
seasonal. Based on these recommendations, SRBC adopted a Low Flow Protection Policy
in 2012 (SRBC, 2012b), which contains specifications for determining passby flows and
conservation releases for approved water withdrawals. Passby flows are currently specified
as monthly flow thresholds based on stream drainage area and other special considerations
including seasonal uses, instream flow studies, and water quality.
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2.4 Monitoring and Reporting Requirements

SRBC requires industry withdrawal proposals to include items such as an intake design, a
schematic of the withdrawal and associated infrastructure, performance specifications for a
pump and flow meter, and a metering plan. Upon approval, projects must install a totalizing
meter that records daily water withdrawals, submit photographs of the installation, and
certify accuracy of the meter to within 5% of actual flow (SRBC, 2015b). Projects are
directed to maintain metering so as to provide an accurate record of withdrawals and
certify, once every 5 years, the accuracy of measuring devices. Approved projects are
mandated to keep daily records of the withdrawal and well pads receiving the water, and
report the data to the SRBC quarterly. Withdrawals with passby flows are required to cease
when streamflow, as measured at a local or designated US Geological Survey stream
gauge, is equal to or less than the specified passby flow threshold. Such projects are
obligated to monitor and record daily data of the gauged stream flow and report the data to
the SRBC quarterly or as requested. Groundwater withdrawals are also required to monitor
and report groundwater elevation data. Approved consumptive use projects are directed to
submit schedules for drilling and hydraulic fracturing wells and post-hydraulic fracturing
event reports detailing water use and recovery information.

3. NATURAL GAS DEVELOPMENT

3.1 Well Development and Associated Infrastructure

Substantial landscape disturbance has accompanied rapid unconventional shale gas devel-
opment throughout the northeast United States. In the SRB, development mostly occurs in
agricultural and forested settings where land disturbance often results. Typically, road con-
struction or widening of existing roads is necessary to facilitate movement of equipment to
well pads, which are typically 3e5 acres (1.2e2 ha) in size. When other disturbances
associated with well development are included, such as roads, pipelines, and indirect forest
impact from new edges, surface disturbance can approach 30 acres (12 ha) per well pad
(Johnson, 2010). Unconventional wells are drilled vertically to the depth of the targeted gas-
containing shale formation (eg, Marcellus), where lateral drilling begins to follow the
contours of the layer. After wells are cased with steel and cement, hydraulic fracturing occurs
in the perforated lateral portions of the wells. Water, chemicals, and sand are pumped at high
pressures to fracture the shale layer, which facilitates the flow of natural gas into the well.
The extracted gas is then collected using gathering lines and, with the help of compressor
stations, gas is moved to main transmission pipelines.

In the SRB, the gas industry primarily relies on surface water sources to provide water
for hydraulic fracturing. A variety of intake structures are used to withdraw water from
streams, rivers, and other surface water bodies in the SRB. For example, floating intakes
attached to flexible hoses and deployed over the stream bank are often used for with-
drawals of smaller volumes and are advantageous because they are easily removed for
maintenance and during periods of ice cover, etc. For larger volume surface water with-
drawals, more permanent intakes are buried into the streambank and intakes are fixed to the
stream substrate. Pumps are attached to these intake structures and water is withdrawn
according to permitted conditions. Water may be stored near the withdrawal location using
storage impoundments or tanks. Trucks or pipelines are then used to transport water to well
pads where it is stored in impoundments or tanks until it is used in the hydraulic fracturing
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process. On well pads, flowback water storage impoundments and tanks are also used to
collect water used in the hydraulic fracturing processes as it returns to the surface.
Flowback water and production fluids are either reused, with or without treatment, for
subsequent fracturing events or transported off-site for treatment and/or final disposal with
no reuse.

3.2 Wells Drilled and Hydraulically Fractured

The industry is required to file a post-hydraulic fracturing report to SRBC for every
unconventional gas well stimulated in the SRB. These reports include the date of the
hydraulic fracturing event, pressure release date, and quantities and general types of fluids
injected and recovered. The types of fluids injected include fresh water, flowback fluids,
and production fluids. The well completion reports filed by the industry with the Penn-
sylvania Department of Environmental Protection (PADEP) and the post-hydraulic frac-
turing reports submitted by the industry to SRBC were used to compile the number of
wells drilled and hydraulically fractured within the SRB by quarter and calendar year.
The information pertains only to unconventional natural gas wells located within the
Pennsylvania portion of the SRB (Fig. 2A).

Only two wells were reportedly drilled within the SRB in 2005, three wells in 2006,
and 14 in 2007. It was not until 2008 that more substantial numbers of gas wells were

FIGURE 2 Quarterly total of (A) unconventional natural gas wells drilled and hydraulically fractured

and (B) total consumptive water use and water withdrawals by quarter from 2008 to 2013 in the

Susquehanna River Basin.
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permitted and drilled in the SRB, and it was not until 2009 that significant numbers of
those wells were hydraulically fractured (Fig. 2A). As of December 31, 2013, the total
number of wells drilled and fractured within the SRB was 3995 and 2860, respectively.
These numbers suggest that, to date, approximately 70% of the wells drilled were sub-
sequently hydraulically fractured. It is anticipated that a greater percentage of the drilled
wells will be fractured as more gathering and transmission pipelines are constructed, and
as the price of natural gas rises.

4. WATER USE

4.1 Pre- and Post-Gas Industry Water Use

A variety of water uses in the SRB were present prior to the emergence of the natural gas
industry in 2008. Reported groundwater withdrawals, surface water withdrawals, and
consumptive use by category were compared between 2007 and 2013 to assess the sig-
nificance and uniqueness of the industry’s water use. There was no reported water use by
the gas industry in 2007. In 2013, total industry withdrawals averaged 0.6 and 7.0 million
gallons per day (mgd) of groundwater and surface water, respectively, based on annual
averages. The industry represents a relatively minor source of groundwater withdrawals,
but surface water withdrawals exceeded those of the mining and recreation sectors in 2013.
Reported consumptive use by the industry averaged 8.6 mgd in 2013, which was com-
parable to that of the public water supply and manufacturing categories (Table 1). There
are a number of reasons discussed later that could allow average consumptive use to
exceed average total withdrawals in 2013. However, the most likely reason for this
discrepancy is the dynamic water storage practices of the industry, which allow water to be
withdrawn and held in storage for a period of time before being consumptively used. It is

TABLE 1 Reported 2007 and 2013 Groundwater Withdrawals, Surface Water

Withdrawals, and Consumptive Use in Million Gallons per Day (mgd), by

Water Use Category, Regulated by the Susquehanna River Basin Commission

Water Use Category

Groundwater

Withdrawals

(mgd)

Surface Water

Withdrawals

(mgd)

Consumptive

Use (mgd)

2007 2013 2007 2013 2007 2013

Electric generation 3.2 3.7 2267.5 2756.1 83.2 89.2

Public water supply 52.6 52.2 23.9 70.2 11.1 8.7

Natural gas 0.0 0.6 0.0 7.0 0.0 8.6

Mining 42.1 37.5 0.3 6.8 1.1 1.1

Manufacturing 18.3 19.2 23.4 26.2 7.9 9.1

Recreation and other 13.0 9.9 2.6 3.3 7.1 5.3
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important to note that while all of the water use by the gas industry is considered
consumptive, the same is not true of other industries. For instance, water withdrawn by the
public water supply sector is used by consumers and the majority is returned to nearby
streams in the form of treated effluent. This is an example of a non-consumptive use. This
distinction between consumptive and non-consumptive uses is the reason why other sectors
such as public water supply are responsible for much larger volumes of water withdrawals,
but their consumptive use is roughly equivalent.

4.2 Approvals for Consumptive Water Use on Well Pads

A total of 2249 approvals were issued by SRBC to the industry for the consumptive use of
water withdrawn from SRB sources and used on approved pad sites during the study period.
There were four counties within the SRB in northern Pennsylvania with the greatest number
of approvals by rule: Bradford (699), Susquehanna (400), Tioga (395), and Lycoming (289).
Together, these four counties contained approximately 80% of the total approvals by rule
issued to the industry by SRBC. Ongoing reviews of the approvals by rule indicate that
approximately 60e80% of the well pads for which approvals were issued during the study
period resulted in actual pad construction and the drilling of at least one well per pad. The
remainder of the approvals either expired over time without pad construction or are currently
active and awaiting pad construction and well drilling efforts. Data also indicate that the
majority of well pads (77%) contain between one and five wells. Through the end of the
study period the maximum number of wells installed on a single pad was 11 (Fig. 3).

FIGURE 3 Percentage of unconventional natural gas well pads containing 1 to 11 wells in the

Susquehanna River Basin from 2008 to 2013. Exact percentage of each bin appears at the top of

each bar.
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4.3 Total Consumptive Water Use by the Industry

Water used by the industry originated primarily from either surface water or groundwater
sources, or a combination of the two. Surface water sources include water withdrawn
from streams, creeks, rivers, ponds, and lakes. Groundwater sources include water
withdrawn from water wells. Water withdrawn from public water systems can be
comprised of a combination of both surface water and groundwater sources.

The total amount of water consumptively used and reported by the industry during the
study period was 13.4 billion (109) gallons (Bgal). This number exceeded the combined total
quantities of groundwater withdrawals (998 Mgal), plus surface water withdrawals
(11.7 Bgal), plus into-basin diversions (38 Mgal) by approximately 637 Mgal. The difference
equates to approximately 4.8% of the total consumptive use of 13.4 Bgal. This difference is
possibly attributed to a number of factors, including but not limited to: (1) accuracy of the
meters used to measure water quantity at the withdrawal locations; (2) human error during
daily monitoring and periodic reporting; (3) capture and use of top-hole water and storm-
water; (4) evaporation from storage facilities; and (5) the dynamic water storage practices of
the industry. However, it is impossible to entirely discount the possibility that some amount
of water from unapproved sources found its way into the industry’s water supply system.

On average, the industry consumptively used approximately 6.7 mgd during the study
period and 8.6 mgd in 2013 alone. The largest amount of water consumptively used by the
industry occurred in the period from the third quarter of 2011 to the second quarter of 2012
(average of 1083 Mgal; 11.8 mgd). This period of peak consumptive use coincided with
the period when the largest number of wells were hydraulically fractured (Fig. 2).

4.3.1 Groundwater

Eight groundwater withdrawals were approved for industry use during the study period,
with none rescinded or expired by the end of 2013. Approximately 998 Mgal, which is
7.4% of the total water consumptively used by the industry during the study period,
originated solely from groundwater sources. The majority of this groundwater (774 Mgal)
originated at water well fields owned and operated by public water systems or third-party
water purveyors approved by SRBC. The balance (224 Mgal) originated at other approved
public water systems relying on water wells. Approximately 177 Mgal (18%) of the total
998 Mgal of groundwater used by the industry originated from groundwater wells
approved by SRBC and under the direct control or ownership of the industry.

4.3.2 Into-Basin Diversions

The diversion of water into the SRB for gas development from the Ohio River Basin during
the study period was approximately 38 Mgal. This quantity constitutes only 0.3% of the
total amount of water consumptively used by the industry during the study period.

4.3.3 Surface Water

A total of 9.76 Bgal of surface water was withdrawn from waterways within the SRB and
consumptively used by the industry during the study period. Approximately 70% of the
approved surface water withdrawals for the industry include site-specific passby thresholds
below which the withdrawal must cease. An additional 1.97 Bgal of water was withdrawn
from public water systems composed of varying portions of both surface water and
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groundwater sources. Together, these two major sources of water comprised approximately
88% of the total amount of water consumptively used by the industry.

From the third quarter of 2008 through the third quarter of 2009, approximately 60e90%
of water consumptively used by the industry originated at public water systems. These public
systems relied upon both surface water and groundwater sources to meet their overall water
demands. Beginning in the fourth quarter of 2009 and extending through the fourth quarter of
2012, the primary sources of water for the industry transitioned from public systems to
surface water withdrawals developed and controlled by gas companies or private third-party
water purveyors. By the first quarter of 2013, the amount of water taken from public water
systems and consumptively used by the industry had dropped below 5% of total water used.
It remained below 10% throughout the remainder of 2013 (Fig. 2B).

The maximum average daily water withdrawal rate calculated on a quarterly basis for the
industry was 10.7 mgd and occurred during the first quarter of 2012. Calendar year 2012 also
had the greatest annual number of wells fractured at 836, followed closely by 2011, which
had 794 wells fractured during that year. During calendar year 2013, the total number of
wells hydraulically fractured dropped to 623 wells. The correlation between wells fractured
and total consumptive use/water withdrawals by quarter is notable (Fig. 2).

During the study period there were a total of 222 surface water withdrawals approved
by SRBC for use by the industry. Of that total, 28 approvals were rescinded for various
administrative reasons, 35 approvals expired and were subsequently renewed, and 58
approvals expired and were not renewed as of December 2013. The approved surface water
withdrawals were located within 61 individual watersheds ranging in size from 0.5 to
10,539 mi2. The number of withdrawals approved in watersheds ranged from one to two in
44 watersheds to 25 withdrawals in the North and West Branch of the Susquehanna River
(Fig. 4), the two largest watersheds identified.

FIGURE 4 Cumulative surface water withdrawals and number of approved and active surface water

withdrawals during 2008e2013 from 10 most used watersheds in the Susquehanna River Basin.

Water Use for Gas Development in the Susquehanna Basin Chapter j 2.2.4 189



A total of 114 out of the 222 surface water withdrawals approved were never actively
used. The remaining 108 (48%) withdrawals were actively used during the study period,
meaning that water was withdrawn for at least one day. Of the 61 watersheds containing at
least one approved withdrawal, withdrawals were only active in 39 of those watersheds. Of
these 39 watersheds, most (27) contained one to two active withdrawals, while the North
Branch Susquehanna River watershed contained 18 active withdrawals (Fig. 4).

Of the 108 actively used withdrawals, 64 were located within the same 10 watersheds.
These 10 watersheds accounted for over 82% of the 9.7 Bgal of surface water withdrawn
by the industry during the study period (Fig. 4). Withdrawals from the top five watersheds
(North Branch Susquehanna River, Wyalusing Creek, Tunkhannock Creek, Pine Creek,
and West Branch Susquehanna River) constituted approximately 66% of total surface water
withdrawals. Together, the North Branch and West Branch of the Susquehanna River
supplied approximately 45% of the total surface water withdrawn by the industry (Fig. 4).

Of the available surface water withdrawals, 37 were from lesser-quality waters,
including three discharges from water treatment plants and 34 mine drainage waters
associated with past coal mining activities. Thirteen of the lesser-quality water sites were
actively used by the industry during the study period, with a total of approximately
865 Mgal of lesser-quality water withdrawn and used.

Of the 222 approved surface water withdrawals for the industry during the study
period, 212 had measurable drainage areas. Ten projects, including quarry pits and
ponds, were excluded since they did not have clearly defined drainage areas. Drainage
areas were divided into five size classes for frequency analyses. Results indicate that 23
(10.8%) of the 212 withdrawals were located within 0e10 mi2 watersheds. Additionally,
48 withdrawals (22.6%) were located within watersheds 10e50 mi2, 60 (28.3%) within
50e200 mi2, 34 (16.0%) within 200e1000 mi2, and 47 withdrawals (22.2%) were
located within watersheds larger than 1000 mi2 (Fig. 5). The siting of the majority of
approved surface water withdrawals (154; 72.6%) in watersheds less than 500 mi2 is
believed to be the result of several factors. First, primarily because of productivity of
shale formations, the industry is most active in the Appalachian Plateau and Allegheny
Front physiographic provinces of the northcentral Pennsylvania portion of the SRB. The
geomorphic characteristics of those areas produce relatively steep mountainous terrain
resulting in localized watersheds of smaller sizes when compared to other physiographic
provinces within the SRB. The relatively steep terrain also creates a preference by the
industry for siting well pads on hilltops, which are commonly located in smaller
watersheds. The industry’s effort to minimize the transport distances between well pads
and water sources results in its preference for seeking water sources in nearby, smaller
watersheds.

4.4 Water Use for Hydraulic Fracturing

A total of 2860 gas wells were hydraulically fractured within the SRB during the study
period. Approximately 12.9 Bgal (96%) of the water withdrawn by the industry during that
period was consumptively used in the hydraulic fracturing process. The remaining 0.5 Bgal
(4%) of the water was consumptively used for other activities at the drilling pads such as
well drilling, preparation of drilling muds and grout, dust control, maintenance operations,
and site reclamation. Reports from individual hydraulic fracturing events performed during
the study period indicate that the industry consumed an overall average of 4.3 Mgal of
water per well. Of that 4.3 Mgal of water used during the average fracturing event,
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3.6 Mgal (84%) was comprised of fresh water and 0.7 Mgal (16%) was comprised of
reused flowback fluids.

The average amount of water used per fracturing event was relatively low in the second
half of 2008 and the first quarter of 2009, ranging from 1.6 to 2.1 Mgal per event. These
relatively lower amounts of water used per event during this early period were believed to
be primarily because of smaller exploration companies performing limited fractures on
vertical wells and “toe fractures” on shorter laterals in horizontal wells to secure land
leases with property owners. The shorter laterals were also used by the exploration
companies to test the productivity of the target formations and prove the resource. As the
industry transitioned from the exploratory phase to the production phase, companies
started drilling longer laterals to achieve better gas recovery from the shale formations and
to access more of the formation from a single well. This led to a more systematic
development of the resource overall and an increase in the amounts of water used per
fracturing event. From the third quarter of 2010 through the fourth quarter of 2012, the
amount of water used held relatively steady at 4.3e4.8 Mgal per fracture event. During
2013, the industry started lengthening the laterals and the average amount of water used
increased to approximately 5.1e6.5 Mgal per fracturing event.

During the second quarter of 2009, the industry began reusing flowback fluids in
subsequent fracturing events in a more concerted manner. The amount of flowback used in
fracturing events increased on an annual basis from 2009 through 2013. This increased

FIGURE 5 Histogram of number of approved groundwater and surface water withdrawals, by

drainage size, in the Susquehanna River Basin from 2008 to 2013.
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reuse of flowback reflects the value of these fluids in subsequent fracturing events and
represents a reduction in the amounts of fresh water needed for subsequent fracturing
events. The reuse also resulted in a reduction in the amount of waste fluids requiring
disposal or treatment.

Post-hydraulic fracture data from the study period indicate that the average amount
of flowback recovered from the wellbore of stimulated wells within the first 30 days
following the release of pressures ranged from a low of approximately 5% to a high of
approximately 12%, with a long-term average of approximately 10%. Therefore, given
the average of 4.3 Mgal of water used per fracturing event, the amount of flowback from
each stimulated well ranged from approximately 0.2 Mgal (at 5%) to 0.5 Mgal (at 12%).
Using the long-term average flowback recovery rate of 10% per fracturing event, with an
average of 4.3 Mgal of water used per well fracturing event for 2860 wells fractured,
indicated that approximately 1.2 Bgal of flowback fluids were recovered from wells
during the study period. This flowback water was either: (1) reused for subsequent
fracturing events without treatment; (2) treated on the originating pad and reused for
additional fracturing; (3) transported to an off-site facility for treatment and then back for
subsequent fracturing; or (4) transported off-site for treatment and/or final disposal with
no reuse.

Information from PADEP files indicate that approximately 99% of this flowback was
reused by the gas industry. The remainder was transported to deep injection wells, landfills,
or treated and discharged into surface waters. Information taken from PADEP files also
indicated that approximately 86% of all produced fluids from wells located within the SRB
were reused by the industry, with only 14% of produced fluids destined for final disposal
including deep injection wells (PADEP, 2014).

5. COMPETITION FOR WATER RESOURCES IN THE SRB

Riparian water rights govern water use in the northeast United States (and SRB), not
prior appropriation water rights as in the western United States. Because of the directive
of the riparian doctrine and the SRBC Compact, the emergence of the gas industry as a
legitimate water use must be considered equally as important as traditional and estab-
lished water uses in the SRB. When compared with 2007, water use in 2013 remained
generally unchanged in all sectors other than the gas industry (Table 1). This suggests
that water use by the gas industry, which increased over the same period, has not
negatively impacted established water users. This may be because of the geographic area
occupied by the gas industry. The northern Pennsylvania portion of the SRB, where the
industry is most active, is rural and/or undeveloped with relatively little existing water
use. As such, there is little evidence for competition for water resources between the gas
industry and existing anthropogenic water users in the SRB.

The primary competition for water resources has occurred between the industry and
aquatic ecosystems in the small watersheds with characteristically low water yield in the
northern Pennsylvania portion of the SRB. This challenge was met with regulatory changes
implemented by SRBC intended to be protective of water resources while allowing for
sustainable development. Desktop environmental screenings and on-site aquatic resource
surveys of proposed withdrawal locations have proven to be valuable tools to inventory
current conditions at sites where data are lacking, which allows for more effective tech-
nical reviews of proposed withdrawals. Limits on withdrawal magnitude and examination
of cumulative withdrawals in watersheds have provided insight regarding the suitability of
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watersheds to accommodate newly proposed water use. Passby flow requirements have
also been especially useful in maintaining adequate instream flows and not exacerbating
natural low flow conditions. Additionally, monitoring and reporting requirements for
industry withdrawals and consumptive use have allowed managers to accurately quantify
and examine trends in industry water use. Lastly, the active compliance program imple-
mented by SRBC to ensure adherence to withdrawal conditions such as passby flows has
proven to be an effective regulatory function.

Secondary competition has arisen within the gas industry, specifically between
different operating companies. The small watersheds in the northern Pennsylvania
portion of the SRB constitute interruptible water sources, as many withdrawals are
conditioned with passby flows. In response, the industry has developed a dynamic water
storage and distribution system, allowing water to be obtained when conditions allow and
saved for later use. SRBC has enacted regulatory changes intended to allow sharing of
water sources between companies, to decrease the need for multiple and redundant
withdrawals in individual watersheds. The term of approval for industry withdrawals has
also been maintained at 4 years, which allows more frequent revisiting of projects and
examination of water use to better align allotted quantities with actual use.

6. RELEVANT STUDIES AND APPLIED RESEARCH

Significant effort has been directed toward researching the potentially adverse impacts of
gas development, especially research specifically targeting water resources. Of concern is
potential groundwater contamination caused by methane migration from improperly cased
wells and vertical migration through geologic fractures (eg, Osborn et al., 2011). Impacts
to surface waters are also of concern. Sedimentation from land disturbance and contam-
ination from produced waters high in salts, metals, and radioactivity are threats that have
been evaluated in gas plays (eg, Olmstead et al., 2013; Brantley et al., 2014; Hintz and
Steffy, 2015). Attention has also been paid to trends in environmental violations by gas
drillers and the effectiveness of regulations levied by state agencies (eg, Rahm et al., 2015).

To evaluate the impacts of industry surface water withdrawals on stream ecology,
data were collected at gas industry surface water withdrawals in three stream types in the
SRB (Shank and Stauffer, 2015). The study concluded that landscape characteristics of
watersheds better explained variation of fish and macroinvertebrate assemblages than
did water withdrawal intensity at study sites. It should be noted that this study was
conducted during a relatively early stage in what is expected to be the long-term
development of shale gas. Additionally, this research examined water withdrawals
regulated by SRBC’s previous regulatory scheme of year-round passby flow thresholds
set to a percent of average daily flow (ADF). Findings indicated that the largest with-
drawals relative to stream size observed in this study were from headwater streams,
which averaged 6.8% of ADF daily. These large withdrawals in small watersheds have a
greater potential for impacts (Shank and Stauffer, 2015). A study using theoretical
withdrawal scenarios in the Ohio River Basin portion of Pennsylvania highlighted the
importance of longer streamflow gauge records when determining passby flows. The
results suggested that, when using seasonal/monthly percent exceedance flow statistics
as passby thresholds, the period of record required to accurately estimate flows at
ungauged sites is substantially longer than what is needed for static, year-round ADF
thresholds (Mitchell et al., 2014). SRBC initiated research to evaluate the predictive
accuracy associated with using reference US Geological Survey stream gauges to

Water Use for Gas Development in the Susquehanna Basin Chapter j 2.2.4 193



estimate passby flow conditions at ungauged water withdrawal sites. Correlation ana-
lyses between on-site flow measurements and concurrent streamflow records from
selected reference gauges were conducted at 18 surface water withdrawal sites during
low and base flow conditions. Preliminary results suggest high correlation between on-
site flow measurements and references gauges at the majority of ungauged sites, with the
exception of one located in a unique hydrogeologic spring setting (Liu et al., 2016).

SRBC conducted a Cumulative Water Use and Availability Study to evaluate the
potential cumulative impact of consumptive use within the SRB. The study entailed
computing existing and projected consumptive use, determining water capacity at varying
spatial scales, developing a GIS-based water availability tool, and evaluating alternatives
for mitigating potential impacts. To integrate sustainable limits of water development and
low flow protection criteria in existing SRBC policies and plans, a water capacity threshold
based on the low flow margin of safety method (Domber et al., 2013) was defined for
assessing water availability. The assessment tool will be instrumental in identifying water-
limited areas and evaluating various management measures and their effects on water
availability (Balay et al., 2016).

7. LESSONS LEARNED AND FUTURE OUTLOOK

There were several important lessons learned from unconventional natural gas develop-
ment in the SRB. The ability to move swiftly to establish a regulatory framework to
accommodate this unique water use, and remain flexible to implement adaptive manage-
ment measures as development evolved, proved effective in attaining regulatory compli-
ance for this new industry. The highly mobile and decentralized nature of the industry’s
water use poses a significant challenge for enacting appropriate oversight. An overarching
goal in the SRB was to ensure that all water use came from a source that was approved or
otherwise recognized as appropriate. It was critical to institute administration, tracking,
and reporting of water use in such a way that water movement was accountable, while
providing flexibility for the transport and reuse of water by the industry. It is advantageous
to plan out supporting water infrastructure prior to initiation of gas development to opti-
mize siting of water sources, transportation and distribution routes, and storage facilities.
Doing so helps identify sustainable supplies, avoid redundant sources, and minimize
environmental impacts. The industry’s presence in more remote, headwater settings in-
troduces concerns not typically associated with conventional energy development such as
the effects of habitat fragmentation, land use and disturbance, and overallocation of water
resources in small watersheds. More protective standards are necessary to ensure proper
management in sensitive headwater settings.

The industry’s water use pattern is unique in that it exhibits a relatively low frequency
and duration, but high magnitude, of water use. This introduces uncertainty into actual
water use accounting and long-term planning. It is unrealistic to assume that all recognized
sources are used routinely at the maximum capacity, but it is very difficult to predict the
timing and quantity of water use. This makes planning for the industry’s water demand,
without overallocating and unnecessarily constraining the water available for other eco-
nomic development, a challenging task. Incentivizing sharing of sources, use of lesser-
quality waters, and recycling/reuse are important management strategies for reducing
water demand, system stress, and waste streams. Protective conditions such as limiting
withdrawals to viable rates and imposing passby flow requirements are critical to ensuring
sustainable water development and avoiding impacts to competing instream uses,
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particularly during times of low flow and drought. Integrating an active compliance and
enforcement program, with mandatory reporting requirements and routine field
inspections, is essential to ensuring adherence to water use regulations and avoidance of
environmental harm.

The potential for future natural gas development in New York, and presence of
numerous other tight shale formations in the SRB, suggests that natural gas development
in the SRB is likely to continue well into the future. As the water source, distribution, and
storage network matures, competition for additional water sources is anticipated to
stabilize. Increasing trends in length of well laterals, and associated volume of water
used per hydraulic fracturing event, could result in increased future water demands.
However, concentration of water use on fewer hydraulic fracturing events could provide
an opportunity to reduce competition through a focus on larger events more spaced out
temporally, as opposed to more frequent smaller events occurring in quicker succession.
Experience suggests that water use for unconventional natural gas development in the
SRB can be accommodated without impacts to competing users, with appropriate reg-
ulatory oversight and protective conditions in place. As development continues in the
future, ongoing evaluation of industry trends and adaptive management will be critical to
striking an appropriate balance between energy development and water resources man-
agement in the SRB.
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Chapter 2.2.5

Water Use for Unconventional
Gas Production in the
European Union

L. Reins
KU Leuven University, Leuven, Belgium

1. INTRODUCTION

The management and regulation of shale gas and its impacts on water resources has been
identified as an important action area in the European Union by various stakeholders, such
as industry actors, as well as European Commission representatives (Barton, 2013). A
European Parliament Resolution on environmental impacts of unconventional gas activities
has further called for “compulsory water management plans by operators, in cooperation
with the drinking water companies and the competent authorities; [the Parliament] stresses,
however, that existing treatment plants are ill-equipped to treat hydraulic fracturing waste
water and may be discharging pollutants into rivers and streams; [the Parliament] con-
siders, to this end, that a full assessment of all the relevant water treatment plants in the
Member States concerned should be carried out by the competent authorities” (European
Parliament, 2012). The importance of this is also recognized through the fact that the Joint
Research Center (JRC) of the European Commission has issued a special study on the
Assessment of Land and Water Use Scenarios for Shale Gas Development in Poland and
Germany (European Parliament, 2012). However, the exact impacts of fracturing activities
are still subject to uncertainty. This is also reflected by the fact that the JRC study
employed three different water use scenarios, as it is still uncertain whether and to which
extent the shale gas technology will break through. Accordingly, low, average, and high
rate of activity based on the parameters “different fracks per 10 years,” “recycling,” and
“water consumption per well” has been used (Lavalle, 2013). Estimates from the Inter-
national Energy Agency predict a high development scenario of 50,000 wells in the Union
until 2035, resulting in increased challenges for water and land use in the Union’s territory
(Lavalle, 2013). Indeed, the shale gas development process illustrates the overall water
issues along the value or process chain very well. As the JRC establishes, “the main
environmental concerns associated with shale gas fracturing today are due to the usage
of water: the high volumes of water used and lost underground, the need to process
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flowbacks, the potential contamination of aquifers by leaks of chemicals employed in the
fracturing fluids, etc.” (Gandossi, 2014).

Whereas in the European Union no commercial extraction of shale gas is practiced as
yet, it is understood from the United States’ trial and error and laissez faire approach to
regulation that this is not an option in the Union, especially because of the large public
opposition. Hence an ex-ante regulatory regime is necessary. As a result of these
uncertainties, the management and regulatory framework in the Union also has been
uncertain for some time. The regulation of shale gas and its impacts on water resources is
generally covered by the basic energy and environmental legislation. An assessment of
the regulatory regime has, however, concluded that the “existing EU legislation is not
fully equipped to tackle the resulting environmental impacts and risks (eg, surface and
ground water contamination, air emissions including greenhouse gas emission)” (Impact
Assessment, 2014). As a reaction to this and to clarify the existing framework, the
Commission published a nonbinding Recommendation establishing minimum principles
for the regulation of shale gas,1 the only specific regulatory instrument on shale gas at the
European level.

This chapter assesses the applicable regulatory framework for shale gas resources at
an EU level. In particular, it will first establish the state of shale gas development in the
Union and then briefly explain the potential impacts and regulatory challenges. The
chapter will then analyze the regulatory framework applicable to water resources. More
precisely, it will look at four pressing challenges throughout the shale gas value chain:
the regulatory requirements applicable to shale gas development prior to operation, the
regulation of surface water issues, the framework applicable to underground injection
and groundwater, and wastewater management. A conclusion will establish the way
forward.

2. SHALE GAS IN THE EUROPEAN UNION

Estimates of the US Energy Information Administration (EIA) for shale gas resources
from June 2013 predict that the European Union in total has the potential of
13,309 billion cubic meters of technically recoverable shale gas resources (US Energy
Information Administration, 2013). Poland and France, with a predicted 4.19 and
3.87 billion cubic meters of technically recoverable resources respectively, hold the
greatest amount of resources. Romania (1.44 billion cubic meters), Denmark
(900 million cubic meters), the United Kingdom and the Netherlands (both 730 million
cubic meters), as well as Germany and Bulgaria (both 481 million cubic meters)2 are the
remaining Member States with predicted technically important amounts of shale gas
resources (US Energy Information Administration, 2013). Two years after the EIA’s

1. Commission Recommendation from 22 January 2014 on minimum principles for the exploration

and production of hydrocarbons (such as shale gas) using high-volume hydraulic fracturing, OJ

[2014] L39/72 (“Recommendation”).

2. The estimates from the German authorities from 2012, however, mention recoverable resources of

1.3 billion cubic meters. Bundesanstalt für Geowissenschaften und Rohstoffe, Abschätzung des

Erdgaspotenzials aus dichtem Tongesteinen (Schiefergas) in Deutschland (2012), at 31. Estimates

thus differ considerably. See note 4 for further explanation.
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estimates were published, however, it seems that the technically recoverable resources in
most Member States are significantly below these estimates.3

Prospection and explorations are under way in several EU Member States, even if shale
gas activity is not pursued in a commercial manner as yet in Europe. Despite the European
Union no longer being listed among the top 10 key global players with technically
recoverable resources in recent studies, the amount of resources is still immense.4

Emerging citizen initiatives in several Member States5 show public concern regarding
environmental, climate change, and health-related issues, with notable public opposition
leading to the adoption of moratoria and bans in some states (Fleming, 2013).

The political context could not be more diverse among the Member States. Some
Member States are overall in favor of shale gas extraction, such as Poland, Hungary,
and Lithuania. A study found that “in general, these countries’ political and legal
environments present a fairly stable atmosphere in which investment risk is not a pri-
mary concern” (KPMG, 2012) regarding unconventional gas activities. A reason for the
strong political interest in shale in Eastern European countries is the fact that these states
are more dependent on energy imports from third (non- EU) countries, especially
Russia.

Poland, with the largest share of shale gas resources in Europe, is taking the lead role
within the European Union to enhance the shale gas exploitation process and to become a
leading commercial undertaking in the future (Orlen, 2010). For this reason, Poland is
often considered a “test case for European shale gas development,” which is going to
determine the further process in the European Union (Meibner, 2011). According to the
Ministry of the Environment, Poland has granted at least 109 concessions for shale gas,
covering a minimum area of 88,000 km2 with 64 exploration wells. In nine of these wells,
hydraulic fracturing technology is used, and a further 11 wells include horizontal drilling
operations as of April 2015 (Wagrodzka, 2013).

In the United Kingdom, to date, one well has been hydraulically fractured by Cuadrilla,
one of the biggest oil and gas exploration companies in the United Kingdom. A temporary

3. See, for example, A.E. Mihalache, “No shale gas in Eastern Europe, after all: implications of

Chevron’s exit from Romania,” Energy Post 09.04.2015, available at http://www.energypost.eu/shale-

gas-eastern-europe-implications-chevrons-exit-romania/. This is mostly because of differences in the

measuring methods used by the various institutions, but also because the exact amount of technically

recoverable resources can only be assessed during exploration. See also I.J. Andrews, The Carbon-

iferous Bowland Shale gas study: geology and resource estimation (London: British Geological

Survey for DECC, 2013), at 5f and 10f, as well as DECC, “Resources vs Reservesdwhat do esti-

mates of shale gas mean?”, 27.07.2013, available at https://www.gov.uk/government/uploads/system/

uploads/attachment_data/file/256358/Publication_Resources_vs_Reserves_June13.pdf. See also C.

McGlade, J. Speirs, and S. Sorrell, “Methods of estimating shale gas resourcesdcomparison, eval-

uation and implications,” 54 Energy 59 (2013), 116e125.

4. This was still the case in the International Energy Agency, World Shale Gas Resources: An Initial

Assessment of 14 Regions Outside the United States, available at http://www.eia.gov/analysis/

studies/worldshalegas/; however, this is no longer in the updated version. In that version, the

countries of China, Argentina, Algeria, the United States, Canada, Mexico, Australia, South Africa,

Russia, and Brazil form the top 10.

5. For example, “Gegen Gasbohren” in Germany, available at http://www.gegen-gasbohren.de/,

“Fracturing Free Ireland” in Ireland, available at http://frackingfreeireland.org/, and the Your Voice

Consultation at European Union level, available at http://ec.europa.eu/yourvoice/ipm/forms/

dispatch?form¼SHALEGAS.
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moratorium was in place from spring 2011 until the end of 2012 after the occurrence of
seismic events. The United Kingdom, after Poland, is one of the European Member States
with a very proactive attitude towards shale gas, having passed several government pro-
grams promoting the activity (Petroff, 2013; N.N., 2013).

Further Member States such as Germany are still assessing the pros and
cons of potential exploitation (National Gas Europe). In the Länder of Lower Saxony,
North Rhine-Westphalia, and Thuringia, experimental drilling sites have been installed.
However, the German authorities take into account the scientific uncertainties and lack of
knowledge regarding the exact impacts on environmental resources (Umweltbundesamt,
2011). After the elections of Sep. 2013, the new Grand Coalition included a section on
“Fracking” in its Coalition Agreement. The section stresses the “enormous risk potential”
(CDU et al., 2013) of the technology and that the effects on humans, nature, and the
environment are not sufficiently scientifically verified as of yet. Accordingly, the approval
of any shale gas activity can only be granted if the necessary data on which to base an
assessment are available, and if it can be determined beyond all doubt that the technology
does not have any adverse effect on water quality, and is thus in line with the “duty of care
principle” (“Besorgnisgrundsatz”) of the Federal Water Act. The coalition will, with the
involvement of the Länder, the scientific community, and industry representatives, develop
which specific findings the exploration undertakings have to provide to eliminate gaps in
knowledge and to provide a sufficient basis for possible subsequent steps (CDU et al.,
2013). The agreement does not include any new findings; it essentially confirms the state of
the German practice and its careful attitude in this regard. In April 2015, after considerable
toing and froing, the German government presented its draft legislation on the issue,
allowing fracturing under strict limitations (Bundesrat, 2015). The draft is still pending.

Bulgaria andFrance imposeda banon the exploration and extractionof hydrocarbons using
hydraulic fracturing. Bulgaria imposed the ban on grounds of public opposition in 2012
(Shale Gas Europe), following a similar action by France in 2011.6 In France, the government
had to defend its ban in court: the US company Schuepbach Energy challenged the ban before
the lower administrative court at Cergy-Pontoise, which referred the matter to the Conseil
d’Etat, which in turn transferred it to the FrenchConstitutional Court. Schuepbach Energy held
two exploration licenses in the south of France, which were suspended after the ban in 2011
(Van Calster, 2013). The court upheld the decision (Cournil, 2013; Martor).

Because of the strong public debate and divergent approaches in the European Member
States, the European Commission undertook a public consultation on “Unconventional fossil
fuels (eg, shale gas) in Europe” from December 2012 to March 2013. The majority of
respondents were private individuals, but other stakeholders including companies, NGOs,
industry associations, the academic sector, and governmental bodies also took part. The results
were published at the beginning of June 2013. One key finding of the stakeholder participation
was that the “large majority of respondents agree on the lack of adequate legislation, the need
for public information, the lack of public acceptance of unconventional fossil fuels (eg, shale
gas)” and that “doing nothing at the EU level is the least favored option” (European
Commission, 2013). Around 60% of the respondents are generally in favor of the development
of unconventional fossil fuels such as shale gas if proper health and environmental safeguards

6. Act 2011e835 of 13 July 2011 (Loi n� 2011e835 du 13 juillet 2011 visant à interdire l’exploration

et l’exploitation des mines d’hydrocarbures liquides ou gazeux par fracturation hydraulique et à

abroger les permis exclusifs de recherches comportant des projets ayant recours à cette technique).
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are in place (European Commission, 2013). Key potential benefits associated with the activity
are the avoidance of increasing the EU’s energy import dependency, the strengthening of its
negotiating position towards external energy suppliers, increasing the diversity of the EU
energy mix, and the creation of employment (European Commission, 2013).

3. POTENTIAL IMPACTS ON WATER RESOURCES

It is well known that the extraction of shale gas is associated with impacts on the envi-
ronment (Bailey, 2010). Extraction can adversely affect various aspects of the environ-
ment, such as water resources, ecosystems and wildlife, air quality, noise levels, and the
seismicity of rock formations, and can cause visual impacts on the site (Department of
Environmental Conservation, New York State, 2009). Regarding water resources, concerns
relate to the “high usage of water, methane infiltration in aquifers, aquifer contamination,
extended surface footprint, induced local seismicity, etc.” (Gandossi, 2014).

Concerns regarding water resources relate to the fact that, depending on the individual
rock formation, the hydraulic fracturing process can require between 3 and 4 million
gallons of fresh water per well (Commission Communication, 2014; Impact Assessment,
2014). This arguably can have significant impacts on the local water capacity and lead to
an overuse of local water resources (Commission Communication, 2014; Impact Assess-
ment, 2014). Associated concerns are adverse impact of water withdrawals, wastewater
treatment and disposal, as well as impacts on the local drinking water supply (Cady, 2010a;
Department of Environmental Conservation, 2009). Furthermore, the use of water and
chemicals during the drilling and fracturing phase can lead to water pollution through
flowback7 and produced water,8 as well as drilling fluids.9 Additional concerns relate to the
pollution of surface and groundwater caused by surface spills and leaks in pits (Cady,
2010b). Depending on the location and surroundings of the shale, groundwater usage can
range from 45% to 90% (Cady, 2010a). In addition, it is estimated that between 25% and
90% of the fracturing fluids that are injected into the subsoil remain underground. The
fracturing process can result in large amounts of wastewater, either flowback water from
the treatment itself or produced water, which is concentrated subterranean saltwater from
the rock formation brought to the surface during the drilling process (Cady, 2010a; Arthur,
2008). The flowback water that returns to the surface after the treatment is mixed with the
fracturing fluids can be contaminated with chemicals (Cady, 2010a).

A connected problem is the handling of waste and drilling water. Depending on the
individual shale, three treatment options are possible: underground injection, treatment, and
discharge or recycling (Baily, 2010). Concerns regarding underground injection are
the contamination of groundwater caused by leakage of those pits or spills, as well as the
destruction of flora and fauna on the surface (Cady, 2010a) and increased seismicity

7. The US EPA (2016) explains flowback water as “after the hydraulic fracturing procedure is

completed and pressure is released, the direction of fluid flow reverses, and water and excess

proppant flow up through the wellbore to the surface. The water that returns to the surface is

commonly referred to as ‘flowback’.”

8. Explained by the US EPA (2016) as “after the drilling and fracturing of the well are completed,

water is produced along with the natural gas. Some of this water is returned fracturing fluid and

some is natural formation water. These produced waters move back through the wellhead with the

gas.”

9. The term drilling fluids refers to the fluids injected during the drilling process.
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(Ellsworth, 2013). In case of off-site treatment, the produced water is transported to either
municipal wastewater treatment plants or commercial treatment facilities (Arthur, 2008).
Accidents and spills caused by transport on highways and through residential areas are related
concerns (Cady, 2010a). The third method, to recycle the water, is an option for drilling water
as well as wastewater, even if recycling for this kind of water is more challenging because of
the high degree of corrosiveness and contamination. With regard to the amount of water
needed for the operation, this method seems to be reasonable and appropriate, but its use is
still limited because of inefficiency, the limited amount of recycling capacity, and economic
reasons, as the disposal of drilling water in pits is less expensive (Cady, 2010a).

4. THE REGULATION OF WATER USE IN THE CASE OF
UNCONVENTIONAL GAS10

Besides the nonbinding Recommendation outlining minimum principles for the explora-
tion and production of hydrocarbons of 2014, there is no specific shale gas act enacted
within the European Union. The regulation thus falls under general acts of environmental
and/or (conventional) energy law.11 In 2011, the European Parliament released a study
listing 10 pieces of the most relevant legislation applicable to shale gas extraction activities
(Tomescu), as well as a further 36 relevant EU Directives applicable to the regulation
associated with the activity, including legislation on water, protection of the environment,
safety at work, radiation protection, waste, and chemicals (DG for Internal Policies
European Parliament, 2011). The key pieces of legislation are the Mining Waste Direc-
tive,12 the Ambient Air Quality Directive,13 the Seveso II Directive,14 the EIA Directive,15

10. The current section is based on L. Reins, “The shale gas extraction process and its impacts on water

resources,” 20 Review of European Community & International Environmental Law 3 (2011),

300e312.

11. Article 288 TFEU establishes that “[t]o exercise the Union’s competences, the institutions shall

adopt regulations, directives, decisions, recommendations and opinions. A regulation shall have

general application. It shall be binding in its entirety and directly applicable in all Member

States. A directive shall be binding, as to the result to be achieved, upon each Member State to

which it is addressed, but shall leave to the national authorities the choice of form and methods.

A decision shall be binding in its entirety. A decision which specifies those to whom it is

addressed shall be binding only on them. Recommendations and opinions shall have no binding

force.”

12. Directive 2006/21/EC on the management of waste from extractive industries and amending

Directive 2004/35/EC, [2006] OJ L 102/15.

13. Directive 2008/50/EC of 21 May 2008 on ambient air quality and cleaner air for Europe, [2008] OJ

L 152/1.

14. Directive 96/82/EC of 9 December 1996 on the control of major-accident hazards involving

dangerous substances, [2007] OJ L 10/13, as amended.

15. Directive 2011/92/EU of 13 December 2011 on the assessment of the effects of certain public and

private projects on the environment, [2012] OJ L 26/1.
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the REACH Regulation,16 the Habitats and Birds Directive creating the NATURA 2000
network,17 the Water Framework,18 and the Groundwater Directive.19

The regulation of shale gas and its impacts on water resources is subject to the general
EU water legislation, namely, the Drinking Water Directive,20 the Water Framework
Directive,21 the Groundwater Directive,22 the Waste Directive,23 and the Mining Waste
Directive.24 In addition, the Recommendation includes several provisions addressing the
use of water for shale gas exploration and extraction. It aims at “ensuring that the public
health, climate and environment are safeguarded, resources are used efficiently, and
the public is informed” (Section 1 of the Recommendation). To achieve this, water use
requirements are included throughout the entire regulatory lifecycle of the activity. The
following sections analyze these in more detail.

4.1 Regulatory Requirements Prior to Operation

The Recommendation puts special emphasis on the site selection and construction phase, as
this aspect of the shale gas value chain is currently unaddressed by the existing (water)
legislation. Accordingly, at the strategic planning and environmental assessment stage,
Member States are required to establish restrictions, minimum distances, and clear rules on
shale gas activities in sensitive areas, such as in protected, flood- or seismic-prone areas, as
well as minimum depth limitations between the fracturing area and groundwater resources.
The risk assessment carried out at the shale gas development selection stage should further
include an assessment of the “changing behavior of the target formation, geological layers
separating the reservoir from groundwater and existing wells or other manmade structures
exposed to the high injection pressures used in high-volume hydraulic fracturing and the
volumes of fluids injected; [and] respect a minimum vertical separation distance between the
zone to be fractured and groundwater” (Section 5.3 of the Recommendation).

Only if the risk assessment confirms that the fracturing activity will not “result in a
direct discharge of pollutants into groundwater and that no damage is caused to
other activities around the installation”(Section 5.4 of the Recommendation) can a site be
selected. In a next step, a baseline study needs to be carried out determining the “(a) quality

16. Regulation No. 1907/2006 of 18 December 2006 concerning the Registration, Evaluation,

Authorisation and Restriction of Chemicals (REACH), establishing a European Chemicals

Agency, amending certain Directives, [2006] OJ L 396/1.

17. Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and

flora, [1992] OJ L 206/7, as amended and Directive 2009/147/EC of 30 November 2009 on the

conservation of wild birds, [2010] OJ L 20/7.

18. Directive 2000/60/EC of 23 October 2000 establishing a framework for Community action in the

field of water policy, [2000] OJ L 327/1.

19. Directive 2006/118/EC on the protection of groundwater against pollution and deterioration,

[2006] OJ L372/49.

20. Directive 98/83/EC on the quality of water intended for human consumption, [1998] OJ L 330/32.

21. Directive 2000/60/EC establishing a framework for Community action in the field of water policy,

[2000] OJ L 327/1.

22. Directive 2006/118/EC on the protection of groundwater against pollution and deterioration,

[2006] OJ L372/49.

23. Directive 2008/98/EC on waste and repealing certain Directives, [2008] OJ L 312/3.

24. Directive 2006/21/EC on the management of waste from extractive industries and amending

Directive 2004/35/EC, [2006] OJ L 102/15.
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and flow characteristics of surface and ground water; (b) water quality at drinking water
abstraction points; [and] presence of methane and other volatile organic compounds in
water” (Section 6.2 of the Recommendation). The installation and construction of the
infrastructure needed for shale gas development needs to be built in a “way that prevents
possible surface leaks and spills to soil, water or air” (Section 7 of the Recommendation).
The requirements prior to operation are very detailed, taking into account that there is no
specific legislation applicable to this stage of development at the European level. Regarding
conventional extraction, the requirements are largely established at the Member State level.
Even if detailed in nature, the requirements are to a large extent narrative. It is still at the
discretion of the Member States as to how to carry out, for example, baseline studies,
leaving a broad room for maneuver.

4.2 Regulation of Surface Water

In its Preamble, the Recommendation clarifies that the Water Framework Directive
“requires the operator to obtain authorisation for water abstraction and prohibits the direct
discharge of pollutants into groundwater.” The Water Framework Directive constitutes the
EU framework for water protection and management. The Directive sets the requirement
for surface waters to achieve “good ecological status” (European Commission, 2010). At
the European level, the Water Framework Directive builds the Community framework for
water protection and management. Based on river basins and districts, the Member States
adopt management plans and programs and are required to revise them every 6 years.
These management plans have the aim of preventing and reducing pollution from dis-
charges and emissions of hazardous substances, ensuring a balance between groundwater
abstraction, promoting sustainable water use (Article 1 WFD), and of achieving the ulti-
mate “good ecological and chemical status for all Community waters by 2015.” The
European Court of Justice recently clarified in this regard that this objective is not merely a
management-planning objective but applies to each project authorization procedure.25 The
goal is thereby twofold and has to be understood as an obligation to prevent deterioration
and an obligation to enhance (ECJ, at 39). Consequently, a project authorization has to be
rejected if it may cause deterioration to the status of the surface water. Thereby it is
sufficient if the deterioration affects one of the water quality elements included in Annex V
of the Directive in a way that it falls by one water quality class (ECJ, at 69). Even though
this case did not deal with shale gas projects, it is certainly also important for the latter, in
the sense that an authorization for these might be rejected if they result in deterioration to
the surface water status.

The Water Framework Directive is applicable to all inland surface waters, ground-
water, transitional waters, and coastal waters. For the shale gas process, the provisions on
surface waters and groundwater are most important. Concretely, the requirement for
surface waters is the achievement of a “good ecological status” according to Annex Vof
the Directive and “good chemical status,” which means compliance with all EU chemical
standards. Article 11(j) establishes a general prohibition against discharging pollutants
directly into groundwater. However, an exception is included for hydrocarbons. Under
the exemption, specific conditions for the “injection of water containing substances

25. ECJ, Case C-461/13, Bund für Umwelt und Naturschutz Deutschland [2015] ECLI:EU:C:2015:

433, at 43.
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resulting from the operations for exploration and extraction of hydrocarbons” are
authorized, provided that “such discharges do not compromise the achievement of the
environmental objectives established for that body of groundwater” (Article 11). In other
words, the discharge of wastewater resulting from the extraction of shale gas into
groundwater is permitted if it does not lead to an immediate failure to meet other
environmental goals established in the individual management plan. The exception in the
Water Framework Directive is similar to the exception in the US Safe Drinking Water
Act that excludes underground injections.26 However, the provision in the European
Directive is not as strict, having added the condition that any such measures shall not go
against “environmental objectives” in general; although in practice the inclusion of that
condition does not seem to be relevant.

Moreover, one of the Directives that has been integrated into the Water Framework
Directive was the Dangerous Substances in Water Directive.27 Articles 16 and 22 of the
Water Framework Directive establish provisions for the discharge of dangerous substances.
However, to date no such substances are included in the shale gas fracking fluids, and the
provisions do not refer to unconventional gas resources.

Furthermore, the Water Framework Directive contains important provisions relating to
hazards by floods and establishes together with Directive 2007/60/EC on the assessment
and management of flood risks (“Floods Directive”) the framework of flooding and flood
risk regulation in Europe. In case of a flooding of the shale gas exploitation site and wells,
these Directives apply. Not having any specific and important provisions, flooding man-
agement is only secondary in this context.

The Drinking Water Directive from 1998 outlines the essential quality standards that
water must meet to be declared as drinking water. The Directive is aimed at the protection
of “human health from the adverse effects of any contamination of water intended for
human consumption by ensuring that it is wholesome and clean” (Article 1). The Directive
sets quality standards (Article 5) and minimum requirements (Article 4 in conjunction with
Annex I parts A and B) for drinking water. Moreover, it establishes a monitoring system
where Member States have to disclose information regarding water quality to consumers
(Article 13). However, the Directive does not contain any specific rules concerning mea-
sures on exploiting unconventional gas and the possible influences on drinking water
quality, but rather contains more general provisions on impacts on drinking water.
Derogations from the overall aim of the Directive is included in Article 9. These possible
derogations are only granted under exceptional circumstances and if there is no danger to
human health. In addition, the derogations have to be as short in time as possible.28 This
provision serves as a temporary opt-out mechanism for Member States from the chemical
quality standards specified in Annex I. However, the shale gas extraction process is un-
likely to be considered an “exceptional circumstance” as it is a standard industry practice
that was intended and planned in advance. Also, as explained earlier, the chemicals and the
high concentration of saltwater from the subterranean rock formations brought to the

26. See for further discussion Chapter 2.2.4 of this volume.

27. Directive 76/464/EECdWater pollution by discharges of certain dangerous substances, codified as

Directive 2006/11/EC of the European Parliament and of the Council of 15 February 2006 on

pollution caused by certain dangerous substances discharged into the aquatic environment of the

Community, [1976] OJ L 129/23.

28. The maximum is 3 years, unless the Commission extends it for another period of 3 years (Article 9

Directive 98/83/EC).
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surface in the drilling process (Arthur, 2008) would likely be considered a threat to human
health. Additionally, to be a commercially profitable activity, shale gas extraction generally
must produce gas for at least 3 years.

The Recommendation further clarifies that project-specific water management plans
should be established to guarantee the efficient and responsible use of water sources during
the entire project. The plan should allow tracing back the individual water flows and take
into account the changes in water availability (Sections 9.2 and 9.3 of the Recommen-
dation). As part of the monitoring requirements, in addition to the baseline study, the water
volume per well used for the fracturing activity, as well as the composition of the fluids
used, shall be monitored (Section 11.3(a) and (b) of the Recommendation).

4.3 Regulation of Underground Injection and Groundwater

The regulatory framework for underground injection consists of the Groundwater Direc-
tive, the Mining Waste Directive, and the Water Framework Directive. In addition, the
Recommendation on shale gas contains provisions that clarify the applicability of these
Directives. It clarifies that operators are required to “put in place measures that prevent or
limit the input of pollutants into groundwater” (Preamble 7 of the Recommendation). This
clarification is indeed not self-evident as earlier studies revealed that Member States have
different interpretations of the applicability and content of the provisions of the Directive
(Ballesteros et al., 2013; Commission Communication, 2014).

The Groundwater Directive of 2006 completes the Water Framework Directive, espe-
cially the requirements established in Article 17. It requires establishing groundwater quality
standards to achieve compliance with the “good chemical and ecological status criteria.”
It also introduces measures to prevent or limit inputs of pollutants into groundwater and a
requirement to carry out pollution trend studies, taking into account local conditions (Article
1 of the Directive). There are no specific provisions relating to hydrocarbons or uncon-
ventional gas. Thus for the shale gas exploitation process the only requirement is not to
exceed the defined maximum concentrations of chemicals and pollutants in groundwater
defined in the individual area (Meibner, 2011).

The Mining Waste Directive provides for “measures [.] to prevent or reduce [.]
adverse effects on the environment, in particular water, air, soil, fauna and flora and
landscape [resulting from] the management of waste from the extractive industries”
(Article 1). According to the definitions outlined in Article 3 of the Directive, “extractive
industries” include “all establishments and undertakings in surface or underground
extraction of mineral resources for commercial purposes, including extraction by drilling
boreholes” (Article 3(6)). Thus, at first sight, it appears to cover the extraction of shale gas.
The Directive applies to all waste from the prospecting, extraction, treatment, and storage
of mineral resources (Article 2). However, it is important to note that the regulation of the
“injection of water and re-injection of pumped groundwater as defined in [.] Article
11(3)(j) of Directive 2000/60/EC” (Article 2(2)(c)) is excluded from the Mining Waste
Directive.

According to Article 11(3)(j) of the Water Framework Directive, injection might be
allowed by the Member States subject to specific conditions. In other words, the injection
process of wastewater resulting from the drilling process of shale gas is excluded, and thus
subject only to individual Member States’ regulations. This is a loophole and the Member
States do not have a common interpretation of the applicability of this provision to shale gas
activities (Ballesteros et al., 2013). The Recommendation tries to address this issue.
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It includes provisions to establish minimum depth limitations between the area to be frac-
tured and groundwater (3.2), as well as provisions requiring a risk assessment on the
changing behavior of groundwater reservoirs (5.3(b)). Direct discharge of pollutants into
groundwater is prohibited (5.4) and water management plans for the entire project chain are
needed (9.2(a)). In case of “loss of the well integrity or if pollutants are accidentally dis-
charged into groundwater,” the operation has to be stopped and necessary remedial actions
need to be taken immediately.

4.4 Wastewater Management

Stakeholders, such as the International Oil and Gas Producers Association, asked the
European institutions to assess and clarify the “legal status of flowback water as to
whether or not it is considered as waste when re-used in other fracturing operations”
(Impact Assessment, 2014) and thus the applicability of the Mining Waste Directive as
well as the general Waste Directive. The Mining Waste Directive is applicable to waste
resulting from the shale gas exploitation process outside the injection process itself. The
operator of the “extractive industry site” has to implement a “major-accident prevention
and information” plan (Article 6 Mining Waste Directive), a monitoring regime (Article
11 Mining Waste Directive), as well as a waste management plan. The latter has to be
reviewed on a 5-year basis to prevent or reduce the generation of waste and its harmful
nature and to encourage the short- and long-term safe disposal of waste (Article 5 Mining
Waste Directive). None of the plans and provisions of the directive contain specific
measures on waste produced by unconventional gas resources. However, the special
characteristics of the waste produced by unconventional gas extraction processes, like the
shale gas process, need a specific regulation, as the waste, especially the polluted water,
is more toxic and dangerous and above all hard to capture and collect (Meibner, 2011).

The European Hazardous Waste Directive29 used to lay down the framework for the
management, recovery, and correct disposal of hazardous waste. However, the Directive
has been repealed by Directive 2008/98/EC on waste, with effect from December 2010.
Hence the treatment of hazardous waste falls under the section on hazardous waste in the
general Waste Directive 2008/98/EC.

The exact compositionof the chemicals used in the frackingprocess and their proportions is
generally considered to be a confidential trade secret (Howell, 2009). Therefore undertakings
are not required to disclose the exact composition of the materials used. Even if some of the
disclosed components used in the United States are classified as hazardous, the entire fracking
fluid mixture is not considered hazardous waste (Hanlon, 2011). The same is true in the
EuropeanUnion,where frackingfluid does not fall under the definition of “hazardouswaste” as
defined in the European Waste Directive. However, this might change in the future. The
properties that render waste hazardous are currently under review, so any given component
might be listed as “hazardous”. Consequently, the regulation of hazardous waste under the
Waste Directive is not completely irrelevant to the shale gas extraction process. In fact, the
entireWaste Directive does not provide for specific provisions on the treatment of (hazardous)
waste resulting from the unconventional gas extraction processes. Articles 17e20 lay out
stricter rules applying to hazardous waste, transportation, packing, labeling (Articles 17 and
19), monitoring, the mixing of hazardous substances (Article 18), and permit exemptions.

29. Council Directive 91/689/EEC of 12 December 1991 on hazardous waste, [1991] OJ L 377/20.
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Also control obligations “from cradle to grave” are aimed at safe and controlled management
(EuropeanCommission, 2011). Regarding the high degree of contamination and concentration
of chemicals in frackingwastewaters, itwould be a reasonable step to classify the fracking fluid
mixture as “hazardous” to make the entire fracking wastewaters subject to stricter hazardous
waste regulation, unless the operator shows that a nonhazardous activity is carried out, and thus
to guarantee safe and controlled disposal.

The Recommendation in Section 10.2 further encourages research into “fracturing
techniques that minimize water consumption and waste streams and do not use hazardous
chemical substances.” In addition, operators are encouraged to disclose and disseminate
information to the general public on the chemical substances and volumes of water used
for the fracturing activities. The Recommendation foresees as a means for disclosure
the “names and Chemical Abstracts Service (CAS) numbers of all substances and to
include a safety data sheet, if available, and the substance’s maximum concentration in the
fracturing fluid” (Section 15(a) of the Recommendation).

And indeed, even if water-based fracturing is currently the most used technique, “other
methods for fracturing [...] exist that do not make use of water-based fluids (for instance,
explosive fracturing, dynamic loading, etc.), or that make use of fluids other than water”
(Gandossi, 2014). For example, “foam technologies, [...] offer an alternative to reduce the
amount of water used in shale gas stimulation. These are available across the industry”
(Gandossi, 2014). However, these are to date “not extensively applied due to performance
considerations” (Gandossi, 2014).

5. CONCLUSION

From the analysis of the regulatory requirements and its applicability to water re-
sources along the shale gas value chain it can be concluded that the Recommendation
tries to close existing gaps and uncertainties in the legislative framework. As such, the
Recommendation is well drafted. However, it is striking, that the Recommendation
does not establish specific regulatory requirements regarding water resources or the
closure and postclosure phase (Section 14 of the Recommendation). The establishment
of a coherent ex-ante approach requires that no element is left out, even if practical
examples are still missing. The Commission itself stresses the need for “robust and
clear rules to accompany shale gas developments to ensure that negative impacts can
be reduced and risks can be managed” (Commission Communication, 2014). The
question, however, is whether this can be guaranteed through nonbinding guidelines.
As mentioned by the Commission, the important threshold is that “if fully applied.,”
it is expected that the Recommendation “.would contribute to enabling shale gas
activities while ensuring that climate and environmental safeguards are in place”
(Commission Communication, 2014). However, it is inherent to the very nature of a
“Recommendation,”30 that the provisions included are not binding on the Member
States to be applied in practice, but merely are an invitation to do so.

At the EU level, the entire shale gas regime is still some steps behind the American
regime. The efforts of the Union institutions and those of Member States such as the United
Kingdom and Germany show that a laissez-faire approach, as has been the governing

30. Article 288 TFEU states that “Recommendations and opinions shall have no binding force.”
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principle at the start of shale gas activities in the United States, is not what seems to work
best and is the policy preference in the European Union. As such, law and policymakers
learned from the United States experience and realized that ex-ante regulation is necessary.
However, the regulation of the “shale gas value chain” is still in its infancy. Former Energy
Commissioner Günther Oettinger has stated that: “European common standards [will
guarantee] a high level of safety and security and quality for environmental interests”
(Agence France Presse, 2011). One scholar sums up correctly that: “[T]he laws and regu-
lations covering oil and gas exploration and development in Western Europe are underde-
veloped in terms of managing unconventional gas; so much so that current regulations do not
even make reference to these types of resources. This lack of regulatory framework may
create a real obstacle to Europe’s unconventional gas exploration.” (Petersen, 2014). This
also holds true of the regulation of water resources, as binding measures on the issue are still
missing. The European Recommendation is an initial starting point, rather than a definitive
answer: it remains to be seen how the Member States will implement these recommendations
in practice, and whether such minimum principles are enough to regulate an activity that is
associated with so many uncertainties and faces public opposition and political debate in
nearly all Member States. Regardless of the many black letters and the very narrative
character of the Recommendation, it attempts to prevent a race to the bottom of environ-
mental standards and creates legal clarity, in the way a nonbinding instrument can do so.
Along with the development of practical experience with the technology, regulation might
indeed evolve “on the go.” So far, it has been argued that the Recommendation has not had a
significant effect on the Member States policy and legislative approaches on shale gas in
general (Molyneux, 2014), and more specifically on water resources.
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Chapter 2.2.6

Water for Electricity Generation
in the United States

M.E. Webber
The University of Texas at Austin, Austin, TX, United States

1. INTRODUCTION

As noted by others and elsewhere in this book, energy and water are interconnected in
many ways (Sanders, 2015). One important factor of the relationship between energy and
water are the extensive water needs by the power sector. These needs include direct water
use (eg, at hydroelectric power plants) and indirect water use (such as the water for cooling
thermoelectric power plants, producing fuels, and transporting fuels). In the United States,
which has very high electricity consumption per capita, this situation is particularly acute.
In addition, the per capita water use in the United States is relatively high because it has
extensive industrial activity and is a major agricultural producer. Thus the power sector is
at risk of facing severe competition for water resources with other sectors in society, and
vice versa.

Withdrawals were 355 billion gallons per day in 2010 in the United States, which was
greater than 1100 gallons per person per day (USGS, 2014). Of that, the thermoelectric
power sector was responsible for 161 billion gallons per day, or 45% of total withdrawals
(USGS, 2014). This water is withdrawn from a mixture of sources (groundwater and
surface water) from a variety of source qualities (including saline and fresh) for a mix of
end uses (Fig. 1).

While the daily withdrawals for the power sector are higher than for agriculture in the
United States, globally, agriculture is a much larger cause of withdrawals. While there is
significant water consumption via evapotranspiration for photosynthesis in the agricultural
sector and evaporation for cooling in the power sector, most of the water that is withdrawn
for power plant cooling is returned. Overall, while the power sector is responsible for the
greatest volume of water withdrawals in the United States, the agricultural sector has the
greatest water consumption (USGS, 1998).

Different aspects of water for power are illustrated in Fig. 2. For example, as shown in
the upper right portion of the figure, rain that is collected into a catchment by a dam can be
used directly to generate power by use of hydroelectric turbines. Further downstream,
water provides electric power indirectly by cooling a thermoelectric power plant. The
pumps that withdraw and circulate the water for cooling require some of the energy
produced on-site, reducing the output of the power plant. Water is also used for fuels

Competition for Water Resources. http://dx.doi.org/10.1016/B978-0-12-803237-4.00012-4

Copyright © 2017 Elsevier Inc. All rights reserved. 212

http://dx.doi.org/10.1016/B978-0-12-803237-4.00012-4


FIGURE 1 US water withdrawals in 2005 were 410 billion gallons per day. While cooling of the power sector is responsible for over half of daily water

withdrawals, primarily from surface water, it is responsible for a small fraction of overall consumption (LLNL, 2011).
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production, and in particular for the extraction of fuels such as uranium, coal, oil, and gas.
A mine shown in the upper-right corner of the illustration presumably uses water as part of
its production process (for washing or leaching minerals), and has potential water quality
impacts from runoff, as shown with the cascading dirt below the mining equipment.

Water is also used extensively for transportation of fuels for the power sector. In
particular, barges are used to transport coal to power plants along major rivers. There are
11,000 miles of inland waterways that move 0.5 million ton-miles of freight annually
(compared with 1.7 million ton-miles of freight for the United States’ 141,000 miles of
railroads) (TEDB, 2012; FHA, 2011). While waterborne transportation is very efficient,
droughts or floods that disrupt barge movement can be impactful on the power sector.

In parallel, the water industry uses significant amounts of energy for moving, pumping,
treating, and heating water. A water treatment plant at the far left side requires energy to
remove impurities of the water via reverse osmosis using coiled, concentric membranes in
tubes lying horizontally. The wastewater treatment plant at the bottom center of the figure
is there for a reason: namely, wastewater plants are usually placed at the lowest-altitude
location so that the solid-laden flows of sewage can flow by gravity to the plant. There,
energy is used to clean up the flows to a suitable standard that meets goals for maintaining
a healthy ecosystem, after which the water is returned to the watershed so that the next user
downstream has that water available for other purposes. In addition, energy-intensive
pumps are used to move water uphill from the river and water treatment plant to the
urban area at the top of the figure and to the residential area on the right-hand side. Once
water arrives at the home or business, additional energy is invested to heat, filter, treat,
chill, or pressurize the water so that it is useful for other purposes. While some energy for
water is in the form of natural gas, especially for residential water heating, a vast pre-
ponderance of energy requirements for the municipal water systems is in the form of
electricity for pumps and blowers. This means the water sector represents a nontrivial
amount of the demand for electricity from the power sector.

FIGURE 2 This illustration graphically depicts many elements of the energy water nexus. Red

arrows denote flows of energy, and blue arrows denote flows of water. Courtesy of the Electric Power

Research Institute (EPRI), Courtesy of Bob Goldstein, 2006.
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2. DIRECT WATER USE FOR POWER GENERATION:
HYDROELECTRIC DAMS

Hydropower is a power generation technology that does not use steam boilers. Hydro-
electricity provides the largest share of non-thermoelectric generation worldwide,
accounting for over 16% of generation. In the United States, hydroelectricity makes up the
largest portion of renewable energy consumption, responsible for over 2% of annual
energy consumption of all types, and more than 5% of electricity production (EIA, 2016).
The water use implications of hydroelectric power differ significantly from thermoelectric
generation because it does not withdraw or consume water for cooling. Instead, hydro-
electric facilities use the force of gravity to pass water through turbines to generate
electricity.

The design is pretty straightforward: a dam is built to create a large reservoir of water
with a significant elevation differential (Fig. 3). The elevation difference between the water
behind the dam and the river downstream of the dam creates potential energy that can be
converted to mechanical energy (from rotating turbines) that can be converted to electrical
energy (from the generator).

The power output of the system is a function of height differences through which the
water falls and the volumetric flow rate. Large volumes of water falling long distances at a
high rate of speed generate a lot of power. The power output from a hydroelectric dam can
be described as Pf10� H � Q (kW), where H is the head (m), or the height difference
through which the water falls from behind the dam to the stream beyond it, and Q is the
volumetric flow rate (m3/s). This means the power output from a hydroelectric facility
varies with the water availability, which changes by season and year to year based on
broader meteorological and climatic conditions.

FIGURE 3 Hydroelectric power plants use a height differential of flowing water created by a dam to

generate electricity (USACE, 2001).
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To make power, water falls through the curved blades, forcing them to rotate a shaft
that is attached to a generator. The process is very simple, and consequently dams are
highly efficient: they usually achieve a 90% or higher conversion efficiency from potential
energy (from the elevation of the water) to electrical energy (USACE, 2001). This per-
formance is much better than the 30e40% efficiency that is typical for conventional steam
cycle power plants, and still 1.5 times better than the state-of-the-art natural gas combined
cycle power plants that achieve 60% efficiency. One of the key advantages is that solar
power does the heavy lifting for us, raising water to high elevations from evaporation of the
oceans, after which we can harness the free force of gravity on the way back down.

Hydroelectric power plants can be absolutely massive, both in area and power
generation. The largest power plant in the United States is the Grand Coulee Dam
along the Columbia River, topping out at over 6 GW, or approximately the size of six
nuclear power plants. The Hoover Dam is only 2 GW by comparison. In regions with
abundant water, dams can be used for baseload power. But hydroelectric power plants
also have the ability to be quickly turned on and off, which gives them great opera-
tional flexibility. This means they can be used to meet peak load or to firm up the
power grid. In addition, dams are black-start rated, which means they can start oper-
ation even if the grid is down, which helps bring the grid back to full power.

And, at the same time, because there is no combustion at the point of use, hydroelectric
power is relatively clean since no greenhouse gas emissions (GHGs) are released during
power generation. However, the large reservoirs release significant amounts of methane
from the anaerobic decomposition of organic biomatter that was flooded during the filling
of the reservoir (Li and Lue, 2012). Furthermore, GHGs are released because of the energy
consumed during construction of the dam.

Because the construction of large dams has such a large impact on ecosystems,
building new ones is contentious in most OECD countries. Therefore efforts to identify
opportunities for increasing hydropower generation have focused on smaller-scale
opportunities (“small hydro”) or improved efficiency and expansion of hydropower at
existing facilities through uprating processes (Sternberg, 2010; Carlton, 2009).

Although hydropower does not require water for cooling like thermal generation, it is
often considered a highly water consumptive technology because of the large volumes of
water evaporated from the surface of reservoirs behind dams. Hydroelectric dams are
associated with a significant amount of water consumption for power generation primarily
because the increased surface area of manmade reservoirs beyond the nominal run-of-river
accelerates the evaporation rates from river basins (Torcellini et al., 2003). Notably, the
estimates for this increased evaporation depend significantly on regional location.
Furthermore, whether all the evaporation should be attributed to power generation is not
clear, because reservoirs serve multiple purposes, including water storage, flood control,
irrigation, navigation, and recreation.

As will be discussed, thermoelectric power plants, which use water for cooling, have
thermal impacts on the water, heating the water up before it is returned to the source.
Hydropower facilities can also cause temperature impacts, though typically in a reversed
fashion. Usually, temperatures are relatively uniform for a shallow, free-flowing river.
But, after a reservoir is built, the temperature can vary significantly from the water
surface (relatively warm) to the bottom of the water column (relatively cold). Because
the water flowing through the turbines comes from a part of the reservoir that is not
the surface, it exits at a lower temperature than the temperatures to which the native
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river species are adapted (Hayes et al., 2006). Native river species must often migrate
upstream of the dam to reach normal conditions or move downstream until tempera-
tures stabilize. At the same time, some surface-release dams in Australia release water
at a higher temperature to downstream locations (Lugg and Copeland, 2014). Dams also
interfere with fish migration patterns, which have been solved in some places with fish
ladders.

3. INDIRECT WATER USE FOR POWER GENERATION:
THERMOELECTRIC POWER PLANTS

In addition to direct power generation, water indirectly enables power generation through
the cooling it provides for thermoelectric power plants operating on the steam cycle (also
known as the Rankine cycle). Thermoelectric power plants use heat to make power and are
responsible for more than 90% of the electricity generated in the United States (approx-
imately 3500 of the 4000 million MWh generated annually). Most of those power plants,
satisfying 75% of power needs, use the steam cycle, which requires extensive cooling.
Power plants also use water for fuels production at the mine or point of extraction and for
emissions control at the power plant. The mining sector, which includes the extractive
industries for fuels production, requires another 4 billion gallons per day, and the industrial
sector, which includes refineries and other facilities for upgrading fuels, is responsible for
another 14 billion gallons per day of withdrawals in the United States (USGS, 2014).

As noted earlier, the power sector is the largest cause of water withdrawals, but the
agricultural sector is the greatest consumer of water. Such a phenomenon is because most
of the water that is withdrawn for power plants is returned to the source, though with a
different quality (primarily at a different temperature). The power sector primarily with-
draws surface water, though in some locations it also withdraws groundwater. Of the
surface water, about a third is saline water. Most of the saline water withdrawn is for
cooling power plants located on the coast (though some power plants use brackish
groundwater for cooling).

Across the thermoelectric power sector nationally, approximately 15 gallons of water
are withdrawn and less than 1 gallon is consumed for every kilowatt-hour of electricity that
is generated. Hydroelectric dams are associated with nearly 20 gallons of water consumed
per kilowatt-hour primarily because the increased surface area of manmade reservoirs
beyond the nominal run-of-river accelerates the evaporation rates from river basins
(Torcellini et al., 2003).

The amount of water that is withdrawn and consumed by thermal power plants is
driven primarily by a mix of factors:

l fuel: coal, natural gas, biomass, oil, nuclear, solar thermal;
l power cycle: Rankine (steam) cycle, Brayton (open, simple, or combustion) cycle,

combined cycle;
l cooling technology: open-loop wet cooling, pond cooling, closed-loop (recirculating)

wet cooling, hybrid wetedry cooling, dry cooling;
l meteorological conditions: temperature, humidity, wind speed.

The Rankine cycle, named after famed thermodynamicist William Rankine, is also
known as the steam cycle. It uses heat to create steam that drives a turbine that spins a
generator to make electricity. The steam cycle is used to generate approximately 75% of all
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power in the United States. A key step in the steam cycle is cooling to condense the steam
into liquid water so that it can be used again in a continuous loop. This cooling can be
accomplished with a variety of fluids, but because of water’s high heat capacity, relative
abundance, and widespread distribution, it is the world’s most common coolant.

Other power cycles include the Brayton cycle, which is also known as the open cycle,
simple cycle, or combustion turbine. These systems often use turbines that are billed as
“aeroderivatives” because of their lineage with turbines that are used for airplane pro-
pulsion. A combined cycle is so named because it combines a Rankine cycle and a Brayton
cycle to operate at higher efficiency.

The three most prevalent cooling methods are open-loop, closed-loop, and air cooling
(Fig. 4). Hybrid wetedry systems also exist, but are not widely implemented. Meteoro-
logical conditions such as prevailing temperature, humidity, wind speed, etc. are also
important because they affect overall plant efficiency and the cooling effectiveness of the
atmospheric and water-based heat sinks. For values on water withdrawal and consumption
by power plants, see Table 1 for a typical breakdown by power cycle, fuel, and cooling
type. Water is also needed for the production of the fuels.

Open-loop, or once-through, cooling withdraws large volumes of surface water, fresh
and saline, for one-time use and returns nearly all the water to the source with little of the
overall water being consumed because of evaporation. While open-loop cooling is energy
efficient and low in infrastructure and operational costs, the discharged water is warmer
than ambient water, causing thermal pollution, which can kill fish and harm aquatic
ecosystems. Thus environmental agencies regulate discharge temperatures, taking into
account a water body’s heat dissipation capacity.

Closed-loop cooling requires less water withdrawal, since thewater is recirculated through
use of cooling towers or evaporation ponds (which are reservoirs dedicated for power plant
cooling). However, since the cooling is essentially achieved through evaporation, closed-loop
cooling causes higher water consumption. The alternative, air cooling, does not require water,
but instead cools by use of fans that move air over a radiator similar to that in automobiles.
However, power plant efficiency for air cooling is lower, upfront capital costs are higher, and
real estate requirements are sometimes larger, often making this option less attractive
economically unless water resources are scarce.

Even though power plants return most of the water they withdraw, the need for such
large amounts of water at the right temperature for cooling introduces vulnerabilities for
the power plants. If a severe drought or heat wave reduces the availability of water or
restricts its effectiveness for cooling because of heat transfer inhibitions or thermal
pollution limits, the fact that the power plant consumes so little water becomes less
important than the fact that it needs the water in the first place.

Power plants constructed over 50 years ago almost exclusively used open-loop cooling
designs, which have very high water withdrawals. When these power plants were built,
water was perceived as abundant and environmental regulations were practically nonex-
istent. During the 1960s and 1970s, environmental concerns about water increased, kicking
off an era of regulatory pressure to reduce water use at power plants.

They key legislation was the Clean Water Act (CWA), which according to the Envi-
ronmental Protection Agency (EPA) “.establishe[d] the basic structure for regulating
discharges of pollutants into the waters of the United States and regulating quality stan-
dards for surface waters’’ (EPA CWA Summary, EPA CWA History). The Federal Water
Pollution Control Act of 1948 served as the basis for the regulatory framework that later
became the CWA in popular parlance in 1972 after significant reorganization and
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FIGURE 4 There are three basic cooling methods: open-loop, closed-loop, and air cooling. Courtesy of Stillwell, A.S., 2010. Energy-Water Nexus in Texas

(Master’s thesis). The University of Texas at Austin.
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expansion. The CWA gives the EPA authority to implement pollution control programs,
including the establishment of wastewater standards for industry and water quality stan-
dards for surface waters.

The CWA outlawed the unpermitted discharge of any pollutant from a point source into
navigable waters, which led to the creation of the EPA’s National Pollutant Discharge
Elimination System (NPDES) permit program to control discharges. Point sources (ie, the
discrete locations such as pipes or manmade ditches) are regulated by the CWA. While
homes do not generally need an NPDES permit for their wastewater flows into the sewers
or septic systems, industrial, municipal, and other facilities must obtain permits for their
discharges that go to surface waters. In this way, the CWA regulates discharges from power
plants. They also regulate intake requirements.

Power plants built since then have almost exclusively used closed-loop designs with
cooling towers as a way to serve many environmental interests by greatly reducing the
entrainment (fish and aquatic organisms are withdrawn from the environment into the
power plant facility) and impingement (fish and aquatic organisms are pinned against water
intake screens) of aquatic wildlife. Doing so meant that water withdrawals have decreased
in response to x316(b) of the CWA passed in 1972.

They also prevent the artificial heating of aquatic environments, which is a form of
thermal pollution and is regulated by x316(a) of the CWA. Conventional wisdom concludes
that cooling towers are less impactful than open-loop cooling systems because they
withdraw less water, even though cooling towers consume more water, as noted earlier.

TABLE 1 Water Use at Power Plants Varies by Fuel, Power Cycle and Cooling

Technology (Typical Values are Listed) (Stillwell et al., 2011)

Fuels and

Power Cycles

Cooling Technologies

Closed-Loop (Cooling Tower) Open-Loop (Once-Through)

Withdrawals

(gal/kWh)

Consumption

(gal/kWh)

Withdrawals

(gal/kWh)

Consumption

(gal/kWh)

Concentrating
Solar Power

0.8 0.8 e e

Nuclear 1.0 0.7 42.5 0.4

Coal/Natural
gas (steam
cycle)

0.5 0.5 35.0 0.3

Natural gas
(combined
cycle)

0.23 0.18 13.8 0.1

Natural gas
(open cycle)

Negligible Negligible Negligible Negligible

Solar PV Negligible Negligible Negligible Negligible

Wind Negligible Negligible Negligible Negligible
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In the first decade of the 21st century, 43% of US thermoelectric power plants were
large power facilities with generation capacities of over 100 MW. Of these large power
plants, 42% used wet-recirculating cooling towers (ie, closed-loop) and 14.5% used
cooling reservoirs. The remaining 43% of these large power plants used once-through
cooling, and just under 1% use dry cooling (King et al., 2013). Most of those plants
with once-through cooling systems were built before the CWA was enacted or were
grandfathered in once the legislation was passed. Many of them are also the same plants
that were built before strict emissions controls. This means most of them are decades old
and are simultaneously dirty and thirsty (except for the ones that added scrubbers) and
whether they are shut down in exchange for newer, cleaner, leaner plants remains a hotly
contested public policy debate.

Moving forward, new hybrid and dry systems might see greater implementation
because of looming regulatory requirements and competition for water. For example, the
California State Lands Commission proposed a moratorium on construction of new power
plants with open-loop cooling systems, which clashes with separate efforts to push power
plants to coastal regions where open-loop cooling can use seawater to spare inland
freshwater (CASLC, 2006). Coastal water has higher performance benefits because it is at
a relatively lower temperature, which improves efficiency of the power plant. However,
environmental concerns about oceanic wildlife are in direct conflict with environmental
concerns about inland freshwater supply.

As noted earlier, more water-efficient cooling technologies exist; however, these sys-
tems have drawbacks. Dry-cooled systems withdraw and consume less than 10% of the
water of wet-cooled systems. However, dry-cooling systems have higher capital costs and
reduce overall efficiency of the plant, which increases costs and emissions per unit of
electricity generated. Because the heat capacity of air is so much lower than water, much
more air has to be moved to achieve the same cooling as with water. This means much
larger facilities to create the larger cooling surfaces in dry-cooling systems, which
dramatically increases capital costs. Furthermore, a power plant with dry cooling can
experience a 1% loss in efficiency for each 1�F increase of the condenser, limiting power
generation based on ambient air temperatures (Kutscher et al., 2006).

Because they include both closed-loop wet and dry cooling, hybrid wetedry-cooling
systems provide a compromise between wet- and dry-cooling systems. Thus hybrid
wetedry-cooling systems can have low water consumption for much of the year by
operating primarily in dry mode, but have the flexibility to operate more efficiently in
wet mode during the hottest times of the year. Unfortunately, water resources are
typically less available during these peak demand times. Although dry- and hybrid-
cooling systems are proven technologies, low water prices and senior water rights for
power generators usually prevent them from being economically competitive designs.
However, in water-constrained regions where water is not available for cooling, dry
cooling is often the only alternative. In such cases, the upfront capital costs and
parasitic efficiency loads are more readily justifiable.

4. WATER FOR POWER GENERATION: NONHYDRO
RENEWABLE ENERGY

In addition to the water needs for hydroelectric power and for cooling conventional ther-
moelectric power plants fueled by coal, natural gas, and nuclear, the other forms of
renewable powerdsolar, wind, geothermal, and biomassdalso need water for their opera-
tion. The range of water they need varies dramatically.
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Renewable electricity technologies such as wind turbines and solar photovoltaic (PV)
panels do not use thermoelectric processes and thus have no need for cooling water. They
need small volumes of water for manufacturing components (eg, at the steel mill where the
turbine parts are fabricated, or the semiconductor fab where the solar panels are printed)
and cleaning equipment, but other than that the water needs are minimal. Other forms of
renewable technologies such as concentrating solar power (CSP) configurations, enhanced
geothermal systems, and biomass-powered plants use thermoelectric processes (as before)
to convert heat into electricity, and thus also need water for cooling.

By conventional wisdom, CSP systems are preferred over solar PV by utilities because
they can achieve large scale and integrate readily with thermal storage technologies (such
as heat exchangers with molten salts that can save daytime heat for nighttime power
generation) and natural gas turbines that allow facilities to more consistently produce
electricity during the day and into the night hours. Because CSP plants operate at lower
temperatures than fossil- and nuclear-powered plants, their steam cycles are less efficient.
As a result, they require more cooling water per unit of electricity generated than their
fossil-fueled peers. Furthermore, areas that provide the best solar insolation for CSP are
typically dry and hot, which limits large-scale use of wet-cooling technologies because of
water resource scarcity (eg, the first major installations are in Granada, Spain, and in
Arizona).

Although dry-cooling technology can be coupled to CSP, doing so introduces parasitic
efficiency losses, particularly on hot days. Nonetheless, some CSP companies have
committed to dry cooling to avoid the political, availability, and environmental barriers
because of concerns over water issues. These new systems demonstrate the feasibility of
dry-cooling technology for large-scale systems and might be indicators of a new trend in
electricity.

Geothermal power plants utilize naturally occurring heat below ground (especially in
locations near volcanic activity, such as Iceland and the mountainous west of the United
States) to create steam and generate electricity. However, the majority of the global
geothermal resource is deep, dry, hot rock that does not contain adequate water to recover
the embedded thermal energy necessary to run steam-powered turbines. Consequently,
water has to be added. Enhanced geothermal systems exploit the dry, hot rock by injecting
large volumes of water into fractured rock from an external water supply. The injected
water absorbs the geothermal heat and is pumped to the surface to power the steam cycle.
The same water volume is then injected back into the rock to form a closed-loop system.
However, because of lower operating temperatures and losses during the round trip from
the surface, geothermal systems need more water than nuclear or CSP.

Electricity generation from burning biomass requires the use of similar amounts of
cooling water as coal- and nuclear-fueled thermoelectric facilities, because the power
generation process is very similar. However, in addition to the water needed to cool the
power plant, water is also needed to grow the fuel.

4.1 Water Constraints on the Power Sector

One of the main consequences of how much the power sector depends on water is that
water constraints can become energy constraints. Water can be too hot, too cold, too
abundant, or too scarce for full operation of power plants, leaving a sweet spot where the
water is just right (Fig. 5). This means heat waves, freezes, droughts, and floods all cause
problems for power plants.
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4.1.1 Heat Waves

Heat waves are relevant in two different ways: they reduce performance because of
hampered power plant efficiency and they put power plants at risk of violating thermal
pollution limits. The efficiency of a power plant is proportional to the ratio of absolute hot
and cold temperatures between which the power plant operates. For example, a coal-fired
power plant might have a combustion chamber that operates at 2700�F (1500�C) with a
cooling system that sheds heat to river water at 58�F (or 14�C). The Carnot efficiency, or
maximum possible efficiency for such a system, is described as:

h ¼ 1� Tcold
Thot

where Thot is the high temperature in the system (the combustion chamber) and Tcold is the
temperature sink to which waste heat is rejected (ie, the cooling water or the atmosphere,
or some combination of both). This equation is only for absolute temperatures (kelvin, K,
or degrees Rankine, �R), as opposed to relative temperatures (Celsius, �C, or Fahrenheit,
�F).1 Thus, for the situation just described, the overall efficiency of the coal-fired power
plant is:

h ¼ 1� Tcold
Thot

¼ 1� 14þ 273

1500þ 273
¼ 84%

Note that while the ideal efficiency (or the highest possible efficiency) for power plants
operating between those temperatures is 84%, actual power plants induce significant

FIGURE 5 The power sector needs water to be at just the right abundance and temperature to

function at full power.

1. To adjust from relative to absolute temperatures, use the following relationships: (1) T (K) ¼
T (�C) þ 273, and (2) T (�R) ¼ T (�F) þ 460.
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losses, achieving a typical real-world efficiency of 30e40%. For the same operating
conditions in the combustor, but with a heat wave present, the river temperatures might be
78�F (25�C) instead of 68�F (20�C). For that situation, the overall efficiency is:

h ¼ 1� Tcold
Thot

¼ 1� 25þ 273

1500þ 273
¼ 83%

In other words, the efficiency of the power plant drops a percentage point just for the
case where the water is hotter from a heat wave.

In addition to the performance problems, there are also environmental regulations that
are relevant. As was discussed earlier, power plant cooling structures are regulated by
thermal pollution standards from x316(a) of the 1972 CWA. These standards are often
implemented with a maximum exit temperature that is allowable for the return water from
a power plant’s cooling system. Typical exit temperatures are around 104e112�F
(40e44�C). Those thermal pollution limits are designed to protect the aquatic
environment.

When a heat wave occurs, the prevailing temperature of the cooling water will increase
above normal. Doing so reduces the overall performance of the power plant as noted
earlier. But it also puts the power plant at risk of needing to turn down its output. When the
temperature difference between the exit threshold and the inlet (which is the same as the
river temperature) is smaller, then the power plant can extract less cooling from the water.
The key here is that the thermal pollution limits are a fixed threshold, as opposed to a
differential. Thus, as the river temperatures increase, there is less cooling available. And
ultimately, when heat waves are extreme enough, power plants will need to draw down
their power output.

Such extreme heat waves can happen. The 2003 heat wave in France was one prom-
inent example. That heat wave stretched across Europe, but its greatest impact was in
France. In many places in France, temperatures were 10�C (18�F) hotter in 2003 than in
2001 (NASA, 2003). This was a killer heat wave, responsible for tens of thousands of
deaths. In particular, elderly women were vulnerable. Consequently, the demand for power
was spiking as people turned on their air conditioners to avoid dying from the heat.

At the same time that the demand for power was spiking, the French nuclear fleet had
to draw down its output to avoid violating the thermal pollution limits. Because the
French power sector has a very high contribution from nuclear power with open-loop
cooling systems (which are very water intensive) and because the French nuclear
plants are often sited on inland rivers (37 of their 58 nuclear power plants are situated on
rivers) (Godoy, 2006), they are doubly exposed to heat waves. By contrast, ocean water
maintains a much more stable and cooler temperature compared with inland rivers and
lakes.

Because of the combination of the higher energy demand and higher river tempera-
tures, 16e17 of France’s 58 nuclear reactors were at risk of violating the thermal pollution
limits and had to reduce their output or turn off completely (Poumadere et al., 2005;
Forster and Lilliestem, 2010). The rivers were too hot and the water levels too low to
guarantee adequate cooling of nuclear power plants, putting the entire system at risk of
failure. Ultimately, Électricité de France, the main power provider in France, requested
exemption from its operational limits and cut its power exports in half to keep the power
system operating (Poumadere et al., 2005). After those temporary exemptions were
granted, nuclear facilities were allowed to operate but at reduced capacity. Consequently,
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the nuclear power fleet had to dial back its output by up to 15% for 5 weeks (Hightower
and Pierce, 2008). That is, just as demand for electricity was spiking for air conditioning in
response to the heat and with life hanging in the balance, power supplies were being cut
back because of the very same heat wave.

In other words, France, and many other regulatory bodies in Europe, “overrode their
environmental laws and allowed for higher waste water temperatures” (Forster and
Lilliestem, 2010). When making the choice between impinging the environment through
overheating of the ecosystem and saving human lives, the latter was the clear selection.

While the heat wave in France was certainly not a normal situation, the fear with
climate change is that those killer heat waves will become the new normal. And the
phenomenon is not restricted to France: in May 2012, the Illinois Environmental Protection
Agency granted Exelon’s Quad Cities nuclear power plant a “provisional variance from the
National Pollutant Discharge Elimination System (NPDES) water discharge permitted
temperature limits, due to recent unseasonably warm weather conditions” (IEPA, 2012).
Just like in France, the thermal pollution limits were temporarily voided during a heat wave
to keep the power on.

And while ocean water is generally cooler and more steady with its temperature than
inland rivers, even seaside power plants are at risk of shutting down from heat waves. A
few months after the Quad Cities plant needed a variance, the Millstone Power Station, a
nuclear power plant in Connecticut on the Long Island Sound, shut down for 2 weeks
because of overly hot seawater, which exceed the 75�F (24�C) temperature limits for the
cooling water (AP, 2012). As before, the authorities did their best to shunt aside envi-
ronmental regulations to keep the power on, but despite an emergency license amendment
from the US Nuclear Regulatory Commission (NRC) to show a lower temperature by
averaging different measurements, the safety threshold was violated, triggering a full
shutdown (AP, 2012).

4.1.2 Freezes

While water can be too hotda problem that has affected power plants in many places and
might be more prevalent with global climate changedwater can also be too cold. It is
known that weatherization and preparing for cold storms includes steps such as draining
water from nonessential water systems (to avoid damage from ice formation), and con-
firming that the water in essential water systems circulates, which reduces the likelihood of
a freeze (FERC, 2011). So, in effect, power plant operators know that freezing water poses
a risk to reliability. But that does not mean they have taken appropriate action.

In one dramatic incident, Texas endured a statewide freeze in February 2011. That cold
front caused water to freeze in some instrumentation pipes or switches, tripping some large
coal plants offline, which triggered a whole cascading series of power plant failures
elsewhere, ultimately leading to rolling blackouts across the state (Souder, 2011). On one
day, six more coal-fired units at four locations went offline.

Because the natural gas demand was at a record high to meet the heating requirements
for homes and businesses, backup power plants fueled by natural gas did not have enough
gas available on line. Ultimately, more than 50 gas plants were not able to work. Com-
pounding things, many gas-producing wells using electrical equipment and some gas
compressors along pipelines use electrical pumps, so when the power went out, they could
not keep up with the demand to keep the pipelines filled with gas, causing pressures to drop
and straining the system further (Galbraith, 2011).
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Ultimately, over a 4-day span of time between February 1 and 4, 2011, more than 200
individual generating units within the Texas grid experienced an outage, were derated, or
failed to start (FERC, 2011). All of these events combined triggered statewide rolling
blackouts: since enough power could not be produced to meet demand, demand had to be
cut across the state. The grid operator started turning off the power to different parts of the
state one after the other. Over 3 million meters (and there are usually several consumers
served per meter) lost their power, and a total of 4000 MW of capacity was shed (FERC,
2011).

The after-action report that investigated the blackout episodes concluded that a vast
preponderance of the failures were from frozen water in sensing lines, equipment, and
frozen water lines (FERC, 2011). Making things worse, natural gas production dropped,
which made it hard for gas-fired power plants to come online.

So a set of small frozen water pipes tripped major power plants and some gas wells
clogged with frozen water reduced gas pressures in the pipelines making it hard for gas
plants to pick up the slack, ultimately shutting power down for at least 3 million people.
Essentially, little pipes frozen with water brought the whole grid down.

Freezes can also interrupt the power sector by inhibiting fuels delivery. During the
polar vortices of 2014, Lake Superior froze, preventing delivery of coal by ship to power
plants along the shore. Consequently, emergency shipments by truck were implemented
from one neighboring utility to another to keep the power plants operating.

4.1.3 Droughts

In addition to water temperature affecting the energy sector, the abundance of water also
matters. In particular, water scarcity from extended drought can be a problem. Though
hydroelectric power is attractive for many reasons, it is least reliable during droughts when
the need to use water for other purposes such as drinking and irrigation might take pre-
cedence over hydroelectricity. For example, low water levels in hydroelectric reservoirs
can force power plants to dial back or turn off. Nearly 60% of US hydroelectricity is
generated in California, Oregon, and Washington alone, making the power supply
vulnerable to regional changes in water availability.

This region is also particularly sensitive to climate change: as the climate warms up,
the snowmelt and precipitation patterns are distorted in ways that are detrimental. And the
cumulative impact of the changes is nonlinear. Quoting a National Oceanic and Atmo-
spheric Administration report from 2009 on the impacts of climate change, it is noted that:

Hydroelectric generation is very sensitive to changes in precipitation and river

discharge. For example, every 1 percent decrease in precipitation results in a 2 to 3

percent drop in streamflow; every 1 percent decrease in streamflow in the Colorado

River Basin results in a 3 percent drop in power generation. Such magnifying sen-

sitivities occur because water flows through multiple power plants in a river basin.

NOAA (2009)

For a large basin like that of the Colorado River, small changes in precipitation cause
major droughts, which in turn can dramatically reduce power output from a whole chain of
hydroelectric dams. At the same time, many millions of people depend on that basin’s
water for irrigation, drinking, commercial activity, industrial process, and, of course, for
power production. And things look like they might get worse.
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For example, without a change in water usage patterns, Lakes Mead and Powell along
the Colorado River, which are used for hydroelectric power and municipal supply, are
projected to have a 50% chance of running dry by 2021 (Scripps, 2008). In the American
southwest, reduced hydroelectricity generation because of water scarcity is a way of life
(Gertner, 2007).

Ultimately, reduced hydroelectric power output can strain the entire grid. The Energy
Information Administration’s monthly update in April 2012 raised an alarm that the
California grid would face a number of challenges in the summer, partly because of the
lower-than-normal snowpack in the Sierra Nevada mountain range, which was expected to
reduce hydroelectric output (EIA, 2012). Then, in July 2012, the grid did come crashing
downdin Indiadbecause of strains induced by reduced hydroelectric output. This event
was the largest blackout in history, affecting 600 million people (Gottipati, 2012). Drought,
triggered by the later-than-normal monsoon season, played a role in two ways (Yardley and
Harris, 2012). First, because of reduced rainfall, the need for electricity from farmers to
pump water for irrigation was higher than normal, straining the grid because of the higher
demand for power. Second, there was reduced hydroelectric power, making it harder for
the grid to meet demand. Ultimately, a population larger than all of Europe and twice as
large as the United States was plunged into darkness, with railways and other critical
services brought to a sudden halt. So drought can trigger massive, cascading blackouts
across a nation.

The problem of water scarcity is not just limited to hydroelectric reservoirs: it also
affects thermal plants that need vast amounts of cooling water. This problem was particu-
larly acute during the extensive drought in 2007 and 2008 in the southeastern United States.
Unlike the problems of heat waves and thermal pollution, which might cause a power plant
to reduce its power output, if water levels drop below the physical location of water intake
pipes, then there is a hard stop where the power plant quits operating completely. During
the southeastern drought, lake levels came within 3.5 feet of the water intake pipe for the
cooling system at the Harris reactor near Raleigh, North Carolina, and within 1 foot of the
intake level needed for one of the backup systems at the McGuire plant near Charlotte (AP,
2008). And it is difficult to expand, lower, or lengthen the water intake pipes so that they are
less exposed to falling lake levels. According to one Associated Press report:

Extending or lowering the intake pipes is not as simple as it sounds and wouldn’t

necessarily solve the problem. The pipes are usually made of concrete, can be up to

18 feet in diameter and can extend up to a mile. Modifications to the pipes and pump

systems, and their required backups, can cost millions and take several months. If

the changes are extensive, they require an NRC review that itself can take months or

longer. Even if a quick extension were possible, the pipes can only go so low. It they

are put too close to the bottom of a drought-shrunken lake or river, they can suck up

sediment, fish and other debris that could clog the system.

AP (2008)

Lake Lanier, a key reservoir in northern Georgia that provides drinking, irrigation,
and cooling water, reached its record low level in December 2007 (Lanier, 2012).
Consequently, power plants near Atlanta during the winter 2008 drought were within
days of shutting off because the vast amounts of cooling water were at risk from
diversion for other priorities such as municipal use for drinking water (Mungin, 2007).
Overall, 24 of the United States’ 100þ nuclear reactors are sited in the region that
endured that drought (AP, 2008).
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And when drought and heat waves are combined, as they often are, the problems are
compounded. For the same heat wave in France in 2003 described earlier, there was a
simultaneous drought that caused France to lose 20% of its hydropower capacity
(Hightower and Pierce, 2008). France gets 78% of its electricity from nuclear power and
approximately 11% from hydropower, which made this drawback hard to accommodate
(MEEDDM, 2011). The same problems happen in the United States. According to reporting
in The Christian Science Monitor:

In August 2007, the Tennessee Valley Authority shut down one of three reactors at its

Browns Ferry nuclear plant. The plant draws from and returns its cooling water to

the Tennessee River. Drought shrank water levels in the river. And the hottest

temperatures in some 50 years (plus water warmed by power plants upstream)

heated the available water to levels that would have topped permissible limits at the

outflow pipe if the plant had continued to run all three reactors. Consumers already

were bracing for rate increases because the low flow in the Tennessee’s tributaries

had cut the amount of juice hydropower plants in the system could produce.

Mungin (2007)

The drought lowered the water levels in the rivers, which made them more vulnerable
to increased temperatures from the heat wave, causing a violation of the thermal pollution
limits that were described earlier. The power problems were exacerbated by the fact that
the same drought that caused problems for the thermal plants also reduced output from the
hydroelectric power plants, causing upward pressure on power prices.

Drought causes other problems for the power sector. For example, severe drought in
2012 threatened a 200-mile stretch of the Mississippi River from St. Louis to Cairo,
Illinois, with the risk of being shut off for barge traffic in early 2013 (Keen, 2012). Because
of the severe drought in 2012, the Army Corps of Engineers decided to save water for
summer irrigation in its upstream reservoirs. Consequently, releases were reduced,
diminishing flow to the Missouri River, which subsequently reduced the flow into the
Mississippi River. If water levels get too low, barges heavily laden with goods would not be
able to travel safely. Those barges carry freight such as fertilizers, salt (for winter road
treatments), and agricultural products. They also carry a lot of coal to Midwestern power
plants. Thus a water scarcity event threatens the supply chain for the energy industry in yet
another way.

4.1.4 Floods

In addition to water being too hot, too cold, and too scarce, it can also be too abundant. It is
hard to imagine that water abundance can be a problem, given the prior discussion about
the risks that droughts pose to energy production. But too much water puts power plants at
risk of damage. For example, a Nebraska nuclear power plant nearly shut down because of
flooding of the Missouri River in June 2011. The floodwaters came within a few feet of
cresting over the flood walls surrounding the facility, which would have triggered a
shutdown to prevent safety risks. And, for the Fukushima incident in 2011, it was not the
earthquake that caused the biggest problems. Rather, it was the tsunami and the subsequent
flooding that triggered the meltdowns and explosions within the nuclear power plants.
Bringing all these points together reveals that water has to be just right for the power sector
to work with optimal performance.
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5. POTENTIAL SOLUTIONS

There are a range of solutions available for mitigating the power sector’s vulnerabilities
because of its dependence on water. A few of those are discussed here:

l Fuel switching and water switching: We can choose to switch the fuel sources we use
(from water-intensive to water-lean options) and switch the water sources (to gray-
water, effluent, brackish, or saline sources) to avoid competition with freshwater.

l Advanced technologies: We can also invest in developing and implementing advanced
technologies that are water lean.

l Cross-sectoral production: We can look for cross-sectoral benefits, whereby we use
the water sector to produce power or the power sector to produce water.

In some cases these solutions are already being implemented somewhere worldwide and
just need to get broader implementation. In other cases, much innovation remains to be done.
Fuel switching is straightforward. In this case, investments can be made in the power sector
to select less water-intensive fuels. Rather than conventional nuclear, coal, or natural gas
operating on the steam cycle, water-lean options such as natural gas combined cycle, wind,
and solar PV could be used instead. For example, in Texas, displacing legacy coal plants with
new, advanced natural gas combined cycle power plants would reduce average water con-
sumption from 0.61 gallons per kWh to 0.25 gallons per kWh (Grubert et al., 2012). That
means fuel switching reduces the carbon and water intensity simultaneously. The water and
carbon savings would be even more pronounced by displacing to wind and solar PV, though
those options have important performance differences that would need to be accommodated.

In addition to fuel switching, power plants can also switch their water sources (Tidwell
et al., 2014). Rather than using freshwater, they can use treated effluent or saline sources.
Out of more than 1000 power plants in the United States, a few dozen of them already use
reclaimed water for their coolant. The most prominent example is the Palo Verde nuclear
generating station in Arizona. Conducting a spatial analysis in Texas, it was found that a
significant fraction of major power plants are located within 25 miles of a large municipal
source of treated effluent (Stillwell and Webber, 2014). The effluent is sufficient in total to
meet the total consumptive needs of the power sector. Applying that approach more
broadly would have significant impact nationwide while also providing a customer for the
effluent, which helps cover the infrastructure investment costs.

Beyond switching fuels or water sources, cooling technologies can be switched
(Tidwell et al., 2014). Because power plants have prioritized closed-loop cooling over
open-loop cooling, total water withdrawals for the power sector have leveled and dropped.
These technologies can be improved further with implements such as better heat
exchangers, sophisticated materials and coatings, and different configurations. In partic-
ular, dry-cooling and hybrid-cooling systems are gaining traction in water-scarce locations.
Because the power plant can keep working even during drought, some economic analysis
has deduced that the costs of the dry-cooling systems can be recovered during drought
events (Stillwell and Webber, 2013).

There are also opportunities for integrated design to achieve cross-sectoral solutions.
For example, the power sector can be used to generate water. In particular, variable
renewables such as wind and solar energy can be used to desalinate brackish groundwater
(Clayton, 2014a,b). Doing so accomplishes two goals. First, it increases water supply in a
way that does not exacerbate carbon emissions. Second, the water treatment system can be
dialed up and down to follow the supply of renewable electricity. In that way, desalination
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serves as a proxy for energy storage, and thereby offers ancillary services and reliability
benefits to the grid.

Beyond these three categories of solutions, there are many other opportunities to solve
the various vulnerabilities of the power sector induced by water availability.

6. CONCLUSIONS

The power sector in the United States is a major user of water primarily for cooling
thermoelectric power plants. Those water needs are determined by the fuel, power cycle
(steam cycle, combined cycle, etc.), cooling technology, and prevailing climatic condi-
tions. In addition, water is used to generate power at dams, produce fuels, transport fuels,
and operate emissions controls on-site. Because of the power sector’s dependence on
water, it is vulnerable to water constraints. Namely, if water is too scarce, abundant, hot, or
cold, it induces strain on the power sector that can lead to blackouts. However, there are
different solutions available, including source switching (either switching to different fuels
or source of cooling water), advanced technologies, and cross-sectoral integration.
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Chapter 2.2.7

Long-Term Water and Energy
Issues in European Power
Systems

N. Maı̈zi, S. Bouckaert, E. Assoumou
MINES ParisTech, PSL Research University, Sophia Antipolis, France

1. INTRODUCTION

Water and electricity are both identified as strategic resources in Europe, and both sectors
have to cope with numerous challenges.

1.1 Finding the Adequate Portfolio for a Low-Carbon System

Triggered by population growth and improved living conditions, the global demand for
electricity increased sharply by 47.5% between 1990 and 2010, 22.5% in Europe. This thirst
for electricity has environmental downsides. With a 40% share of coal plants and subject to
growing demand, the power sector is the first and fastest-growing contributor to energy-
related greenhouse gas (GHG) emissions worldwide. Despite increasing use of renewables
globally, power sector-related CO2 emissions rose by 80% between 1990 (the reference year
for the Kyoto protocol) and 2011 (IEA, 2013). In Europe, coal is still the largest source of
emissions, reaching 68.2% in 2008 (IEA, 2011a), with Germany, the United Kingdom,
Poland, and Italy accounting for 54% of total European emissions from electricity in 2008.
The European generation mix is also characterized by a large share of nuclear (around 25%)
and a rapidly increasing share of gas.

The European roadmap to 2050 has made the decarbonization of electricity a key
component of its global energy policy including a high decarbonization target for the
electricity sector. The European Union has set penetration targets for renewable energy
sources: an objective of 20% renewable energy in final energy consumption by 2020
(EU, 2009) recently extended to 27% by 2030 (EU, 2014). Thanks to constant inno-
vation and research efforts, technical solutions have been proposed for a low-carbon
electric system but their interplay remains complex. Coal or gas thermal power plants
equipped with carbon capture and storage (CCS), nuclear power, and biomass thermal
plants are candidate solutions to mitigate the power sector’s contribution to climate
change, but they raise water and security concerns. Wind and solar power are alternative
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renewable candidates but their intermittent nature points to reliability issues for
achieving high penetration, while concentrated solar power plants also raise water
issues.

1.2 Heterogeneous Supply Mix

Beyond the European strategy, at a country level, energy policies still rely on national
decisions with the result that power systems are highly diverse (Fig. 1). Although renewable
integration programs are foreseen in most of these countries thanks to strong policy support
measures, they face difficulties in reaching their targets. Nonhydro renewables are dominated
by wind generation, which is mainly concentrated in Germany and Spain. Some countries
(Germany, Sweden, Switzerland, Italy) are reducing or phasing out nuclear generation.

Added to this diversity in power generation structures, size is also highly heteroge-
neous, as illustrated in Fig. 1: 23% of the generation capacities per country are less than
20 GW and 42% are less than 50 GW. Regardless of their size, some systems concentrate
significant shares of generation capacity, such as hydropower: European hydropower
capacity reaches 27% for systems less than 20 GWand 61% for systems under 50 GW. The
numerous challenges facing power systems crucially involve water, as the two resources
are closely interconnected: energy is needed for pumping, transporting, and treating water,
and water is present throughout the energy chain in extraction processes, cooling systems,
hydropower, and emission control processes like carbon capture and flue gas desulfur-
ization (Voinov and Cardwell, 2009).

In light of this (greening the system with heterogeneous mixes), when considering power
issues, concerns should ideally be shared with water experts. For Europe, these growing
concerns regarding water availability and sustainability (UN, 2006, 2009, 2014) are tackled
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in the EU Roadmap to a Resource Efficient Europe, which states that water abstraction
should remain below 20% of available renewable resources. The EU water blueprint
advocates a series of tools and measures to increase water efficiency, from water pricing to
leakage reduction. Southern Europe (Spain, France, Portugal) already faces serious issues
related to water scarcity at some times of year.

The interplay between water and power for Europe will constitute the core of this
chapter. We will illustrate how countries that are highly diverse in terms of socioeconomic
development, energy sources, power mixes, and water access and availability must at the
same time deal with power system development and water needs, and try to pinpoint the
limits of this exercise. In Spain, for instance, the modernization of irrigation systems from
2002 to 2009 induced an increase in water-related electricity demand, with a possible
rebound effect of increased water consumption (UN, 2014).

1.3 Complex Interplays Between Water and Electricity

Water is pervasive in energy and electric systems. Looking at the entire energy chain, water
is required upstream for extraction, refining, and processing. It is a key factor in producing
nonconventional oil and gas resources (eg, oil sands, shale gas, tight gas, etc.), the use of
which is currently on the rise (Kleinberg et al., 2007; Perry et al., 2007; Stevens, 2010; Wu
et al., 2009). The quantity of water varies with the method. For example, secondary oil
recovery using water injection can require up to 600 m3/TJ, whereas primary recovery
requires only 5 m3/TJ. The same applies for coal and uranium, for which the quantities of
water used are highly dependent on the type of mine (Gleick, 1994; Mielke et al., 2010;
DOE, 2006).

Further down the energy chain, in electricity production, five major water needs can be
identified:

l Hydropower: beyond the clear link associating this technology with water, it is worth
mentioning the evaporative water issue in the specific case of hydropower dams.
Indeed, these evaporative water losses occur from the reservoir surfaces as the result of
water being naturally evaporated and hence not available for electricity generation.
Evaporative losses are climate zone and site dependent (Bakken et al., 2013).

l Cooling systems (Lemoine, 1986): the quantity of water used in cooling systems
depends on the kind of technology. In wet closed-loop cooling systems, as water is
recycled, water withdrawals are less significant than for open-loop technologies, which
require 30e80 times more water. Nevertheless, water consumption is higher in a wet
closed loop, mainly because of evaporation in the cooling tower. Dry systems, by
definition, do not involve water withdrawals and consumption (Mielke et al., 2010;
DOE, 2006; NETL, 2011).

l Heat transfer fluid: water withdrawal or consumption levels related to the main loop
of the power plant are negligible compared to those related to the cooling system; we
will therefore not deal with this water use (Nordmann, 2008).

l Emission control: new processes, like flue gas desulfurization or CCS, implemented to
reduce the discharge of pollutants or greenhouse gases, turn out to be high water
consumers. Desulfurization systems increase the volume of water consumed by a
power plant using a closed-loop cooling system by 10%; carbon capture nearly doubles
it (NETL, 2007, 2009; Shuster and Hoffmann, 2009).
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l Gasification processes: as two-thirds of the electricity produced by a combined cycle
power plant is issued from the gas turbine, integrated gasification combined cycle
power plants require less water than classic coal-fired thermal power plants. The
additional amount of water needed for the gasification process corresponds to 10% of
the amount needed for the cooling systems (when considering a closed-loop cooling
system) (NETL, 2007).

In terms of European countries’ water needs for power generation, the three main
technologies that raise concerns are: thermoelectric plants, which employ water in their
cooling systems to discharge waste heat; hydropower, which is directly linked to water
(dam requirements and evaporation); hydropower once again, when used to balance the
widespread integration of intermittent renewable sources (solar and wind), because it
provides a solution to reliability issues for the electrical systemdthrough water storage it
can be used to easily adjust load fluctuation and balance, and can be used to control flow
variability. The levels of these needs by share of water per European country are shown
in Fig. 2.

Consequently, the shift to a decarbonized power system in Europe will have to rely on
options that will impact water. In what follows, we tackle this issue from two points of
view, that is, from a hydropower development perspective and in terms of thermoelectric
power plant cooling issues, and then cross the experiences of different European countries.

FIGURE 2 Water-related issues for power systems in European countries: shares of hydropower,

thermoelectric and balancing capacity requirements.
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We analyze each country’s high water dependency in terms of its mix, the potential
transition towards low-carbon technologies (intermittency vs. CCS), and its ability to move
to more advanced cooling systems.

The analysis proposed in this chapter combines a synthesis of published studies with a
dedicated analysis using the TIMES energy system modeling approach. TIMES belongs to
a category of technological bottom-up models that enables the explicit representation of
technologies in the energy sector for which demand is generally exogenous. This formu-
lation allows for the creation of a virtual economy where different technologies compete
with each other, as it leads to a technical optimum minimizing the discounted global
system cost under constraints (technical, demand fulfillment, capacity, and activity bounds)
(Loulou and Labriet, 2008).

2. WATER AND HYDROPOWER IN EUROPE’S ELECTRIC
SYSTEMS

Hydropower is the largest source of renewable electricity in Europe and in the world. It
harvests the mechanical energy of water from a reservoir or river and converts it into
electricity. Its simple requirements are thus an appropriate hydrology (availability of water
from rainfall or melting ice) and topology (sufficient height).

Hydropower was Europe’s first source of electricity generation, and thousands of large
dams were built in the last century and in particular during the postwar reconstruction
period after 1950. Thanks to its flexibility, the maturity of its concepts, and a relatively
good geographical distribution, hydropower already plays an important role in the current
European electric system and is expected to be a central element of the transition to a low-
carbon power mix (Eurelectric, 2011).

Europe can globally be defined as a “mature” region in terms of the evaluation and
development of its hydropower potential, but significant differences persist among countries,
both in terms of absolute hydropower potential and the level of effective development. As
shown in Fig. 3, the four main hydropower regions in terms of volume are the European part
of Russia, the mountains of Scandinavia, the Alps, and the Pyrenees. Fig. 3 also shows that
Russia has considerable undeveloped potential, although this resource is located in the Asian
part of Russia, far from urban consumption centers, and its development is not economically
viable today.

The strategic focus naturally differs with the regional context. Where the potential has
already been developed, or where social opposition to a new infrastructure is strong, the
main issue is the seasonal management and sharing of the water resource between various
economic activities. However, regions such as eastern and southeastern Europe experience
high demand for new, small-scale hydropower plants, mainly run of river: these are hy-
dropower plants that may have a limited amount of storage or no storage at all. As shown
in Fig. 4, southeastern Europe is characterized by small electric systems that already
contribute significant hydropower. However, a large share of the technical potential
remains unexploited. To power economic development and the ensuing growing electricity
demand, the incentive to construct new dams is high. Hundreds of small-scale hydropower
projects are hence anticipated in the area, involving many large rivers in different neigh-
boring countries (mainly Albania and Macedonia), such as the Sava, Bosna, Moraca,
Vjona, Devoll, and Drim (Esch and Kabus, 2013). This so-called “Balkans dam boom”
(Neslen, 2015) raises biodiversity concerns and several environmental associations have
pointed out the considerable adverse effects on some of Europe’s last preserved rivers.
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FIGURE 3 Hydropower production and share of technical potential developed in Europe.
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Hydropower also offers operational flexibility, and the development of additional
pumped hydrostorage capacities in Europe is the focus of increasing attention. This interest
is essentially fostered by the EU’s ambitious low-carbon power system objectives for 2050,
which will require an increased share of intermittent renewable sources. In such a context,
pumped hydropower plants represent a cost-effective way to store potentially large
quantities of excess electricity and regulate supplyedemand imbalances caused by the
intermittency of solar and wind power. A report by the Joint Report Center of the EU
(Gimeno-Gutiérrez et al., 2013) features an assessment of suitable pumped storage loca-
tions for different topographic conditions. The authors use a bottom-up description of
candidate reservoirs to estimate a theoretical potential that could be as high as 10 times the
installed pumped hydro capacity.

Yet the increased mean temperatures and more frequent extreme events expected as a
result of climate change could threaten the availability of hydropower for the European
electric system. The broad impacts for Europe are likely to be an increase in water
availability in the Nordic countries and a decrease in southern Europe. In van Vliet et al.
(2013) a 4e5% decrease in Europe’s gross hydropower potential (without Russia) is
estimated for 2031e2060 compared to the 1971e2000 climate. This combines regional
variations ranging from a 15% increase in Norway to a 25% decrease in the Iberian region.
In Gaudard et al. (2014) the effect of climate change in three catchment areas in the Alps is
evaluated. The authors show that the effects are highly site specific, with significantly
different results for geographically close sites. They also underline the difficulty of the task
as, “the signal is below the noise induced by stochastic climatic variability.”

This overview hence shows that hydropower is a key element in the operation of the
European electricity system and has the ability to provide tailored technical solutions for
the region’s diverse energy system realities. The next two subsections focus on the roles
of hydropower for two very different settings: a review of hydropower in Norway and
model results to illustrate hydropower’s versatility in a prospective 100% renewable
scenario for France.

2.1 Norway: A Living Laboratory of Hydropower Systemic
Interactions in an Interconnected Electric System

Norway is an iconic case for hydropower in Europe thanks to its atypical power generation
mix that relies mainly on hydropower, and its multiple interconnections with countries that
either feature a high number of thermal plants or offer considerable potential and ambitious
objectives for wind power production. The following statistics demonstrate its singularity:
with a population of only 5.1 million Norway produces approximately 20%1 of Europe’s
hydropower, harbors 50% of Europe’s conventional water storage (reservoir) capacity
(Eurelectric, 2011), and according to Gimeno-Gutiérrez et al. (2013) represents a feasible
potential of up to 13 TWh additional pumped storage.

2.1.1 Hydropower as the Basis for Electricity Generation

Norway has a total installed capacity of 32.8 GW and produced 134 TWh (NMPE, 2015)
of electricity in 2013. Hydropower plants accounted for 96% of this production, while the

1. Excluding Russia.
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remaining 4% came from a small number of thermal power plants (3.3 TWh) and wind
power plants (1.9 TWh). Looking at the distribution of currently operating Norwegian
power plants per construction period, the most noticeable development pattern is the three
decades of steady hydropower growth between 1960 and 1990 at an average level of
0.7 GW per year. Another clear feature is the fact that Norway’s high wind power potential
remains untapped.

The remaining potential for hydropower in Norway is still high, but around 50 TWh is
situated in areas where hydropower development is prohibited under Norway’s “Protection
Plan for Watercourses.” This illustrates the tradeoff between hydropower, other water usages,
and environmental protection. It still leaves an additional production of 33.8 TWh, which is,
for instance, comparable to the total hydropower production in Switzerland.

2.1.2 Hydropower at the Heart of an Interconnected System

A second important feature of Norway’s electric system is the high level of interconnection
and power trade with its neighbors. Norway exported an average 15 TWh and imported
9 TWh per year between 2010 and 2014. As illustrated in Fig. 5, the country’s net trade
balance fluctuates strongly with the annual water inflow. 2010 was a cold year and the
inflow to Norway’s hydropower reservoirs was 18% below normal (NVE, 2010); Norway
was a net importer from all countries. In subsequent years, and in 2012 in particular, a
higher hydropower production level (NMPE, 2015) led to significant exports to all
countries, making Norway a net exporter. The integrated Nordic electricity market thus
takes advantage of the hydropower mix in Norway and in return reduces Norway’s
vulnerability to annual hydrological variations. Norway is always a net importer of elec-
tricity from Russia. Although this relates to small volumes, it is because of the specific
conditions in northern Norway, which is poorly interconnected with the rest of the country,
and highlights the existence of internal grid bottlenecks.

FIGURE 5 Net trade between Norway and neighboring European countries. Compiled data from

Platts, 2013.
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The new Skagerrak fourth interconnector of 700 MW (SK4 700 MW) with Denmark
commissioned in 2014 increases Norway’s trading capacity to 6.1 GW. Two planned
subsea cables (ENTSOE, 2015), the 1400 MW NordLink project with Germany, and the
North Sea Network interconnector of 1400 MW (1400 MW NSN) project with the United
Kingdom, will increase this level and bring Norway’s total gross trade capacity to 8.5 GW
by around 2021. These new grid infrastructures will connect Norway to two large
European electric systems and trade capacities will represent more than 25% of its current
installed capacity.

2.1.3 European Demonstrator for Hydropower as
a Balancing Option

Although not economical under current market conditions, Norway’s absolute wind power
potential is higher than its hydropower potential. However, as mentioned previously, Norway
is already connected, or is planning interconnection, to countries with a high share of fossil-
based electricity and ambitious wind power development objectives: Denmark, the United
Kingdom, and Germany. These developments illustrate hydropower’s strategic pivotal value
to regulate electric systems with increasing intermittency. The interaction between Norway’s
hydropower and wind power has been investigated in several publications that are now
briefly summarized:

A dedicated International Energy Agency task force on wind and hydropower inter-
action (IEA, 2011b) proposed two case studies on wind power development in Norwegian
regional subsystems with constrained power transfer capacity. In Rosenberg et al. (2013)
the TIMES-Norway model is used to assess the future electricity supply and renewable
portfolio for contrasted regional energy demand scenarios. Industrial and building sector
electricity demands are estimated for seven regions. In Ely et al. (2013), simplified power
sector and demand models are used, but the authors focus on the correlation between wind,
hydropower, and weather-related demand in Norway and the United Kingdom to discuss
the effect of increased interconnection by 2050. Although the focus and methods differ,
lessons from these studies include:

l Significant quantities of wind power can technically be integrated, even in areas with
low power transfer capacities, if wind power and hydropower plants are coordinated.

l However, at country level, the most economical long-term option is to use the addi-
tional hydropower potential. The contribution of domestic wind power in Norway is
likely to remain low until 2030 and will only become significant by 2050 if industrial
electricity demand remains high.

l Although based on simplified power models, the correlation between the weekly
demand level, hydropower, and wind in the North Atlantic Oscillation analysis pro-
posed for the United Kingdom raises similar concerns for the GermanyeNorway
interconnection. The weekly water availability at the end of the winter season could
make this the critical balancing time. It can be expected that with a higher share of
wind by 2030 or 2050, some thermal power plants will be used for balancing in
addition to hydropower.

Finally Gullberg (2013) questions the political feasibility of using Norway as a freely
available flexible source of hydropower to optimize the EU power system. The author
confronts different future technical paradigms with the political decision process, which
has its own pace. France future power strategy provides a significant example of this
dynamical confrontation.
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2.1.4 France: Interaction of Hydropower and Nuclear
as CO2-Free Electricity Generation Options

The French electricity generation system is unique. It relies on the highest share of nuclear
energy in the world as shown in Fig. 6: in France (RTE, 2014), 52.3% of installed capacity
and 73.5% of electricity supply comes from nuclear power plants. Hydropower is the
second largest contributor to electricity generation, at 13.6%, split between dam, river, and
storage (Fig. 6), which makes France the second largest hydropower producer in the
European Union. Fossil power plants (half coal, half gas and oil) account for a mere 8%
and are mainly used for peaks and system operation.

The nuclear power replacement strategy will be a major issue in the future, as we can
see by looking at the lifespan of the residual capacities of the French power system from
2000 to 2050 (Fig. 7).

Thus, and as the power sector is clearly characterized by low emission levels, a future
electricity generation mix combining nuclear and renewable intermittent energy sources
constitutes a major issue. This future mix for electricity generation has to be assessed in a
context involving numerous environmental constraints: for France, the long-term envi-
ronment target, specified in an energy orientation law dated March 2005 and confirmed
in an energy transition paper (LOI, 2015-992, 2015), is to quarter total GHG emissions
by 2050 with respect to 2000 levels with an intermediate mitigation level of 40% in 2030
compared to 1990. We used the TIMES-FR-electricity model to investigate, at the level
of France, the feasibility of a transition towards a 100% renewable electricity system by
2050.

This TIMES model for mainland France (Maı̈zi and Assoumou, 2014) and power
exchanges with neighboring countries is constructed as follows. The base year is 2012 with
load and production data calibrated on this year, and the end year is 2050. The time period

0

20

40

60

80

100

120

140

1889 1913 1924 1934 1944 1954 1964 1974 1984 1994 2004

GW

Biom_Wind_Sol

Nuclear

Wastes

Fossil

Hydro

FIGURE 6 Breakdown of French electricity generation capacities. Compiled data from Platts, 2013.

242 Competition for Water Resources



is divided into 13 periods of several years. Each year is further divided into seven seasonal
periods, six monthly periods, and one that represents a winter week with low solar and
wind production as well as restrictions on imports. Each seasonal period is then split into
two typical days, one on a working day and one at the weekend. Finally, each typical day is
divided into six hourly periods (two for the night, two for the morning, one for the
afternoon, and one corresponding to peaking demand). This high time resolution better
captures the seasonal variation of demand and intermittent renewables. We calibrated the
production patterns for solar and wind power plants based on their 2012 output (Krakowski
et al., 2015).

TIMES-FR results reveal what a transition towards 100% renewables would entail in
terms of technological choices and their installed capacities. Indeed, the massive pene-
tration of renewable energy requires transforming the electricity system and rethinking the
way it is operated, as illustrated by the use of hydroelectric capacities, for which maximum
load factors per season are also introduced.

The two scenarios assessed are based on the following assumptions:

The 100%RES scenario (where RES stands for renewable energy sources) has to

follow specific targets: 50% maximum nuclear energy in 2025, 27% minimum RES

in the power generation mix in 2020, 50% minimum RES in 2030, 75% minimum

RES in 2040, 100% in 2050.

The 100%RES_ fewInterco scenario follows the same targets as the 100%RES

scenario but places restrictions on the development of new interconnections, that is,

no new interconnections except those under construction.

The penetration of renewables in the French electricity system has several very clear
impacts on the electricity production mix, as TIMES-FR results of the 100%RE scenario
show in Fig. 8: steady exit of nuclear and fossil, but with a significant role for nuclear
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FIGURE 7 Evolution of French residual capacities from 2005.
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power stations up until 2030 and 2040, as well as coal and gas power plants in 2025 and
2045, constant hydroelectric production over the period, a rapid rise of wind power, which
represents about half of electricity production after 2035, moderate contributions from
marine power and biomass, although higher than at present, a minor role for photovoltaic,
and a surge in electricity imports in 2050.

In 2050, in this context, the first three means of production are wind, hydroelectric, and
marine power, but imports make up almost 30% of French electricity consumption. Indeed,
in the 100%RE scenario, imports are used massively to satisfy demand, without taking into
account the specific constraints of electricity systems in neighboring countries or the
availability of the electricity network. For this reason, we also evaluated a scenario with
more limited import capacities: 100%RES_fewInterco. Of note in these results is the fact
that a 100% renewable target in 2050 for France leads to the use of hydroelectric plants and
biomass to satisfy the peak. In 2050, hydroelectric power makes up most of the base
(domestic generation only), while peak and extreme peak demands are satisfied by biogas
and biomass plants at a similar level to hydroelectric power, as shown in Fig. 9 (where in
the 100%RES scenario the base is in reality mostly made up of imports).

In terms of managing the supplyedemand balance, hydroelectric thus maintains its
current role, acting as a base energy (run-of-the-river hydroelectricity), and intervening
during peaks (dams and pumped-storage hydroelectricity), although with a greater role for
peaks than currently. Biomass and biogas plants are also installed to supplement hydro-
power during peaks, replacing fossil plants. This use of hydroelectric stations and biomass
requires increased flexibility of these means of production, which could prove difficult
because of inherent constraints: the availability of hydroelectric depends on meteorological
conditions, with seasonal and annual variations, and competes with the use of rivers for
other purposes than electricity production. In addition, water availability can also be
affected by climate change effects, such as the recent warm, dry summers. For biomass, the
way the resource is managed is also important since it can only be considered as renewable
if its upstream supply is well managed. In addition, water needed in the biomass process
and for crop irrigation also raises questions of resource availability.

FIGURE 8 Evolution of power production between 2012 and 2050 in a 100% RES scenario.
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3. WATER ISSUES FOR EUROPE’S THERMOELECTRIC POWER
PLANTS

Thermoelectric plants require significant amounts of water. In the power sector, several past
incidents corroborate the vulnerability associated with cooling systems: during the 2003
heatwave in Europe (as well as 2006 and 2009 events), power plants were forced to shut
down or their efficiency was reduced, such as nuclear power plants in France subject to
increased water-cooling needs while river levels were decreasing. Here we discuss this
second dimension of water electricity interaction in Europe.

3.1 European Water and Thermoelectric Plant Challenges:
Examples From Literature

Some pioneering research works have investigated the challenges posed by water avail-
ability for power plant cooling systems in Europe. In Rübbelke and Vögele (2011) and Van
Vliet et al. (2013) this question is addressed with EU-wide coverage, while Byers et al.
(2014), Hoffman et al. (2013), and Koch et al. (2014) provide country-level perspectives.

The strategic concern in the analysis proposed by Rübbelke and Vögele (2011) is the
impact of cooling water availability on the direction and level of electricity exchanges
between European countries and on a benchmark day. Their investigation focuses on
nuclear power plants and a typical summer’s day in two hypothetical settings (higher air
temperature with or without a 10% reduction in water availability). The methodological
approach is based on a detailed climate module with a 1 km2 resolution and an equation

FIGURE 9 Composition of base (domestic generation only) energy (top) and peak and extreme peak

demand during the same periods (bottom) in 2012, and in 2050 for the 100%RES and 100%

RES_fewInterco scenarios.
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describing the relationship between air temperature and water temperature. The resulting
imbalances are then propagated in a representation of trade flows. A key insight is to show
evidence (for the selected conditions) of possible indirect but systemic impacts in countries
such as Italy that do not have constrained nuclear power plants. In UN (2014) and van Vliet
et al. (2012) it is estimated that by 2030 half of the river basins in the European Union
could be affected by an increase in temperature and water scarcity and stress. The
methodology used in Rübbelke and Vögele (2011) is extended to include more types of
thermoelectric plants, exogenous scenarios on both future installed capacities and alter-
native cooling options, and hydropower (as discussed in Section 2). The authors confirm a
strong sensitivity to cooling water scarcity and give new insight into the adaptive capacity
of the electric system via exogenous fuel and cooling system scenarios.

Country-scale analyses have been performed for Germany and the United Kingdom,
which are respectively the first and third European countries in terms of installed capacity of
thermal power plants. Together they represent 29% of the thermal power capacity. In
Hoffman et al. (2013), the cooling water problem for 26 identified German power plants is
studied. The authors do not focus on an electric system-wide approach, but use detailed
dynamic models for each power plant, with feedback from the water temperature and
availability on the efficiency of the plants. The model uses a daily resolution, computes the
efficiency of the cooling process using thermodynamics, and considers legal thresholds.
Hence the authors highlight a sensitivity to both output reduction and efficiency reduction.
Like the previous studies, the authors simulate different cooling system adaptation scenarios
and runoff reductions of up to 50%. They confirm the sensitivity to cooling water illustrated
in existing studies, but point to an even greater output reduction when a daily time resolution
is used. Koch et al. (2014) use a more detailed hydrological model to assess water temper-
ature and thermal plant cooling in selected nuclear plants in Germany. They find that for some
of the plants in their selection, the maximum threshold could lead to complete shutdown.

In Byers et al. (2014) a different perspective is chosen. The core question is a
comparative analysis of the global amount of water use for cooling in thermal plants in the
United Kingdom by 2050 in six different decarbonization paths. The authors recall that
35% of catchments in England and Wales have no availability for further licensing. The
issue is hence not the climate-related temperature change, but water demand and
competition. The methodology uses exogenous plant capacity, scenarios for distribution of
cooling technologies, and simple water factor per type of generation. Interestingly in
Rübbelke and Vögele (2011) and van Vliet et al. (2013) the United Kingdom was not found
to be at risk with mean and summer temperature increases. A specific insight provided here
is the strong impact of carbon capture and sequestration, in particular on future freshwater
abstraction and consumption.

This overview demonstrates that the availability of sufficient water cooling is a multi-
faceted issue that is increasingly recognized as strategic for the electric system in Europe.
Adapted methodologies have been developed with different strategic focuses, levels of detail
of power plants and water availability models, geographical scopes, and time resolutions.
This water dimension is of utmost importance for a European power system dominated by
thermoelectric power plants. The analyses reviewed outline the following broad lessons:

l The effect could be considerable, ranging from output reduction to complete shutdown
of large plants.

l A systemic link exists through exchange between countries, so that countries with no
power plants directly at risk could be affected.
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l Advanced cooling systems can provide adaptive responses.
l Apart from output reduction, the amount of cooling water needed could generate water

competition; some low-carbon options, such as CCS or nuclear, can generate adverse
water effects.

3.2 Water/Thermal Plant Interactions in Europe Using TIAM-FR

In what follows, our TIAM-FR model is used as a complementary tool to illustrate how
water requirements for Europe’s thermoelectric plants can remain a relevant issue, even in
a global GHG mitigation analysis, to ascertain whether future energy mixes in Europe
might vary with changing water availability conditions. TIAM-FR is a global TIMES
model divided into 15 world regions with a dedicated water module that includes
available cooling technologies (Bouckaert et al., 2014). It models water withdrawal and
consumption by transformation processes in the energy chain. The structure of the model
is shown in Fig. 10. Two types of water use are considered: water withdrawal (removed
permanently or temporarily) and water consumption (no longer available for use). In the
electricity sector, the model computes a cost optimal allocation between plant technol-
ogies and cooling systems that do not use water, such as photovoltaic, and the type of
cooling system used, taking into account the power plant’s additional electricity
consumption.

FIGURE 10 TIAM-FR reference energy system. The ellipses identify sectors with enhanced water

processes.
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The model is run for four global scenarios including water conservation and green-
house gas targets:

l REF is the reference scenario with no carbon or water conservation policy.
l CLIM50_80 is a global mitigation scenario where the world’s energy system has to

halve its CO2 emissions compared to their 2005 levels with a specific target of 80% for
Western Europe.

l CLIM50_80-Wconv is identical to CLIM50_80 in terms of mitigation objectives. In
addition, water withdrawal and consumption for power plants in Western Europe are
limited to their current value. The current share of cooling systems is maintained.

l CLIM50_80-Wflex also assumes mitigation objectives and a limitation of water
withdrawal and consumption for power plants in Western Europe at their 2012 value.
However, the choice of cooling systems is flexible and endogenous.

Although the demand can be adjusted through price elasticity, this capability was not
included to keep energy services strictly comparable across scenarios and simplify the
discussion. From the energy system-wide allocation problem, we focus here on the
implications for the future electricity mix and choice of cooling system.

As depicted in Fig. 11, the European Union’s ambitious climate objective implies a
20% increase in electricity generation to substitute fossil fuels in final end-uses, and a
simultaneous deep decarbonization of the power mix. Decentralized and difficult-to-
control emissions are substituted by more easily manageable ones. The preferred solutions
combine various renewables, plants with CCS (fossils and biomass), and more nuclear.
However, as more thermal plants with CCS are used, freshwater consumption and with-
drawals are respectively multiplied by 3.4 and 3.9 (relatively to REF in 2050). Because
closed systems reduce withdrawals but increase water consumption, a combined water
conservation and climate policy leads to slightly lower electricity generation when the
current share of cooling systems is maintained (Fig. 12). Two costly but water efficient

FIGURE 11 2050 Evolution of the power generation mix in Western Europe.
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options are used: natural gas-fueled solid oxide fuel cells (SOFC) with CCS and imported
concentrated solar power (CSP) electricity from Africa. This last option, which is water
efficient from a European point of view, illustrates the externalities of limiting water
withdrawal and consumption for power plants in Western Europe: providing enough
electricity for European consumption involves investing in Africa in technology based on
converting thermal solar energy into electricity, which uses steam turbines and needs to be
cooled. As a result, the problem is moved to a different area, which may be drier than the
initial location, where water was already limited! This can be seen as a water issue
“leakage.” However, there is an alternative, as the CLIM50_80-Wflex scenario shows for
the same freshwater budget as that allocated to the electricity sector, with the advantage of
simultaneously adapted generation (less geothermal) and endogenous cooling systems
(more dry systems).

These scenarios help us understand that water consumption and electricity generation
must be assessed together to achieve a tradeoff within a global framework while respecting
local constraints. This complex formulation is mandatory to establish a sustainable
compromise!
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Loulou, R., Labriet, M., 2008. ETSAP-TIAM: the TIMES integrated assessment model, part I: model Structure.

CMS 5, 7e40.

Maı̈zi, N., Assoumou, E., December 31, 2014. Future prospects for nuclear power in France. Applied Energy. ISSN:

0306-2619 136, 849e859. http://dx.doi.org/10.1016/j.apenergy.2014.03.056.

Mielke, E., Anadon, L.D., Narayanamurti, V., 2010. Water Consumption of Energy Resource Extraction, Processing,

and Conversion: A Review of the Literature for Estimates of Water Intensity of Energy-Resource Extraction,

Processing to Fuels, and Conversion to Electricity. Energy Technology Innovation Policy Discussion Paper No.

2010e15. Belfer Center for Science and International Affairs, Harvard Kennedy School, Harvard University.

Neslen, A., February 20, 2015. Balkan Dam Boom Threatens Europe’s Last Wild Waterways. The Guardian. http://

www.theguardian.com/environment/2015/feb/20/balkan-dam-boom-threatens-europes-last-wild-waterways.

250 Competition for Water Resources

http://dx.doi.org/10.1016/j.gloenvcha.2014.01.005
http://dx.doi.org/10.1016/j.enpol.2013.06.037
http://dx.doi.org/10.1016/j.enpol.2013.06.037
http://eur-lex.europa.eu/legal-content/FR/TXT/HTML/?uri&equals;OJ
http://eur-lex.europa.eu/legal-content/FR/TXT/HTML/?uri&equals;OJ
http://eur-lex.europa.eu/legal-content/FR/TXT/HTML/?uri&equals;OJ
http://eur-lex.europa.eu/legal-content/FR/TXT/?uri&equals;CELEX:52014DC0015
http://eur-lex.europa.eu/legal-content/FR/TXT/?uri&equals;CELEX:52014DC0015
http://eur-lex.europa.eu/legal-content/FR/TXT/?uri&equals;CELEX:52014DC0015
http://dx.doi.org/10.1016/j.scitotenv.2013.10.012
http://dx.doi.org/10.1016/j.scitotenv.2013.10.012
http://dx.doi.org/10.1016/j.enpol.2013.02.037
http://dx.doi.org/10.1016/j.energy.2014.03.071
http://dx.doi.org/10.1016/j.energy.2014.03.071
http://dx.doi.org/10.1016/j.apenergy.2014.03.056
http://www.theguardian.com/environment/2015/feb/20/balkan-dam-boom-threatens-europes-last-wild-waterways
http://www.theguardian.com/environment/2015/feb/20/balkan-dam-boom-threatens-europes-last-wild-waterways


NETL, 2007. Power Plant Water Usage and Loss Study. The United States Department of Energy. National Energy

technology Laboratory.

NETL, 2009. Water Requirements for Existing and Emerging Thermoelectric Plant Technologies. The United States

Department of Energy. National Energy technology Laboratory. DOE/NETL-402/080108.

NETL, 2011. Estimating Freshwater Needs to Meet Future Thermoelectric Generation Requirements. The United

States Department of Energy/National Energy technology Laboratory. DOE/NETL 2011/1523.

NMPE, 2015. Norwegian Ministry of Petroleum and Energy. Energy and Water Resources in Norway.

Nordmann, F., 2008. Gestion industrielle de l’eau pour la production d’énergie nucléaire. Techniques de l’Ingénieur.

NVE, 2010. Norwegian Water Resources and Energy Directorate. Annual Report 2010 The Norwegian Energy

Regulator 2011.

Perry, K., Lee, J., Holditch, S.A., 2007. Unconvenional Gas Reservoirs e Tight Gas, Coal Seams, and Shales. Tech.

rep. National Petroleum Council, Unconventional Gas Subgroup of the technology task group of the NPC

Commitee on global oil and gas.

Platts World electric power plants data base, September 2013, ISBN: 1-56760-219-3.

Rosenberg, E., Lind, A., Espegren, K.A., 2013. The impact of future energy demand on renewable energy production e

case of Norway. Energy 61, 419e431. http://dx.doi.org/10.1016/j.energy.2013.08.044.
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Chapter 2.3

WatereEnergyeFood
NexusdCommonalities
and Differences in the
United States and Europe

J.M. Peterson
University of Minnesota, Saint Paul, MN, United States

1. INTRODUCTION

At the most basic level, the foodeenergyewater (FEW) nexus is defined by resource
tradeoffs. Water is an essential input to produce both food and energy while also serving
many other uses. At least in the short run when technologies and the allocation of water for
other uses are fixed, allocating more water to produce more food implies that less will be
available for energy. Similarly, more “water for energy” leaves less “water for food,” and
obtaining more water for other uses takes some away from both food and energy. These
tradeoffs comprise the so-called trilemma of FEW resources, which is only expected to
intensify in the future because of long-term global trends including population growth,
income growth, and climate change. This view of the nexus motivates the need for research
and investment that can conserve resources through more efficient technologies.

The contributions in this book take amore behavioral view of the FEWnexus, examining
it as a collection of human institutions. The preceding chapters illustrate how the allocation
of water we observe is the product of various institutionsethe combination of laws, pro-
grams, rules, markets, and private and public entitiesdthat prevail in a given location. In
both the United States and in Europe, water allocations naturally depend on institutions
specific to water resources, but they also interact with the institutions of agriculture, energy,
and other sectors. These interactions generate a number of feedback loops between human
actions and resource conditions. The research agenda pursued in this book is driven by the
need for better management of water resources through a better understanding of institutions
and their function.

Institutional analysis is a useful framework for the current chapter, whose purpose is to
synthesize the contributions of Part 1 and Part 2 of this volume and set the stage for Part 3.
The next section summarizes some of the lessons about water management from the
preceding chapters, identifying commonalities and differences in the United States and in
Europe. A number of these chapters discussed the ways that institutions in the FEW nexus
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function during extreme events such as droughts when competition for water resources is
highest. These analyses revealed various interactions and feedbacks within and among
institutions. While the details vary, a recurring theme is that existing institutions fail to
absorb all the system stresses during extreme events. The following section then considers
some of the potential causes for what may be termed a lack institutional resilience
regarding water resources. It is argued that water has a special set of inherent character-
istics, which set it apart from other natural resources and require management approaches
that are situational, multifaceted, and adaptive. The concluding section looks ahead to
consider the opportunities and barriers for institutional innovations.

2. THE NEXUS OF FOOD, ENERGY, AND WATER
INSTITUTIONS

In both the United states and in Europe, a number of institutions have evolved with a
specific focus on managing water resources. Hansen (2016, Chapter 1.1), Huffaker (2016,
Chapter 1.3), and Schaible and Aillery (2016, Chapter 2.1.1) review various water in-
stitutions in the United States. The authority to allocate water is held by individual states,
whose governments have tailored their allocation systems to local climate conditions. Most
western states have adopted the prior appropriation system, which establishes water rights
for specific withdrawal volumes based on historical uses, while the humid eastern states
generally follow the riparian or reasonable use doctrine. However, the federal government
maintains an influential role through financing of water infrastructure and water quality
regulations authorized by the Clean Water Act, while tribal governments also have claims to
the water resources within their territories. In the European Union, member states have
jurisdiction over water within their boundaries but must harmonize their own laws to EU
directives. The primary directives with purview over water resources include the wide-
ranging Water Framework Directive of 2000, the Groundwater Directive, and the Drink-
ing Water Directive (Villamayor-Tomas, 2016, Chapter 2.1.3; Drabik and Venus, 2016,
Chapter 2.2.2; Reins, 2016, Chapter 2.2.5). On both sides of the Atlantic, local levels of
government such as irrigation districts also play an important role and have legal authority
over certain functions.

While institutions of the water sector have a primary role in managing water resources,
institutions in agriculture, energy, and other sectors also are influential. In the United
States, federal agricultural policies affect water use through conservation programs that
subsidize certain irrigation practices and technologies, as well as through crop insurance
programs that may change the incentives for growing different crops (Schaible and Aillery,
2016, Chapter 2.1.1). US energy policies such as the Renewable Fuels Standard, which
established biofuels production targets, influenced water use and water quality indirectly
by inducing an expansion of acreage planted to biofuels crops such as corn grain (Bergtold
et al., 2016, Chapter 2.2.1). The EU also established biofuel production targets in the
Renewable Energy Directive (Drabik and Venus, 2016, Chapter 2.2.2), which are partially
met by imports and may have led to changes in water use and water quality both inside and
outside the European Union. In both the United States and in Europe, electricity markets
are regulated by several laws and agencies at various levels of government (Maı̈zi et al.,
2016, Chapter 2.2.7; Webber, 2016, Chapter 2.2.6). Water plays an important role in
electricity production, while irrigated agriculture is a large electricity consumer. In
California (Schwabe et al., 2016, Chapter 2.1.2) and in Spain (Villamayor-Tomas, 2016,
Chapter 2.1.3), water use for irrigation and irrigators’ incomes were found to depend
strongly on electricity prices.
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Institutions in domains beyond agriculture and energy, including municipalities and
ecological and wildlife protection agencies, also have come to have an influence on water
use. In practice, water allocation is determined from the interactions in a cluster of in-
stitutions that span multiple domains and levels of government. The functioning of this
institutional system is put to especially strong tests during heat waves and droughts, when
sectors compete for water to avoid dire consequences. Events that play out during these
events illustrate the linkages between food, energy, and water created by institutional rules.
During droughts, farmers face the possibility of crop failure, which may impact incomes
over a multiple year period in the case of perennial or orchard crops. Reduced streamflow
lowers hydroelectric production and puts thermoelectric plants at risk of losing sufficient
access to cooling water (Webber, 2016, Chapter 2.2.6), and low streamflow often coincides
with peak electricity demands that are driven in part by increased pumping for irrigation.
Meanwhile, reduced streamflow impairs various instream uses including ecological ser-
vices, recreation, and navigation. These impairments can lead to yet another wave of
impacts such as fuel shortages for electricity plants relying on coal delivered by river barge
(Webber, 2016). Any ensuing electricity shortages or increased rates would have further
negative impacts on irrigators.

A number of episodes have illustrated how existing institutions fail to absorb the full set
of stresses during extreme events, often precipitating short-term emergency actions and
sometimes becoming a catalyst for institutional reform. When drought struck the Iberian
Peninsula in 2005, the Spanish government immediately enacted Royal Decree 10/2005
providing financial assistance to drought-stricken farmers (Ramos et al., 2005) but also
began discussions that to led to later reforms (Villamayor-Tomas, 2016). During drought
conditions in 2011, the State of Kansas enacted an emergency measure allowing farmers to
exceed their annual groundwater pumping limits, and later forgave overpumping sanctions
for farmers who opted into a new 5-year allocation system (Peterson and Hendricks, 2016).
In California, several state and local measures have been enacted in response to the
multiyear drought that began in 2010, including financial assistance to affected sectors and
longer-term reforms such as groundwater management plans (Harter, 2015). Webber (2016,
Chapter 2.2.6) notes examples in France and along the Upper Mississippi River in the
United States, in which electric power plants were given special exemptions from their
thermal loads on water bodies to continue producing electricity during heat waves. As
Maı̈zi et al. (2016, Chapter 2.2.7) note, planning efforts for future institutional reforms in
Europe include simulations of possible drought events, accounting for localized water
supply, electricity demands, and patterns of power import and export.

3. THE SPECIAL CHALLENGE OF MANAGING WATER

One explanation for the observed institutional breakdowns is that water is a particularly
complex resource to manage. This complexity is partly from the special characteristics of
water that distinguish it from other natural resources (Peterson and Hendricks, 2016;
Young and Loomis, 2014). This section reviews these characteristics and why they pose
particular challenges for water institutions.

3.1 Multiple Uses

A basic complication for water institutions is that water resources provide a multitude of
uses. Broadly, these can be classified as consumptive uses, nonconsumptive uses, and
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passive uses. Consumptive uses, also known as out-of-stream uses, are those where water is
diverted from its natural flow patterns and becomes an input into some human-driven
process, such as agricultural irrigation or energy production. Nonconsumptive, or
instream, uses are activities such as recreation and navigation that rely on water in its natural
flow channels but do not consume water. Many consumptive uses, such as thermoelectric
cooling, return much of their diversions to the watercourse; in these cases the consumptive
use is the difference between diversions and return flows. Additionally, water resources
provide the function of a waste receptor, both from diffuse overland flows (nonpoint
sources) as well as from discrete discharge locations (point sources). Both consumptive and
nonconsumptive uses often have water quality impacts including thermal pollution.

Passive uses of water resources require neither consumption nor even direct contact with
those resources. Economic value of passive uses (also called nonuse values) arise from
humans’ willingness to pay to preservewater resources to protect the option for using them in
the future (option value), to keep them available to future generations to use (bequest value),
or because of their intrinsic worth independent of any human use (existence value). The latter
may be derived from spiritual or cultural values of water resources, which have been
important throughout human history andmay be traced to the understanding of humans in the
earliest civilizations that water is the basis of life.

3.2 Transport Constraints and Situational Value

Water is a naturally mobile resource but is also classified as bulkydmeaning a high
transport cost per unit of economic valuedwhen diverted from its natural flow channels.
The inexorable mobility of water has important economic implications. Activities in one
location may have dramatic impacts on both the availability and quality of water resources
at many distant locations. These connections create a complex web of externalities. So
intricate is this web, and so difficult is measurement at all its nodes, that it becomes
prohibitive to attribute an externality observed at some point (eg, impaired water quality)
to all its upstream sources. The bulkiness of water implies that consumptive uses of water
necessarily occur either near source water bodies and/or downstream of them. Conse-
quently, users at a given location have few, if any, substitutes for their primary source if its
supplies become limited or its quality becomes impaired.

The transport limitations of water resources also contribute to the highly situational
economic benefits of different uses and the costs of water impairments. A concentration of
some contaminant may render water unsuitable for some uses while creating no impair-
ment for other uses. High concentrations of nutrients, for instance, create health hazards for
drinking or swimming and may induce toxic algal growth that is harmful to ecosystem as
well as human health. At the same time, high nutrient concentrations are beneficial for
irrigating plants. The value of additional water during wet periods may be zero or even
negative in the case of flood conditions, but the same user at the same location may place a
high value on the incremental unit during dry, peak demand periods. Water can be
distinguished from many other resources by the dramatic difference in its economic value
across the dimensions of use, time, and space.

3.3 Situational Property Rights

A more fundamental challenge is that even the ability to define property rights for the
different uses of water depends on the situation. In general, property rights for any good or
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service fall into four categories depending on whether it is excludable and whether it is
subtractive (Easter et al., 1997). A good is excludable if the owner is able to exclude others
from using it. A good is subtractive if the amount the owner uses reduces the total amount
available to others.

Subtractive, excludable goods are private goods, for which property rights can be
enforced on physically separated packets of that good such that economic transactions can
occur on the basis of unit prices. An example of a private good derived from water
resources is piped municipal tap water sourced from an aquifer. The piped water one
customer receives subtracts from the amount available to other customers, but after the
water is received the customer in question can easily exclude others from using it. Hence
prices for quantities of water consumed can be charged to individual users.

However, the excludability property occurred in the piped water example only after the
technological interventions of piping and metering as well as institutional rules that make
“water poaching” unlawful. In the absence of these interventions, for example, where indi-
vidual property owners drill their own wells to extract groundwater, the aquifer would be
subtractive but nonexcludable. Such common-pool resources are vulnerable to over-
exploitation because of the “tragedy of the commons”: each user only pays for the cost of
extracting the resource but not for the value of the diminished stocks that could have been used
by others. In still other circumstances, water resources are nonsubtractive but excludable; this
is the case of club goods in which those accessing the resource do not diminish its total supply
but can exclude outsiders. An example of a water-related club good is a lake that has no public
access point and is completely surrounded by privately owned homes. The lake provides
nonconsumptive use values such as aesthetic and recreational benefits to only those home-
owners. Finally, water resources are also sometimes public goods, which are nonsubtractive as
well as nonexcludable and are usually provided through public financing. The various nonuse
values of water resources are public goods.

With all of these complicating factors, designing institutions to manage water resources
is an exceedingly complex challenge. Institutions must account for the fundamental
property rights of water, which differ across a multiplicity of uses that a given water body
might deliver at any given time. For example, with supporting technologies and infra-
structure, it is possible to define private property rights for competing consumptive users of
water (eg, agriculture, energy, and municipal/industrial), so that allocation of limited
supplies to these sectors could be achieved by pricing or market trading. However, in-
stitutions such as pricing and trading are not automatically suited to allocate the nonprivate
goods (nonconsumptive uses and nonuse values) obtained from the same water supplies, or
to balance consumptive uses against other uses. In cases where several consumptive users
withdraw from the same water body, institutions must ensure that the scarcity value of the
resource is properly incorporated in allocation choices. Finally, there must be some
mechanism to address the externalities that diffuse through the network of resource flows.

4. PROSPECTS FOR INSTITUTIONAL INNOVATION

Sustainable water resource management requires institutions that can adapt to evolving
conditions. Such institutions would grant individual actors the flexibility to adjust to
shocks and situational needs, but also would include constraints to ensure the resource
has enough capacity for system resilience. The inherent properties of water make this a
complex challenge. Where legacy institutions prevail, the challenge is often
compounded by historical rigidities. The prior-appropriation system in the western

256 Competition for Water Resources



United States, for example, relies entirely on two-party water right transfers to adjust
water allocations across uses as water demands change. However, transfers
via negotiated transactions are quite rare because of high transaction costs and the
paucity of willing sellers (Hansen, 2016, Chapter 1.1). Reforming the legal framework
of water rights could be seen as mandating involuntary transfers, which would likely be
challenged as an unconstitutional taking of property (Peck, 2015). Yet another barrier is
that the institutions of the FEW nexus span not only different sectors but multiple
layers of government. Institutional reform is hindered by the fact that changes at any
one level may be inconsistent with prevailing rules at another. The transposition of the
EU Water Framework Directive into the Spanish system, for example, was a difficult
and lengthy process (Villamayor-Tomas, 2016, Chapter 2.1.3).

Nevertheless, institutional innovation is happening. One testbed for new institutional
structures is in more water plentiful regions where increasing amounts of water are being
allocated for supplemental irrigation. Within the 48 contiguous states in the United
States, most of the irrigated cropland is in the 17 westernmost states, but the 31 eastern
states are responsible for much of the recent growth (Schaible and Aillery, 2016, Chapter
2.1.1). Meanwhile, growing municipal water use and emerging water uses such as
unconventional natural gas extraction add to the competition for water resources in
humid regions. Here, institutions to allocate limited water supplies are not as well
developed, but expanding water demands are an impetus for mechanisms to protect
aquifers, ecosystems, and other instream uses. In many cases, the focus in these regions
is squarely on extreme event management. For example, in the Susquehanna River
Basin, new institutions have been created to permit withdrawals from rivers and streams
for unconventional development of natural gas as those needs evolve, but withdrawal
rights were defined to be interruptible and subject to passby flow requirements
for resource protection during extreme events (Shank et al., 2016, Chapter 2.2.4).

New innovations are emerging in arid regions too. Huffaker (2016, Chapter 1.3) and
Hansen (2016, Chapter 1.1) both discuss water markets in these regions as a way to
introduce more adaptive flexibility and discuss institutional impediments to developing
them. Hansen discusses a number of market innovations that allow for individuals to
adjust during extreme events such as interruptible leases and water banks. Part 3 of this
book provides a number of additional case studies in the United States and Europe
revealing past experience and emerging innovations for water management.
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Chapter 3.1.1

Willingness to Pay for Reclaimed
Water: A Case Study for
Oklahoma

T.A. Boyer, M. Hopkins, J.Q. Moss
Oklahoma State University, Stillwater, OK, United States

1. INTRODUCTION

Increased human consumption of water and intensified drought conditions in certain
regions in the United States have increased demand for water while also decreasing
surface water supplies and increasing the depletion of groundwater aquifers. During the
drought of 2010e2014, Oklahoma endured precipitation deposition patterns less than
those of the Dust Bowl in the 1930s (Parker, 2014). In January 2013 the US Department
of Agriculture designated 76 of all 77 counties in Oklahoma as disaster areas because of
drought and heat (USDA, 2013). In early January 2013 one of the primary drinking water
sources for the Oklahoma City metro area, Lake Hefner, was at 17 ft below its maximum
capacity, the lowest in the lake’s 66-year history. Because of dangerously low lake levels,
Oklahoma City released water from Canton Lake, to which it owned the water rights, to
raise Lake Hefner (Layden, 2013). To combat future water supply shortages, Oklahoma
City, like many other communities in Oklahoma, is considering utilizing alternative
water sources, such as reclaimed water and additional pipelines for water transfers. This
study estimates Oklahomans’ willingness to pay (WTP) for reclaimed water to augment
future municipal water supplies.

Reclaimed water use may be a sound strategy to offset shortfalls in fresh water supply.
Reclaimed water, also referred to as recycled water, can provide economic and environ-
mental benefits to communities through various applications that replace potable water,
including groundwater recharge, landscape irrigation, agricultural irrigation, and potable
water supply augmentation (USEPA, 2013). Municipalities can often utilize reclaimed
water projects to meet demand at a lower cost, rather than adding additional capacity to the
supply system, such as pipelines for long-distance water transfers. The economic feasi-
bility of reclaimed water can be assessed with the benefitecost analysis method. A project
is feasible when the benefits of reclaimed water implementation (avoided cost of adding a
pipeline and/or acquiring additional water rights) are greater than the costs of imple-
menting a reclaimed water system. Reclaimed water use projects are often met with public
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opposition because of the connection of reclaimed water to sewage, creating a negative
public health perception (Hartley, 2006). Communities, such as San Diego, California,
Tampa, Florida, and Queensland, Australia, had to shut down reclaimed water use projects
because of failed community outreach and heavy pushback from citizens regarding the
safety of public health (DeSena, 1999; Hurlimann and Dolnicar, 2010). This chapter will
provide (1) an overview of reclaimed water use for municipal water supplies, (2) an
overview of literature about public acceptance of reclaimed water, and (3) a case study on
the WTP for reclaimed water use in Oklahoma.

2. DEFINITION OF RECLAIMED WATER

According to the Oklahoma Department of Environmental Quality (ODEQ), reclaimed
water is wastewater that has gone through various treatment processes to meet specific
water quality criteria with the intent of being utilized in a beneficial manner (ODEQ, 2012).
Reclaimed water can be used both for nonpotable and potable purposes. Potable reclaimed
water use projects can be further categorized as direct potable and indirect potable reuse.
Direct potable reuse projects introduce reclaimed water directly into potable water distri-
bution systems without prior storage. Indirect potable reuse projects place treated reclaimed
water into an environmental buffer, such as a lake or reservoir, before entering potable
water distribution systems. De facto (indirect) potable reuse has been in existence for
centuries, because drinking water is often drawn from river systems where treated waste-
water has been discharged from wastewater sewage treatment plants from cities upstream.

Treatment processes for reclaimed water vary according to state regulations and the
intended end use, but the primary goal is to disinfect wastewater to ensure the protection of
the public’s health and the environment. Reclaimed water undergoes primary and secondary
treatment, just as traditional wastewater, but must also undergo tertiary and disinfection
treatment processes prior to use. Tertiary, or advanced, treatment technology and processes
are constantly evolving and are used to remove additional organic, chemical, and biological
contaminants from wastewater leftover after conventional primary and secondary treatments
(Asano et al., 2007).

3. THE ROLE OF RECLAIMED WATER USE IN
THE UNITED STATES

The increased global demand for water because of population growth has led many
countries across the world to implement reclaimed water projects as an authentic man-
agement solution. The use of reclaimed water has become a prevalent water conservation
strategy because it is considered a constant and reliable source. Reclaimed water projects
have typically utilized this water for industrial purposes, landscaping, agriculture, envi-
ronmental restoration, and augmentation of public water supply.

In the United States, agricultural irrigation represents the largest application of
reclaimed water (Jimenez and Asano, 2008). If managed properly, reclaimed water can
provide beneficial nutrients to crops and can cost less than potable water for irrigation.
Farms in California, Florida, and Texas have used reclaimed water, referred to as effluent,
for agricultural irrigation on crops such as cotton, wheat, grain sorghum, and corn, dating
back to the early 1900s (National Research Council, 2012). The constant technological
improvement of advanced treatment technologies has increased the use of reclaimed water
for potable reuse projects in the United States within the last 50 years (National Research
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Council, 2012). In 2010, about 0.1% of the municipal treated wastewater, 355 millions of
gallons per day, was utilized for potable reuse projects in the United States (National
Research Council, 2012). This small percentage may continue to grow as more commu-
nities face potable supply constraints caused by changing climate conditions and increased
demand from population growth.

Reclaimed water use projects are not common in Oklahoma and are primarily
concentrated in the Oklahoma City metro area for golf course irrigation and industrial
cooling tower processes. Taghvaeian (2013) reported that in 2013 reclaimed water was
used on only 18 farms in Oklahoma. He stated: “the total irrigated area in these farms was
2,205 acres, accounting for about half a percent of all irrigated acres in the state. This
shows a decrease compared to 3775 acres that reported use of reclaimed water in 2008.” In
the 2012 Oklahoma Comprehensive Water Plan, the Oklahoma Legislature passed a
conservation strategy known as the “Water for 2060 Act” establishing a “statewide goal of
consuming no more fresh water in 2060 than consumed today” (OWRB, 2014). As part of
this strategy, reclaimed water is expected to be utilized as an alternative water source to
augment municipal water supplies. The ODEQ is currently developing regulations for
direct and indirect potable water reuse, while nonpotable reclaimed water use regulations
were established in 2012 (ODEQ, 2012). The establishment of official potable water reuse
regulations will allow municipalities to integrate water reuse projects into their water
management plans.

4. PUBLIC ACCEPTANCE AND WILLINGNESS TO PAY
FOR RECLAIMED WATER

A substantial amount of research has emerged regarding public acceptance and WTP for
reclaimed water use since the early 1970s (Bruvold and Ward, 1970; Bruvold, 1972; Sims
and Baumann, 1974; Kasperson et al., 1974). One finding remains consistent across pre-
vious reclaimed water research: public acceptance of alternative water resources is greater
for purposes that involve low human contact than for purposes of a closer personal contact,
such as bathing (Dolnicar and Hurlimann, 2010). The public’s support for environmental
stewardship related to reclaimed water use reaches a tipping point when the end use
becomes too personal, thus support decreases (Hurlimann and McKay, 2007).

The potential threat of disease and harmful bacteria transmission to humans and pets by
contact with or ingestion of reclaimed water has been the most common public concern.
However, research has reported no confirmed cases of human illness related to the use of
reclaimed water systems and the potential risks are low (Rock et al., 2012). Advanced
treatment technology can deliver reclaimed water that meets and exceeds national drinking
water standards (Ormerod and Scott, 2012). Municipalities often make decisions regarding
reclaimed water use projects based on public acceptance rather than scientific research
because of negative opposition campaigns and public opposition. The general public may also
struggle to rely on information given by government or academic institutions, since studies
have shown that people are more apt to trust their own intuition than peer-reviewed scientific
research (a concept also known as cognitive dissonance) (Rock et al., 2012). Without public
education and communication outreach by municipalities to combat the negative public
perception associated with reclaimed water use, such projects are unlikely to succeed.

Concerns regarding the health risks associated with reclaimed water stem from its
association with “dirty” water or sewage. The majority of the public is unaware that in
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parts of the United States, drinking water contains a percentage of treated wastewater
that was discharged from another municipality’s treatment plant upstream and blended
into surface water systems (Asano et al., 2007). The general public appears to have a
strong cultural connection to water purity and a lack of education about the urban hy-
drologic cycle, directly relating to a negative perception of reclaimed water. The terms
“Toilet to Tap” and “Sewage Beverage” began circulating in the mass media in the 1990s,
during a time when a number of indirect potable reuse projects were proposed (Hartley,
2006). The negative media attention regarding reclaimed water projects further spread an
“ick” or “yuck” factor associated with reclaimed water use, increasing public opposition
to these projects.

The incorporation of public education, social media, and outreach campaigns about
how the safety and necessity of a reclaimed water project for ensuring municipal water
supply is important for municipal water utilities to successfully implement a new
reclaimed water project. Educating the public about how reclaimed water systems work
can lead to positive perceptions and acceptance of these projects (Dolnicar et al., 2011).
Allowing the public to provide input and opinions can increase legitimacy of the project
while decreasing potential opposition. Public involvement should be integrated from the
early stages through the completion of reclaimed water use planning for every reclaimed
water use project (Asano et al., 2007). The public should participate in the planning of
reclaimed water use projects because they are directly affected as customers and because
utilities are highly regulated as natural monopolies (Asano et al., 2007). In 1993 the City
of San Diego, California, attempted to implement a potable reclaimed water use project
into their municipal water system (DeSena, 1999). The City of San Diego failed to
implement a public education and outreach program about the reclaimed water use
project, and the project was eventually eradicated because of the public backlash and
negative media attention, although interest has been renewed in 2015 because of historic
drought conditions in California (Morin, 2015).

These cases exhibit that lack of public acceptance led to the failure of reclaimed
water projects. However, there is evidence that the public is willing to pay for reclaimed
water when supplies are constrained within the United States and worldwide. Little or no
qualitative research on reclaimed water acceptability exists in the semiarid Midwest or in
Oklahoma. Therefore this case study provides valuable insight regarding public WTP for
reclaimed water in Oklahoma. Our results indicate that the public’s WTP for reclaimed
water varies by respondents’ demographic and attitudinal characteristics. Furthermore,
WTP differs when participants are presented with randomly assigned information
regarding the bacterial and fecal coliform safety standards for treated reclaimed water
versus untreated commonly contacted recreational waters from which potable sources are
commonly drawn. These findings may be generally applicable for targeting groups for
education about reclaimed water projects in other semiarid states in the United States and
the country as a whole.

5. CONTINGENT VALUATION METHOD AND WILLINGNESS
TO PAY

The contingent valuation method (CVM) estimates WTP for nonmarketed or hard to value
services such as ecosystems. The CVM is categorized as a stated preference method
(Grafton et al., 2004; Bakopoulou et al., 2010), and has been a prominent analytical tool
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for measuring use and nonuse values of water. Different formats can be used in a
contingent valuation study, for example, an open-ended format or single bound format. The
open-ended format asks survey respondents to state the maximum amount of money they
would be willing to pay, while the single bound format asks respondents if they would be
willing to pay a specific price (bid) (Genius et al., 2008). The single bound format more
accurately imitates the market situations in which consumers pay a specific price for a
commodity, and it is widely used in comparison to the open-ended format (Genius et al.,
2008). For water resources the CVM has been valuable for analyzing use and nonuse
values of water. Numerous studies have been conducted using the CVM to investigate the
WTP for reclaimed water use (Chiueh et al., 2011; Bakopoulou et al., 2010; Tziakis et al.,
2009; Genius et al., 2008). These studies primarily focus on using the CVM to evaluate the
WTP for reclaimed water for agricultural purposes and the WTP for reclaimed water to
augment public water supply for municipal and industrial uses. The overall message from
this research indicates that WTP for reclaimed water use is higher during times of drought,
when priced lower than potable water, and when utilized as an alternative management
strategy to augment current water supplies.

The objective of this study was to investigate Oklahoman’s hypothetical WTP for
reclaimed water as a hedge against drought-driven shortages. Implementation of reclaimed
water projects is costly, requires cost recovery, and involves establishing new pipelines or
renovating neglected infrastructure. Therefore this study assumes these projects will in-
crease costs to customers and thus uses a payment instrument that is stated as an additional
cost to the respondents per 1000-gallon water fee charged by the respondent’s water util-
ities. This study also assumes that a volumetric or block-rate pricing scheme is charged in
commonly used 1000-gallon increments in Oklahoma. When the CVM method is used, it is
important to explain clearly what is being valued and provide respondents with realistic
price choices. The CVM method can be beneficial in providing hypothetical prices for
reclaimed water use and projects as determined by survey respondents who may otherwise
be unknown to water managers and municipalities.

6. SURVEY DESIGN

Our 33-question, qualitative, internet survey was designed with Qualtrics software and sent
during October 25 to November 1, 2014 to approximately 486 Oklahomans recruited by
Survey Sampling International. Human subject research approval was obtained on October
15, 2014 (OSU IRB # AG-14-43). Two versions of the WTP question within the survey
were created to test the hypothesis that the inclusion of water quality data affected WTP for
reclaimed water use. The survey began with definitions of “reclaimed water use system”
and “reclaimed water” sources from the ODEQ.

One version of the survey included a table with precise water quality data about the
standards for acceptable maximum common fecal coliform and Escherichia coli contami-
nant levels for recreational surface waters (from which municipal water is usually obtained
and treated in Oklahoma when groundwater is not present) and reclaimed water categories
in Oklahoma. In the scientific water quality treatment question, the data showed a table that
compared the bacterial standards for fecal coliform and E. coli in recreational surface waters
(126 cfu/100 mL) and posttreatment Category 2 reclaimed water (23 cfu/100 mL) (USEPA,
2003; ODEQ, 2012). Thus Category 2 reclaimed water would be returned after treatment to
surface water cleaner than the standard required in a recreational water body. The second
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version of the survey included the contingent valuation question without the comparison
table on relative water quality. This randomly assigned treatment was designed to test the
hypothesis that respondents who viewed the water quality data would be more likely to
support more widespread reclaimed water use versus those respondents who did not view
the water quality data because the bacterial standard of fecal coliform for reclaimed water is
much more stringent than allowed in surface waters (Fig. 1).

The WTP portions of our survey asked respondents if they would pay a fee per
1000 gallons for reclaimed water use in addition to what they currently pay per
1000 gallons for municipal treated surface water that did not originate from reclaimed
sources (Fig. 2). The bid amounts in the WTP question varied and were randomly assigned
in each questionnaire at six values between $0.35 and $3.35 ($0.35, $0.85, $1.35, $1.85,
$2.35, $2.85, and $3.35) as an additional charge per 1000 gallons delivered. The survey
also included attitudinal questions pertaining to reclaimed water use. For example, the
survey asked respondents to identify whether they believed reclaimed water use was
hazardous using a 5-level Likert scale. In addition, two questions in the survey were related
to reclaimed water policy in Oklahomadasking respondents whether they would support
policy that encouraged more widespread reclaimed water use and more local reclaimed
water use in their community. These questions were included in the survey to assess
respondents’ acceptance of reclaimed water use when monetary costs were not assigned to
the question. We also included a survey question asking respondents to identify whether
they believed drought conditions in their community would increase over the next
25 years, using a 5-level Likert scale. This question was used to assess respondents’ belief
that future drought conditions would worsen and persist.

EPA (2008a) reported that there were 549 reported impairments because of E. coli, enterococci, or fecal 
coliform for water bodies in Oklahoma in 2006. Only 10 of these impairments occurred in the IRW (one 
water body was considered impaired for both enterococci and fecal coliform). Oklahoma's 2008 report was 
approved by EPA on October 22, 2008 (ODEQ 2008a). The 2008 report lists twelve water bodies in the 
IRW impaired for PBCR as the result of bacteria. Of those twelve, a source of the bacteria for three water 
bodies is indicated as Confined Animal Feeding Operations but not specifying poultry (ODEQ 2008a). 
Possible other sources for all three water bodies include on-site treatment systems (septic systems), grazing 
in riparian zones, rangeland grazing, wildlife other than waterfowl, and "unknown" (State of Oklahoma VS. 
Tyson Foods Inc., Case No. 4:05-CV-329-GKF (SAJ)). One of the citizen concerns raised by reuse water is 
for water quality and public health. 
For background, we explain Oklahoma regulations for common bacterial contaminants. The presence of 
coliform bacteria, including E. coli and fecal coliform in lakes, rivers, and streams is a signal of water 
contamination by human or animal feces.  The Environmental Protection Agency maximum for E. coli in 
recreational water samples is exceeded when above 126 colony-forming units (cfu) per 100 mL of water 
This means an approximate risk of 8 per 1000 people contracting stomach illness, vomiting or diarrhea as 
result of contact. In 2012, 77 Oklahoma recreational water bodies went over the E. coli bacteria limit By 
contrast, for water to be considered a Category 2 for reclaimed water in Oklahoma, the Department of 
Environment Quality states there can be no detectable fecal coliform organisms in four of seven samples, 
with a maximum positive fecal coliform organism sample of 23 cfu/100mL in three of the samples. 
Reclaimed water at this level may be used for outdoor irrigation purposes. Water systems following the 
regulated standards will typically not have problems with treated reuse water.  
A summary table of the standard is provided below:

Oklahoma 

Standards

Recreational Water Non-Potable Reclaimed Water, 
Category 2

Max 126 cfu/100ml Max 23 cfu/100 ml

FIGURE 1 Water quality data for surface versus reclaimed waters in Oklahoma.
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Several sociodemographic and behavioral variables were also included in our survey,
such as: gender, education, household income, employment status, whether the respon-
dent rents or owns his or her home, and whether the respondent recycles consumer waste
at home. Summary statistics and variable descriptions for the models are presented in
Table 1. Based on the literature regarding WTP for reclaimed water (Tsagarakis et al.,
2007; Dolnicar and Shafer, 2009; Burfurd et al., 2012; Rock et al., 2012), we hypothe-
sized that respondents who were males, owned their homes, had an advanced degree, were
employed, had an annual income over $80,000, and supported reclaimed water use policy
in Oklahoma would choose to pay an additional fee per 1000 gallons of water for
reclaimed water.

7. PROBIT MODELS

We utilized a probit model maximum likelihood estimation to obtain the mean WTP for
reclaimed water in Statistical Analysis System (SAS) 9.3. The probit model uses the
Maximum Likelihood Estimate (MLE) to provide a set of values for the model’s
parameters that maximize the likelihood/probability function. The survey data was
modeled using MLE, with the likelihood of accepting the bid for paying an additional fee
for reclaimed water estimated as a binary dichotomous choice (1 if accepted and 0 if not).
We assumed a type I extreme value distribution for the error terms, where the following
expression results in the probability of a respondent responding “yes” (Grafton et al.,
2004):

PrðYesÞ ¼ 1� eð�aþbBÞ

1þ eð�aþbBÞ (1)

If we assume a normal distribution, the probability that a respondent says yes to the
reclaimed water bid question becomes:

PrðYesÞ ¼ 1� Fð�aþ bBÞ (2)

In Oklahoma, water prices are increasing due to old infrastructure, urban growth, and the need 
for water conservation. New pricing rates are often based on usage. Currently on average water 
costs $4.90 per 1000 gallons across Oklahoma ($2.73 per 1000 gallons in OKC (Oct. 9); $3.18 
per 1000 gallons in Tulsa). The average household uses 7000 gallons per month in the summer. 

Would you be willing to pay an extra charge of $X per 1000 gallons to increase reclaimed water 
use, and thus maintain a sustainable water supply?

o Yes

o No

FIGURE 2 Willingness to pay for reclaimed water use in Oklahoma question.
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TABLE 1 Reclaimed Water SurveydDescriptive Statistics, Variable Descriptions, and Expected Effect

on Willingness to Pay (WTP)

Variable Descriptiona Measure

Expected

Effect on

WTP Mean

Std.

Dev. Min. Max. Frequency

Quality Water quality data for
Oklahoma surface versus
RH2O

1 if provided data,
0 otherwise

þ 0.45 0.50 0 1 581

Acceptr WTP for RH2O 1 if accept bid, 0 otherwise þ 0.58 0.49 0 1 491

Hazard Considered RH2O
hazardous to humans and
animals

1 definitely yes to 5 definitely
no

� 3 1.05 1 5 503

BidH2O Bid amount for WTP for
RH2O

�/þ 1.88 0.98 0.35 3.35 581

Rent Rent or own their home 1 if renting, 0 if otherwise � 0.44 0.5 0 1 494

Drought Drought will increase in
region over the next
25 years

1 if definitely yes to 5 if
definitely no

þ 2.66 0.98 1 5 491

Recuse Support RH2O use in their
local municipal water
system

1 if support more RH2O use,
0 otherwise

þ 0.79 0.41 0 1 487

RegPol Support regulations to
promote RH2O use in
Oklahoma

1 if support regulations,
0 otherwise

þ 0.8 0.4 0 1 479
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Age Age in years �/þ 41.91 16.07 18 99 488

Female Gender 1 if female, 0 otherwise � 0.71 0.45 0 1 487

Apt Live in an apartment 1 if live in apartment,
0 otherwise

� 0.16 0.37 0 1 486

Twenty Household annual income
of $21,000e40,000

1 if annual income is
$21,000e40,000,
0 otherwise

� 0.3 0.46 0 1 481

Forty Household annual income
of $41,000e60,000

1 if annual income is
$41,000e60,000,
0 otherwise

� 0.2 0.4 0 1 481

Sixty Household annual income
of $61,000e80,000

1 if annual income is
$61,000e80,000,
0 otherwise

þ 0.1 0.30 0 1 481

Eighty Household annual income
of $81,000e100,000

1 if annual income is
$81,000e100,000,
0 otherwise

þ 0.06 0.23 0 1 481

Hundred Household annual income
of over $100,000

1 if annual income is
$100,000þ, 0 otherwise

þ 0.11 0.31 0 1 481

HS Have high school degree 1 if have high school degree,
0 otherwise

� 0.23 0.42 0 1 486

BS Have a bachelor’s degree or
higher

1 if have bachelor’s degree or
higher, 0 otherwise

þ 0.32 0.47 0 1 486

Unemploy Unemployed 1 if unemployed, 0 otherwise � 0.10 0.3 0 1 481

Employed Employed 1 is employed, 0 otherwise þ 0.50 0.5 0 1 481
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TABLE 1 Reclaimed Water SurveydDescriptive Statistics, Variable Descriptions, and Expected Effect

on Willingness to Pay (WTP)dcont’d

Variable Descriptiona Measure

Expected

Effect on

WTP Mean

Std.

Dev. Min. Max. Frequency

Home2 Live in a house 1 is live in a house,
0 otherwise

þ 0.7 0.46 0 1 486

Recycl2 Recycle at home 1 if recycle, 0 otherwise þ 0.57 0.50 0 1 483

aVariables measured on a Likert scale where 1, Definitely Yes; 5, Definitely No; RH2O, reclaimed water.
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The expected value for compensating variation is:

C ¼
Z 0

�N
FðBÞdBþ

Z N

0

ð1� FðBÞÞdB (3)

The following probit model was estimated to empirically model a respondent’s WTP
for reclaimed water use in Oklahoma:

WTPi ¼ b0 þ b1H20Bidi þ b2Qualityi þ b3Genderi þ b4Twentyi þ b5Fortyi

þ B6Sixtyi þ b7Eightyi þ b8Hundredi þ b9Renti þ b10Recyclei

þ b11RegPoli þ b12Droughti þ b13Hazardi þ εi

(4)

Here, Bidi represents the amount that the respondent was asked to pay. The following
variables are represented in our model as binaries: Qualityi is 1 if the respondent received
the water quality data, or 0 if not; Genderi represents whether the respondent identified as
being a female (1) or male (0); Twentyi represents whether the respondent indicated having
an annual income of $20,000e40,000 (1) or not (0); Fortyi represents whether the
respondent indicated having an annual income of $40,001e60,000 (1) or not (0); Sixtyi
represents whether the respondent indicated having an annual income of $60,001e80,000
(1) or not (0); Eightyi represents whether the respondent indicated having an annual in-
come of $80,001e100,000 (1) or not (0); Hundredi represents whether the respondent
indicated having an annual income of more than $100,000 (1) or not (0); Renti represents
whether the respondent indicated that he or she rents his or her home (1) or not (0); RegPoli
represents whether the respondent supports reclaimed water use policy and regulation in
Oklahoma (1) or not (0); and Hazardi represents whether the respondent believes reclaimed
water use is hazardous (1) or not (0). Droughti represents the respondent’s perception of
drought increase over the next 25 years on a 5-level Likert scale with 1 as “definitely yes”
to 5 as “definitely no.” Finally, εi is the error term.

The mean WTP estimates were calculated using a “grand constant” (Giraud et al., 1999),
which is determined by multiplying the variable coefficients by their respective mean then
summing over all coefficients (without the bid) and dividing by the bid term (Loureiro and
Umberger, 2003).

Mean WTbP ¼
cb0 þP12

j¼2

� bbj xi�cb1 (5)

8. RESULTS AND DISCUSSION

The coefficients for the contingent valuation probit models with and without attitudinal
variables are located in Table 2. The models are estimated using the maximum likelihood
and therefore the variable coefficients contribute to the likelihood of a “yes” response. In
both the baseline and attitudinal variables models, the reclaimed water bid coefficients
were significant at the 1% and 0.5% levels, respectively, and were also negative, indi-
cating that the probability of a “yes” response for WTP decreases as the bid amount
increases. According to demand theory, the higher the amount requested of the
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TABLE 2 Probit Model Results of WTP for Reclaimed Water in Oklahoma

Variable

Baseline Model Attitudinal Variable Model

Coefficient
Std.
Error

Pr >
ChiSq Coefficient

Std.
Error

Pr >
ChiSq

Intercept 0.1085 0.3795 0.7749 �0.8263 0.4965 0.0961a

BidH2O �0.1132 0.0624 0.0700a �0.2059 0.0690 0.0028b

Quality �0.2132 0.1257 0.0898a �0.2205 0.1380 0.1100

Age �0.0019 0.0045 0.6651 �0.0047 0.0049 0.3390

Female �0.3040 0.1409 0.0310b �0.3351 0.1565 0.0323b

Employed �0.1364 0.1458 0.3494 �0.0420 0.1569 0.7887

Unemploy �0.208 0.2288 0.3633 �0.0935 0.2517 0.7102

Home2 0.2329 0.1906 0.2218 0.1150 0.2110 0.5857

Apt 0.2334 0.2321 0.3146 0.2422 0.2572 0.3464

Twenty 0.4018 0.1749 0.0216b 0.3114 0.1917 0.1042

Forty 0.7465 0.2054 0.0003c 0.8168 0.2251 0.0003c

Sixty 0.7324 0.248 0.0031b 0.6033 0.2697 0.0253b

Eighty 1.2352 0.3268 0.0002c 1.1389 0.3583 0.0015b

Hundred 1.0589 0.2708 <0.0001c 0.9118 0.2923 0.0018b

HS �0.1352 0.1588 0.3946 �0.0824 0.1743 0.6363

BS �0.1548 0.1580 0.3270 �0.2756 0.1736 0.1124

Rent 0.3518 0.1598 0.0277b 0.3428 0.1736 0.0483b

Recycl2 0.3697 0.1354 0.0063b

RegPol 0.8375 0.2299 0.0003c

Recuse 0.1520 0.2409 0.5281

Drought �0.1282 0.0704 0.0685a

Hazard 0.2353 0.0733 0.0013b

Pseudo R2 629.652 604.576

Log

Likelihood

44.5149 113.5604

Sample Size 463 446

aRepresents significance at 10%.
bRepresents significance at 5%.
cRepresents significance at 1%.
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respondent to pay, the lower the probability that the respondent would be willing to pay
the amount. The water quality information coefficient was statistically significant at the
0.01% level and negative in the baseline model, indicating that as respondents saw the
water quality information at the beginning of the survey, the probability of a “yes”
response decreased. This finding could be related to the idea of cognitive dissonance, in
which the respondent chose not to believe the scientific data, but rather rely on his or her
own judgment regarding the quality and safety of reclaimed water. An alternative theory
is that the respondent chose not to support reclaimed water use because the water quality
information may have been too complicated to comprehend. Finally, the female coeffi-
cient was statistically significant and negative in the baseline and attitudinal variables
models, meaning that the probability of a “yes” response declines if the respondent is
female. This finding supports previous research that males are more likely to pay for
reclaimed water use.

The coefficients for the five income levels included in both models were statistically
significant and positive, which negates our hypothesis that income levels of $80,000 and
over will contribute to a higher probability of “yes” responses. This variable’s significance
also suggests that Oklahomans from all income brackets are in favor of reclaimed water
use compared to the lowest income bracket of less than an annual income of $20,000 (not
just those with a higher amount of discretionary funds). Municipalities that are considering
implementing reclaimed water use in their communities, but are concerned about the
financial impact, may find these income data encouraging.

The coefficients for the rent variable in the baseline and attitudinal variables models
were both significant and positive at the 0.05 level, indicating a higher probability of a
“yes” response from renters to the contingent bid. Homeowners were hypothesized to be
more willing to pay for reclaimed water use in Oklahoma to ensure water supply to the
area, but our findings did not confirm this hypothesis. In fact, we found that renters had a
higher WTP for reclaimed water, which suggests that reclaimed water use can appeal to a
larger market of citizens than we previously hypothesized. Also we theorize that
homeowners may be concerned that reclaimed water use might lower their residential
property value, while renters may not share this concern. As for dwelling type,
coefficients for neither apartments nor homes were significant in either model. This
suggests that WTP does not differ by dwelling type, only by ownership. In addition, age
did not prove to be statistically significant in either model. Education and employment
status also proved to be statistically insignificant in either of the model’s results, contrary
to our hypothesis. These findings suggest that employed and more educated citizens do
not place a higher value on reclaimed water than those with less than a high school
education. Again this bolsters the need for public education and community outreach by
municipal utility managers in an effort to gain support for reclaimed water use in their
communities.

Four behavioral and attitudinal variable coefficients were statistically significant in
the attitudinal variables model, including: recycle, reclaimed water policy, drought
increase, and safety hazard of reclaimed water. The coefficient for recycling at home was
significant and positive, indicating that the probability of a “yes” response increases if
the respondent recycles consumer waste such as paper and bottles at home. The
reclaimed water policy coefficient was positive and significant at the 0.001% level,
meaning that the probability of a “yes” response increases if the respondent supports
reclaimed water policy and regulation in Oklahoma. This finding is notable because
citizen’s support for reclaimed water policy and regulation is an easily measurable
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variable for municipalities to target for education and to assess in surveys. In regards to
the drought coefficient the sign was negative and significant, indicating that if re-
spondents did not believe drought would increase in the next 25 years in their region, the
probability of a “yes” response decreased. The coefficient for the hazard variable was
positive and significant. This result indicated that if respondents believed that reclaimed
water use is not hazardous to humans or animals, the probability of a “yes” response
increased. This finding is notable because if customers can be educated to understand the
low risk of hazards using reclaimed water, they will be more likely to support its use and
pay for its provision. The difficulty, given the results for the water quality standard
treatment, is finding a way to accurately and scientifically communicate the low risk of
using reclaimed water to customers.

The mean WTP estimates for the baseline and attitudinal variables models are displayed
in Table 3. The baseline model mean WTP estimate per 1000 gallons reclaimed water in
addition to the current fee is $4.20 (US$, 2014). The attitudinal variables model mean WTP
estimate is $3.47 per 1000 gallons. These WTP estimates are higher than the bid amounts
provided in both treatments of our survey. This indicates that many respondents were willing
to pay for reclaimed water use even with bid amounts as high as $3.47 in addition to the rate
charged per 1000 gallons of water usage. In the case for Oklahoma City, average household
water consumption in the summer of 2012 was 10,100 gallons (Boyer et al., 2015). This
amount multiplied by the average price of water per 1000 gallons in Oklahoma ($4.90)
equates to a $49.49 increase in an average monthly household bill. Adding the mean WTP
estimate of $4.20 and $3.47 per 1000 gallons for reclaimed water use to the average monthly
household water bill brings the monthly total to $91.91 and $84.54 per household. However,
because the CVM is a hypothetical survey method, the actual WTP amount may be inflated.
Future research should examine the public’s preferences regarding various water sources (eg,
selection from a portfolio of water choices). While price elasticity of demand for water in
Oklahoma is low (ie, price does not significantly affect demand), higher prices for reclaimed
water may encourage water conservation efforts. In fact, Oklahoma City Water Utilities Trust
adopted an inclining block two-tier rate structure. This rate structure applies a second-tier
rate for customers that exceed the first 10,000 gallons in a billing month, charging a
higher rate as more water is used. This pricing structure was implemented to encourage water
conservation, to meet increasing demand, and to help pay for a new pipeline project for
transportation of water from Southeast Oklahoma to Oklahoma City reservoirs (City of
Oklahoma City, 2014).

TABLE 3 Reclaimed Water Survey Mean Willingness to

Pay Estimates (2014, $USD)

Model

Mean Willingness to Pay Estimate

(In Addition to Current Price

per 1000 gallons)

Baseline $4.20

Attitudinal variables $3.47
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9. CONCLUSIONS

This case study estimated Oklahoman’s WTP for reclaimed water use given various
behavioral and attitudinal variables, as well as the inclusion of water quality information for
surface and reclaimed waters. Our survey was conducted via the internet with respondents
from communities throughout Oklahoma. These results indicate that respondents are
generally supportive of reclaimed water use and are willing to pay an additional fee per
1000 gallons for more widespread use in Oklahoma to ensure future supplies given cyclical
drought.

In particular, the results suggest that Oklahomans who are males, have incomes of
$20,000e100,000þ, rent their homes, support reclaimed water use policy, recycle at home,
and believe reclaimed water is not hazardous are more likely to support reclaimed water use
in Oklahoma. Respondents’ perceptions on drought indicated that when they believe the
potential for drought over the next 25 years is decreased, they were less willing to pay for
reclaimed water. Surprisingly, education, employment, and age did not significantly affect
WTP for reclaimed water. However, the findings do indicate that homeowners may be more
concerned about a long-term stigma on house value caused by reclaimed water use. Overall,
our findings contribute to the wealth of literature on reclaimed water use by illustrating how
the combination of educational information and water quality data with demographic, atti-
tudinal, and behavioral variables impact WTP for reclaimed water.

WTP is an integral part of reclaimed water use projects, as the provision of infrastructure
to implement reuse may be substantial, albeit potentially more cost effective than securing
additional surface or groundwater supplies or desalinization/treatment of nonpotable sources.
Opposition to reclaimed water projects often stems from a lack of public education and
misconceptions regarding public health. For this reason we suggest municipalities incor-
porate the public when planning reclaimed water use projects. However, the inclusion of
scientific water quality standards in our survey shows that respondents were less willing to
pay for reclaimed water compared to those that did not get this information. We theorize that
this information may have induced more participants to reject the bid by reminding them of
the “ick” factor or E. coli risk, however low, or that the data presentation was simply
confusing. Therefore we recommend that public education and information regarding the
quality and safety of reclaimed water use be communicated simply and clearly to the public.
Future research should test the mode of delivery and format of educational materials to
gauge which messages best decrease misconceptions regarding reclaimed water use and the
cyclical nature of droughts in Oklahoma. Our results, and future research in this realm, may
aid water managers and city officials in Oklahoma and elsewhere in targeting groups and
identifying educational gaps on the part of utility customers. As the current water crisis over
lead contamination in water in Flint, Michigan’s, supply systems shows, public trust may be
difficult or impossible to regain after utility customers are not given full information and
consideration in the management of their water supplies, and costs to fix problems may be
prohibitive (Bosman et al., 2016).
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1. INTRODUCTION

In the western United States, surface water and groundwater were for a long time, and
often still are, managed as separate resources. In some cases, surface water is managed
based on private property principles, while groundwater is managed based on common
property principles (Griffin, 2006). However, in many areas, surface water and ground-
water are hydraulically connected, which implies that the use and management of one
water resource influences the availability of the other. As water has become increasingly
scarce over the past several decades and conflict between surface water and groundwater
users has escalated, policymakers have turned their attention toward developing
conjunctive management policies for surface and groundwater. Conjunctive management
policies differ widely across states, but they share a common goaldto jointly manage
surface and groundwater to maximize the availability and reliability of water supplies for
multiple uses.

A diverse set of policies may be included under the umbrella of conjunctive management.
For example, one important conjunctive management practice in the western United States is
the allocation of surface water to aquifer recharge.1 This creates a mechanism to store surface
water in years with abundant flows. That water may later be extracted to augment scant surface
water flows in relatively dry years. Groundwater storage thus smooths water use across years,
facilitating more consistent access to water and providing value as a buffer against natural
variability in surface water flows (Gemma and Tsur, 2007; Knapp and Olson, 1995; Tsur and
Graham-Tomasi, 1991; Tsur, 1990; Burt, 1964).

1. This is often referred to as artificial recharge. Some of the states that have used artificial recharge to

date are Arizona, California, Colorado, Idaho, Texas, New Mexico, Oregon, Utah, and Washington.
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Another important component of conjunctive management involves specifying how
to administer property rights for groundwater vis-à-vis property rights for surface water.
The joint administration of water rights may be distinguished from other conjunctive
management activities by referring to it as “conjunctive administration” (Tuthill et al.,
2013). It is often necessary to establish new policies for conjunctive administration
because property rights for water were developed independently by water source. Some
of the oldest property rights were assigned for surface water in the mid- to late 19th
century; property rights for groundwater generally were not established until the mid-
20th century.2 As a result of this difference in timing, as well as a relative lack of
awareness about the extent of connectivity between surface water and groundwater in
many regions at the time of surface water rights development, property rights rarely
reflect the hydraulic relationships between surface water and groundwater. Poor inte-
gration of surface and groundwater rights administration in areas where the resources are
hydraulically connected can compromise the economic efficiency of water use and
distribution (Griffin, 2006).

In the late 1900s and into the early 2000s, protracted legal conflicts between surface
water and groundwater users, along with an improved scientific understanding of hy-
drology, revealed the inadequacies of these preexisting, separate property rights systems
for surface water and groundwater. For example, Hathaway (2011) discussed numerous
instances of cross-boundary water conflicts between surface water and groundwater users
in adjacent states. In many of these cases, resolution was sought by regulating groundwater
pumping to ensure that surface water flows are sufficient to satisfy interstate compacts.
Examples include the Pecos River in New Mexico and Texas, the Arkansas River in
Colorado and Kansas, and the Republican River in Nebraska and Kansas (Hathaway, 2011;
Burt et al., 2002).

In addition to these cross-boundary conflicts, clashes between surface water and
groundwater users commonly occur within states. For example, Idaho has a history of legal
conflict between surface and groundwater users dating to 1984. In the Swan Falls case,
Idaho Power Company successfully argued that groundwater pumping by agricultural
irrigators reduced river flows, precluding the company’s ability to fulfill their surface water
rights. This conflict played a pivotal role in highlighting the relationships between
groundwater and surface water and ultimately led the state to establish policies for
conjunctive administration. Even so, the practical implementation of conjunctive admin-
istration is an ongoing challenge. Conflict in the state has continued and noticeably
increased in dry years as surface water users have sought to reduce groundwater pumping
in an effort to augment declining surface water flows (Brockman, 2009; Fereday, 2008).3

2. Property rights for surface water were developed in response to a need to divert water from rivers

and streams for use in mining (Coman, 1911). Property rights for groundwater developed following

the advent of high-lift pumping technology, which allowed widespread access to groundwater

stores. Many states rely on different laws to administer property rights for the two water sources, for

example, California, Nebraska, Oklahoma, and Texas.

3. The mechanism by which surface water users can reduce groundwater pumping is by filing a

curtailment call, defined as: “The exercise of a senior water right holder to obtain water. A ‘call’

requires junior upstream water rights to be passed down stream to the senior diversion making the

‘call.’ A junior right may continue to divert if proper augmentation is provided so as to meet the

downstream senior right need” (Western Rivers Institute, 2015).
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The precedent for reducing groundwater use to enhance surface water flows is rooted in
the longstanding use of prior appropriation doctrine to administer surface water rights in the
western United States. Prior appropriation, often synopsized as “first in time, first in right,”
allocates water to users based on the relative seniority of their water right. Each water right
possesses a priority date, which is the first date on which the water was claimed for diversion
in a prespecified beneficial use, for example, domestic, industrial, irrigation. Those water
rights with the earliest priority dates are relatively senior; those with the latest priority dates
are relatively junior. According to prior appropriation doctrine, when there are insufficient
flows to satisfy all water rights, junior rights may be satisfied only if there is enough water to
fulfill senior water rights.

Because groundwater rights were in large part established after surface water rights,
a conjunctive administration approach that relies on prior appropriation doctrine in
general treats groundwater rights as junior to surface water rights. It follows that this
approach may involve reducing pumping by those with junior groundwater rights if
doing so increases the surface water flows required to fulfill senior surface water rights.
Since the Idaho Supreme Court awarded precedence to surface water rights in the Swan
Falls case, this approach has been used by the Idaho Department of Water Resources to
administer surface and groundwater rights conjunctively in hydraulically connected
areas.

Reducing groundwater pumping to increase surface water flows is not an approach
unique to Idaho. Colorado, Kansas, Nebraska, and Oregon have also given their state water
agencies the power to regulate groundwater extraction to protect surface water rights
(Hazard and Shively, 2011; Oklahoma Water Resources Board, 2010). However, most
states in the western United States use different approaches to define when surface water
and groundwater are hydraulically connected and water rights should be conjunctively
administered. These include regional-scale groundwater simulation models (Idaho),
expert judgment (New Mexico, Nevada, Wyoming, Utah), and predefined rules defining
the extent of surface wateregroundwater connectivity (Colorado, Oregon, Montana,
Washington).

Although conjunctive management is a highly relevant issue to policymakers and
water managers, little is known about how to design efficient conjunctive administration
policies that reflect the hydraulic and economic relationships between surface water and
groundwater resources. The objective of this chapter is to highlight key principles to
consider in the conjunctive administration of surface water and groundwater rights. First,
we present an overview of surface wateregroundwater hydrology, demonstrating how
these two resources interact in hydraulically connected regions and outlining the physical
factors that govern the interaction. The second section builds on these hydrologic concepts
to develop a stylized hydroeconomic model that we use to evaluate conjunctive admin-
istration policies. In presenting a simplified hydroeconomic model, we seek to develop
intuition into how physical and economic factors affect economic outcomes under alter-
native conjunctive administration policies. We also seek to provide a generalizable
modeling framework that can be applied to analyze diverse systems. We conclude by
discussing how the results of our hydroeconomic model are borne out in studies of regional
surface wateregroundwater systems, and then summarize some of the practical challenges
facing policymakers and water managers when implementing conjunctive administration
policies.
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2. SURFACE WATEReGROUNDWATER HYDROLOGY

When an unconfined aquifer underlies a surface waterway, such as a stream, river, or lake,
surface water and groundwater may be hydraulically disconnected or connected.4 When a
system is disconnected, as illustrated in panel (A) of Fig. 1, an unsaturated zone separates
the aquifer (the saturated zone) from the surface waterway. When disconnected, the surface
waterway provides recharge to the aquifer at a rate that depends on the system’s physical
characteristics, such as soil properties. When a system is hydraulically connected, as
illustrated in panels (B) and (C) of Fig. 1, the aquifer and the surface waterway are not
separated by an unsaturated zone and may interact with one another. In this case, water can
move back and forth between the aquifer and the surface waterway.

When a system is hydraulically connected, the direction and rate of water exchange
depends on the relative heights of the groundwater table (the upper limit of the saturated
zone) and the surface water stage (the uppermost water level in the surface waterway). If
the groundwater table lies below the surface water stage, water moves from the surface
waterway into the aquifer, providing recharge, as in panel (B) of Fig. 1. This is referred
to as a connected-losing system. The direction of movement is the same in panel (B) as in

FIGURE 1 Surface wateregroundwater interactions. Notes: Panel (A) illustrates a hydraulically

disconnected surface wateregroundwater system. Panels (B) and (C) illustrate a hydraulically con-

nected surface wateregroundwater system in which the surface waterway may be losing to the aquifer

(connected-losing, panel B) or gaining from the aquifer (connected-gaining, panel C). Figure adapted

from Winter, T.C., Harvey, J.W., Franke, O.L., Alley, W.M., 1998. Groundwater and Surface Water:

A Single Resource. U.S. Geological Survey, Reston. Circular 1139.

4. Confined aquifers are separated from the surface by an impermeable layer, and by definition cannot

interact with surface water bodies. The classification of a system as connected or disconnected

applies at a single point in space and time. Connectivity may vary spatially and temporally with

storm events, diurnal differences in plant transpiration, or differences in topography, soil porosity,

and vegetation. Some areas may be perennially connected or disconnected, in which case the

classification of the system does not vary over time.
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panel (A). However, the rate of recharge in a connected-losing system is influenced by
the height of the groundwater table, whereas the groundwater table has no effect on the
rate of recharge in a disconnected system. If the water table lies above the surface water
stage, as in panel (C) of Fig. 1, water moves from the aquifer into the surface waterway,
providing discharge (also called baseflow) to the surface waterway. This is referred to as
a connected-gaining system. As in a connected-losing system, the height of the
groundwater table affects the rate of water exchange in a connected-gaining system.

The key difference between a hydraulically disconnected system and a connected
system, whether connected-losing or connected-gaining, is that groundwater pumping
affects surface water flows in a connected system but not in a disconnected system. In a
disconnected system, pumping causes the groundwater table to decline, but pumping
cannot affect the flow of water through the surface waterway because the aquifer and the
surface waterway are separated by an unsaturated zone. In contrast, in a hydraulically
connected system, groundwater pumping lowers the groundwater table and alters the
exchange of water between the aquifer and the surface waterway. As pumping lowers the
groundwater table relative to the surface water stage, water is induced into the aquifer as
the rate of recharge increases in a connected-losing system or as the rate of discharge
decreases in a connected-gaining system.5

The timing of the effect of pumping on surface water flows is characterized by lags that
depend on the properties of the aquifer and the distance between a groundwater well and a
surface waterway. When groundwater is pumped, a cone of depression is formed and
propagates radially over time until it reaches a hydraulically connected surface waterway.
At that point, the drawdown in the groundwater table induces an increase in the flow of
water out of the surface waterway and into the aquifer, or a decrease in discharge from the
aquifer into the surface waterway. Over time, an amount of water equal to that pumped
from the aquifer will be drawn out of the connected surface waterway.

The dynamic effect of groundwater pumping on surface water flows is often sum-
marized using a response function (Kuwayama and Brozovic, 2013; Elbakidze et al., 2012;
Harou and Lund, 2007; Cosgrove and Johnson, 2004, 2005; Miller et al., 2003). A response
function expresses the proportion of the groundwater pumped that is drawn out of a surface
waterway in each time period following pumping. Response functions vary in complexity
and can be derived analytically, using numerical simulation, or they may be measured
directly.

A straightforward analytical response function that is sufficient for our example is
presented by Glover and Balmer (1954) based on the work of Theis (1941). Pumping at a
constant rate from a single well in an initial year results in surface water depletion in year i
in the quantity:

qi ¼ Q0$erfc

 ffiffiffiffiffiffiffi
d2S

4is

r !
(1)

where qi is the surface water depletion rate in year i, Q0 is the pumping rate in the initial
year, d is the distance of the well from the surface waterway, S is aquifer storativity, s is the

5. If pumping draws the groundwater table below the surface water stage, the system switches from

connected-gaining to connected-losing. If pumping draws the groundwater table below the mini-

mum level of the surface waterway, the system shifts from hydraulically connected to disconnected.
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transmissivity of the aquifer, erfc is the complementary error function, and i ¼ 0, ., N.6

The storativity coefficient describes the ability of the aquifer to release groundwater;
transmissivity is defined as the rate of lateral flow of groundwater. The predicted pro-
portion of surface water depletion in each year following pumping, per Eq. (1), defines the
response function.

Eq. (1) can be modified to reflect that groundwater pumping occurs only over a portion
of a year and to capture the cumulative effects of pumping across multiple wells and over
multiple years, as in Kuwayama and Brozovic (2013).7 The formula can also be applied
directly to quantify the additional surface water flows obtained when groundwater
pumping is reduced or when artificial recharge takes place. The advantages of this
analytical specification are that it is straightforward to calculate and it captures the way in
which the response function varies with aquifer characteristics and the distance of the well
from the surface waterway. However, a disadvantage is that strong assumptions are
required to formulate an analytical expression for stream depletion and hence the response
function.8

3. CONJUNCTIVE MANAGEMENT POLICY ANALYSIS

This section presents an intuitive and stylized example of conjunctive administration in a
hydraulically connected surface wateregroundwater system. This example integrates the
hydrologic response function from the previous section with an economic model of decision
making by agricultural water users. We use this model to quantify the effects of conjunctive
administration policies on surface water flows and economic outcomes. We focus on agri-
culture in particular because of its importance as a water user: irrigated agriculture accounts
for 80e90% of the water consumed in the United States, with 74% of the irrigated acreage in
the United States located in the 17 contiguous western states (Schaible and Aillery, 2012).
Though our focus here is on agriculture, our model may be generalized to consider a variety
of water users.

We assume that the reader is familiar with the fundamental economic concepts of
discounting, net present value (NPV), marginality, and constrained profit maximization.
For additional discussion of the economic concepts needed to develop a hydroeconomic

6. The complementary error function is defined as: erfcðzÞ ¼ 2ffiffiffi
p

p
RN
z e�s2ds.

7. If pumping occurs over proportion b of the initial year, stream depletion in year i is:

qi ¼ Q0$
h
erfc
� ffiffiffiffiffiffi

d2S
4is

q �
� erfc

� ffiffiffiffiffiffiffiffiffiffiffiffi
d2S

4ði�bÞs
q �i

. If pumping occurs at multiple wells indexed by

j ¼ 1, . J, stream depletion in year i from pumping at all wells in the initial year is:

qi ¼
PJ

j¼1Q0j$
h
erfc
� ffiffiffiffiffiffiffi

d2j Sj
4isj

r �
� erfc

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
d2j Sj

4ði�bÞsj

r �i
;where the pumping rate, distance from the sur-

face waterway, and aquifer characteristics may differ across wells. Cumulative stream depletion

from pumping in multiple years may similarly be obtained by summing over years prior to year i.

The stream depletion function presented in this example describes stream depletion at a single

point along a surface waterway. However, pumping at one well can generate a stream depletion

effect that differs along reaches of a river or stream, as described in Elbakidze et al. (2012).

8. The response function of Glover and Balmer (1954) requires that the aquifer is homogeneous, of

infinite extent, and isotropic; the course of the river is a straight line that continues past the well; and

groundwater can move freely into and out of the surface waterway.
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model of the type presented here, we refer the reader to Elbakidze and Cobourn (2013),
Booker et al. (2012), and Harou et al. (2009).

3.1 Surface WatereGroundwater System

Consider the simplified system depicted in Fig. 2. The system includes three irrigators indexed
by i ¼ 1, 2, 3. Two of the irrigators rely on groundwater (i ¼ 1, 2) and one relies on surface
water froma stream (i ¼ 3).9 Eachgroundwater irrigator has onewell. Thewell for irrigator 1 is
located closer to the stream than the well for irrigator 2, where d1 and d2 denote the distance
of each well from the stream. Let d1 ¼ 2.4 km and d2 ¼ 3.6 km. Assume that the aquifer is
homogeneous, with a storativity coefficient of 0.15 and transmissivity of 929 m2/day.

Groundwater pumping from each well in year t affects streamflow in year t and in all
subsequent years. These effects can be described using the analytical formula for stream
depletion in Eq. (1) with a modification to reflect that pumping occurs over a portion of a
calendar year. The response functions are formulated assuming that pumping occurs for
160 days per year, which is consistent with the length of an irrigation season in most of the
western United States. The dynamic response of the stream to 1 year of pumping at each
well is illustrated in Fig. 2. Because the aquifer is uniform, differences in the response
functions for each well arise solely because of differences in the distance of each well from
the stream. The effects of pumping at well 1 on streamflow peak in the first year and
decline rapidly thereafter; the effects of pumping at well 2 on streamflow also peak in the
first year, but the peak effect is smaller and the effects are more sustained over time than
those at well 1.

Each irrigator owns a single water right with a unique priority date and a diversion
constraint of 100 units. The surface water irrigator owns the most senior right in the

FIGURE 2 Surface wateregroundwater system and response functions by well. Notes: Response

functions describe the proportional decrease in streamflow that results from pumping in the initial year.

Response functions are formulated using the analytical stream depletion formula from Glover and

Balmer (1954).

9. For illustrative purposes and without loss of generality we exclude the possibility that irrigators

possess or can acquire rights to access both groundwater and surface water.
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system. Groundwater irrigator 1 owns the next most senior right, and groundwater irrigator
2 owns the most junior right. For simplicity, we assume that each irrigator produces a
single crop. The profit function for each irrigator can be written as: pi(wi) ¼ p$f(wi) �
ci(wi) � Fi, where p is the market price of the crop, wi is the amount of water diverted by
irrigator i, f(wi) is a concave production function (f 0(wi) > 0; fʺ(wi) < 0) that defines the
relationship between water diversions and crop yield, c(wi) is the variable cost of diverting
water, and Fi are fixed costs of diverting water.10

In this example, all irrigators face the same output price and production functions, but
the costs of diverting water differ by source. Groundwater users must pay a per-unit cost to
divert water, which depends on the depth to groundwater (or lift). Surface water irrigators
face negligible per-unit costs of diverting water, but often pay fixed costs to divert water,
usually in the form of an annual assessment to an irrigation district. The following
parameter values and functions define the profit function for each irrigator: p ¼ 1;
f ðwiÞ ¼ 260wi � w2

i ; ci(wi) ¼ 20wi for i ¼ 1, 2; ci(wi) ¼ 0 for i ¼ 3; Fi ¼ 0 for i ¼ 1, 2;
and Fi ¼ 2000 for i ¼ 3.

Each irrigator chooses diversions to maximize profit subject to the diversion constraint
specified by their water right. Each irrigator’s constrained optimization problem is:

piðwiÞ ¼ p$f ðwiÞ � ciðwiÞ � Fi

s:t: wi � Wi

(2)

where Wi is the diversion limit associated with irrigator i’s water right. If diversions are
unconstrained, each groundwater irrigator maximizes profit by diverting 120 units of water
per period.11 The surface water irrigator maximizes profit by diverting 130 units of water.
The diversion constraint of 100 units for each irrigator is therefore binding, as is often the
case in appropriative systems (Cobourn, 2015; Pfeiffer and Lin, 2012). In the constrained
maximization problem, each irrigator will divert their maximum allowable 100 units per
year.

Suppose that past groundwater extraction at a rate of 100 units per year from each well
has resulted in stable streamflow of 90 units per year. Streamflow of 90 units per year is

10. In this example, we do not distinguish between water diversions and consumptive water use.

Consumptive water use, or evapotranspiration, is the amount of water that is used by a crop for

growth. Depending on the irrigation technology used, diversions and consumptive use may differ

substantially. For example, consumptive use under gravity irrigation is approximately 40e65% of

total diversions on average. Water that is applied but unconsumed by the crop may be captured as

tailwater and returned to the stream, or it may percolate into the aquifer, providing incidental

recharge (Cobourn, 2015; Chakravorty and Umetsu, 2003; Huffaker and Whittlesey, 2000). Under

high-pressure sprinkler technology or low-pressure (microdrip) technologies, consumptive use is

approximately 75e90% of the amount of water diverted. Most of the unconsumed water perco-

lates back into the aquifer.

11. All prices and costs are in 1000 USD; diversion and streamflow units are unspecified here but are

most often measured in cfs (cubic feet per second) in the western United States. The unconstrained

profit-maximizing level of diversions for each irrigator occurs where the additional revenue earned

for the last unit of water diverted (marginal value product) equals the additional cost of diverting

that unit (marginal cost). This level can be obtained by taking the first-order necessary condition

for a maximum of the irrigator’s profit function. The concavity of the production function ensures

that the first-order condition is also sufficient.
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insufficient to satisfy the surface water irrigator’s right to divert 100 units. As a result of
this shortfall in streamflow, the surface water irrigator loses $2700 in profit each year. Over
a 20-year time horizon and using a discount rate of 4%, the surface water irrigator earns an
NPVof profit equal to 187.98 (in 1000 USD), as compared to 226.14 if 100 units of water
are available for diversion. Over the same time period, each groundwater irrigator diverts
100 units per period and earns an NPVof profit equal to 197.88. In Table 1, this outcome is
reported as the baseline scenario.

3.2 Conjunctive Management Policies

Groundwater pumping by irrigators who own junior water rights reduce streamflow and the
profit earned by the surface water irrigator. If prior appropriation doctrine is applied across
surface and groundwater rights, the senior surface water irrigator could file a call to reduce
pumping by one or both of the relatively junior groundwater pumpers. Reducing or
eliminating pumping by the groundwater irrigators may augment streamflow so that the
surface water user can divert the full 100 units of water permitted under the surface water
right.

To explore how decisions about diversions affect streamflow and economic outcomes
over time, we combine the response functions from Fig. 2 and the profit maximization
model described in Eq. (2) to develop a hydroeconomic model. Using this model, we
compare outcomes across three policy scenarios: (a) prior appropriation-based water rights
administration; (b) economically efficient groundwater pumping reductions within a prior
appropriation framework; and (c) the economically efficient water allocation. In scenarios
(a) and (b), groundwater pumping must be reduced to augment surface water flows to fulfill
the senior surface water right. Both policy scenarios (a) and (b) honor the precedence of the
senior surface water right, consistent with prior appropriation doctrine. In scenario (a),
reductions in pumping are distributed across groundwater irrigators according to the
seniority of the groundwater rights. In scenario (b), pumping reductions are distributed
across the two groundwater irrigators in an economically efficient way, such that the sum
of profit across the two groundwater irrigators is maximized subject to a constraint on
streamflow availability for the surface water user. This scenario does not consider water
right seniority across groundwater irrigators when choosing pumping reductions. In sce-
nario (c), we solve for the economically efficient allocation of water across all three
irrigators, while taking into account the hydraulic relationship between the aquifer and the
stream. The economically efficient allocation of water maximizes the sum of profit across
all three irrigators. This third scenario does not necessarily honor water right seniority for
any of the irrigators.

Table 1 presents the results for each scenario. For policy scenarios (a) and (b), we
consider scenario variants in which streamflow must be sufficient to satisfy the surface
water right for 1 or multiple years.12 We present results for variants in which 100 units of
streamflow must be sustained for 1, 5, 10, 15, and 20 years. For policy scenario (c), we

12. Generally, prior appropriation doctrine provides a legal precedent for reducing water use by junior

rights to fulfill senior rights only during a single year. However, given the time lags associated with

changes in groundwater pumping, it is informative to consider how those lags affect the pumping

reductions required to augment streamflow in future years. Furthermore, the possibility of repeated

water calls in consecutive years justifies examination of multiyear scenarios.
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TABLE 1 Net Present Value (NPV) of Profit by Irrigator and Policy Scenario Over 20 Years

Policy Scenario Total Pumping Reduction Total Streamflow

20-Year NPV Profit (1000 USD)

GW 1 Profit GW 2 Profit SW Profit Total Profit

Baseline e 1800.00 197.88 197.88 187.98 583.73

Policy (a): Prior Appropriation-Based Groundwater Pumping Reductions

1-year 127.29 1840.80 196.04 183.88 190.62 570.53

5-year 289.89 1890.84 196.04 171.90 193.39 561.33

10-year 458.76 1939.34 196.04 162.38 196.65 554.07

15-year 614.17 1977.92 196.04 155.46 197.15 548.65

20-year 762.77 2000.00 196.04 150.13 197.88 544.05

Policy (b): Economically Efficient Groundwater Pumping Reductions

1-year 92.66 1830.63 191.13 195.96 190.01 577.10

5-year 248.62 1880.92 186.06 192.40 192.89 571.36

10-year 412.25 1930.88 182.00 189.35 195.29 566.64

15-year 564.16 1972.50 179.00 187.03 196.96 562.98

20-year 709.26 2000.00 176.64 185.23 197.88 559.75

Policy (c): Economically Efficient Water Allocation

Constrained e 1800.70 197.40 198.33 188.02 583.75

Unconstrained �360.85 1709.33 201.38 201.93 182.94 586.25

Notes: Total pumping reduction and total streamflow are summed over 20 years. Units are unspecified. Streamflow and pumping are most often measured in cfs (cubic feet
per second) in the western United States. GW 1 and GW 2, groundwater irrigators 1 and 2, respectively; SW, surface water irrigator.
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consider two variants: in the first, groundwater pumping is limited to the combined total
allowed under the two groundwater rights (200 units); in the second, groundwater pumping
is unconstrained. In both variants of scenario (c), the optimal choice of groundwater and
surface water diversions takes into account the dynamic effects of groundwater pumping
on surface water flows.

3.2.1 Policy Scenario (a): Prior Appropriation-Based
Groundwater Pumping Reductions

In scenario (a), applying prior appropriation across groundwater irrigators implies that
pumping at well 2, the junior well, will be reduced first in an effort to increase streamflow.
If reducing pumping at well 2 is not sufficient to increase streamflow to the targeted level,
pumping at well 1 may also be reduced. To meet a 1-year streamflow constraint, pumping
at well 2 must be reduced to zero in year 1. The response function for well 2 implies that
this decrease in pumping increases streamflow by 6.55 units in the same year (all changes
are relative to the baseline scenario). To fulfill the remaining shortfall in streamflow of 3.45
units, pumping at well 1 must also be reduced by 27.29 units. These reductions in pumping
reduce profit for each groundwater irrigator in year 1. Over a 20-year time horizon, these
losses in year 1 decrease the NPVof profit for groundwater irrigators 2 and 1 by 7.08% and
0.93%, respectively.

Although pumping is reduced only in year 1, the pumping reduction continues to
provide increased streamflow in future years because of the lagged hydrologic effects
illustrated in Fig. 2. In addition to the effect in year 1, eliminating pumping from well 2 in
year 1 increases streamflow by 5.56 units in year 2, 3.82 units in year 3, and 2.76 units
in year 4. The streamflow increases provided by the year 1 pumping reduction decline each
year but continue, reaching 0.31 units in year 20. Over the course of 20 years, the 1-year
reduction in pumping at well 2 provides an additional 40.80 units of streamflow. The
economic benefit of this dynamic increase in streamflow accrues to the surface water
irrigator, increasing the NPV of profit for irrigator 3 by 1.4% relative to the baseline.
Despite these sustained benefits to the surface water irrigator, the loss in profit for the two
groundwater irrigators in year 1 outweighs the discounted gains to the surface water
irrigator. As a result, the three irrigators suffer a loss in aggregate discounted profit of
2.26% relative to the baseline.

This decrease in aggregate discounted profit in scenario (a) is driven by two factors.
First, the loss in groundwater from the pumping reduction in year 1 exceeds the increase in
streamflow over the next 20 years (127.29 units of groundwater lost vs. 40.80 units of
surface water gained). The second factor, which compounds this effect, is discounting. The
decrease in profit to the groundwater irrigators is experienced immediately, whereas the
increase in profit to the surface water irrigator is distributed over time. Discounting implies
that the benefits to the surface water irrigator in future periods are weighed less heavily
than the current losses to the groundwater irrigators.

In the multiyear variants of policy scenario (a), the lagged effects of the pumping
reduction in year 1 imply that less severe pumping reductions are required to increase
streamflow in subsequent years. For example, increasing streamflow in year 2 requires that
pumping at well 2 is reduced by only 43 units in year 2. By year 5, only a 37 unit reduction
in pumping at well 2 is required to meet the streamflow constraint. No additional pumping
reductions by well 1 are required to meet the multiyear streamflow constraints. In all
multiyear variants of policy scenario (a), the losses to the groundwater irrigators from early
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pumping reductions outweigh the later, more heavily discounted gains to the surface water
irrigator. An interesting result is that the marginal cost of extending the duration of the
streamflow constraint diminishes. This follows from the lagged hydrologic effects provided
by pumping reductions in earlier years. For a 1-year streamflow constraint, the aggregate
loss in discounted profit is 2.26%. Extending the streamflow constraint to 5 years increases
aggregate losses by another 1.58%. The marginal increases in aggregate losses associated
with extending the constraint to 10, 15, and 20 years are 1.24%, 0.93%, and 0.79%,
respectively.

It should perhaps be intuitively apparent that reducing pumping at a well located closer
to the stream, rather than at a well located further from the stream, is likely to provide the
desired increase in streamflow for a smaller reduction in pumping. Consider, for example,
reducing pumping at well 1 first, rather than well 2. Meeting the 1-year streamflow constraint
requires a reduction in pumping at well 1 of only 79.11 units. No pumping reduction at well
2 is necessary. By shifting the burden of the pumping reduction to the well located closer to
the stream, it is possible to increase aggregate discounted profit by 0.98% in the scenario
variant with a 1-year streamflow constraint.

3.2.2 Policy Scenario (b): Economically Efficient
Groundwater Pumping Reductions

Reducing pumping at well 2 prior to well 1, as in policy scenario (a), is consistent with the
straightforward application of prior appropriation doctrine across groundwater rights.
However, this may not be the most efficient means of augmenting surface water flows
because the streamflow constraint(s) from scenario (a) can be met with a smaller pumping
reduction by shifting some of the burden of the reduction to the well located closest to the
stream. Rather than enforce prior appropriation across groundwater rights, a water manager
could set a target level of streamflow and allow groundwater irrigators to choose the re-
ductions in pumping at each well that maximize their joint profit. Scenario (b) captures this
possibility. For each scenario variant considered, streamflow must be at least 100 units per
year as in scenario (a), but the reduction in pumping required to increase streamflow is
distributed across groundwater irrigators in an economically efficient way (and does not
necessarily honor the relative seniority of groundwater rights).

The results in Table 1 indicate that aggregate discounted profit increases in scenario
(b) relative to scenario (a) for all scenario variants. For example, with a 1-year streamflow
constraint, aggregate discounted profit increases from 570.53 in scenario (a) to 577.10 in
scenario (b). The same applies for each of the multiyear scenario variants. In fact, the
relative gain under scenario (b) as compared to scenario (a) increases with the duration of
the streamflow constraint. For a 1-year streamflow constraint, scenario (b) increases
aggregate profit by 1.15%; for a 20-year streamflow constraint, the gain in aggregate profit
increases to a maximum of 2.89%.

In each variant of scenario (b), as compared to scenario (a), the burden of pumping
reductions is redistributed toward well 1. As a result, irrigator 1 suffers a greater loss in
profit than in scenario (a), irrigator 2 sees an increase in profit relative to scenario (a), and
irrigator 1 earns less profit than irrigator 2. Although the distribution of pumping re-
ductions is to the disadvantage of irrigator 1, scenario (b) results in a water allocation that
is a potential Pareto improvement over scenario (a). Specifically, the gains for irrigator 2
exceed the losses for irrigator 1, which implies that irrigator 2 could potentially
compensate irrigator 1 for their pumping reductions and both irrigators would be better off
than they are in scenario (a) (Griffin, 1995).
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3.2.3 Policy Scenario (c): Economically Efficient Water Allocation

In scenario (c), water may be reallocated freely between any of the three irrigators in an
economically optimal way. The economically optimal distribution of water in this scenario
differs from privately optimal water use because this scenario takes into account how
groundwater pumping affects streamflow. In economic parlance, this scenario internalizes
the streamflow externality associated with groundwater pumping. We consider two variants
in this policy scenario. In the first, we assume that total groundwater pumping cannot exceed
the sum of the diversion limits for the two groundwater rights (200 units per period). The
first variant represents a constrained maximum that honors existing limits to groundwater
pumping. In the second variant, we allow for unlimited groundwater pumping. Though
unlimited pumping may not be realistic in many systems, the outcome under this scenario
forms a useful benchmark because it bounds the upper level of aggregate discounted profit.
In both scenario variants, surface water diversions are limited only by streamflow.

The results in Table 1 suggest that when groundwater pumping is constrained, it is
optimal to reduce pumping at well 1 to increase streamflow and surface water diversions.
This offsets a small increase in pumping at well 2, which reduces streamflow. The net effect
is a minor increase in streamflow of 0.70 units over 20 years. This scenario generates an
increase in total profit, though the magnitude of the gain is small. In general, the magnitude
of the gain depends on the relative value of a unit of water in production by groundwater
and surface water irrigators. If a unit of water generates greater value when used by the
surface water irrigator, it becomes optimal to reduce groundwater pumping more to increase
surface water flows. The converse also holds: if a unit of water generates greater value when
used by the groundwater irrigators, it is optimal to increase groundwater pumping, if
possible. The second variant of scenario (c) explores whether it is economically optimal to
increase total groundwater pumping over 200 units per period and accept the concomitant
decrease in streamflow. The results in Table 1 indicate that for our example it is. In this
scenario, groundwater pumping at both wells increases by 360.85 units over the course of
20 years, relative to the baseline. The increase in pumping is slightly greater for well 2
given that it generates smaller losses in streamflow than does pumping at well 1. The in-
crease in pumping at both wells reduces surface water flows by 148 units over 20 years.

3.3 Accounting for Differences in Productivity

Up to this point, we have maintained the assumption that the production functions are the
same for each of the irrigators in the surface wateregroundwater system. This implies that
the marginal product of water, defined as the change in yield from a one-unit change in
diversions, is the same for each irrigator. However, the marginal product of water is likely
to differ from farm to farm because of, for example, differences in physical factors such as
soil quality. A logical question to ask in the context of our analysis is: how do differences
in the marginal product of water across irrigators affect the economic performance of
conjunctive administration policies?

To answer this question, we consider several productivity scenarios that introduce
differences in the marginal product of water across the three irrigators. In these scenarios,
we allow one irrigator to possess a relative productivity advantage, such that the marginal
product of water for that irrigator is twice that for the other two irrigators. For example, if
irrigator 1 has a relative productivity advantage, setting f(w1) ¼ 2f(w2) ¼ 2f(w3) in Eq. (2)
implies that the marginal product of water for irrigator 1 will be twice that for irrigators 2
and 3. Table 2 summarizes outcomes for each policy and productivity scenario, including
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TABLE 2 Change Relative to Baseline by Productivity and Policy Scenario

Productivity and

Policy Scenarios GW Pumping Streamflow

20-Year NPV Profit (1000 USD)

GW 1 GW 2 SW Total

Equal Productivity Across Irrigators

Policy Scenario (a), 1-year 127.29 40.80 �1.84 �14.00 2.64 �13.20

Policy Scenario (b), 1-year 92.66 30.63 �6.75 �1.91 2.03 �6.64

Policy Scenario (c), constrained e 0.70 �0.47 0.45 0.04 0.02

Policy Scenario (c), unconstrained �360.85 �90.67 3.51 4.06 �5.05 2.52

Productivity Advantage, Groundwater Irrigator 1

Policy Scenario (a), 1-year 127.29 40.80 �4.22 �14.00 2.64 �15.58

Policy Scenario (b), 1-year 108.00 35.14 �9.42 �5.99 2.30 �13.12

Policy Scenario (c), constrained e �7.08 10.83 �6.61 �0.44 3.79

Policy Scenario (c), unconstrained �558.77 �148.46 16.45 3.84 �8.68 11.61

Productivity Advantage, Groundwater Irrigator 2

Policy Scenario (a), 1-year 127.29 40.80 �1.84 �30.00 2.64 �29.20

Policy Scenario (b), 1-year 80.32 27.02 �9.17 �0.26 1.81 �7.63

Policy Scenario (c), constrained e 8.02 �7.53 11.75 0.48 4.71

Policy Scenario (c), unconstrained �542.91 �136.73 3.28 16.78 �7.88 12.18
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TABLE 2 Change Relative to Baseline by Productivity and Policy Scenariodcont’d

Productivity and

Policy Scenarios GW Pumping Streamflow

20-Year NPV Profit (1000 USD)

GW 1 GW 2 SW Total

Productivity Advantage, Surface Water Irrigator

Policy Scenario (a), 1-year 127.29 40.80 �1.84 �14.00 5.27 �10.57

Policy Scenario (b), 1-year 94.28 31.11 �6.46 �2.25 4.11 �4.60

Policy Scenario (c), constrained 38.93 13.54 �1.69 0.21 1.63 0.16

Policy Scenario (c), unconstrained �18.73 5.03 �1.16 0.60 0.95 0.40

Notes: Policy Scenario (a) is prior appropriation-based groundwater pumping reductions; Policy Scenario (b) is economically efficient groundwater pumping reductions;
Policy Scenario (c) is the economically efficient water allocation. All changes are relative to the baseline scenario in which groundwater irrigators pump 100 units per
period and 90 units of surface water flow are available. All changes are summed over 20 years. Units are unspecified. Streamflow and pumping are most often measured in
cfs (cubic feet per second) in the western United States. GW 1 and GW 2, groundwater irrigators 1 and 2, respectively; NPV, net present value; SW, surface water irrigator.
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the case in which the marginal product of water is equal across irrigators. The outcomes in
Table 2 are expressed as changes relative to the baseline policy scenario, in which the
groundwater irrigators extract 100 units per period and 90 units of streamflow are available
per period for diversion by the surface water irrigator.

For policy scenario (a), altering the relative productivity of each irrigator has no effect
on pumping reductions, which are determined based solely on the application of prior
appropriation across groundwater rights. However, changes in the relative productivity of
irrigators affect the magnitude of the aggregate profit losses in scenario (a) relative to the
baseline. For example, when irrigator 1 has a relative productivity advantage, the total loss
in the NPVof profit for all irrigators is 15.58. When the productivity advantage is shifted to
groundwater irrigator 2, the aggregate loss in profit nearly doubles to 29.20. This sub-
stantial increase in losses arises because the cost of reducing pumping is highest for
irrigator 2, yet irrigator 2 has the lowest priority water right and bears the majority of the
pumping reductions needed to augment streamflow.

If the burden of pumping reductions is shifted to the lower-cost, or lower-productivity
irrigator, the same increase in streamflow can be obtained at lower total cost. This is
evident when comparing policy scenarios (b) and (a) across productivity scenarios. When
irrigator 2 has a relative productivity advantage, scenario (b) reduces aggregate profit
losses by 21.67 (from 29.20 to 7.63). When irrigator 1 has a productivity advantage,
scenario (b) reduces aggregate profit losses by only 2.46 (from 15.58 to 13.12). Scenario
(b) thus yields a greater improvement in economic outcomes when irrigator 2 has the
productivity advantage because this scenario allows pumping reductions to be shifted to-
wards the relatively low-productivity irrigator, for whom the cost of reducing pumping is
lowest. When irrigator 2 has the productivity advantage, the increase in profit in scenario
(b) over scenario (a) is 2.28% as compared to 1.15% when the two groundwater irrigators
are equally productive.

We also consider the case in which the surface water irrigator has a relative produc-
tivity advantage. The losses under scenario (a) are at their lowest when the surface water
irrigator has a productivity advantage (10.57 as compared to 13.20, 15.18, and 29.20 in the
other three productivity scenarios). As the productivity of the surface water irrigator in-
creases relative to the groundwater irrigators, it is economically optimal to sacrifice more
groundwater pumping to augment streamflow. However, the productivity advantage held
by the surface water irrigator would have to be substantial to fully offset the costs of
pumping reductions in policy scenario (a): in this example, the productivity of the surface
water irrigator would have to be on the order of seven times that of the groundwater
irrigators to yield an increase in total discounted profit.

4. DISCUSSION AND CONCLUSIONS

The analysis in the preceding section is based on a simplified and stylized system, but it
highlights several important issues to consider when evaluating and implementing policies
for conjunctive administration. The first is that spatial variability in response functions
implies that pumping at each groundwater well contributes to different quantities of sur-
face water depletion over time. In general, policies for conjunctive administration that
reflect these differences will outperform policies that do not by increasing surface water
flows at least total cost to groundwater users. In our example, scenario (b) improves
economic outcomes relative to scenario (a) because it reflects the fact that increases in
streamflow can be obtained with smaller pumping reductions from the well located closest
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to the surface waterway.13 This result has been demonstrated for the Republican River
Basin of Nebraska and the Eastern Snake River Plain of Idaho by Kuwayama and Brozovic
(2013) and Elbakidze et al. (2012), respectively. Both of these studies find that at a regional
level, distributing pumping reductions across wells in a way that reflects differences in
hydrologic response functions yields economic gains over a policy that is spatially uniform
or based on the application of prior appropriation across groundwater rights.

These two studies also highlight an important policy consideration that is explored in this
chapter: the cost of reducing pumping differs across space because of differences in the mar-
ginal productivity of water across groundwater irrigators. These differences interact with dif-
ferences in hydrologic response functions and/or water rights ownership to affect the
economically optimal allocation of pumping reductions across wells. The fundamental result
can be summarized as follows: a conjunctive administration policy that applies prior appro-
priation across all irrigators will achieve an economically efficient outcome if those irrigators
who can reduce pumping at lowest cost provide the greatest surfacewater increase for a unit of
pumping reductions and possess the least senior water rights. If these three factors do not align
in this way, then policy instruments that allow groundwater pumping reductions to be
distributed flexibly across wells will outperform a prior appropriation-based approach to
conjunctive administration inwhich the reallocation ofwater use is not an option. However, the
magnitude of the gain from a more flexible policy instrument will depend on the spatial
arrangement of these factors within a specific region.

Three studies in the literature touch on how these factors combine to affect the effi-
ciency of conjunctive administration policies. Kuwayama and Brozovic (2013) find that
spatial variation in the costs of reducing pumping are correlated with the hydrologic
response functions for individual wells in the Republican River Basin. The consequence of
this correlation is that it reduces the gains to a spatially differentiated permit trading system
over a spatially homogeneous approach. Ghosh et al. (2014) find that farms in the Eastern
Snake River Plain with higher costs of pumping reductions tend to have the least senior
water rights. This negative correlation enhances the gains to reallocating groundwater
pumping reductions through a water banking system, relative to the allocation implied by
prior appropriation doctrine. Elbakidze et al. (2012) allow for the interaction of all three
factorsdproductivity, response functions, and water rightsdwhen estimating the gains to
reallocating groundwater pumping reductions in the Eastern Snake River Plain. Taking
these factors in combination, they estimate that redistributing groundwater pumping re-
ductions increases discounted irrigator profits relative to the strict application of prior-
appropriation doctrine across groundwater irrigators.

The interaction of productivity, response functions, and water rights also affects
whether it is economically optimal to sacrifice groundwater pumping to increase surface
water flows. The example presented in this chapter suggests that this is unlikely unless the
marginal product of water is much greater for surface water users than for groundwater
users. Whether this is the case will differ by study region. However, surface water users
will not likely hold a productivity advantage if the need to locate close to surface

13. In this chapter, we model differences in response functions due solely to distance between a well

and a surface waterway, but aquifer characteristics, such as storativity and transmissivity are also

variable across space and affect response functions. It is not merely absolute distance between a

well and a surface waterway that matters, but hydrologic distance, which captures all of these

factors, that determines how pumping reductions affect streamflow.

294 Competition for Water Resources



waterways required the first surface water irrigators to settle less productive lands than
later groundwater irrigators. Unfortunately, there are relatively few studies that examine
this question. The few that do address the question in the context of the Eastern Snake
River Plain. Snyder and Coupal (2005) find that the losses from applying prior
appropriation-based groundwater pumping reductions exceed the gains to surface water
users by up to an order of magnitude. Similarly, Ghosh et al. (2014) demonstrate that it is
optimal to reduce surface water diversions during a drought, rather than placing the sole
burden of water use reductions on groundwater irrigators. Under severe drought conditions,
they show that redistributing water from surface water to groundwater irrigators may in-
crease aggregate economic welfare by nearly 50%.

Although this chapter illustrates and discusses some important factors to consider when
implementing conjunctive administration, there are several policy relevant issues that are
not incorporated into this analysis. Though certainly not exhaustive, the basic hydro-
economic modeling framework presented can provide a foundation that can be extended to
consider other water policy problems and additional hydrologic complexities in surface
wateregroundwater systems. For example, preserving streamflow is often motivated by
ecological concerns, which are not incorporated into our analysis. It is possible to incor-
porate the nonmarket ecological benefits of streamflow into the model so that these benefits
are reflected in the optimal allocation of water. Another complication identified in the
literature is that hydrologic response functions like those used in this chapter may change
over time as groundwater levels decline (Cobourn, 2015). This is a particularly relevant
concern when considering the long-run effects of conjunctive administration policies.
Cobourn (2015) and Taylor et al. (2014) demonstrate that groundwater pumping is not the
only factor that contributes to declining groundwater levels. Changes in irrigation tech-
nology, such as lining canals to prevent seepage or switching from gravity to sprinkler
irrigation, affect aquifer recharge and groundwater levels. These studies suggest that the
hydraulic response functions included in this analysis are not fixed, but depend on the ways
in which water use decisions by both surface water and groundwater users affect
groundwater levels. To consider these changes, the model must account for the decisions
irrigators make about technology adoption, and it must differentiate between the propor-
tion of water consumed by crops and the proportion returned to surface waterways and the
aquifer (Cobourn, 2015; Taylor et al., 2014; Chakravorty and Umetsu, 2003; Huffaker and
Whittlesey, 2000).

Conjunctive management of surface water and groundwater in practice has posed a
long-running challenge throughout the western United States. Establishing the hydraulic
relationships between surface water and groundwater resources is itself a daunting task for
scientists and policymakers; the preexistence of property rights systems that often fail to
reflect hydraulic connectivity adds another layer of complexity to developing efficient
conjunctive management policies. In most cases, the problem of inefficient and/or
unsustainable water use in linked groundwateresurface water systems stems from de-
ficiencies in groundwater law relative to surface water law (Griffin, 2006). This chapter
demonstrates that extending current institutions, such as prior appropriation, to administer
groundwater rights may not lead to economically efficient outcomes. As groundwater and
conjunctive administration policies evolve, a greater understanding of the complex spatial
and dynamic interactions between productivity, hydrologic systems, and water rights is
necessary. This is particularly true given that increasing water scarcity is likely to intensify
debate and conflict over water policies in the western United States and worldwide into the
future.
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Chapter 3.1.3

Prospects for Desalination in
the United StatesdExperiences
From California, Florida, and
Texas

J.R. Ziolkowska, R. Reyes
The University of Oklahoma, Norman, OK, United States

1. INTRODUCTION

Desalination (commonly called “desal”) is a process of removing salts and minerals from
seawater or brackish groundwater. In the past half century, desalination has emerged in the
United States as a prospective technology for mitigating water scarcity and providing an
alternative water source for municipal use as well as industrial and power generation
processes. This development was triggered by two opposite trends occurring simulta-
neously: (1) an exponential growth in water demand and (2) a steady decline in available
groundwater and surface water resources. In addition, recurring extreme and exceptional
droughts have exposed many regions in the United States to a dire tradeoff situation of
allocating water between competing economic sectors.

Brackish groundwater desalination in the United States initially started in 1952, when
the Saline Water Act passed by Congress provided federal support for desalination. The
first seawater desalination plant was launched in the 1960s at Guantanamo Bay Naval
Base, Cuba, as a result of military and political changes occurring in that region1 (West
Basin Municipal Water District, 2014). The rapid increase in desalination (especially
since the 1990s) was a result of a growing water demand, improving desalination
technology, and state-funded subsidies that encouraged investments in the desalination
sector.

As of 2013, 68% of the installed desalination plant capacity in the United States was
produced from brackish or inland water, 23% from river water, and only 4% from
seawater [authors’ calculations based on GWI (2013)]. Water source (feed water) is one

1. When water supplies to the naval base were cut off in retaliation for the Cuban Missile Crisis, the

base became self-sufficient, desalinating 3.4 million gallons of water every day.

Competition for Water Resources. http://dx.doi.org/10.1016/B978-0-12-803237-4.00017-3

Copyright © 2017 Elsevier Inc. All rights reserved. 298

http://dx.doi.org/10.1016/B978-0-12-803237-4.00017-3


of the crucial determinants of the final desalination costs. Increased feed water salinity
(measured in TDSdtotal dissolved solids2) also raises the final price for desalinated
water.

In 2013, w73% of desalinated water in the United States was supplied to munici-
palities as drinking water,w22% to the industry sector, 5% was used in power stations, 2%
in tourist facilities, and 1% in the agricultural sector for irrigation and for military pur-
poses, respectively. Among the commercialized desalination technologies, reverse osmosis
(RO)3 provides 88% of desalinated water in the country, electrodialysis constitutes 8%,
nanofiltration (also used as a pretreatment stage of RO) accounts for 3%, and electro-
deionization makes only 1% of the total desalinated water in the country. The RO tech-
nology using a range of membranes (filters) for water purification has proven to be most
efficient. Also distillation processes such as multistage flash distillation (MSF)4 and
multieffect distillation (MED) are still in use at a low scale with 18 MGD (million gallons
per day) and 66.6 MGD of desalinated water in 2013, respectively [authors’ calculations
based on GWI (2013)].

At the global scale, the United States is among the leaders in the desalination sector
with its daily production capacity of 2 BGD (billion gallons per day) and around 1336
operating plants in 2013. With its current 13% share in the global sector (measured with
the desalination production in MGD) (GWI, 2013), the United States competes for the top
desalination position with Saudi Arabia and United Arab Emirates. Whereas the global
position of the United States in the desalination sector is important, this chapter aims to
present a regional perspective of desalination within the United States, based on the idea
that solutions for water problems should be designed at the regional level, according to the
phrase: “Think globally, act locally.”

To depict a broad picture of developments in the desalination sector as well as pros-
pects for this emerging technology, this chapter will conceptualize a SWOT (strengths/
weaknesses/opportunities/threats) analysis for desalination in the United States. Further, it
will also present experiences from and examples of different desalination projects in
California, Florida, and Texasdthe states characterized by the highest desalination
capacity and the largest number of desalination plants in the country.

2. Total dissolved solids (TDS) describe the total amount of mobile charged ions (including minerals,

salts or metals) dissolved in a given volume of water, expressed in units of mg per unit volume of

water (mg/L), also referred to as parts per million (ppm).

3. In the RO process water molecules are moved from a concentrated solution to a dilute

solution by applying pressure on the concentrate. It occurs by means of a set of filters serving as

semipermeable membranes. The process is opposite to osmosis occurring naturally where

solvent moves through a membrane from an area of low concentration to an area of high

concentration.

4. Both the MSF and MED processes are based on distillation that takes place in a series of chambers

(or effects) operating at progressively lower pressures. The main difference between them regards

the method of evaporation and heat transfer. In a MED plant, evaporation occurs through the contact

of the seawater film with the heat transfer source, whereas in a MSF plant heating of seawater

occurs within the tubes and evaporation is a result of the brine flow (flashing) in each stage to

produce vapor.
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2. PROSPECTS FOR DESALINATION IN THE UNITED
STATESdSWOT ANALYSIS

The desalination sector in the United States is directly affected by variability in the US
economy and water demands, and thus assessments about the future of desalination vary
among scientists. Several research studies have claimed that desalination will become a
reliable technology (Voutchkov, 2010) providing sustainable water supply and lessening
pressure on traditional water sources. Other studies anticipate that high desalination costs
and demanding environmental standards will hinder desalination developments in the years
to come (Ghaffour et al., 2013).

To understand the underlying issues that might affect the long-term developments in
the sector in the United States, a SWOT analysis has been developed in this chapter. The
SWOT methodology originated from work of Albert S. Humphrey in the 1960s. This
analysis has been used for many years in business settings to help companies and busi-
nesses find a sustainable niche in their market place. Even though the method is normally
applied as a preevaluation of feasibility studies, it can be used for both ex-ante and ex-post
assessments at the enterprise, sector, household, and/or personal assessment levels.

By analyzing strengths the SWOT analysis allows for unveiling unrevealed opportu-
nities, while by evaluating weaknesses, potential threats can be mitigated ahead of time. In
the context of desalination assessment, we define the “threats” as risks, uncertainties, and
challenges. The presented analysis defines and embraces the most important aspects of
desalination, while the list could be extended in the face of constant changes occurring in
the sector. Moreover, it needs to be emphasized that some weaknesses and challenges
create direct opportunities for the sector’s development. At the same time, the strengths
and opportunities generated by the sector provide benefits for the entire economy. Those
benefits are not included directly in the SWOT analysis, which, in this specific case, is
focused only on the desalination technology and sector (when evaluating the strengths and
weaknesses), and on the external environment (when evaluating opportunities and threats/
challenges). The SWOT analysis for the desalination sector encompasses four elements
(Table 1):

1. Strengths of the sector and technology fostering success
2. Weaknesses of the sector and technology hindering success
3. Opportunities created by the environment fostering success
4. Threats/challenges created by the environment hindering success

A detailed deliberation on the most important SWOT factors is presented in Sections
2.1e2.4.

2.1 Strengths of the Desalination Sector

Desalination has been used for many purposes: municipal, industrial, power generation, in
tourist facilities, and for military services, with the most pronounced benefits being
drinking water provision in times of extreme and unexpected weather events like drought.

Because of growing investments and competition on the desalination and material
supplier markets, the desalination sector has been fast and flexible when adjusting to new
and more efficient technological innovations over time. It has been proven that more
precise desalination membranes increase efficiency of desalination and reduce the total
desalination costs, and thus the price for desalinated water for the final consumer (Ghaffour
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TABLE 1 SWOT Analysis for the Desalination Sector in the United States

Strengths Weaknesses

Alternative water source in drought-affected or
high-water-demand areas

Relatively high desalination
costs

High yield of produced water High energy requirements

Alleviates stress and pressure on traditional water
sources (protecting habitats and environmental flows)

Maintenance costs even if plants
are temporarily offline
(mothballed)

Independent from weather events Environmental effects of brine
disposal

Fast and flexible to adjust to new and efficient
technology innovations

Dependency on proximity to
water (brackish groundwater,
river water, or seawater)

Flexible in increasing water production in emergency
cases (up to the total capacity)

Operating at a large scalea

(portable unitsddesal skids are
too expensive)

Opportunities Threats (Risks/Challenges)

Brackish groundwater resources potentially abundant
(USGS, 2014)

Mothballing risk in situations of
low water demand

Coast line and easy accessibility to seawater Potential sustainability
regulations might increase
desalination costs

Availability of state subsidies for desalination projects Volatility of oil prices and energy
production might impact
desalination costs

Well-developed R&D infrastructure in the country
(institutional collaborations: USGS, State Water
Resources Boards, regional governments)

Administrative limitations and
long waiting times for permit
issuance

Market strengthdgrowing investments in the
desalination sector

Potential competing
technologies

Recurring droughts and growing population create
elevated demand for water

No recent studies on brackish
water availability

Debates about value of water, water markets, and
pricing water as a natural resource (comparable with
oil/gas prices)

Low social awareness about the
need for additional water supply

Renewable energies can help lower desalination costs
in the long term

Potential negative environmental
impacts

USGS, US Geological Survey.
aLarge-scale operation refers to any industrial operation in a traditional desalination plant, even with
very low production capacity. In contrast, small-scale operations refer to deployable mobile units (desal
skids) that do not need the industrial infrastructure, but can be transported and used in any place at any
time.

Authors’ analysis and presentation.
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et al., 2013; Nair and Kumar, 2013; Penate and Garcia, 2012; Zhou and Tol, 2004; Van der
Bruggen, 2003).

In the face of exponentially growing population and recurring droughts in many US
regions, desalination has been acknowledged as a technology that can help alleviate the
identified stress on water resources. In this way, also natural habitats and environmental
flows can be protected. In addition, desalination is highly effective as large plants have
desalination capacities of 25e30 MGD, while they are ready for emergency situations and
urgent spikes in water demand. Because of relatively high prices of desalinated water
compared with water from traditional sources, a significant increase of desalination in
municipal water portfolios could result in growing water rates paid by the final customers.
However, in situations of long-term water scarcity, desalination can be life-saving. Also,
using the full production capacity of desalination plants could generate economies of size,
and thus allow for lower water costs.

2.2 Weaknesses of the Desalination Sector

The main factor hindering the fast development of desalination is high production costs of
desalinated water and the resulting high water rates. The prices for desalinated water are
highly variable and on average two or three times higher than prices for water from
traditional water sources (Afgan et al., 1999; Daniels and Daniels, 2003). In 2010, they
ranged between $0.2e1.2/m3 ($0.8e4.5/kgal) for desalinated brackish groundwater and
$0.3e3.2/m3 ($1.1e12.1/kgal) for desalinated seawater (with technologies using con-
ventional energy sources) (Gude et al., 2010; Karagiannis and Soldatos, 2008). Thus, in
normal wet years, desalination might be economically infeasible. This weakness of the
technology can be seen as a challenge at the same time. New more efficient membranes are
being developed and solutions are explored that would help decrease desalination pro-
duction costs and thus make the technology a complementary option in the regional water
plans and portfolios. It needs to be emphasized that cost feasibility of desalination is not
necessarily a fair comparison because the current prices paid for conventionally treated
fresh water usually do not reflect the true value of water resources. Moreover, the prices for
water from conventional sources do not include the water scarcity value that would
otherwise elevate the water rates and theoretically make desalination a very affordable
option.

Desalination costs can be divided into: (1) capital costs (CAPEX) occurring as a one-
time investment in the construction phase of the desalination plant and (2) operational and
maintenance (O&M) costs (OPEX) occurring continuously during the operation period of
the plant. While capital costs are amortized for every single year of operating the plant,
operational costs can make the final price of desalinated water unaffordable, compared to
cheaper and easier accessible, traditional (even though depleted) water sources. OPEX
costs include: energy costs, costs of chemicals, labor and management costs, maintenance
and membrane exchange costs, disposal costs of brine (a highly concentrated saline
by-product in the desalination process), and institutional charges (compliance and regu-
latory costs, access charges, etc.).

The main cost components driving the final price of desalinated water are energy costs
and brine disposal costs; whereas the other cost determinants include the applied desali-
nation technology, capital and other operational costs, production capacity, and water
salinity.
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According to the Australian Government (2008), energy costs account for 60% of the
total O&M costs of operating seawater desalination plants. A study of Mabrouk et al.
(2010) found that energy costs make between 46% and 73% of the total desalinated water
cost, depending on the salinity levels. Also, a study by Ziolkowska (2015) confirmed a
linear relationship and a very strong correlation between the energy pieces and the final
water prices. Because of the complexity of desalination processes, as well as many factors
determining the final price, both energy requirements and final prices of desalinated water
can vary considerably from region to region and from plant to plant. Table 2 presents
energy requirements subject to the applied desalination technology (membrane vs. distil-
lation processes). It can be clearly stated that distillation processes (MSF and MED) are
more energy intensive, which directly impacts the final price of desalinated water.

Another major cost component is disposal costs of brine. The most common brine
disposal approaches include: (1) surface water discharge (direct ocean outfall, shore
outfall, colocated outfall, discharge to rivers, canals, lakes), (2) disposal to sewer (sewer
line, direct line to wastewater treatment plant, tracking concentrate to wastewater treatment
plant), (3) subsurface injection (deep or shallow well injection), and (4) evaporation ponds.
Because of additional capital costs, evaporation ponds and Zero Liquid Discharge (ZLD)
treatment processes are most expensive (Table 3). Brine disposal costs can be kept low or
completely eliminated if brine is disposed back to the ocean (in the case of seawater
desalination or brackish water plants located at the shore, like, for instance, the Southmost
desalination plant in Brownsville, Texas). In the case of seawater desalination, it needs to
be mentioned that the favorable location of seawater desalination plants (eliminating brine
disposal costs) cannot completely leverage the energy requirements that are very high
because of high water salinity. Thus, brackish desalination plants are more desirable and
affordable. Moreover, taking into consideration that because of missing legal regulations,
many brackish desalination plants dispose of brine directly into sewers, the disposal costs
in those plants are kept at a minimum in many cases, despite potential environmental harm
created by those practices.

Another relevant weakness is the potential environmental effects of brine disposal.
Environmentalists are concerned that brine from seawater RO plants accumulates on the
sea floor in shallow coastal waters and negatively affects benthic communities. In the case
of brackish groundwater desalination, disposal to the sewer can negatively impact river
ecosystems and increase wastewater treatment costs. Those concerns are not always
confirmed in practice, as depicted with the example from Florida (Section 3). However,
little solid evidence exists about the extent of environmental impacts and the associated
external costs.

Currently, desalination plants operate at a high capacity and require a demand market
to be efficient. In some situations, smaller units (desalination skids) would be enough to
satisfy local water needs. Even though mobile units are available from water treatment
companies, such as SevenSeasWater, Osmoflo, Aquamove, Aquatech, and others, the lease
price ($700,000e3,000,000) for production capacity between 200,000 GPD (gallons per
day) and 1 million GPD (BenJemaa, 2009) constitute a considerable financial limitation for
a broad application of portable appliances.

Because of the currently high costs, municipalities and policymakers are hesitant about
incorporating desalination as a substitute for water from traditional sources. However, in
times of water scarcity, desalination could turn out to be the most reliable water supply
option.
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TABLE 2 Energy Consumption and Average Water Cost of Large-Scale Commercial Desalination Processes

Process

Thermal Energy

(kWh/m3)

Electrical Energy

(kWh/m3)

Total Energy

(kWh/m3)

Investment Cost

($/m3/day)

Total Water Cost

($/m3)

MSF (multistage flash
distillation)

7.5e12 2.5e4 10e16 1200e2500 0.8e1.5a

MED (multieffect distillation) 4e7 1.5e2 5.5e9 900e2000 0.7e1.2

SWRO (seawater reverse
osmosis)

e 3e4b 3e4 900e2500 0.5e1.2

BWRO (brackish water
reverse osmosis)

e 0.5e2.5 0.5e2.5 300e1200 0.2e0.4

aIncludes subsidies (price of fuel).
bIncludes energy recovery system.

Authors’ presentation based on data from GWI (2013), Quteishat (2009), Reddy and Ghaffour (2007), Pankratz (2008), Borsani and Rebagliati (2005), Sommariva et al.

(2003), Darwish and Al-Najem (1987), Maurel (2006), Australian Government (2008).
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2.3 Opportunities for Desalination

Statistics show that the United States has been affected by drought every single year for
many decades and centuries, with regional variations and recurring droughts in the West,
Midwest or the South of the country. Since mid-2010, the United States has been expe-
riencing extreme and exceptional drought5 (Drought Monitor, 2015) [with the Standard-
ized Precipitation Index6 (SPI) equal to �2.0 or less] (NOAA, 2013).

As of March 2015, more than 50% of the contiguous US area has been affected by
drought, with about 8% constituting extreme or exceptional drought in California, Texas,
and Oklahoma (Drought Monitor, 2015).

While water conservation measures in the affected regions are most effective in the
short term, they do not provide an additional water supply needed to mitigate the effects of
drought and water demands resulting from a growing population. In many states, aquifers
have been largely depleted or are close to depletion because of anthropogenic activities,
while streamflow conditions have been considerably worsening, especially during drought
periods. Desalination could constitute a viable technology to meet urgent water demand
resulting from drought as well as to provide a long-term solution by incorporating it into
municipal water portfolios and leveraging pressure on traditional water sources (ground-
water and surface water).

Another significant opportunity for an effective long-term development of desalination
is the abundant resource availability of seawater and brackish water in the United States.

TABLE 3 Cost Comparison of Brine Disposal Options

Disposal Option

Cost

($/m3) Critical Factors

Surface water 0.03e0.30 Piping, pumping, and outfall construction

Evaporation pond 1.18e10.04 Pond size and depth, salt concentration,
evaporation rate, pond liner cost

Deep well injection 0.33e2.64 Tubing diameter and depth, injection rate,
chemical costs

Sewer 0.30e0.66 Disposal rate, salinity, sewer capacity, fees

Brine concentrator (ZLD) 0.66e26.41 Disposal rate, energy costs, salinity

Note: Costs for concentrate disposal include both capital and operational and maintenance costs.
ZLD, Zero liquid discharge.

Authors’ presentation based on Greenlee et al. (2009), Koyuncu et al. (2001), Mickley (2001), Miller

(2003), Sethi (2007).

5. The USDA and NOAA use the following classification for drought severity: D0dAbnormally dry,

D1dModerate drought, D2dSevere drought, D3dExtreme drought, and D5dExceptional

drought.

6. The Standardized Precipitation Index (SPI) is an index based on the probability of recording a given

amount of precipitation. The index is negative for drought and positive for wet conditions. As the

dry or wet conditions become more severe, the index becomes more negative or positive.
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According to USGS (2014), mineralized brackish groundwater underlies most of the
country. Despite many definitions of brackish water, we define it as water with a greater
dissolved solids content (1000 and 10,000 mg/L TDS) than present in fresh water, but
lower than the one observed in seawater (35,000 mg/L TDS). Brackish water is also
classified as “saline” water characterized with a TDS greater than 1000 mg/L. Although
brackish groundwater is used for different purposes such as cooling water for power
generation, aquaculture, and in the oil and gas industry (drilling, enhancing recovery, and
hydraulic fracturing), this contribution is mainly focused on brackish water for drinking
purposes (municipal use), industry purposes, and power generation. With 95,471 miles of
shore line, the United States has a considerable advantage for developing seawater desa-
lination. Currently, most desalination plants are located in the coastal states (both on the
East and West Coast) (Ziolkowska and Reyes, 2016).

Governmental and regional support for desalination in the form of subsidies presents
one of the opportunities for a fast development of desalination. Examples from Tampa Bay,
Florida, and five projects in Southern California subsidized by the Metropolitan Water
District of Southern California confirm that the majority of desalination projects in the
United States are subsidized to some degree. As subsidies are often hidden, the estimation
of the reported and actual desalination costs might be nonrepresentative and problematic.
According to Cooley et al. (2006), public subsidies for desalination plants should be
granted only when explicit public benefits are guaranteed, for instance restoration of
ecosystem flows. Nowadays, subsidies for establishing new desalination plants create a
boost to the development of the sector and attract private investors. As with any developing
sector and market, subsidies are meant to be a short-term stimulus crucial for their uptake,
similarly as experienced with biofuels production. The strong position of the desalination
sector in the market place substantiates its readiness to stand for itself and remain resistant
to market fluctuations in the intermediate and long term. Global investments in desali-
nation have been continuously growing since the 1980s and reached the peak of $9 billion
in capital expenditures in 2007, with a compound annual growth rate (based on a constant
rate of return) anticipated to reach 8.3% in the 2010e2018 time period (Gasson, 2013).
The well-developed R&D infrastructure in the country as well as institutional collabora-
tions among many water entities, such as the US Geological Survey (USGS), State Water
Resources Boards, and regional governments can foster successful long-term development
of the desalination sector.

Another relevant opportunity in this context (and a positive spillover effect) is a chance
for initiating regional and national debates about the real value of water as a resource. For
centuries, water has been underpriced, while the current water rates represent only the
costs of extracting water from aquifers, water treatment costs, delivery costs to the final
consumer, and administrative costs of water utility companies. Although water rates differ
in different regions of the country, depending on the bed rock, water accessibility, water
pollution, etc. (eg, $2.65/kgal in Oklahoma City in 2015), they do not represent the actual
value of water. For years, water from traditional sources (groundwater and surface water)
has been available as a free resource, thus making high costs of desalinated water an
unacceptable option. However, in the face of extreme droughts in the past several years
policymakers and researchers often debate the establishment of water markets. This would
allow for a reliable market mechanism of selling and buying water rights and determining
the price for water resources based on its real value as a natural resource. The debates
could induce training and education workshops for citizens, which in turn could have
positive implications on water conservation measures. Although water markets already
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exist in some states, for example, Arizona, California, Colorado, Nevada, they are said to
be insufficient, imperfect, and serving as water banks rather than real water markets per se.
Concrete measures are needed to establish social awareness about the value of water, and
the desalination issue could create a platform for a broader debate and implementation of
appropriate programs and policies.

2.4 Challenges for Desalination

An important group of challenges for desalination constitute environmental concerns,
while seawater desalination raises more issues at hand. With seawater intake, the risk of
loss of aquatic organisms through impingement (organisms collide with intake screens) or
entrainment (organisms are drawn into the plant with the source water) is accentuated in
environmental debates. Also construction of the intake infrastructure and piping could
potentially disturb the seabed and cause resuspension of sediments, nutrients, or pollutants
into the water column. Moreover, desalination plants could increase ambient seawater
salinity in the ocean and contribute to seawater pollution through chemical additives in the
desalination process, for example: sodium hypochlorite, ferric chloride, or aluminum
chloride, antiscale additives (sodium hexametaphosphate), and acids, for example, sulfuric
acid or hydrochloric acid, among others. Another potential impact on marine life regards
changes in seawater temperature caused by elevated outlet water temperature from cooling
processes in situations when desalination plants operate in conjunction with power plants.
While most organisms can adapt to minor temperature deviations and salinity level
changes, continuous exposure could cause long-lasting change in species composition.
Other concerns regard dissolved oxygen, chlorine concentration, heavy metals, and un-
ionized ammonia removed in the desalination process (Romeil, 1977; Lee et al., 2008;
Abdul-Wahab and Jupp, 2009), though recent comprehensive studies addressing those
issues are still limited. A solution to those concerns provides dilution of brine water with
seawater or cooling water before discharge to the sea or else brine harvesting.

Because of high energy demands (and energy production based on fossil fuels),
desalination has been discussed in terms of greenhouse gas (GHG) emissions. A study by
Dawoud and Al Mulla (2012) for Gulf countries has found that in 1996e2010, CO2

emissions from desalination doubled in Bahrain, Saudi Arabia, Qatar, and Oman, while
they increased by 50% in United Arab Emirates and by 87% in Kuwait. According to
Rauly et al. (2005), depending on the energy source, RO desalination plants generate
between 1.75 and 2.79 kg (3.8e6.1 lb) of CO2 emissions per cubic meter (m3) (264.2 US
gal) of produced water. This translates to 14.7e23.3 lb CO2 per 1000 gal of desalinated
water. CO2 emissions from distillation processes (MSF and MED) range from 1.19 to
23.41 kg/m3 (9.9e195.3 lb/kgal).

Currently, no regulatory standards exist regarding energy use and GHG emissions
generated by desalination in the United States. However, according to Pankratz (2012) and
Cooley and Heberger (2013) there are a variety of state programs, policies, and agencies
that must be considered when developing a desalination project. In California, for example,
these include environmental review requirements, for example, issuance of permits by the
Coastal Commission, the Integrated Regional Water Management Planning process, and
policies of other state agencies, such as the State Lands Commission, the State Water
Resources Control Board, and regional standards like the California Environmental Quality
Act. Using natural gas and renewable energy sources could alleviate the problem of GHG
emissions. From the economic perspective, however, and given current high prices for
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renewable energies, using conventional energy for desalination is currently most cost
efficient (Gude et al., 2010; Karagiannis and Soldatos, 2008).

Another challenge is a potential risk related to various factors including design and
technology, financing sources, permits, construction, operation/performance, financing,
markets, and policy regulations, as well as ways of mitigating those problems (Cooley and
Ajami, 2012). One of the major risks and uncertainties refers to mothballing desalination
plants if desalinated water is not needed and/or it is not competitive with current rates for
water from traditional sources. Experiences from Australia, when it was plagued by the
Millennium Drought (1995e2009), show a number of plants that were mothballed after the
end of the drought, when replenished aquifers and rivers provided a cheaper water supply.
Those plants, however, were built without a long-term business plan, but rather specifically
for the purpose of mitigating drought effects in the short run; leaving the municipalities
locked into long-term (usually 30-year) contracts and owing high debts without generating
the expected revenue from desalinated water sales. Only a few plants have been mothballed
in the United States. Examples include the Santa Barbara desalination plant, which was
built in 1992 and mothballed after 2 months of operation, and the Yuma plant in Arizona
mothballed 1 year after the start of its operation (Bureau of Reclamation, 2012). Several
plants have been decommissioned because of their long-time operation, but in most cases
they were replaced with new plants at the same sites. However, most desalination plants
have been successfully operating continuously for years. Although unsuccessful cases are
isolated considering the large scope of desalination in the United States, mothballing
desalination plants has raised questions about the feasibility of desalination projects.

At the current high costs for desalinated water, one of the main challenges is to lower
final prices or at least keep them at a stable level. In the long term, however, potential
sustainability and environmental regulations could theoretically increase costs of desali-
nation making it even less affordable. There are currently no legislative plans indicating or
anticipating such standards at the national level. Nevertheless, strong environmental
concerns could create a trigger for legal changes in the future. Ensuring low prices for
desalinated water is challenging also because of high volatility of oil and gas prices. Many
desalination plants use oil, gas, coal, or nuclear power as an energy source. Also for plants
using electricity, volatility of oil and gas prices could affect the final price of desalinated
water. As desalination requires high energy inputs, even a slight increase in oil/gas prices
could significantly affect desalination costs and negatively impact the development of the
sector. The currently low oil prices (first quarter of 2015) have a positive impact on in-
vestments in desalination and can contribute to a significant decrease in desalination costs.

3. EXPERIENCES WITH DESALINATION FROM CALIFORNIA,
FLORIDA, AND TEXAS

California, Florida, and Texas are the leading states in the desalination sector in the United
States, both in terms of the installed cumulative capacity and the total number of operating
plants. In all those states, brackish groundwater, river water, and seawater desalination are
predominant. This chapter provides a comparative analysis, as well as experiences with
desalination in those states.

California, Florida, and Texas are worth considering also because of their differing
climatic conditions. California has been suffering from drought since early 2012, with
100% of the state’s area affected, and almost 80% of the area plagued by extreme and
exceptional drought since 2014. The extreme and exceptional drought in Texas in 2011 and
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2012 affected 98% of its land area. As of March 2015, 60% of the area in Texas was
affected, while only 15% can be attributed to extreme and exceptional drought. Florida was
impacted by drought mainly in 2011e2013; however, extreme drought affected only 40%
of the state in the peak times during that period (Drought Monitor, 2015). As California
and Florida are among the largest producers of agricultural produce in the United States,
water availability for agriculture is crucial and a relevant topic of policy debates. In the
situation of drought, however, combined with depleted aquifers, water conservation
measures imposed on local citizens are not enough to mitigate water scarcity. The existing
desalination plants in California and Florida provide a buffer for municipal water use and,
if needed, could potentially help redirect water for municipal purposes towards agricultural
production.

Current developments show that the total desalination capacity has been increasing in
all three states, with Florida leading in brackish groundwater and river desalination, fol-
lowed by brackish groundwater desalination in California and Texas (Fig. 1). Seawater
desalination is very limited in all three states, despite their close proximity to the ocean.
This can be explained with higher seawater desalination costs compared to brackish
groundwater desalination. However, assuming the anticipated technological developments
in the desalination sector and the resulting decrease in desalination costs, seawater desa-
lination could prove to be a viable and cost-competitive solution in case brackish
groundwater resources start to diminish.

Among the analyzed states, Florida is leading both in terms of the number of the
operating plants and the total desalination capacity (in MGD), followed by California
(Table 4). In all three states, RO is the prevailing desalination technology. The same trend
applies to the final consumer of desalinated water, where in all three states the main
beneficiaries are municipalities, while industry takes second place. In 2013, desalination
plants in California, Florida, and Texas made up 45% of the total number of all operating
desalination plants in the United States, while they provided 66% of the total desalinated
water in the country. This proves the strength and maturity of the desalination sector in the
analyzed states. Moreover, in terms of the technology, RO accounts for 68.5% of the total
desalinated water in the country. The production of desalinated water for drinking purposes
in the three states makes 77% of desalinated water for this customer group in the United
States, while 53.5% is for power generation, and 31% for the industry sector [authors’

FIGURE 1 Cumulative production capacity (MGD) by feed water source in California (CA), Florida

(FL), and Texas (TX) in 1955e2013. Authors’ calculations and presentation based on data from GWI

(2013).
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calculations based on GWI (2013)]. This comparison emphasizes that California, Florida,
and Texas have been applying desalination as a supplemental water supply option because
of the existing water scarcity. Desalination plants under construction and offline plants
have not been accounted for in this analysis.

3.1 Experiences From California

California is the second largest state in the United States in terms of desalination capacity.
This development can be attributed to a large number of low-capacity plants: 60 plants
producing water for municipal purposes at a total capacity of 208 MGD. This makes 61%
of all desalination plants and 71% of the total desalination in the entire state of California.
The smallest desalination plant with its daily capacity of 0.02 MGD is located in San Luis
Obispo County in Santa Margarita, while the largest plant in San Bernardino County in
Yucaipa produces 12 MGD (GWI, 2013). Because of this large distribution and production
dispersion, it is difficult to identify a desalination plant that could serve as a representative
example of desalination processes happening in the state.

The Santa Cruz seawater RO desalination plant gained public and media attention
when it was proposed by the City of Santa Cruz Water Department and Soquel Creek
Water District in 2008. With its expected capacity of 2.5 MGD, the plant was envisioned to
mitigate several water scarcity-related problems in the county: aquifer depletion, drought
conditions, endangered environmental flows, and aquifers contamination because of salt-
water intrusion caused by overpumping (SCWD2, 2014). The pilot operation of the
desalination plant in Santa Cruz in 2008e2009 at the capacity of 0.07 MGD was suc-
cessful, while the 2013 Environmental Impact Report for the project found only

TABLE 4 Operating Desalination Plants in California, Florida,

and Texas in 2013

2013 California Florida Texas

% of Three States

in United States Total

# Of plants online 98 144 67 45

Total MGD 290.3 674.7 152.8 66.3

Technology (MGD)

RO 263.5 655 146.8 68.5

MED 2.9 2.1 5.9 37.6

User (MGD)

Municipalities 208.3 617.1 107.0 77.3

Industry 41.7 23.5 39.0 31.2

Power generation 21.9 10.7 4.6 53.5

MED, multieffect distillation; MGD, million gallons per day; RO, reverse osmosis.

Authors’ calculations based on data from GWI (2013).
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insignificant environmental impact on marine life (SCWD2, 2013; Cooley et al., 2013).
The plant was also anticipated to be transformed from a desalination plant to a direct-to-
potable water recycling facility. After years of planning, the Santa Cruz City Council put a
halt to the project, one year before public vote because of strong and vocal opposition from
a number of residents. The Santa Cruz plant constitutes a single example of the complexity
in the process of designing a desalination plant, including environmental assessments and
permits that can take up to several years in waiting time. This proves one of the discussed
challenges of investment risks in the short or long term.

A successful example in California is the seawater RO desalination plant in Carlsbad
with an anticipated operation start date in late 2015. The plant will be the largest
seawater desalination plant in the Americas providing 54 MGD that can supply around
300,000 people per day. The plant will operate in coexistence with the Encina Power
Station and provide up to 10% of the region’s drinking water. It will alleviate demand for
water from traditional sources (Colorado River, Northern California, groundwater
aquifers, and local surface water) (Poseidon Water, 2015). The total capital costs for the
Carlsbad plant amounted to approximately $1 billion, which makes it one of the most
expensive plants in the United States. Total O&M costs (including pipeline distributing
water to the community) are anticipated at $49e54 million annually. Despite high ex-
penses, positive socioeconomic impacts of building the plant are expected as follows:
2500 direct and induced new jobs and economic output of $350 million over 2 years.
Once in operation, the plant will have 18 full-time employees, support 500 direct, in-
direct, and induced jobs, and contribute $50 million in estimated annual spending to the
county’s economy. As the plant is close to completion, around 1200 decision-makers and
stakeholders have sampled the desalinated water, with more than 99% of respondents
rating the desalinated water taste as either “excellent” or “good,” and 83.9% ranking it as
“excellent” (Poseidon Water, 2015). This proves the effectiveness of this investment.
However, also in this case the planning process took 12 years, while the state’s permitting
process took over 6 years. The San Diego County Water Authority and Poseidon agreed
on a 30-year water purchase contract for the total water output of the plant (Poseidon
Water, 2015). This example substantiates the need of curtailing administrative pro-
cedures to make desalination a less risky investment.

3.2 Experiences From Florida

Florida has been the leading state in brackish groundwater and river water desali-
nation, and since 2006 in seawater desalination. The largest seawater desalination
plant in the state (also the largest seawater plant in North America) is located in
Tampa Bay and uses RO to produce 25 MGD (Tampa Bay Water, 2010). The plant is
located next to Tampa Electric’s (TECO) Big Bend Power Station, which withdraws
and discharges up to 1.4 BGD of seawater from Tampa Bay, using it as cooling water
for the power plant.

With the official start of the plant in March 2003 and several legal difficulties with
construction deficiencies and revamping the plant, it started its production in a remodeled
structure in spring 2007. The plant is a public-private partnership between American Water-
ACCIONA (operating the plant), the Southwest Florida Water Management District
(responsible for managing the public’s water resources in 16 counties of West Central
Florida), and Tampa Electric Company (leasing the 8.5-acre plant site to Tampa Bay Water
and providing electricity and source water for the desalination plant).
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The Tampa Bay desalination plant provides a valid example to discuss hands-on
environmental issues and concerns of seawater desalination described as a risk/challenge
component in the SWOT analysis. At its full capacity, the RO process produces around
19 MGD brine with its salinity twice as high as the feed water (seawater). Brine is returned
to the Big Bend’s cooling water stream and blended with up to 1.4 billion gallons of
cooling water, which allows for achieving a blending ratio of up to 70:1. At the point of
entering and mixing with bay water, brine salinity is on average only 1e1.5% higher than
seawater in Tampa Bay. This slight increase is within Tampa Bay’s normal seasonal
salinity fluctuations. Moreover, to insure compliance with basic environmental permits,
Tampa Bay Water’s hydrobiological monitoring program collects water samples every
15 min near the desalination facility. Those measurements and other water quality moni-
toring since 2003 have shown no measurable salinity changes in Tampa Bay related to the
plant production. The plant’s alarm system will warn plant operators in case of deviations
from the standard levels, while it will automatically shut down affected areas of the facility
if monitored levels exceed predetermined parameters (Tampa Bay Water, 2010, n.d.).

Also, the desalination plant uses water from Tampa Electric’s Big Bend power plant,
which eliminates any potential risk of fish entrapment through the intake system. Coop-
eration with the power plant and the warm temperature of the power plant’s cooling water
combined with relatively low salinity of the Tampa Bay seawater is a benefit to optimizing
the RO process and keeping costs down (Tampa Bay Water, 2010). Prior to the construction
of the plant, several studies were conducted to address environmental concerns beforehand,
such as cumulative impact analysis for Master Water Plan projects, US Geological Survey
of the Big Bend Power Station area, as well as independent studies by Mote Marine
Laboratory, Danish Hydraulic Institute, University of South Florida, Savannah Laboratory/
STL Precision, Marinco Laboratory, and Hillsborough County. The studies were approved
by the Florida Department of Environmental Protection (FDEP) and conducted in accor-
dance with FDEP methods by an FDEP-approved laboratory. Each study concluded that
the desalination plant would produce high-quality drinking water without any harm to
Tampa Bay’s water quality or marine life (Tampa Bay Water, n.d.).

Thus, experiences with the Tampa Bay seawater desalination plant provide examples of
where environmental concerns related to desalination processes were successfully
addressed. This can serve as a case study to inform the discussion about the commonly
expressed environmental risks/challenges about desalination.

3.3 Experiences From Texas

Although the largest desalination plant in Texas is the Kay Bailey Hutchison plant in El
Paso (25 MGD), this section will focus on a smaller plantdSouthmost brackish ground-
water RO desalination plant with its production capacity of 7.5 MGD and the expected
lifetime of 50 years from the start of operation in 2004. The plant is located near the Gulf
of Mexico and the TexaseMexico border outside of Brownsville, Texas. It is owned and
operated by the Southmost Regional Water Authorityda consortium of six partners
including: Brownsville Public Utilities Board, City of Los Fresnos, Valley Municipal
Utilities District No. 2, Town of Indian Lake, Brownsville Navigation District, and Laguna
Madre Water District (Brownsville Public Utilities Board, n.d.; SRWA, 2014; Sturdivant
et al., 2009). The plant represents a successful enterprise example of how desalination
costs can be reduced, making desalination a viable and feasible solution.
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The main reason for constructing the Southmost desalination plant was the rapid urban
growth in the northern area of Brownsville, forcing the community to build either another
water treatment facility or a desalination facility.

Because of the proximity to the Gulf, the plant is often misperceived and misclassified
as a seawater desalination plant. The Southmost desalination plant utilizes brackish
groundwater from the Gulf Coast aquifer (Sturdivant et al., 2009) with the approximate
feed water salinity levels of 3500 ppm (parts per million). The desalination process reduces
the salinity level down to 300e475 ppm (Sturdivant et al., 2009), which is below the
maximum level (500 ppm) set by the US Environmental Protection Agency (EPA) for
drinking water (Arroyo, 2005). The plant complies with the Texas Commission on Envi-
ronmental Quality maximum discharge permit of 35,339 mg/LTDS per day (SRWA, 2014).

The actual production efficiency rate of the Southmost plant has varied over time
because of operational and product-demand interruptions. In the first operation year (2004)
production efficiency (measured as the ratio of the annual production and the design ca-
pacity production) accounted for only 13% of the total design capacity. Production effi-
ciency increased up to 67.3% in 2007 and is anticipated to further increase up to 94%. The
RO system of the plant operates at a very high recovery rate of 75%, meaning that three-
quarters of the feed water is desalinated, while the remaining quarter is the waste
productdbrine (Sturdivant et al., 2009).

The Southmost desalination plant is an example of a facility that utilizes its
geographical location to minimize desalination cost and thus the final prices for desalinated
water. By using brackish groundwater with a lower salinity (compared to seawater), the
facility is minimizing energy costs for the desalination process. At the same time, the
facility disposes brine to the Gulf through a drainage ditch and ship channel extending to
the Laguna Madre, thus reducing the total desalination costs.

The original construction costs of the plant amounted to $29 million, with the 2014
O&M costs of $3 million. The electricity costs made 23% of the O&M costs, while costs of
chemicals accounted for 40% of the O&M costs. Because of the reduction of arsenic level
in drinking water standards by the EPA in 2006, the Southmost desalination plant started
the project of installing an additional pretreatment phase for the RO process, consisting of
12 MGD microfiltration membranes for arsenic and iron removal. In this way, the plant
capacity has been expanded up to 11 MGD for an additional cost of $13 million. Despite
its anticipated longevity, which assures the economic feasibility of this plant, regular
capital replacement costs need to be considered as well. It has been estimated that wells/
pumps need to be replaced every 3 years, which would create costs of $200,000, while the
membranes are replaced every 6 years for $700,000 (Sturdivant et al., 2009).

Because of the proximity to the sea, seawater desalination has been considered as an
alternative in Brownsville. A pilot study funded by the Texas Water Development Board
with the demonstration capacity of 2.5 MGD found that while seawater desalination at the
Brownsville Ship Channel is technically feasible, the anticipated full-scale capacity
desalination plant (25 MGD) is not recommended at this time because of a lack of funds
(NRS, 2008).

4. LESSONS LEARNED AND FUTURE PERSPECTIVES FOR
DESALINATION IN THE UNITED STATES

Past and recent developments in desalination in the United States show that the desali-
nation sector indicates both challenges and prospects. Since desalination gained its
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momentum in the 1990s and continued a steep upward development, in recent decades it
has been described as a “drought-proof” water source.

The presented SWOT analysis shows a significant potential of desalination for miti-
gating water scarcity and initiating a debate about pricing water for its actual value as a
resource. At the same time, several challenges still exist (eg, high desalination costs,
environmental concerns, investment risks) that have been hindering a quick uptake of this
technology. Solutions need to be found to provide desalinated water at a price level
competitive with the water rates from traditional water sources. One of the solutions is a
strategy of mixing desalinated water with traditional water sources that allows for keeping
final water rates at an affordable and acceptable level. Another solution could include
application of renewable energies, thus making desalination carbon neutral and partially
eliminating environmental concerns. With the decreasing prices of renewable energies in
the past decades, this solution seems feasible in the long term, while it might still be costly
in some regions.

Despite the discussed obstacles, based on the data analysis and because of extreme
weather events in many regions of the country, it can be anticipated that desalination will
become a water supply technology of the future. This applies especially to the cases of the
three analyzed states: California, Florida, and Texas, which have the fastest rates of
population growth in the country. Consequently, water demand from all economic sectors
in those states will increase in the future.

Currently, comprehensive economic analyses on desalination are still missing, mainly
because of the complexity of the sector and missing knowledge and data on specific
economic or environmental impacts. Moreover, regional differentiation of the plants and
different desalination parameters in each single plant make it difficult to compare two
desalination plants. More research and holistic approaches (eg, life cycle analysis, coste
benefit analysis) are needed to evaluate the complete picture of economic and environ-
mental impacts of desalination processes.
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Chapter 3.1.4

Water Trading Innovations:
Reducing Agricultural
Consumptive Use to Improve
Adaptation to Scarcity

B. Colby
University of Arizona, Tucson, AZ, United States

1. INTRODUCTION AND BACKGROUND

Water trading programs now are emphasizing demonstrable reductions in agricultural
consumptive use (CU), to assure flows for protected water-dependent habitats and species,
for instream recreation, and to satisfy interjurisdictional agreements such as binational
treaties and interstate compacts. Early water trading programs were aimed primarily at
providing water for urban growth and were more concerned with preserving an overall
water balance than with producing measurable improvements in stream flows, wetlands,
and lake levels at specific locations and seasons. This chapter describes initiatives focused
upon reducing agricultural CU to achieve specific surface flow changes, emphasizing
electronic water trading initiatives and the role of baselines in measuring and monitoring
changes in CU. The programs reviewed are located in the western United States and
Australia.

The term “consumptive use water trading programs” or “programs,” as used in this
chapter, refers to water programs that implement voluntary agreements with farmers and/or
agricultural districts specifically to reduce agricultural CU and provide measurable im-
provements in “wet water” available for other purposes. Such programs contrast with water
trading that is focused on general reductions in irrigated acreage, rather than with real-time
reductions in agricultural consumption to produce a desired improvement in surface flows
at specific locations and seasons.

Potential participants in regional programs include nations, cities, farms, irrigation
districts, special-purpose water districts, water brokers, investors, other private firms,
public agencies, and nongovernmental organizations (NGOs). To motivate the necessary
investments of money and time to create a CU trading program, potential participants
must be facing significant positive incentives or high costs and uncertainties. Positive
incentives to create CU trading programs come from attractive offers by NGOs and
public agencies to pay farmers to reduce CU. Costs and uncertainties that motivate a
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new program can come from legal mandates to assure specific stream flows to protect
species, with noncompliance resulting in cutting off water to water users. Another
common motivation is a treaty or compact-based surface water delivery obligation, with
significant penalties for noncompliance.

Programs allow water users to acquire a more reliable water supply during dry years;
provide a means for water users to temporarily use more water than their entitlement
provides and incentivize reduced CU by allowing water users to lease the unconsumed
portion of their entitlement. Water trading programs offer flexibility to water users, helping
mitigate water shortage impacts on regional economies. Such programs reduce regional
economic losses when water deliveries must be curtailed. They also help preserve local
water user control and provide choices when drought, litigation, or other factors reduce
access to water.

In regions where trading programs must achieve streamflow and lake-level mandates,
changes in water use on farms must result in measurable increases in water availability at
specific locations and seasons. Those paying for reduced CU to accomplish specific ob-
jectives require verification. Various programs have devised strategies, such as designated
trading zones with different trading ratios and multiyear trading, to address variations in
hydrologic connectivity and time lags between reduced water consumption on a farm and
improved surface flows at the desired location. Differences in conveyance losses and
aquifer characteristics can be incorporated into trading rules to ensure that decreased water
use on a specific farm will improve surface flows at a target location and time period. A
scientifically sound and stakeholder-accepted model of groundwateresurface water in-
teractions is an important foundation for designing trading rules.

Differences in the economic value generated per acre-foot of water consumed, and in
the ability to pay for water, are what drive water trading activity. In areas where water
trading encompasses multiple types of water use, these differences are typically present.
A city may have a high willingness to pay to avoid dry-year cutbacks in its water service,
and an ability to pay stemming from its rate base. A state or federal agency charged with
acquiring water for endangered fish presumably has a budget to acquire water for this
purpose. And a public agency may be able to persuade farmers to provide water not only
through offering an attractive price, but also through the implicit threat of costly and
protracted litigation if habitat needs for protected species are not accommodated through
voluntary water exchanges.

1.1 Ways of Structuring Consumptive Use Transactions

Transfers of water entitlements based on permanently retiring irrigated land generally are
adequately handled by existing federal and state change of water use processes. Although
every western US state has a formal procedure for changing the ownership, place, and/or
purpose of use for a water right, these procedures can be slow and cumbersome. They are
not well suited for circumstances in which water users need additional water temporarily
and promptly. CU trading’s real advantage is in cost effectively implementing temporary
and seasonal idling of irrigated land to improve water supply conditions for those who pay
for increased supply reliability. CU trading programs provide a way for water users to
adapt quickly and cost effectively to changing water supply conditions and changing
economic conditions.

Contingent contracts are a useful and valuable way to address water shortage risks. The
acquirer (the party acquiring more reliable water supplies) pays an amount upfront for the
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assurance of water from a senior entitlement holder if a specified shortage event occurs.
These are also called option contracts or dry-year reliability contracts. They allow trading
of shortage risk across multiple years rather than only on a year-by-year basis. A
contingent contract specifies the trigger that activates the exercise of the option, low
reservoir elevations, for instance. Such contracts can extend over many years, but contract
language typically limits the number of years (and the number of consecutive years) in
which the contract can be exercised and irrigated land idled. These provisions are intended
to prevent the contingent contract from becoming a means to permanently fallow irrigated
land.

Another innovative way of structuring supply reliability transactions between holders
of prior appropriation water rights is to implement what is effectively a “priority date
exchange” between willing participants. The junior right holder pays the senior right
holder to exercise the senior priority date for the time period of the agreement. The senior
right holder accepts the increased risk that comes with the junior priority date in return for
payment. This model has the advantage of leaving water right ownership unchanged,
allowing for continued irrigation on the senior right holder’s land in higher water supply
years and providing for reversion back to the original priority dates at the end of the
agreement. Legal expertise is necessary to create model contracts of this type that are
consistent with applicable state and federal laws.

1.2 Allowable Activities to Create “Conserved” Water

There are a number of changes in farm water use that can be applied to create conserved
water. Suspending irrigation for an entire year on a field that has a documented history of
regular irrigation is the most straightforward method for reducing CU to create conserved
water for other purposes. However, other approaches are being explored that interfere less
with normal agricultural production.

Intentional deficit irrigation of crops like alfalfa is being closely studied in Colorado
and other states as a means to conserve water for other uses. (In Colorado, this practice is
referred to as “regulated deficit irrigation” to distinguish it from underirrigating crops
because of water shortage conditions.) Regulated deficit irrigation has the advantage of
having smaller impacts on farm net income and agriculturally linked jobs and businesses,
compared to fallowing cropland. Farmers can reduce or halt irrigation during the season
when alfalfa cuttings have lower protein content and earn lower prices. Farmers accept
lower yields and revenues in return for a payment for the water saved. Reduced CU must
be verified by a reliable method, such as advanced remote sensing imagery or crop
evapotranspiration (ET) modeling (Jones and Colby, 2010).

Seasonal (rather than year-round) suspension of irrigation is another means to create
saved water and this too has a smaller impact on farm net income and agriculturally linked
jobs and businesses, as compared to year-round fallowing. As with deficit irrigation,
reduced CU must be verified by a reliable method. Crop rotation considerations to build
soil productivity or to comply with rules for federal farm programs may limit farmers’
flexibility for seasonal irrigation suspension.

2. EFFECTIVE BASELINES AND MEASUREMENT PROTOCOLS

Any CU trading program must confront the challenge of measuring changes in agricultural
CU attributable to the program’s interventions. Ideally, the baseline will consider
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temperature, precipitation, wind, and other factors that determine CU. A baseline needs to
provide program administrators a clear protocol for comparison and measurement of
changes in water use attributable to the program, and is necessary to assess program
effectiveness. The baseline for comparison should be the CU that would have occurred in
the absence of program interventions during a specific time period.

Determining how much water would have been used had a field been irrigated instead
of being fallowed because of enrollment in a water trading program is complex, as water
use depends on many factors. These include irrigation management practices, temperature
and rainfall patterns, soil characteristics, irrigation practices on neighboring farms, eco-
nomic incentives to plant competing crops, and return flow patterns (Jones and Colby,
2012). These data are not available in many areas. Programs that operate in areas where
these baseline data are lacking typically focus on changes in diversions instead of CU, or
focus upon changes in the number of acres irrigated and fallowed. They also may use
regional average cropping patterns and irrigation technologies and estimate “typical” ET or
average water use.

A program that accounts solely for changes in diversions or changes in acres irrigated
(and that pays farmers on the basis of reductions in diversions or acreage) will encounter
problems such as detrimental effects on surface flows and downstream water rights, as well
as on groundwater in storage. A farmer paid to cut back on the basis of reducing irrigated
acres may change crop mix, irrigation technology, and water management on remaining
acreage (acres not enrolled in the program) in ways that increase CU. For example, a
farmer shifting fields from flood irrigation to sprinkler irrigation is likely to increase the
CU portion of their water entitlement. For the farmer, this is a rational way to improve crop
yields and farm profits. While improved on-farm irrigation efficiency can provide benefits
at the farm and field scale, this is an unreliable policy tool for reducing agricultural CU on
a broader geographic scale.

Trading program contracts that pay farmers based on changes in acres irrigated or on
changes in diversion levels do not prevent increases in CU on acreage not enrolled in the
program. Contract language needs to be crafted to effectively prohibit increased CU on
the portion of a participating farmer’s land (that is, a farmer with some fields enrolled in
the program) that is not enrolled in an irrigation suspension program.

One problem encountered by land idling programs is “slippage,” which occurs when
one acre is retired from production through an idling program and another (not enrolled
in the program) is returned to production (Leathers and Harrington, 2000). Slippage
diminishes the effectiveness of a program in reducing overall CU. Another potential
problem involves inadvertent agricultural consumptive water use by weeds growing on
idled cropland. Additionally, deep-rooted crops such as alfalfa may consume groundwater
when left unirrigated. Well-defined baselines are necessary to address these problems and
identify the actual water “savings” from leaving some fields unirrigated. Also, if farmers
are paid to practice intentional deficit irrigation (termed regulated deficit irrigation in
Colorado), the program needs to account for the fact that deep-rooted crops such as alfalfa
may consume groundwater when left unirrigated by surface water.

The potential effectiveness of programs to free up water for other purposes through
reduced agricultural CU is compromised when the programs do not include a carefully
defined baseline to use when calculating how much water is “saved” and made available
for transfer. Baselines must be coupled with well-written contracts with farmers and with
performance monitoring and enforcement to ensure compliance with the parameters of the
program (Jones and Colby, 2012).
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Since water rights typically are quantified as diversion quantities, a focus on CU
accounting can be a difficult transition for farmers. If the benefits of participating in trades
are attractive, participants can be required to “opt-in” to CU accounting to participate.
Language suggested in recent Colorado water bank proposals offered farmers the option to
revert back to standard diversion-based water right accounting when they are no longer
participating in the water bank. This “reversion clause” alleviated some farmers’ concerns
about the focus on CU.

3. EXAMPLES OF CONSUMPTIVE USE ISSUES IN WATER
TRADING PROGRAMS

Various programs, typically initiated by public agencies and NGOs, provide payments to
farmers to reduce water consumption. Reduced CU is obtained through technology up-
grades, shift in crops, adaptation of conservation irrigation practices, or fallowing land.
The water conserved through these programs is then transferred to other uses, such as
municipal uses or instream flows for environmental restoration. The following sections
give several examples of agricultural water conservation program baselines that have been
implemented in various areas of the United States and Australia.

3.1 Arizona and California

In the Lower Colorado River Basin (LCRB), water use within irrigation districts receiving
water under contracts with Reclamation is tracked through one of the most sophisticated
water accounting systems in the world, the Lower Colorado River Accounting System
(LCRAS). Reclamation administers this system on behalf of the Secretary of the Interior.
The US Supreme Court in Arizona v. California [547 US 150 (2006)] requires the
Secretary to provide detailed records of diversions, return flows, and CU of water diverted
from the mainstream of the Colorado River in the LCRB. LCRAS provides an excellent
baseline from which to quantify changes in CU. However, such comprehensive water use
measurement, monitoring, and accounting systems are lacking in most basins of the
western United States and elsewhere in the world.

The California Department of Water Resources draws on weather data to determine
accurate evapotranspiration of applied water (ETAW) values (Jones and Colby, 2012). The
approach taken by the California Department of Water Resources provides a good example
for designing protocols for assessing changes in CU. Farmers wishing to enroll irrigated
land for fallowing must document 5 years of farm crop production including estimated
ETAW. For irrigation districts proposing to suspend irrigation on cropland, the previous
year’s cropping patterns are used to establish ETAW, so long as the market for the crops in
question has been stable and irrigation water application rates were normal over the past
year.

The Imperial Irrigation District (IID) fallowing programs require extensive details to
establish historical water use on a field: the canal, gate, and account number for the field,
the crops grown for the last 3 years, and the field acreage (IID, 2010). Water conserved by
fallowing is estimated based on a “water use history formula adopted by the IID Board of
Directors,” which is adjusted for recent water use trends (IID, 2010). IID’s water use
history formula is based on water deliveries in 8 of the last 10 years. IID drops the high and
low years and calculates a rolling average of the remaining 8 years. They then examine the
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trend over the last 3 years. Using the average and the trend, IID predicts what the next
year’s water usage would have been. The calculation is also adjusted if the field was part of
a previous fallowing program. Fields are allowed to participate up to 2 out of every 4 years.
These measures are in addition to applying the LCRAS water accounting system described
earlier, as IID is in the area governed by the system (Jones and Colby, 2012)

The Bureau of Reclamation (BOR) System Conservation Pilot Program, in LCRB of
Arizona and California, was authorized in 2006 and reauthorized in 2008e2010. Its goal
was to arrange and implement pilot agreements to provide supplemental water related to
irrigation drainage water bypassed to the Cienega de Santa because of Yuma Desalting
Plant operations, as well as to assess the effectiveness of land fallowing agreements in
achieving system-wide conservation for the Colorado Basin (USBR, 2006a,b). The con-
servation savings would be achieved through voluntary agreements with irrigators to
fallow fields in exchange for rental payments. Agreements reached and implemented with
two irrigation districts include a pilot program in 2006 with Palo Verde Irrigation District
(PVID) in partnership with Metropolitan Water District of Southern California (MWD),
and agreements with Yuma Mesa Irrigation and Drainage District (YMIDD) in 2008 and
2009. The price of $170/acre-foot paid to PVID was based on an ongoing PVIDeMWD
agreement. The agreement set out to conserve 10,000 acre-feet of water from 2006 to 2007
through fallowing agreements with irrigators, in addition to savings from existing agree-
ments between PVID and MWD (USBR, 2006a,b). In the BOR agreements with YMIDD,
the price paid to YMIDD ranged from $90 to $120/acre-foot and approximately
10,000 acre-feet of water were acquired. In 2009, in recognition of the high administrative
costs for enrolling and monitoring small fields, BOR created a 3-acre minimum for fields
enrolled. In 2008, the YMIDD agreement fallowed 448 acres, in 2009 523 acres, and in
2010 529 acres. For all 3 years, a CU savings of 7 acre-feet water per acre land was
assumed based on crop CU studies in this area (USBR, 2012).

3.2 Nebraska Consumptive Use Trading Initiatives

In 1969, the Nebraska Legislature created 24 Natural Resources Districts (NRDs), orga-
nized topographically, to manage and protect the state’s natural resources (Nebraska’s
Natural Resources Districts, 2014). In 2004, Nebraska adopted Legislative Bill 962
requiring integrated management of surface water and groundwater. Various basins were
declared overappropriated or designated as fully appropriated and the NRDs and the
Nebraska Department of Natural Resources are responsible for developing Integrated
Management Plans (IMPs) in fully appropriated basins where new uses can be allowed
only through offsetting depletions to existing rights and uses. In overappropriated basins,
the IMPs must replace or offset uses sufficient to return the basin to a fully appropriated
(rather than overappropriated) status requiring uses exceeding fully appropriated status to
be replaced or offset.

Nebraska entered into the Platte River Recovery Implementation Program (PRRIP) in
2006 with Wyoming and Colorado and the US Department of Interior. The program calls
for no new depletions to US Fish and Wildlife Service “target flows” in the Platte River
Basin and a return to the 1997 level of depletions. The PRRIP identified a goal of
acquiring 10,000 acres of irrigated which was accomplished in 2014 land (CPNRD
Board Meeting News Release, 2014). The PRRIP and LB 962 create strong mandates for
controlling groundwater depletions and managing surface flow levels. Two NRD
water trading programs developed to satisfy these mandates are described next.
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The Central Platte Natural Resources District (CPNRD) in 2007 approved a Water
Banking Policy to reduce the need to regulate irrigators while returning Platte River flows
in its area to mandated levels. CPNRD acquires water rights from landowners through the
bank. For every acre-foot river flow improvement from banked water, there is that much
less regulation the CPNRD has to impose. The CPNRD board committed to pursue
retirement of current uses to achieve the requirements before implementing new regula-
tions. Nevertheless, regulation to reduce farm water use remains a viable option to meet the
requirements of Nebraska law.

CPNRD has been acquiring permanent easements from willing sellers to retire irri-
gated acres (and other uses) and convert to uses that have lesser impacts on river flows. The
program incentivizes retirement of lands that have a larger impact on river flows, since the
fee structure is based upon a payment for each acre-foot of impact on the river. The higher
the impact on the river, the higher the total payments. Water rights and uses deposited in
the water bank by individuals are protected for 15 years. After that time, if unused, they
revert to the CPNRD. Administrative fees for processing transactions through the water
bank are calculated based on payments for the acre-feet transferred.

During the water bank’s first year of operation, the CPNRD spent $2.25 million for
purchasing water rights to get the overappropriated area back to a fully appropriated
status. In 2011, the district adopted a new water pricing formula to incentivize land-
owners to convert irrigated acres to dryland production. In a 2012 effort to compete
against private individuals looking to buy water rights, the CPNRD directors doubled the
rate that they will pay for water rights to $8000 per acre-foot of depletion of the river; up
from $3750. At the end of 2013, CPNRD had a balance of 2464 acre-feet of water rights
available for offset in the overappropriated area (Board Meeting News Release, 2014).
The CPNRD water bank subcommittee worked with Mammoth Trading, a private water
banking entity, to establish an online trading system that incorporates the NRD’s rules
and regulations and matches buyers and sellers while calculating transferrable quantity
and river flow effects.

In 2013e2014, Nebraska’s Twin Platte Natural Resources District (TPNRD) created
and implemented a mechanism “to help agricultural producers put groundwater to its best
use by facilitating the transfer of certified irrigated acres.” An online mechanism operated
by a neutral market manager, Mammoth Trading, matches buyers and sellers anonymously
and confidentially, simultaneously comparing bids and offers. The trading system ensures
that transfers comply with TPNRD rules (such as flow lines, stream depletion factors,
slope), manages the approval process with TPNRD, undertakes title searches, and works
with farmers on finalizing paperwork and transferring funds. The first round of trading
began in spring 2014 and several transactions have been fully approved and implemented.
Each month, the market opens and bids are accepted throughout the month. At the end of
the month, Mammoth Trading clears the next market cycle and determines the best
possible matches, given the bids they have received that month.

The TPNRD also has undertaken a number of initiatives in collaboration with other
NRDs, which highlight features potentially useful in designing new water bank programs.
In 2012, four NRDs in western Nebraska bought nearly 20,000 acres of farmland in
southern Lincoln County, the beginning of the N-CORPE Project (Nebraska Cooperative
Republican Platte Enhancement Project, Nebraska Educational Telecommunications,
2014). Crops on over 16,000 acres of purchased lands are idled, the land is seeded to grass,
and the irrigation water is sent to the South Platte and Republican rivers to help the NRDs
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and Nebraska meet legal obligations. The participating NRDs plan to pipe water from the
farm’s irrigation wells to the Platte and Republican Rivers. The project enhances stream
flow with water that otherwise would have irrigated acres owned by N-CORPE in Lincoln
County and is the largest grassland restoration project in Nebraska.

The four collaborating NRDs completed a pipeline in 2014 to pump saved groundwater
into the Republican River (Knapp, 2013). The N-CORPE Project operates to satisfy
Republican River Compact compliance and is credited with preventing shutdown on
approximately 300,000 acres in the Republican Basin in 2014 and 2015. By providing the
required volumes of water quicker than an irrigation shutdown would have, surface water
was administered for compact compliance for a shorter amount of time. However, local
farmers worry that the groundwater pumping will affect surface water for their irrigation
canals and that future inflows will be depleted (Knapp, 2013). Representatives from Kansas
have also raised objections, arguing that Nebraska has historically used too much water
and needs to demonstrate that N-CORPE pumping water will not deplete future supplies
(Knapp, 2013).

A 2015 compact compliance agreement approved by the US Supreme Court will
decrease the amount of water that has to be pumped from N-CORPE. In 2015, the US
Supreme Court released their decision on a suit filed by Kansas alleging Nebraska
noncompliance with the Republican River Compact (Nebraska et al., 2015). At the time the
court was considering the case, the N-CORPE Project was highlighted by Nebraska as a
means to ensure Compact compliance. In 2016, the NRDs plan to use the N-CORPE
Project to prevent a shortfall for 2016, though a smaller annual volume of pumping
will be required than in 2014 and 2015 (Upper Republican NRD, 2015).

3.3 Australia

CU trading programs have been implemented in various parts of Australia, primarily
in the Murray-Darling Basin (Water Find, 2009). The Northern Victorian Water
Exchange utilizes auction methods and data indicate water traders indeed consider
shifting supply and demand, as price does respond quickly to changing conditions
(Bjornlund, 2003). The approval process streamlined to facilitate a relatively quick
turnaround, as the banks are designed to make water resources available for imme-
diate needs (Bjornlund, 2003).

In Australia’s Murray-Darling Basin, the Australian government has designated
$3.2 billion (approximately US$3.0 billion) under the “Restoring the Balance in the
Murray-Darling Basin” program for acquiring water entitlements to meet environmental
water needs (ADE, 2014). Australian researchers examined the market for short-term water
leasing in the Murray-Darling Basin in Australia to better understand how irrigators bid for
and offer water in the face of changing climatic conditions (Zuo et al., 2014). The re-
searchers found evidence of price clustering on both sides of the marker. Buyers’ prices
tended to cluster around a central price because of increased water supply uncertainty
(hotter and drier conditions). Sellers’ offer prices cluster around a central value because of
strategic behavior.

The Murray-Darling Basin Cap sets limits on diversions and measurement varies by
state. Since most Murray River water diverted in South Australia is metered, the state has
good data to manage diversions within the Caps (Flett et al., 2009). Queensland began a
metering project in 2005 to have all unsupplemented diversions (ie, diversions not taken
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from regulated public storage) across the state metered. In New South Wales, diversions
from unregulated streams are generally not metered although these diversions represent
less than 4% of the state’s long-term Diversion Cap. Unmetered use is estimated based on
crop surveys and irrigation requirements (Flett et al., 2009; Jones and Colby, 2012).

4. REDUCING TRANSACTION COSTSdONLINE
WATER TRADING

Observers in the western United States sometimes lament a slow, stunted development of
water trading mechanisms. Squillace notes: “Economists have long viewed water markets
as an attractive solution for reallocating water to meet the demands of an evolving com-
munity of water users.The time for aggressively moving [water marketing] into the field
is long overdue” (2013). Water trading can be stunted for a variety of reasons, including
high transaction costs in the form of information costs, coordination costs, costs to
implement a trade, and uncertainty surrounding a pending transfer’s approval. Especially
for temporary and intermittent transfers intended to produce results at specific locations
and seasons, these costs can outweigh the benefits of trading.

Online trading helps provide the low transaction costs and timely approval that are
essential for a trading program to be effective. This section examines online water trading
in various locations.

Early electronic water trading programs predate widespread use of the internet and
developed out of “bulletin board” trading schemes, utilized primarily by irrigation and
water conservancy districts. These made information about potential buyers and sellers
available to reduce search costs and promote water trading. Potential trading parties
contact one another directly to negotiate trades. Even simple “bulletin boards” greatly
reduce transaction costs of identifying and contacting potential trading partners.

In 1996, Westlands Water District, an irrigation district near Fresno, California,
established what likely was the first electronic water marketing system, WaterLink. The
system was funded by a grant from the Bureau of Reclamation and designed in a joint
effort among the University of California Berkeley and Davis, the Natural Heritage
Institute (a nonprofit conservation organization), farmers, and water district administrators.
WaterLink allowed district water users to buy and sell water using their own computers,
significantly reducing trading costs. WaterLink allowed users to post and read bids and
asks, negotiate transactions, research price trends and trading volumes, schedule water
deliveries, review rainfall summaries and water storage levels, and access their district
water account balances (Olmstead et al., 1997). Westlands Water District reported sig-
nificant cost savings from using WaterLink to facilitate the water transfer approval process
and from the feature allowing farmers to order water deliveries electronicallydthe most
commonly used WaterLink feature. In 1998, WaterLink was expanded to include 10
additional water districts in the San Luis & Delta-Mendota Water Authority on the west
side of the San Joaquin Valley (Olmstead et al., 1997). Other trading systems have since
superseded WaterLink.

Another bulletin board system has been operated by the Northern Colorado Water
Conservancy District (NCWCD) since the 1950s (Howe and Weiner, 2002). The NCWCD
manages water provided by the Colorado-Big Thompson Project (CBT). The CBT diverts
water by tunnel across the Continental Divide from the headwaters of the Colorado River
to the Front Range. The project supplements strained water supplies in the NCWCD. CBT

Water Trading Innovations Chapter j 3.1.4 325



water rights are divided into 310,000 shares, with the amount of water represented by a
CBT share determined annually. CBT shares are freely marketable over the entire
NCWCD, which includes the Front Range urban areas from Broomfield north to Fort
Collins, as well as much of northeastern Colorado (Squillace, 2013). Shares for sale or rent
are posted online at NCWCD’s website along with owners’ contact information, and trades
are approved by the NCWCD’s board of directors (Northern Water, 2014). This market is
widely considered one of the most successful water markets in the world, with its frequent
trading and low transaction costs. The majority of all permanent water rights transfers in
the western United States over the past decade have involved CBT shares. Because little
uncertainty exists about the prospects of a transfer approval, CBT shares are in high
demand and command some of the highest prices in the western United States (Squillace,
2013).

Internet-based water trading systems facilitate trades across many geographical areas,
even though the movement of the wet water is typically conducted locally. WaterBank.com
is based out of Albuquerque, but operates throughout North America (WaterBank, 2014).
Launched in 1999, the site lists a range of water assets from water rights to bulk water
contracts and uses a two-stage auction process to promote trading of water for irrigation,
municipal, and industrial uses. Waterbank.com acts as both a water rights broker and a
merger and acquisition specialist, conducting water asset valuations and assisting in the
legal transfer process (WaterBank, 2014).

Auctions are often a feature of online water trading. While auctions may be a one-time
event, they contribute to more effective water trading by lowering search and negotiation
costs and by expanding the population able to participate. In 2003, the San Antonio Water
System (SAWS) purchased 10,000 acre-feet of pumping rights from Edwards Aquifer
irrigators through an online reverse auction (Hartwell and Aylward, 2007). SAWS posted a
maximum “reserve” price it was willing to pay and allowed bidders to submit and revise
online bids. Nine bids at the reserve price were received, and the auction was considered
successful despite the fact that the price was not lowered through competition (Eckhardt,
2003).

In 2004, the Deschutes River Conservancy operated an auction for permanent
groundwater mitigation credits and temporary mitigation credits. The auction was con-
ducted via a first-price English ascending-bid format, with bids taken by phone, fax, or
online. The auction facilitated trading of mitigation credits with relatively low transaction
costs (Hartwell and Aylward, 2007).

Many electronic bulletin boards and online water auctions evolved out of processes
already occurring in water districts. However, recently companies and public agencies have
looked to e-commerce to develop new markets for water or to expand existing markets to
reach new participants. Fully online, business-to-business applications to facilitate water
trading have developed, some allowing trades to be consummated online. Azurix, a sub-
sidiary of Enron, in 2000 launched Water2Water.com, a site named one of the top
200 business-to-business sites by Forbes (Forbes, 2000). Water2Water was intended to be
an online marketplace for buyers and sellers of water and water-related services, and it
enabled auctions, reverse auctions, and bid/ask exchange solutions (Azurix Corp, 2000).
However, this initiative did not progress past its pilot program, partially because of Enron’s
sale and breakup of Azurix (Smith and Lucchetti, 2000).

Australia has several markets that have become almost exclusively electronic. Though
such markets now exist in the private sector, the initial push came from the public sector.
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In 1998, Goulburn-Murray Water (G-MW), the largest regional water authority in Victoria,
established the Northern Victorian Water Exchange (NVWE) to act as a clearinghouse for
temporary water trading and to provide information about water prices and volumes traded.
NVWE’s success led G-MW in 2002 to introduce Watermove, a more sophisticated online
platform covering a larger geographical area and facilitating permanent as well as tem-
porary water trades. Watermove operated water exchanges in six regions, each of which
was further divided into trading zones. Trading was restricted to water provided by specific
water authorities for agricultural use, and trades between zones were limited. Sellers were
considered on an ascending bid basis, while buyers were considered on a descending bid
basis, within each trading zone. Once all buyers and sellers had been considered, a market
equilibrium (“pool”) price for the trading zone was calculated to maximize the volume of
water traded, and trades were conducted at the pool price (Brooks and Harris, 2008). In
2008, Brooks and Harris conducted an empirical analysis of three trading zones within
Watermove and concluded that Watermove generated substantial economic benefits by
reallocating water from low- to high-valued uses and promoting structural adjustment in
the agricultural sector by facilitating the exit of less efficient farmers. G-MW closed
Watermove in 2012 because it had become a financial drain on the water authority (Adams,
2012a,b), operating at a $160,000 loss in 2011e2012 (Adams, 2012a,b). Watermove
served the purpose of facilitating water trading at a time when other regional water trading
services were not available.

The Victorian Water Register, established by the State of Victoria, improved on the
model developed by Watermove. Implemented in Northern Victoria in 2007 and in
Southern Victoria in 2008, the Victorian Water Register allows for online water share,
allocation, and take and use license trading with near-instant approval and reduced fees. In
addition to facilitating actual trades, the register provides information about water brokers
and trading rules, allows users to check their current and past water allocations, and
provides access to information about water availability and use, existing entitlements, and
other water market information (Victorian Water Register, 2014).

In the private sector, the National Water Exchange commenced operations in 1994
in New South Wales, and today operates in major irrigation areas (National Water
Exchange, 2014). The exchange uses a bulletin board approach via a broker intermediated
electronic trading platform. National Water Exchange’s online auction platform water-
exchange.com.au was launched in 1998 and in 2002 it was changed to pure exchange-based
trading with 24-h online trading services. In addition to its spot market, National Water
Exchange began conducting trades in forward water contracts and groundwater in 2004
(National Water Exchange, 2014). Likewise, Waterfind Australia has carved out a niche
providing an online spot market and forward water market for Australia’s major irrigation
regions. The company has received widespread recognition for its performance and pro-
vides brokerage services, weather information, and 24/7 online trading (Curran, 2014;
Waterfind Australia, 2008).

Only recently in the United States have similar attempts been made in the private
sector. As previously described, Mammoth Trading contracted with the CPNRD and the
TPNRD in Nebraska to develop an online water trading system, which became operational
in 2014. The program facilitates transfers of certified irrigated acres and Mammoth
Trading acts as a neutral market manager (that is, the firm does not engage in speculation
in the TPNRD market), matching buyers and sellers confidentially and anonymously. The
market structure differs from the more traditional auction-style water exchanges;
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Mammoth Trading simultaneously compares all bids and offers at the end of a specified
bidding period, and then clears the market. This process takes into account all bids and
offers as well as TPNRD rules, such as flow lines, stream depletion factors, slope,
closeness to villages, etc., and splits the gains from transfers between buyers and sellers.
No transfer is made if an individual’s minimum selling price or maximum buying price
(inclusive of all fees, such as title search, notarization of documents, Mammoth Trading’s
fee, and TPNRD fees) is not satisfied. Mammoth Trading also manages the regulatory
transfer approval process with TPNRD on their customers’ behalf, thereby lowering
individual traders’ transaction costs (TPNRD, 2014).

5. SUMMARY

Water trading programs continue to evolve where economic motivation for trading is
strong. Legal mandates to protect species and habitat and to comply with surface water
sharing compacts and treaties have spurred an emphasis on finer measurement and
monitoring of reduced CU on irrigated land to produce temporally and spatially specific
changes in stream flows. Examples of finer attention to measurement and monitoring are
found in the western United States and Australia. Remote sensing is likely to play an
increasingly important role in tracking reductions in CU attributable to water trading
programs.

Online water trading is quickly becoming the norm in newer trading programs. This
reduces transaction costs to farmers considering reducing their CU in exchange for a
payment, as well as to those parties seeking water for instream needs. Seasonal and
temporary transfers of water are particularly vulnerable to being rendered infeasible
because of high transaction costs. Cost-effective verification of stream flow changes linked
to trading and low transaction cost procedures to negotiate and implement trades have
made temporary and intermittent arrangements to reduce CU feasible in many areas. This
is particularly helpful to assuring flows for environmental needs and for recreation, uses in
which water’s value varies significantly with specific locations and seasons.

ACRONYMS

ACT Australian Capital Territory

ADE Australia Department of the Environment
ADWR Arizona Department of Water Resources

AMA Active Management Area
AWEP Agricultural Water Enhancement Program

BOR Bureau of Reclamation
CAGRD Central Arizona Groundwater Replenishment District

CAP In Arizona: Central Arizona Project
CAWCD Central Arizona Conservation District

CBT Colorado-Big Thompson Project
CDWR California Department of Water Resources

CFS Cubic feet per second
CIMIS California Irrigation Management Information System

CPNRD Central Platte Natural Resources District
CREP Conservation Reserve Enhancement Program

CRP Conservation Reserve Program
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CUPD Consumptive Use Program Plus
CVP Central Valley Project

CVPIA Central Valley Project Improvement Act
DNR Nebraska Department of Natural Resources

DWR Department of Water Resources
ECP Emergency Conservation Program

EQIP Environmental Quality Incentives Program
ERS Economic Research Service

ESLT Environmentally sustainable level of take
ET(AW) Evapotranspiration (of Applied Water)

EWRI Environmental and Water Resources Institute
FAO Food and Agriculture Organization of the United States

FSA Farm Service Agency

GAO U.S. Government Accountability Office
GIS Geographic Information System

G-MW Goulburn-Murray Water
IDWR Idaho Department of Water Resources

IID Imperial Irrigation District
ISC Interstate Stream Commission, New Mexico

LCRAS Lower Colorado River Accounting System
MDBA Murray-Darling Basin Authority

MRGCD Middle Rio Grande Conservancy District
MWD Metropolitan Water District of Southern California

NASS National Agricultural Statistics Service
N-CORPE Project Nebraska Cooperative Republican Platte Enhancement Project

NCWCD Northern Colorado Water Conservancy District
NDVI Normalized Difference Vegetation Index

NOAA National Oceanic and Atmospheric Administration
NRCS Natural Resources Conservation Service

NRD Natural Resources District
NSW New South Wales

NVWE Northern Victorian Water Exchange
PRRIP Platte River Recovery Implementation Program

RCPP Regional Conservation Partnership Program
RGWCD Rio Grande Water Conservation District

SCP System Conservation Program
TNC The Nature Conservancy

TPNRD Twin Platte Natural Resource District
USDA United States Department of Agriculture

USGS United States Geological Survey
WTP Water Transaction Program
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Chapter 3.1.5

Groundwater Scarcity:
Management Approaches and
Recent Innovations

Y. Kuwayama1, R. Young2, N. Brozovi�c3,a
1Resources for the Future, Washington, DC, United States; 2Mammoth Trading, Lincoln, NE,

United States; 3University of Nebraska-Lincoln, Lincoln, NE, United States

1. INTRODUCTION

Groundwater resources are a major source of agricultural, potable, and industrial water. In
the United States, approximately 83 billion gallons of groundwater are withdrawn per day,
which is equivalent to a quarter of all daily freshwater withdrawals (Maupin et al., 2014).
Irrigated agriculture is the largest category of groundwater withdrawals in the United
States, with nearly 476,000 wells pumping 49 billion gallons daily (NGWA, 2015). At the
same time, it is estimated that 39% of the US population relies on groundwater as a supply
of drinking water, while 53% of freshwater used by industry, mining operations, and
thermoelectric power generation is pumped from aquifers (Maupin et al., 2014; NGWA,
2015).

Despite the importance of groundwater for the economy and the well-being of in-
dividuals, groundwater withdrawals are often unmonitored and unregulated in the United
States. For example, California, the state with the highest level of annual groundwater
withdrawals (Maupin et al., 2014), follows the “reasonable use doctrine,” which allows a
user to pump an unlimited quantity of water as long as the water is put to a “beneficial use.”
While this doctrine prevents many wasteful uses of groundwater, it allows continued
pumping even if water tables decline in the underlying aquifer or if flows are reduced in
connected streams and rivers. In Texas, the third largest groundwater user by withdrawals
(Maupin et al., 2014), the law governing groundwater use is known as the “rule of capture,”
which allows a person the right to pump whatever groundwater is available. Many states do
not impose limits on the drilling of new groundwater wells.
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Co-Founder of Mammoth Trading and Program Associate at the Robert B. Daugherty Water for

Food Institute at the University of Nebraska. Nicholas Brozovi�c is Director of Policy at the Robert
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However, symptomsof groundwater resource degradation suchas aquifer depletion, stream
depletion, well interference, and saltwater intrusion have led to rapidly changing groundwater
use policies and management institutions in some regions. In 2014, after 3 years of severe
drought, the California legislature passed the Sustainable Groundwater Management Act,
which requires high- and medium-priority groundwater basins in California to develop
groundwater management plans that achieve sustainability within 20 years of implementation.
Texas has taken the general approach of allowing local governance of groundwater through the
creation of groundwater conservation districts (GCDs). GCDs are authorized by the Texas
Legislature and registered voters within proposed districts must confirm the creation of the
GCD, appoint its directors, and set its tax rates in an election. Nebraska, the fourth largest
groundwater user by withdrawals (Maupin et al., 2014), has implemented some of the most
advanced groundwater regulations in several of its river basins, including moratoria on the
drilling of newwells, the certification of acreage that can be irrigatedwith groundwater, annual
volumetric limits on pumpingwithmandatorymetering, and a framework for farmers tobe able
to transfer the right to pump groundwater.

In this chapter we describe some innovative policies, regulations, and initiatives that have
been implemented in the United States as part of the rapidly shifting landscape in ground-
water management. We take a broad interpretation of innovation that includes new policy
instruments for managing groundwater as well as new technologies that can reduce the
negative impacts of groundwater use cost effectively. Our focus is on the management of
groundwater for irrigation, which is the single largest use of groundwater by withdrawals.
The chapter starts with an overview of the motivations for groundwater management,
focusing on (1) market failures that can lead to socially suboptimal levels of groundwater
pumping and (2) equity considerations, both of which can provide an economic justification
for a government role in management. In the following two sections, we describe the policy
instruments and technologies that are available to address these market failures and provide
examples of each. We then describe four case studies of existing or proposed water man-
agement institutions and initiatives that are innovative. The case studies are taken from the
High Plains region of the United States, where a diversity of groundwater management
programs and policies exists, but similar initiatives can be found in other regions of the
country as well.

Some of the groundwater management systems that we will discuss are motivated by
groundwater quality issues. However, this chapter will not address policies or technologies
that directly affect groundwater protection and cleanup, such as those associated with the
federal Safe Drinking Water Act, Resource Conservation and Recovery Act, and the
Comprehensive Environmental Response, Compensation and Liability Act (the Superfund
Act). This is not to say that groundwater quality is not an area of regulatory concern. For
example, Craun et al. (2010) found that 54% of reported water-borne disease outbreaks
between 1971 and 2006 were caused by the use of untreated groundwater or groundwater
treatment deficiencies. We leave these issues surrounding the regulation of groundwater
quality for a future study.

2. MOTIVATIONS FOR GROUNDWATER MANAGEMENT

There are many pathways through which unregulated groundwater pumping can lead to
socially suboptimal outcomes. We address these pathways through the perspective of
natural resource economics, which involves the identification of market failures in which
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the pursuit of self-interest on the part of individual groundwater users does not lead to an
efficient result from a societal point of view. In the context of groundwater use, market
failure most commonly results from externalities, principaleagent problems, imperfect
information, high transaction costs, and the public good nature of aquifers. Understanding
how these market failures arise in different agricultural systems and hydrologic contexts, in
turn, can inform the assessment of the potential means of correction described in Section 3.

Although we discuss each market failure separately in the subsections that follow, it is
important to note that these market failures can, and often do, occur simultaneously. For
example, aquifer depletion, which can lead to lower water tables and thus increase
pumping costs for users of the aquifer, can also lead to depletion of adjacent streams,
which can affect aquatic ecosystems that depend on the stream and impinge on the rights of
downstream surface water users. The presence of simultaneous market failures and the
need to achieve multiple objectives can complicate the design of cost-effective ground-
water management policies.

2.1 Aquifer Depletion

Aquifer depletion occurs when groundwater pumping extracts water out of the aquifer
faster than it is replenished. Many aquifers in the United States have experienced sig-
nificant depletion over the last century. For example, the Ogallala Aquifer, part of the
High Plains Aquifer System and one of the largest aquifers in the world that underlies
part of eight US statesdColorado, Kansas, Nebraska, New Mexico, Oklahoma, South
Dakota, Texas, and Wyomingdhas experienced an area-weighted, average water-level
decline of 4.3 m from predevelopment to 2011 (McGuire, 2013). Similarly, satellite
data reveal that California’s Sacramento and San Joaquin River Basins are losing water at
a rate of 31.0 mm per year; this translates to a total volume of 30.9 km3 over the
2003e2010 study period, or nearly the capacity of Lake Mead (Famiglietti et al., 2011).
In addition to reducing the total amount of groundwater stored in an aquifer, groundwater
pumping can generate aquifer depletion impacts that are highly localized. For example,
high recharge in the northern High Plains and lower recharge in the central and southern
High Plains have resulted in focused depletion of 330 km3 of groundwater, with about a
third of that depletion occurring in 4% of the High Plains land area (Scanlon et al., 2012).

It is important to note that depleting an aquifer may actually be a socially optimal
outcome. It may be optimal to deplete an aquifer over time if users have access to close
substitutes that can serve as alternative sources of water or if the groundwater manager has
a limited planning time horizon. However, in many cases, aquifer depletion is a socially
suboptimal outcome that is being driven by one or more market failures. First, the rate of
depletion of an aquifer may be suboptimally high if groundwater users or regulators do not
account for scarcity rents when making pumping or groundwater allocation decisions.
Scarcity rents are associated with aquifers for which withdrawals exceed recharge such that
groundwater is mined over time until supplies are exhausted or the marginal cost of
pumping additional water becomes prohibitive. They reflect the opportunity cost associ-
ated with the unavailability in the future of any unit of water used in the present. A
“myopic” groundwater user or manager who ignores scarcity rents will make pumping
decisions based on a marginal cost of groundwater use that is too low, leading to an
extraction rate that is above the socially optimal level.

A related and often concurrent market failure is caused by the fact that aquifers are
often shared by multiple users and groundwater is a nonexclusive resource. Such a scenario

334 Competition for Water Resources



can lead to a dissipation of rents associated with the aquifer since a farmer may not expect
to have more water in storage for the next year if he/she pumps less this year. This, in turn,
can lead to competition among users to capture the groundwater reserves and over-
exploitation of the aquifer, sometimes referred to in the literature as the “strategic”
groundwater externality (see, eg, Negri, 1989). Several studies have attempted to quantify
the significance of the strategic externality in determining the difference in outcomes for an
aquifer pumped by competitive groundwater users versus being managed using optimal
control trajectory that maximizes users’ discounted welfare (see, eg, Gisser and Sanchez,
1980).

As noted by Koundouri (2004), the issue of groundwater users not facing scarcity rents
(ie, myopic behavior) and the issue of competition (ie, the strategic externality) are often
conflated in the literature. Furthermore, as noted by Provencher and Burt (1993), the
market failures that drive aquifer depletion can exist even in the absence of well inter-
ference, which we discuss in the next subsection. To identify appropriate and feasible
strategies for managing a particular aquifer, it is important to clarify which of these various
market failures are occurring.

2.2 Well Interference

When groundwater is pumped from a well, the water levels in the aquifer around the well
decrease. The amount of this decline becomes less significant with greater distance from
the well, resulting in a cone-shaped depression in the water level radiating away from the
well. In some cases, the cone of depression generated by pumping at a well can be large
enough to lower water levels at nearby wells, a process known as well interference.

The degree of well interference that can occur within a set of wells is determined by
the spatial distribution of the wells and physical properties of the aquifer. In a simple
analytical solution, Theis (1935) showed that the magnitude and timing of the drawdown at
a well caused by pumping at a neighboring well depend primarily on the rate and timing of
pumping at the neighboring well, the distance between the two wells, aquifer storativity
(the capacity of an aquifer to release groundwater from storage in response to gradients in
the aquifer), and aquifer transmissivity (a measure of the rate at which water can be
transmitted horizontally in an aquifer). According to hydrologic principles, the effect of
drawdowns caused by multiple pumping wells is linearly additive, which implies that
pumping by any number of nearby wells can contribute to drawdown at a well.

Well interference can negatively affect groundwater users because cones of depression
increase the distance between the water table and the surface of the Earth (often referred to
as the “pumping lift”), thus increasing pumping costs. As a result, well interference is a
classic example of an externality because groundwater pumping by Farmer A can increase
the pumping cost of neighboring Farmer B. Because the external cost on Farmer B is not
accounted for in Farmer A’s marginal cost of pumping, Farmer A is likely to pump too
much water relative to the socially optimal level. Several economic studies have tried to
empirically quantify the effect of well interference on irrigator behavior and ensuing
exploitation of the aquifer, but isolating this effect from that of the myopic and strategic
considerations described in Section 2.1 remains a challenge. Brozovi�c et al. (2010)
showed that accounting for well interference may be important in optimal groundwater
management, particularly for large aquifers with surface areas of thousands of square
miles.
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2.3 Degradation of Groundwater Quality

While our chapter is not meant to address water quality management per se, some water
quality outcomes are linked to groundwater withdrawals. Such a case would constitute an
externality if the costs of negative impacts on water quality are borne by entities other than
those who are pumping the groundwater. As a result, regulators and communities may wish
to manage groundwater withdrawals to meet water quality goals. For example, as aquifer
levels decline from chronic overdraft, natural and artificial pollutants can concentrate in the
remaining groundwater, making it unsafe for irrigation or drinking without costly treat-
ment. Exploitation of aquifers can also lead to increases in groundwater temperature and
pressure that encourage the movement of previously immobilized toxic elements such as
heavy metals and naturally occurring arsenic, leading to contamination of aquifers.

The most prominent example of a water quality problem that is caused by groundwater
pumping is saltwater intrusion (sometimes referred to as seawater intrusion or saltwater
encroachment), which is the movement of saline water into freshwater aquifers. Saltwater
intrusion can occur near coastal areas as a result of groundwater pumping because
extraction reduces the quantity of fresh groundwater in the aquifer, reducing its water
pressure and allowing saltwater to flow further inland. Saltwater intrusion decreases
freshwater storage in the aquifers, and, in extreme cases, can result in the abandonment of
domestic supply or irrigation wells. Communities struggling with saltwater intrusion
include the 2.5 million residents of Miami-Dade County, Florida, who rely on the Biscayne
aquifer as their primary drinking water supply (Prinos et al., 2014), and users of the Central
and West Coast Groundwater Basins in California, where potable water and recycled
municipal wastewater have been injected into “barrier wells” since 1951 to build up a line
of pressure that blocks the intrusion (Johnson, 2007).

2.4 Depletion of Surface Water

Groundwater and surface water are often connected, and groundwater discharge is the
primary component of streamflow in many streams and rivers (Barlow and Leake, 2012).
When a stream intersects an aquifer, if the height of the water table in the aquifer is greater
than the height of the stream’s surface, groundwater is discharged through saturated
streambed and streambank sediments or permeable bedrock adjacent to the stream.
Conversely, if the height of the stream surface is greater than the height of the aquifer’s
water table, streamflow seeps into the underlying groundwater system. As a result,
groundwater pumping from aquifers can reduce the flow of surface water in nearby
streams, rivers, and lakesda process known as stream depletion. Stream depletion is
subject to a time-dependent process known as diffusion, whereby pumping by users located
far away from the stream will affect flows in nearby streams with a longer time lag than
pumping by users located nearby (Glover and Balmer, 1954). Therefore over any finite
time horizon, pumping by wells close to the stream will remove more water from the
stream than pumping by wells that are further away.

As is the case with well interference and saltwater intrusion, stream depletion can
become an externality if decisions regarding groundwater withdrawals take place without
accounting for impacts on surface water users. Recent awareness of stream depletion in the
United States has led to interstate conflict over the role of groundwater withdrawals in the
fulfillment of compacts governing the distribution of water in transboundary rivers.
Groundwater regulations have been implemented in response to claims filed in the US
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Supreme Court by Texas against New Mexico over flows in the Pecos River, by Kansas
against Colorado over the Arkansas River, and by Kansas against Nebraska and Colorado
over the Republican River (Hathaway, 2011; Palazzo and Brozovi�c, 2014). Interstate com-
missions that manage other transboundary rivers, such as the Delaware River, which flows
through New York, Pennsylvania, New Jersey, and Delaware, have expressed concern over
the role of groundwater withdrawals on streamflow (Delaware River Basin Commission,
2014). In addition, large-scale groundwater use in several parts of the country has degraded
species habitats that depend on surface water. The ecological impacts of stream depletion
have resulted in litigation between local stakeholders and federal agencies over species
protected under the Endangered Species Act in Idaho (Hershler et al., 2014) and Texas
(McCarl et al., 1999), as well as species that are economically and culturally important, like
salmon (Fleckenstein et al., 2004; Nichols et al., 2014). Several studies have attempted to
map out groundwater-dependent ecosystems using geospatial and remote sensing data,
including in California (Howard and Merrifield, 2010), Texas (Gou et al., 2015), and Western
Australia (Barron et al., 2014).

2.5 Land Subsidence

Aquifers are frequently associated with compressible layers of silt or clay. As groundwater
is pumped out of these aquifers, forces that keep the silt or clay rigid are reduced and they
consolidate. As a result, the total volume of the silts and clays is reduced, resulting in the
lowering of the land surface. Although underground mining, drainage of organic soils,
natural compaction, and thawing permafrost may also cause subsidence, more than 80% of
the identified subsidence in the United States is caused by groundwater pumping
(Galloway et al., 1999). Estimates of maximum subsidence amounts include a 1972 esti-
mate of 28 ft in Mendota in California’s San Joaquin Valley (Poland et al., 1975) and a
1977 estimate of 12.5 ft in Eloy, in South Central Arizona (Laney et al., 1978).

Land subsidence can impose external social costs through damages to buildings
(Cooper, 2008) and land-surface infrastructure such as roads and aqueducts (California
Department of Water Resources, 2015), the need to repair or replace steel casing for wells
that are compressed or collapsed (Borchers et al., 2014), and increased risk of flooding
(Dixon et al., 2006). In the Santa Clara Valley, the cost of replacing or repairing wells
amounted to $756 million (in 2013 dollars) between 1960 and 1965 alone (Borchers et al.,
2014). According to a National Research Council Report (1991), annual costs in the United
States from flooding and structural damage caused by land subsidence exceeded
$125 million. Sinkholes and other surface cavities may also be caused by subsidence and it
may also cause changes in local hydrology.

In a similar problem, there is evidence that groundwater pumping, which represents a
transfer of mass from land to the oceans, has contributed to sea level rise. A study by
Konikow (2011) estimated that global groundwater depletion between 1900 and 2008 has
caused sea levels to rise by 12.6 mm, equivalent to 6% of total sea level rise during the
period, although more recent studies have estimated this effect to be smaller by accounting
for the fact that not all groundwater extracted ends up in the oceans (Wada et al. 2016).

3. POLICY INSTRUMENTS FOR GROUNDWATER
MANAGEMENT

In this section, we describe policy instruments that can help correct the market failures
described in Section 2. In theory, it is possible to design a set of command-and-control
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regulations or market-based schemes that achieve the socially optimal outcome in the
presence of any of the previously cited market failures. However, these first-best solutions
are typically very complex, involving spatially and temporally differentiated treatment of
groundwater users and a perfect understanding of the relevant economic and hydrologic
systems. Therefore, in practice, these first-best solutions are unlikely to be implemented
because of high transaction costs, monitoring costs, and informational requirements.
Furthermore, regulators may face political opposition when proposing policies that treat
firms differently based on their location or generate uncertainty in a user’s ability to pump
groundwater in the future. We thus focus on groundwater management policies and ini-
tiatives that are already in place or in the proposal stage. It is clear that none of these
groundwater governance schemes correspond to the theoretical first-best solutions to the
problems they seek to correct. However, because groundwater regulations are fairly limited
in the United States, examining the current landscape of policies and initiatives can inform
future management for unregulated aquifers.

3.1 Retirements and Buyouts

Retirement of irrigated agricultural lands involves long-term cessation of irrigation, and in
some cases taking the land out of agricultural production altogether. Many land retirement
programs have the primary goal of achieving load reduction of dissolved constituents and
trace elements such as selenium that are present in subsurface drainage. A prominent
example of such a program is the San Joaquin Valley Drainage Program, which sought to
prevent excessive shallow groundwater conditions and the accumulation of salts in the root
zones (SJVDIP, 1998).

One example of a land retirement program that has a groundwater focus is the Water
Rights Transition Assistance Program, administered by the Kansas Department of Agri-
culture’s Division of Conservation (DOC). The program started out as a 5-year pilot project
in 2007 and has been extended until 2022 by the state legislature. The goal of the program
is to reduce the demand on distressed aquifers and streams and return the overall level of
water appropriation back into conformity with available water resources. This is accom-
plished via an incentive-based procedure in which participating landowners permanently
retire their water rights in exchange for compensation by the state of Kansas. Mutually
agreeable compensation is paid to a landowner in the form of a grant that is intended to aid
willing sellers in the transition from irrigation to dryland farming. The amount of the
compensation is largely determined by a fixed price point value determined annually by the
DOC in conjunction with other agencies, and other relevant factors such as the seniority of
the water right, its historic consumptive water use quantity, the distance of the water right
within the targeted water supply, and a competitive bid price submitted by the owner.
Through 2012 a total of $2,946,082 of state money was spent on the permanent retirement
of 6169 acre-feet of annual water appropriation rights (Division of Conservation, 2012).

An example of a land retirement program that has benefited from funding from the US
federal government is the Colorado Rio Grande Conservation Reserve Enhancement
Program (CREP), which has been granted up to $109 million from the US Department of
Agriculture (USDA) and is open to producers with irrigated acres in Subdistrict No. 1 of
the Rio Grande Water Conservation District. The goal of the program is to conserve
irrigation water and reduce groundwater withdraws from the Rio Grande Basin while also
enhancing water quality, reducing erosion, improving wildlife habitat, and conserving
energy. USDA irrigated rental payments for the Rio Grande CREP are equal to $175 per

338 Competition for Water Resources



acre per year through the term of the contract, in addition to a cost-share of 50% of the
total cost of revegetating a cover crop on the retired acres. Additional incentives and
bonuses are provided by Subdistrict No. 1 (Rio Grande Water Conservation District, 2015).
Similar federalestate partnerships exist in the Upper Arkansas River CREP (Division of
Conservation, 2013) and the Republican River CREP.1 These arrangements usually include
a prior year irrigation requirement, which seeks to ensure that a producer is retiring irri-
gation that was actually taking place.

From an economic perspective, land retirement programs will be more cost effective if
irrigation is retired from cropland where the environmental costs of groundwater irrigation
are high relative to the value of agricultural production. As a result, spatial targeting of
lands based on the contribution of irrigation to agricultural productivity and environmental
damage may be able to approximate an optimal but more complicated groundwater allo-
cation system. One drawback of land retirement is that it usually involves the full cessation
of irrigation from a given land parcel. In cases in which partial reductions in irrigation
would be sufficient to achieve the desired hydrologic improvement, this may impose
additional costs to the program.

3.2 Moratoria on Well Drilling

Regulators can reduce the growth of groundwater extraction and irrigated acreage by
prohibiting the drilling of new wells. In some cases these well-drilling moratoria serve as
an immediate and temporary solution while the state or local water agency develops a more
detailed, long-term policy. For example, in 2013, San Luis Obispo County in California
issued Urgency Ordinance No. 3246, which established a moratorium on “new develop-
ment dependent on a well” in the Paso Robles Groundwater Basin. This ordinance was
established in response to groundwater monitoring wells that indicated 25-ft declines in
water levels between 2011 and 2013 in some parts of the county. The ordinance also
established moratoria on new or expanded irrigated crop production and the conversion of
dry farm or grazing land to new irrigated crop production.

In 2014, Nebraska Legislative Bill 962 established a moratorium on the drilling of new
wells with a capacity of over 50 gallons per minute and the growth of irrigated acreage in
areas that are hydrologically connected to a basin that is considered fully appropriated by
the Nebraska Department of Natural Resources (DNR).2 Basins are determined to be fully
appropriated if the long-term supply of hydrologically connected groundwater and surface
water in the basin is not sufficient for supporting new uses without negatively affecting
existing uses. This moratorium on wells and new acres will remain in place until an in-
tegrated management plan is developed or if it is lifted by the local Natural Resources
District (NRD).

Moratoria onwell drilling are appealing in that they impose a spatially uniform restriction
that is relatively easy to monitor. However, moratoria do nothing to prevent pumping at wells
that are already located in hydrologically sensitive areas, nor do they allow for the drilling of

1. See http://www.republicanriver.com/Programs/CREP/tabid/110/Default.aspx.

2. The Nebraska DNR defines a “hydrologically connected area” as one in which for a well drilled in

the area, ten percent of the water pumped over 50 years would either come from the steam or would

have gotten to the stream. The border of the hydrologically connected area is therefore often

referred to as the “10 percent/50-year line.”
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new wells in areas in which additional groundwater use would have very little environmental
impact. As a result, the cost effectiveness of moratoria is likely to be exceeded by some of the
more flexible and targeted policy instruments described in this section.

3.3 Zoning and Setbacks

Zoning and setback regulations prohibit well drilling or groundwater pumping within
spatially defined areas. These policies can be more targeted than moratoria in the sense that
regulators can prohibit harmful activities in the most hydrologically sensitive or least
agriculturally productive areas. For example, Nebraska has established so-called “Rapid
Response Areas” in the Republican River Basin in areas with a streamflow depletion factor
of 10% or more in a 2-year period. In years of reduced flow in the Republican River,
pumping may be highly limited in these areas. While not intended for agricultural
groundwater wells, another example of a setback regulation is Rule 17.36.323 of the
Administrative Rules of Montana that requires all drinking water wells to be at least 100 ft
from surface water or springs.

3.4 Groundwater Mitigation Programs

Some management programs require users to compensate the regulator for the negative
impacts caused by their groundwater pumping. For example, in 2002, Oregon Revised
Statute 537.746 and House Bill 3493 authorized the Oregon Water Resources Department
to develop the Deschutes Groundwater Mitigation Program, which requires groundwater
permit applicants to obtain “groundwater mitigation credits” prior to receiving permits.
The stated goal of the program is to prevent injury to surface rights holders and to protect
flows in rivers that are listed under the Oregon Scenic Waterways Program.3 The miti-
gation program was authorized in response to a study showing that groundwater and
surface water are directly linked in a portion of the Deschutes River Basin and removal of
groundwater will ultimately diminish streamflow (Gannett et al., 2001). Mitigation re-
quirements can be fulfilled by completing a mitigation project, such as instream transfers,
storage releases, or aquifer recharge, or by obtaining mitigation credits from a credit holder
or a mitigation bank in the Deschutes Ground Water Study Area (Water Resources
Department, 2008).

The ability of a mitigation program to achieve cost effectiveness and environmental
targets will depend on the specific design of the program. If mitigation is only required for
new groundwater uses, the program will eliminate the net environmental impacts of that
additional groundwater pumping and hydrologic conditions will remain at baseline levels.
On the other hand, if the program requires mitigation for existing groundwater uses as
well, the mitigation requirement will disincentivize existing groundwater use, and a net
improvement in hydrologic conditions is possible.

3.5 Pumping Charges

A pumping charge is a fee that is charged to the irrigator per unit of groundwater pumped.
Pumping charges can induce a first-best groundwater allocation if the fee accurately

3. See http://www.oregon.gov/oprd/RULES/pages/waterways.aspx.
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reflects the social costs associated with the extraction of a unit of groundwater, including
scarcity rents and externalities on third parties. As such, pumping charges are a form of the
Pigouvian tax that reduces each user’s groundwater pumping to the socially optimal level.
As is the case with Pigouvian taxes in general, pumping charges do not require the
regulator to know the cost functions of producers that use groundwater as an input.
However, pumping charges do require metering of groundwater use, which increases
monitoring costs, as well as costs associated with the assessment of the fees that may not
be necessary with some of the simpler policies described in this section.

One example of an existing pumping charge is the Pajaro Valley Augmentation Charge
in Pajaro Valley, California. It involves a per acre-foot fee ranging from $92 to $348
depending on location for the 2015e2016 fiscal year. Projects funded with the fees include
conservation and distribution projects such as a water recycling program, purchase of Central
Valley Project water, and pipeline construction. The fund will also support the imple-
mentation of the Agency’s 2014 Basin Management Plan Update. The Coachella Valley
Water District has a similar setup called the Replenishment Assessment Charge, which is
meant to reduce overdraft of the East Whitewater River Subbasin and generate revenue to
fund aquifer replenishment by charging entities that use over 25 acre-feet annually from the
aquifer. The charge encourages use of surface water in wet years to allow for natural
groundwater recharge and is a part of the Coachella Valley Water Management Plan. As of
2015, the charges are equivalent to $59 per acre-foot in the East Whitewater River Subbasin,
$112 in the West Whitewater River Subbasin, and $112 in the Mission Creek Subbasin.
The Skagit River Basin Stream Flow Enhancement/Groundwater Mitigation Program, which
is still in the development phase, is administered by the Washington State Department of
Ecology and the Upper Skagit Tribe. Its goals are to (1) create a managed recharge program
to increase stream flows and offset decreased flow caused by groundwater use and (2)
institute a mitigation fee program for property owners. Minimum streamflows were estab-
lished in 2001 under the Skagit River Instream Flow Rule, and the fee-based mitigation
program is designed to recover the costs of the recharge program.

Many management programs that assess a pumping charge use the revenue collected
from the charges to invest in improvements in the groundwater basin. It is important to note
that if a pumping charge is set equal to the marginal social cost of pumping a unit of
groundwater, the pumping charge alone is sufficient to induce groundwater users to pump at
the socially optimal level. As a result, use of revenues from fees in additional management
activities that benefit the basin is not necessary for pumping charges to achieve a socially
optimal outcome.

3.6 Tax Instruments

In some cases, regulators can use the local tax code to incentivize reductions in ground-
water use. Nebraska Legislative Bills 701 and 862 allowed NRDs to impose a tax on
irrigated land that is limited to $10 per acre. This land tax is intended to help the state
comply with the Republican River Compact of 1942, which dictates the shares of surface
water that can be withdrawn from the Republican River by Nebraska, Kansas, and
Colorado. Land taxes are similar to pumping charges in that they reduce the incentive to
irrigate, but they do so by requiring payment for additional acres irrigated as opposed to
additional acre-feet pumped. To the extent that it is the volume of water pumped that is
relevant for the health of hydrologic systems, land taxes operate through an indirect
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mechanism. However, regulations based on irrigated acreage may be almost as effective as
regulations based on volume of water pumped if farmers tend to apply the same amount of
water per acre to their crops regardless of their total irrigated acreage (Young, 2014).

Arkansas provides tax credits as a mechanism to incentivize the construction of im-
poundments for water storage, the conversion of groundwater use to surface water use, and
the leveling of land to conserve water, all of which are meant to protect groundwater
supplies. Impoundment construction allows for an income tax credit of 50% of the project
cost, while conversion to surface water use allows for a credit of 10% of the project cost (or
50% in a critical groundwater area).

3.7 Pumping Quotas and Irrigated Acreage Certification

There are two approaches that regulators have taken to impose quantity restrictions on
groundwater use. The first approach is a pumping quota, which is a limit on the volume of
water that can be pumped by a user over a given period of time (in acre-feet per year, for
example). The second approach is to restrict irrigated acreage. Chosen correctly, these
quantity restrictions can achieve the socially optimal groundwater allocation in the pres-
ence of any of the market failures described in Section 2. As with well drilling moratoria,
setbacks, and zoning, pumping quotas and irrigated acreage certification are examples of
command-and-control regulations.

A prominent example of a pumping quota system was established by the Edwards
Aquifer Authority Act in Texas, which implemented a cap of 572,000 acre-feet on total
annual withdrawals from the aquifer and requires the authority to issue permits for
groundwater pumping and administer metering of all wells (except wells that are cate-
gorized as being exempt). A well owner is granted an initial permit based on historical use
of the water for beneficial purposes. Another example of a pumping quota system is the
Harris Galveston Subsidence District, which is a special purpose district created by the
Texas Legislature in 1975. The district was created to provide for the regulation of
groundwater withdrawal throughout Harris and Galveston counties for the purpose of
preventing land subsidence, which leads to increased flooding. All well owners are
required to obtain a permit before a well is drilled or operated, and each permit specifies
the amount of groundwater authorized to be withdrawn and the percentage of total water
demand that may be met with groundwater. A groundwater meter is required for all
permitted wells; owners must read their meters, record their readings in a log at least
monthly, and report these readings either to the regional water supplier or to the districts.4

In irrigated acreage certification, the regulatory authority certifies and restricts the
growth of irrigated acres. In such instances, there are no requirements to meter and report
volumetric groundwater extractions. Irrigated acreage is therefore an indirect measurement
of groundwater extraction where the regulatory authority estimates withdrawals by
observing irrigated land area and crop type. Nebraska has implemented the certification of
irrigated acreage in response to interstate litigation regarding the impact of groundwater
use on transboundary flows in the Republican River. As of 2008 the Nebraska DNR
maintains a record of over 10,000 active registered wells with certified irrigated acreage in
the Nebraska portion of the Basin.

4. See http://hgsubsidence.org/wp-content/uploads/2014/11/RULES2013-09-11.pdf.
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3.8 Markets for Groundwater and Irrigated Acreage

A pumping quota or irrigated acreage certificate, in effect, is equivalent to a right to pump
groundwater. Regulatorsmay elect to separate these rights from parcels of land andmake them
transferrable, thus allowing for a market for groundwater. In these markets, a transaction can
take place if one user is willing to pay a larger sum of money for a unit of groundwater than
another user is willing to sell it for. Both the buyer and the seller are better off after this
transaction. For the buyer, the purchasedgroundwater ismorevaluable to him/her thanwhat he/
she paid for it; for the seller, the payment received exceeded the value that he/she placed on the
sold groundwater. In theory, these trades will ultimately result in the optimal groundwater
allocation. Markets also have the benefit of allowingmore flexiblemovement of water to serve
changing conditions and demands. Over time, they encourage users to evaluate conservation
strategies because any water that is saved can be sold on the market. As a result, groundwater
markets, and water markets in general, can help water-stressed regions better cope with
decreased and uncertain water supplies in the face of climate change.

Note that in these markets, the good that is traded is not groundwater per se, but rather
the right to pump a unit of groundwater (Brozovi�c and Young, 2014). As a result, a trade
only involves decreasing groundwater pumping at one well and increasing it at another,
without the need for a water diversion or delivery system. This makes groundwater well
suited for implementation of tradable permits since a trade carries no conveyance cost.
Groundwater markets are also more likely to lead to a socially optimal allocation if
monitoring of pumping is in place and enforcement is strong.

Several localized management institutions have allowed groundwater users to transfer
groundwater pumping rights, either on a volumetric or areal basis. The transfers are
sometimes subject to rules that reflect geophysical relationships for groundwater flow and
extraction. For example, when the goal of management is to reduce stream depletion or
seawater intrusion, management agencies typically implement trading ratios that reflect
each well’s expected damage relative to the one with which they trade. Trading rules may
also include social or economic goals, such as prohibiting groundwater trading across
county lines to prevent reductions of county revenues.

In the Edwards Aquifer, permit holders may lease or permanently sell a portion of their
water rights to another party. In addition to agricultural users, the aquifer supports municipal
and industrial demands, and this heterogeneity in users may create many opportunities for
welfare gains from groundwater trading. The Edwards Aquifer Authority assists sellers by
creating an online bulletin board for their offers of sale. Groundwater trading is also allowed in
Nebraska’s Upper RepublicanNRD, among other districts, and trades have taken place despite
the lack of formal markets or water brokerages (Palazzo and Brozovi�c, 2014).

3.9 Streamflow Augmentation

Streamflow augmentation is a strategy that is sometimes used when regulators are
temporarily unable to meet flow requirements in a stream. The strategy involves pumping
groundwater from an aquifer and discharging it into the stream or a tributary of the stream.
Because the pumped groundwater needs to be conveyed to the stream or tributary via a
pipe or channel, groundwater wells used for stream augmentation must be relatively close
to the stream. One implication is that stream augmentation cannot serve as a long-term
solution to chronic streamflow deficits because the portion of the aquifer from which
the augmentation water is pumped is likely to be hydrologically connected to the stream,
leading to stream depletion that negates the augmentation.

Management Approaches and Recent Innovations Chapter j 3.1.5 343



An example of a stream augmentation program is the Upper Republican Rock Creek
Augmentation Project. In this project, Nebraska’s Upper Republican NRD purchased 24
irrigated quarters in 2010, retiring 3261 acres in the process. The goal of the project is to
comply with the Republican River Compact with Kansas and Colorado by increasing
streamflow. In terms of infrastructure, the project involves 10 wells and a 20,000-ft
pipeline that carries water to the outlet point, with a capacity of 15,000 acre-feet.

4. TECHNOLOGICAL INNOVATIONS TO SUPPORT
GROUNDWATER MANAGEMENT

4.1 Hydrologic Modeling and Consumptive Use Models

There are several ways in which hydrologic modeling can aid groundwater management.
First, it can provide a general sense of the availability of groundwater in a basin. Second,
because monitoring of groundwater withdrawals is not a perfect indicator of the quantity of
water that is actually consumed, hydrologic models can help estimate this latter effect.
Finally, hydrologic modeling can help regulators quantify hydrologic processes that are
otherwise difficult to measure. For example, while groundwater pumping can be readily
measured with metering, stream depletion generally cannot be measured using in situ
methods.

One example of a model that has been used for groundwater policy is the Republican
River Compact Administration Groundwater Model, which was developed by a technical
committee comprised of representatives from Colorado, Kansas, and Nebraska to
administer the compact on the Republican River. Another example is the Cooperative
Hydrology Study, which is a hydrologic study of groundwater and surface water resources
in a portion of Nebraska’s Platte River Basin. Among its goals the study is designed to
assist NRDs in the basin with regulation and management of groundwater and provide
Nebraska with the basis for groundwater and surface water policy.

4.2 Monitoring

4.2.1 Metering

Metering of groundwater, meaning the measurement of the volumetric extraction at a well
level, is fairly uncommon though growing in the United States. This information can
provide dense, detailed information about spatial groundwater patterns and pumping that
can be used for improved hydrologic modeling and targeted management strategies. Today,
groundwater meters are generally recorded on an annual timescale, but as metering
technology improves and becomes more affordable, it is conceivable that metering in the
future will be real time. Real-time metering could greatly improve the ability to target
groundwater management in both space and time.

Importantly, there are several regions where annual metering and reporting already
exist and are mandatory. The Upper Republican NRD in southwest Nebraska has the
densest and longest history of groundwater metering in the country, with district-wide
metering since 1982. By 2004 the entire Nebraskan portion of the Republican River
Basin was fully metered as a result of litigation over an interstate compact with Kansas and
Colorado. The state of Kansas, through its Water Rights Information System, requires
every well in the state to be metered and owners to annually report extraction volumes
(Golden and Leatherman, 2011). There are several additional, though isolated, cases of
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metering that have emerged, typically as a result of federal or state litigation, such as the
Mojave Basin in California and the Edwards Aquifer in Texas. Other metering initiatives
are in a voluntary or precompliance setting, such as the South Platte NRD in Nebraska.

There are some concerns about the quality of monitoring data depending on the way in
which it is reported. For example, where metering is mandatory, the management au-
thorities in Nebraska use its own employees to read well meters each year. In Kansas, well
reporting, while mandatory, is completed by the well owners. Monitoring and enforcement
costs of metering can be quite high, which may include the meters themselves, staff time
for the reading and recording, and necessary equipment and technological infrastructure.

4.2.2 Energy Records

In cases in which comprehensive groundwater metering is not in place, tracking the energy
consumed by groundwater wells may be a suitable alternative. However, while energy use
is likely to be correlated with groundwater use, it is by no means a one-to-one relationship
as the determinants of energy use efficiency (water extracted per energy used) vary wildly
among farmers. Mieno and Brozovi�c (2015) found that assuming uniformity in these de-
terminants leads to measurement errors, and thus attenuation bias, in price elasticity
estimation in previous studies. Nevertheless, an imperfect monitoring system based on
energy records may still be preferable to an entirely unmonitored outcome, and further
research is needed to quantify its benefits.

4.2.3 Measuring Irrigated Acreage

The quantification and certification of irrigated acreage is a strategy to estimate and control
groundwater use, but at much less cost to the regulatory authority and groundwater user. In
such instances, there are no requirements to meter and report volumetric groundwater
extractions. Instead, monitoring and enforcement are carried out through aerial photog-
raphy and spot checks. Certification is oftentimes accompanied by restrictions on the
growth of irrigated acres. Irrigated acreage is therefore a proxy to, rather than a direct
measurement of, groundwater extraction, with varying degrees of accuracy depending on
the region’s mixture of stream depletion factors, crops, soils, and irrigation technologies,
among other variables (Young, 2014). While this is an imperfect form of monitoring, it can
approximate groundwater pumping at low cost. This methodology is especially useful if
coupled with information about crop types or stream depletion factors.

5. EXISTING AND PROPOSED INNOVATIVE GROUNDWATER
MANAGEMENT PROGRAMS

Advancements in the groundwater management arena are happening in every sector at every
level: from cutting edge agricultural decision-support tools to redefining state laws, from
technological improvements to unique publiceprivate partnerships. This section discusses a
few case studies of the pioneering work across the United States to improve groundwater
productivity and management.

5.1 Smart Markets for Groundwater Trading

As previously mentioned, in the case of dynamic, spatially variable externalities, trading
rules become necessarily complicated, and therefore time consuming to navigate.
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Furthermore, there may be high search costs for users to find other interested parties with
whom to trade. As a result, even in jurisdictions where groundwater trading is allowed,
relatively few trades occur (Juchems et al., 2013).

Smart markets, or electronic clearinghouses, can reduce high transaction costs for
trading. Smart markets pool interested buyers and sellers in a common market place,
reducing the time and money spent searching for a party with which to trade. Further, smart
markets, through tailored computer algorithms, consider the complex rules and regulations
governing groundwater trades and automate the process of matching eligible parties,
streamlining, and guaranteeing regulatory compliance. Because of the high granularity in
groundwater movement and governance, most markets cover a fairly small geographic
extent, meaning that the market for groundwater trading may be comparatively smaller or
thinner than a typical surface water market. Nonetheless, not only are there emerging
groundwater “markets,” that is, the ability to trade groundwater rights, across the United
Statesdincluding in Nebraska, California, Texas, Kansas, Washington, and moredthere
are also emerging smart markets, trading temporary and permanent groundwater rights,
both on allocation and irrigated acreage bases.5

5.2 Changing Kansas Groundwater Management Law

The state of Kansas has a senior appropriative rights system for groundwater use, suggesting
that in an overappropriated region, junior userswould be the first to have groundwater pumping
rights stripped. However, legislative actions have provided more flexibility to more equitably
and efficiently mitigate quantity and quality concerns arising from groundwater use (Kansas
Department of Agriculture, 2009). In particular, two management approaches have emerged,
and one significant state policy has been repealed.

In 1978, the state gave authority to its chief engineer to implement an Intensive
Groundwater Use Control Area (IGUCA). This law gave the chief engineer significant and
sole discretion to impose restrictions, including well moratoria and reductions in with-
drawals according to seniority. Today, only nine IGUCAs are in effect; there is generally
strong local resistance to IGUCAs as restrictions can be costly and especially impair junior
rights holders. For example, as ordered by the Wet Walnut Creek IGUCA, junior
groundwater rights holders were allocated only 44% that of senior rights holders (Golden
and Leatherman, 2011). As a result, in 2012 the state passed new legislation to permit its
local management authorities, called Groundwater Management Districts, to initiate and
implement with the chief engineer a Local Enhanced Management Agency (LEMA)
(Kansas S.B. 310, 2012). Rather than the top-down approach of the IGUCAs, LEMAs
instead offered a bottom-up approach that could be initiated and crafted by local
groundwater users. In a LEMA, while the state cannot impose stricter controls than that
which the region proposes, it retains authority to impose an IGUCA should the LEMA be
ineffective. LEMAs, unlike IGUCAs, may suspend the priority rights system so that all
users, regardless of seniority, share an equal burden. The first LEMA was ordered in
Sheridan County in 2013, where locals wished to extend the life of their portion of the
Ogallala Aquifer by reducing pumping in the following 5 years by 20% (Bossert, 2013).

5. Mammoth Trading, a company for which authors Nicholas Brozovi�c and Richael Young are

co-founders, designs and operates smart markets. Mammoth Trading currently operates several

smart water markets across the United States.
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In 2012 the state repealed its “use it or lose it” law, not uncommon to many other
western states (Kansas H.B. 2451, 2012). Use it or lose it policies, which allow unused
water rights to be recaptured by a state, were intended to provide states the flexibility to
redistribute unused water rights to those who would make beneficial use of them. Instead,
the policy has generated a powerful adverse incentive to waste and overuse limited water
resources. Recognizing this, Kansas repealed the law, hoping to save surface water and
groundwater alike for other users.

Several western states are struggling with antiquated laws concerning groundwater use
and management, including California, Nevada, and Texas. The way that Kansas has,
through policy and legislation, been adaptable and responsive to local concerns is a model
to other states that are seemingly stuck with laws that predate a scientific understanding of
groundwater. Kansas is still experimenting, and does not necessarily have a watertight set
of policies. However, the state’s willingness to innovate, learn from experience, and
innovate again is promising.

5.3 Conjunctive Use and Managed Aquifer Recharge in Nebraska

Many states have evolved to manage groundwater and surface water conjunctively,
acknowledging that the two resources are connected. In 2011, spurred by historic levels of
streamflow in the North Platte River, public and private entities in Nebraska worked
together to develop strategies that could turn flooding threats into opportunities to recharge
the underlying Ogallala Aquifer. The Nebraska DNR, Twin Platte NRD, and several
irrigation districts and private landowners developed an innovative solution to conjunc-
tively manage the excess flows that were coming down the North Platte River. Flood waters
would be diverted through irrigation canals and private reuse pits, thereby recharging the
aquifer, reducing peak flood flows, and retiming flows that were stored in canals and
shallow groundwater (Dimmitt, 2015). Given the short notice of the flood waters barreling
down the North Platte River, the parties had little time, but managed to approve the
paperwork and prepare the canals and pits for diversions. Since then, the process has been
streamlined and repeated in 2013 and 2015, these times on the South Platte River
(Dimmitt, 2015; Nebraska Department of Natural Resources, 2014).

5.4 Nebraska Water Balance Alliance

The Nebraska Water Balance Alliance (NEWBA), founded by agricultural producer Roric
Paulman in 2011, is a producer-driven initiative tomanage irrigation water most efficiently. To
accomplish this, NEWBA combines state-of-the-art information technology, including
telemetry, weather stations, pumping data and remote irrigation controls, and soils and soil
moisture probes (NEWBA, 2013). Through a partnership of producers, equipment vendors,
electricity companies, crop consultants, the University of NebraskaeLincoln, NRDs, and the
USDA NRCS, NEWBA is advancing field-level studies to identify effective water use strate-
gies that can be quantified and replicated elsewhere (NEWBA, 2013). The partnership also
seeks to demonstrate that regulation alone should not drive interest and action in conservation,
but that the agricultural community should and can lead in water efficiency and sustainability.
NEWBA recently announced plans to collaborate with the Texas Alliance for Water
Conservation.
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6. CONCLUSIONS

In this chapter we provided an overview of groundwater management policies, regulations,
and initiatives that have been implemented in the United States. We considered various
motivations for groundwater management, grounded in the need to resolve underlying
market failures, and we described the policy instruments and technologies that are avail-
able to regulators.

Several overarching conclusions can be drawn from this chapter. First, groundwater use
can be inefficient because of the presence of a variety of market failures, and in some cases
regulators may be faced with multiple market failures in the same groundwater basin. This
makes it less likely that an optimal groundwater allocation can be accommodated by
existing infrastructure and institutional constraints. However, we find in some instances
that second-best solutions are able to approximate the optimal allocation of groundwater,
and in many cases are likely to lead to an improved outcome relative to a scenario with no
regulation. Similarly, even if comprehensive metering is not currently in place in most
groundwater basins, there are alternative options for regulators to start monitoring
groundwater use, such as observing irrigated acreage and energy consumption.

Second, despite the fact that groundwater is generally unmetered and unregulated in the
United States, many local institutions have gone ahead and adopted management strategies
with varying degrees of sophistication. Some of the most innovative policies can be found in
Nebraska and Texas, and while these policies are innovative in different ways, they are usually
based on comprehensive metering of groundwater use and strict enforcement of permitted
withdrawals. Water management institutions in states such as California that are seeking to
develop groundwater regulations inpreviouslyunregulated regions can look toward this diverse
existing landscape of groundwater management for inspiration.

Finally, while many groundwater management policies in the United States have been
implemented in response to or under the threat of federal or state intervention, there are
several instances of local groundwater users who have curtailed pumping voluntarily. In
such cases, there is typically a strong sense of community that aspires to conserve natural
resources for future generations and maintain a rural way of life.
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1. INTRODUCTION

The main function of wastewater treatment is to avoid adverse effects on receiving surface
water bodies from organic and inorganic pollutants as well as high inflows of nutrients
contained in the wastewater. However, the recovery of nutrients and the reuse of wastewater
are becoming more and more important, particularly in increasingly problematic situations
involving water and nutrient scarcity in agriculture. This is reflected in an increasing in-
terest in research and development on nutrient recovery from wastewater and reuse of
wastewater in agriculture (Cordell et al., 2011; Maaß et al., 2014; Satorius et al., 2011;
Singh et al., 2012; Zema et al., 2012). At the government level, the European Union’s Urban
Wastewater Treatment Directive emphasizes that “treated wastewater should be reused
whenever appropriate” (EU, 1991, p. 4). Therefore options for reusing treated wastewater in
agriculture are being investigated in Europe for reducing pressure on natural freshwater
resources and limited nutrient reserves. Winpenny et al. (2010) and Aiello et al. (2007)
ascribed a great potential for the adoption of wastewater reuse schemes, as several actors
are simultaneously among the potential beneficiaries, including farmers, municipalities and
their utilities, and rural and urban communities. However, some scholars have pointed out
that to ensure long-term sustainability of wastewater reuse, it is also essential to take social,
institutional, and organizational dimensions into account when evaluating reuse options
(Pescod, 1992; Larsen, 2011). Some of the researched questions regarding wastewater reuse
in agriculture include potential health hazards for farm workers and food consumers
(Pedrero et al., 2010), soil salinization (Muyen et al., 2011), and the buildup of heavy
metals and anthropogenic trace contaminants in soils and food crops (Khan et al., 2008;
Mapanda et al., 2005; Pedersen et al., 2005; Toze, 2006). Precise management strategies,
including the application of proper purification levels, periodic monitoring of soil and plant
properties, as well as suitable irrigation, cultivation, and harvesting practices, are imperative
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to minimize hazards to humans and the environment (Aiello et al., 2007; Muyen et al.,
2011; Qadir et al., 2010; Rusan et al., 2007). The specific properties of agricultural
wastewater reuse require strategies as well as appropriate governance and management
models for integrating economic activities in the water sector and the agricultural sector.
Learning from existing experiences should contribute to sharing knowledge about suc-
cessful strategies, specifically for integrating wastewater reuse and agriculture.

This chapter aims to provide lessons learned from a case study on the activities and
economic impacts of a wastewater reuse scheme in the vicinity of the city of
Braunschweig in southeastern Lower-Saxony (Germany) that was developed for coping,
among others, with water and nutrient scarcity in agriculture. We want to raise awareness
and deliver information about the effects of wastewater reuse in agriculture for informed
decision making by public bodies as well as involved enterprises, residents, and the
farming community. The description draws from results from a detailed added-value
analysis of the wastewater reuse scheme conducted by Maaß and Grundmann (2016).
Added-value analyses contribute to understanding the net benefits and costs, as well as
the increase in value generated through economic activities (Haller, 1997; Hamilton
et al., 1991). The added-value is an indicator for assessing the effects of economic
activities on local economies. The following presentation focuses on the monetary added-
value effects of the wastewater reuse scheme as determined by Maaß and Grundmann
(2016). An analysis of institutional economic aspects of the wastewater reuse scheme can
be found in Villamayor-Tomas et al. (2015).

This chapter summarizes some selected findings and conclusions from the study con-
ducted by Maaß and Grundmann (2016). For a more detailed and comprehensive description
of the applied methodological approach and the results, we invite the reader to consult Maaß
and Grundmann (2016).

2. CHARACTERIZATION OF THE WASTEWATER REUSE
SCHEME IN BRAUNSCHWEIG

The case at hand was developed by the Abwasserverband Braunschweig, a wastewater
association located in Braunschweig (Germany), from a number of wastewater treatment
issues into a scheme using treated wastewater and sewage sludge for irrigation and
fertilization of agricultural fields for energy plants, which are then used for biogas and
energy generation (Lesjean and Remy, 2013).

The concept of the scheme is to use purified wastewater and sewage sludge for irri-
gation and nutrient provision for food and energy plants while using the energy plants for
biogas generation and electricity and heat production, thus creating a waterenutriente
energy cycle (Fig. 1). The case of wastewater reuse in Braunschweig has been determined
by its history, geographical features, and economic impacts; these will be described in the
following sections.

2.1 History and Locational Characteristics

The wastewater reuse scheme started with the implementation of the first infiltration fields in
1895 for capturing wastewater from the nearby city of Braunschweig. With population
growth in the nearby cities of Braunschweig and Gifhorn, the capacity of the infiltration
fields was not sufficient anymore to capture and treat the increasing amounts of wastewater.
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This situation led to the creation of the Abwasserverband Braunschweig in 1954 with the
mission of running a mechanical wastewater treatment plant that has been supplying treated
wastewater for the irrigation of about 3000 ha of agricultural fields in the surrounding
counties. The members of the association are the city of Braunschweig, the water association
of the neighboring city of Gifhorn, and 430 owners of agricultural fields receiving the treated
wastewater from the associations’ treatment plant. The association has continuously refined
the reuse scheme. The latest enhancements included an upgrade of the primary treatment
facility to a full-biological treatment plant in 1992 and the commissioning of a sludge
digester in 2000. Furthermore, a biogas plant, which is owned by the association, started
operation in 2007.

Physical and natural conditions related to the wastewater reuse in agricultural production
in Braunschweig are rather favorable. The agricultural fields selected for the application of
treated wastewater have very sandy and light soils that require constant irrigation. Further,
the sandy soils are generally poor in nutrients and have a limited water and nutrient retention
capacity (Ternes et al., 2007). The structural characteristics of the soils allow for agricultural
cultivation even in situations of excess water supply, as water percolates instead of causing
waterlogging. Furthermore, the area experiences climatic water deficit from April to
September each year (Ahlers and Eggers, 2004). A continuous additional supply of water
and nutrients is therefore essential for crop production in the area.

2.2 Economic Activities

Fig. 2 displays the value chains related to different economic activities in the sectors of
wastewater treatment, crop production, and bioenergy generation in the wastewater reuse
scheme in Braunschweig. The outputs resulting from the primary and secondary treatment
of wastewater, including secondary treated effluent and sewage sludge, are further
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processed in the value chains of wastewater treatment and reused as inputs for crop pro-
duction in the value chains of food and energy. The energy crops are feedstock inputs in the
bioenergy value chain for the production of heat and electricity from biomass/biogas via
anaerobic digestion. In this way, the material flows of the value chains are interconnected,
including wastewater, biomass, and energy flows, based on the agricultural reuse of treated
wastewater and sludge. The dotted lines in Fig. 2 indicate interconnections between the
value chains in terms of material flows. The involved actors are indicated by the abbre-
viations above the single added-value steps and products.

Wastewater from Braunschweig and surrounding communities is delivered for primary
purification to the wastewater treatment plant with a flow rate of 60,000 m3 per day with a
population equivalent of 350,000 people. The current treatment process includes me-
chanical treatment, biological phosphate removal in combination with nitrification and
denitrification, and anaerobic stabilization of sludge (Ternes et al., 2007). In addition, a
downstream system of irrigation and infiltration fields is used for the final treatment of the
secondary effluent. The largest part of the effluent (60%) is used directly for irrigating
about 2700 ha of agricultural fields of the member farmers. The remaining part (40%) is
discharged to infiltration fields with a size of about 220 ha, located near the treatment plant
(Maaß and Grundmann, 2016). The infiltration fields operate as part of an infrastructure for
a natural treatment procedure using a meandering system and soil passage. After this
process is completed, drained water is discharged to surface water bodies.

The sewage sludge produced in the described process is stabilized via anaerobic
digestion and utilized in two different value chains. In the winter period the sewage sludge
is dewatered and stored on-site before it is transported in the summer time to croplands
(700 ha) outside of the wastewater scheme. The sludge is spread by the associations’
employees and subsequently incorporated individually by the farmers into their soils.

During the vegetation period the sewage sludge is added to the effluent prior to
irrigation. The mixed effluentesewageesludge is discharged to a gravity sewer system
that brings the mixture to the irrigation fields. The mixture is then spread by the asso-
ciations’ staff on the agricultural fields of the member farmers. The irrigation system
consists of four large pumping stations, a distribution net of about 125 km of pipes, 1000
discharge points, and 170 spray irrigation machineries. The association determines the
watering schedule in coordination with the member farmers. In 2012, approximately
12 million m3 of the secondary effluent were irrigated on the irrigation fields and
approximately 8 million m3 were discharged to the infiltration fields. In addition, about
604,000 m3 of groundwater were used annually to meet the irrigation requirements at the
peak times. The total quantity of sludge produced in 2012 was 4482 tons dry matter.
Approximately 2770 tons dry matter of sludge were irrigated together with the effluent
inside the association territory and 1712 tons dry matter were dewatered and applied as
fertilizer outside the association territory (Maaß and Grundmann, 2016).

The legislative permission for reusing wastewater in the study area is given by the district
government of Braunschweig (Bezirksregierung Braunschweig, 2001). High safety standards
and a sophisticated monitoring system are applied to minimize hazards to the environment,
inhabitants, and food consumers (Remy, 2012). The loading rates of heavy metals contained
in the effluentesludge mixture fall below the tolerable limits of the German Sewage Sludge
Ordinance (LWKH, 2000). Furthermore, as shown by Ternes et al. (2007), residues of
pharmaceuticals and personal care products can be degraded largely by top soil passage.
Respecting precautionary hygienic restrictions, farmers in the association territory are not
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allowed to cultivate crops planted for direct consumption, for example, fruits or vegetables
(Bezirksregierung Braunschweig, 2001), but instead the irrigation area is mainly cropped
with maize, grain, and sugar beets.

The biogas plant, with a total capacity of 2.5 MW, is operated by the association that
maintains quantity-based contracts, with 45 member farmers, for the delivery of maize to
ensure a steady feedstock supply for the biogas plant. The machines for harvesting maize
are provided by the association, whereas the operations are mainly executed by farmers
themselves, as well as by seasonal workers. In return, the association purchases the
maize at a preferential price.

2.3 Economic Impacts

Wastewater reuse in agriculture creates costs and benefits for the operators of the waste-
water treatment plant as well as for farmers and bioenergy producers participating in the
scheme in Braunschweig. The multiple benefits are paired by costs that cumulatively
determine the profits of the equity providers. The added-value generated by the reuse
scheme was assessed by analyzing the remunerations of all stakeholders participating in
the different value chains (Maaß and Grundmann, 2016).

2.3.1 Costs and Benefits of the Wastewater Reuse Scheme

The treatment and reuse of wastewater in the Braunschweig scheme entails costs related to
wastewater treatment, irrigating wastewater and sewage sludge, spreading wastewater on
infiltration fields, and spreading dewatered sludge on croplands. The total costs of the
investigated activities are financed by contributions of the association members. The largest
share is borne by the city of Braunschweig and the water association of Gifhorn. Land-
owners and member farmers contribute only to financing the costs of irrigation operations.
For a more detailed analysis of the cost structure the reader is encouraged to consult Maaß
and Grundmann (2016).

The operators of the wastewater treatment plant benefit from the savings of the
wastewater fees because of avoided discharges of the effluent to the surface water bodies.
Furthermore, the operators save the costs of incinerating sludge and the costs of dewatering
the sludge quantities, which are irrigated together with the effluent on the irrigation fields
(Maaß and Grundmann, 2016).

The benefits for member farmers participating in the wastewater scheme are mainly
savings in irrigation costs because the supply of irrigation water and the irrigation oper-
ations are undertaken by the wastewater association. Accordingly, farmers save in in-
vestments and depreciations, capital, personnel, machine costs, and groundwater extraction
(Maaß and Grundmann, 2016). A further benefit for farmers is reduced fertilization costs,
since the nutrients in the irrigated wastewater and sludge substitute mineral fertilizers that
otherwise would need to be purchased. Depending on the crop, farmers can reduce the
application of mineral fertilizers by 40e66% (Maaß and Grundmann, 2016). This con-
tributes to a reduction of variable costs for spreading mineral fertilizers, including related
costs for machines, personnel, and capital. Maaß and Grundmann (2016) estimated that the
reuse of wastewater and sludge, instead of groundwater and mineral fertilizers, results in a
reduction of 32% in the total costs of crop production in the study area. Another benefit
specific for farmers supplying energy maize as feedstock to the association’s biogas plant
comes from leaving the maize harvest with the association. However, the farmers also have
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to accept a lower price for the energy maize sold to the association’s biogas plant compared
to market prices for maize. The main benefit for the association as the operators of the
biogas plant is purchasing the feedstock energy maize from the association’s farmers at a
price lower than the general market price (Maaß and Grundmann, 2016).

Benefits are also obtained by nonmember farmers from applying dewatered sludge
with a high fertilization value as well as the financial compensation paid by the association
to the farmers for incorporating sludge into soils (Maaß and Grundmann, 2016).

The total costs savings (ie, benefits) realized in the wastewater scheme in 2012 were
estimated to be V3.3 million (Maaß and Grundmann, 2016). The shares in the total benefits
from the reuse of treated wastewater and sludge were reported to be 48% for the member
farmers, 40% for the operators of the wastewater treatment plant, 11% for the nonmember
farmers for spreading dewatered sludge, and 1% for the operators of the biogas plant.

2.3.2 Added-Value Generation and Distribution

The total estimated added-value from wastewater treatment, crop production, and bio-
energy generation in the Braunschweig scheme was V8.2 million in 2012 (Maaß and
Grundmann, 2016). The value chains of wastewater treatment and reuse accounted for the
greatest part of the added-value (53%). Food crop production in the association territory
accounted for 28%, energy crop production (maize and rye) for 10%, and bioenergy
production for 9% of the total added-value.

Maaß and Grundmann (2016) showed that the linkage of wastewater treatment and
crop production resulted in a 50% increase of the added-value generated from crop pro-
duction in the study area in 2012. The increase of the added-value is the result of con-
necting material flows of the value chains of wastewater treatment and crop production.

In addition to the equity providers, who participate in the different value chains,
creditors, employees, and also the state obtain a share of the added-value in the form of
interest payments, net wage payments and taxes, fees, and social contributions. Among
stakeholders, the largest share of the added-value was captured by equity providers,
including the operators of the biogas plant and farmers, who received altogether
V2.7 million (or 33%) of the total added-value in terms of after-tax profits. Employees
obtained V2.0 million (25%) in net wages. Creditors received V1.8 million (22%) in in-
terest payments and the state received V1.6 million (20%) in taxes, fees, and social con-
tributions of employers and employees (Maaß and Grundmann, 2016).

According to Maaß and Grundmann (2016) the amount of the added-value that
remained in the communities in which the Abwasserverband Braunschweig is active (ie,
the added-value benefiting the local economy) was 77% of the total added-value generated
in the value chains composing the wastewater reuse scheme in 2012. The most important
contribution to the added-value for the local economy comes from after-tax profits of
equity providers (43%), followed by net wages of employees (33%), and interest payments
to creditors (23%). About 95% of these remunerations remain in the local economy. In
contrast, about 96% of the remunerations received by the state in the form of taxes, fees,
and social contributions do not remain in the local economy.

2.3.3 Crowding Out Effects in Crop Production

Crowding out effects (resulting from the displacement of economic activities because of
the reuse of wastewater) had an impact on the added-value from crop production mainly
because of reduced on-farm labor inputs related to the irrigation and fertilization activities,
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which in turn decreased the wage payments to employees in agriculture and social con-
tributions to the state (Maaß and Grundmann, 2016). Similarly, the reduction of capital use
by farmers led to a decrease of interest payments received by creditors. The revenues of
equity providers for feedstock for biogas production (ie, maize farmers) were reduced as
well, because of the difference in the price paid by the association and the price on
the region’s market. Finally, the use of wastewater instead of groundwater decreased the
farmer’s payments of fees to the state for the extraction of groundwater. However, this
effect was partially counteracted by the fees paid by the association for additionally using
groundwater for irrigation at peak times (Maaß and Grundmann, 2016).

The crowding out effects and the benefits may have significant impacts on the distri-
bution of the added-value from crop production among the stakeholders, as shown by
Maaß and Grundmann (2016). Compared with the use of groundwater for irrigation, the
remunerations of the creditors were reported to be 80% lower and the remunerations of the
employees 33% lower when using wastewater for irrigation. Nevertheless, the re-
munerations of the equity providers (ie, farmers) were 88% higher. The authors attribute
this net effect to the overall savings in food and energy crop production, which offset the
partial decrease in the revenues of maize producers. The total remunerations of the state
are reported to be 27% higher than in the case with groundwater use, mainly because of
higher income tax payments by farmers resulting from profitability increases in crop
production. This tax payment increase exceeds the decrease in social contributions of
employers and employees and the reduction in groundwater extraction fee payments.

3. LESSONS LEARNED

The presented case study informs about economic impacts of agricultural wastewater
reuse for local economic development. In general, the described reuse scheme guarantees
the productivity of crop production despite the climatic water deficit in the area. In
particular, the farmers benefit from the supply of inputs and services, such as the irri-
gation infrastructure and machines, as well as the nutrient-rich irrigation water and
sludge. Furthermore, the reuse scheme provides an opportunity for the participating
farmers to diversify their cropping practices, for example, by cultivating energy crops.
Energy crop producers benefit further from business relations with the association that
serves as a local buyer of their energy crops and also provides some agricultural services
such as the harvest of energy maize. This way, the reuse scheme is advantageous for the
development of bioenergy activities, which benefit from the local supply of energy crops.
The operators of the wastewater treatment plant benefit from the farmers as customers of
the wastewater and sludge, which otherwise would have to be further treated and
disposed of without any subsequent reuse activities. The general population and com-
munities benefit from the reuse scheme, as it provides clean water as well as electricity
and heat from renewable energy at competitive costs (Maaß and Grundmann, 2016).

However, the wastewater reuse scheme in Braunschweig also imposes constraints on the
actions of the involved actors, discourages them from engaging in certain economic
activities (log-out effects), or makes them remain in less rewarding business activities
(log-in effects) (Maaß and Grundmann, 2016). Member farmers of the Abwasserverband
Braunschweig face restrictions regarding their choice of cultivation crops, which particu-
larly prevents them from growing crops that are primarily consumed without previous
processing. The wastewater association is allowed to prescribe crops and crop rotations to
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be cultivated if the cultivation plans of the member farmers do not guarantee a year-round
acceptance of the wastewater and the nutrients contained in it. Because of the limitations for
food crop production, farmers may miss the opportunity to achieve higher profits from
producing high-value fruits and vegetables. Single farmers reported that in the case of
Braunschweig, single producers of sugar beets and potatoes occasionally had to deal with
problems when marketing their products, as not all customers and wholesalers are willing to
accept products irrigated with treated wastewater and sludge. Some owners of agricultural
land within the wastewater scheme are not allowed to freely opt out from the scheme, but
need permission in case they want to leave it. Similarly, landowners are restricted from
selling their land for purposes other than for agricultural production (eg, construction
purposes). These restrictions for the landowners were implemented to ensure the size and
the coherence of the irrigation area required for the continued existence of the reuse scheme.

The added-value generated in the wastewater scheme in Braunschweig remains
mainly in the region where the wastewater association is located (Maaß and Grundmann,
2016). This coincides with findings from other authors who stated that local production,
consumption, and disposal of goods and services are conducive to increasing the
regional share of added-value (Bentzen et al., 1997; Hoffmann, 2009; Kimmich and
Grundmann, 2008; Kosfeld and Gückelhorn, 2012; Marcouiller et al., 1996). The case of
the wastewater reuse scheme in Braunschweig is particularly interesting, as the con-
version of waste products from wastewater treatment into usable inputs for agriculture
results in additional added-value that promotes the emergence of circular economies
(Maaß and Grundmann, 2016), that are, economies based on local substances flow
circulation for drawing added-value from restoring and reusing, repairing, refurbishing,
and recycling existing materials and products (Bicket et al., 2014). Furthermore, the
example shows how agricultural reuse of wastewater and sludge can replace ground-
water and mineral fertilizers and therefore reduce the consumption of limited natural
resources as well as the outflow of capital from communities and regions.

In the case of the wastewater scheme in Braunschweig, the operators of the waste-
water treatment plant and farmers developed a variety of long-term commercial re-
lationships with local suppliers, service providers, and traders. This has fostered
economic development of upstream suppliers and thus may create additional added-value
for the local economy. Furthermore, if spent in the locality, the additional income of the
stakeholders can stimulate additional demand, which in turn can spur further local
production. These examples constitute the so-called induced or multiplier effects. They
may continue and contribute to a further increase in the added-value for local economies
(Kosfeld and Gückelhorn, 2012).

Crowding out effects and changes in the distribution of the added-value among actors
engaged in the wastewater scheme may also play an important role in gaining acceptance
for wastewater reuse in agriculture. In the case of Braunschweig, some stakeholders
experienced losses of added-value, for instance, farm employees in the value chains of
crop production. However, the overall added-value gains in crop production outweighed
these crowding out effects, ie, the net impact on the added-value was positive (Maaß and
Grundmann, 2016). In addition, irrigation activities and other services generated extra
payments of interests and wages in the value chains of wastewater treatment. In fact,
Maaß and Grundmann (2016) found two major strengths of the wastewater reuse scheme
in Braunschweig: (1) all involved actors have a financial benefit from their engagement in
the scheme, and (2) the total share of the single stakeholders in the total added-value from
the reuse scheme is distributed rather evenly. This is believed to have contributed to a
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general support and positive development of the wastewater reuse scheme in
Braunschweig.

3.1 Opportunities for Optimization

Currently, the wastewater association in Braunschweig intends to enlarge the agricultural
fields in the irrigation area to make possible the use of larger machinery and thereby increase
the efficiency of technology and reduce operation costs (Abwasserverband Braunschweig,
2015).

Furthermore, the association is evaluating the feasibility of replacing short rotation
coppices for protective hedges used to prevent wind erosion. Those measures are un-
dertaken with the aim of gaining experience in cultivating short rotation coppices rather
than to use biomass for energy production (Abwasserverband Braunschweig, 2015). As
the maintenance of protective hedges is rather costly, the use of short rotation coppices
instead of protective hedges may provide a future opportunity to save costs and gain
additional revenues for financing costs of the reuse scheme.

Concerning irrigation practices, the crop production in the study may be enhanced by
more needs-oriented irrigation practices including more frequent irrigation, but with
fewer doses of water. However, because of awareness of the limited amount of waste-
water available for irrigation at peak times and the corresponding increase in irrigation
costs, the majority of farmers do not insist on changing present irrigation practices
(Abwasserverband Braunschweig, 2015).

3.2 Future Challenges

Currently, the association copes with the possible changes in the institutional regulation of
agricultural wastewater and sludge utilization (Abwasserverband Braunschweig, 2015). In
particular, the possible new regulations of the planned amendment of the German Fertilizer
Ordinance would challenge farmers in the association area.

The amendment of the Fertilizer Ordinance includes, among other new regulations,
the creation of nutrient balances for nitrogen (N) and phosphorus (P) applications. These
balances should prove that the nutrients supplied by fertilization correspond to the
general nutrient requirements for crops and soils. The nitrogen contained in organic
fertilizer (eg, sludge) is primarily bonded in the organic matter and therefore may not be
accountable for fertilization. Since nutrient comparisons for nitrogen are based on the
total level of N, farmers will face the problem of which proportions of nitrogen are
accountable for plant nutrition and how to assess the necessarily arising excess amount of
the total N fertilizer.

These issues also apply to irrigation of wastewater and sludge, as the organic bonded
nitrogen contained in the sludge component will have to be fully included in the balance,
although it is initially not fully available to plants. Accordingly, farmers have to replace
the bounded organic nitrogen with mineral fertilizers to meet the nutrient requirements of
the crops. The planned ceilings for spreading organic nitrogen with a limited permitted
amount of excess N pose a serious challenge to farmers in the association area, since the
supply of organic N through irrigation of wastewater and sludge is already high
(Abwasserverband Braunschweig, 2015).

Further restrictions could arise from the planned expansion of the lock-up periods for
fertilization. In case of longer lock-up periods, the association would have to significantly
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reduce the co-irrigation of sewage sludge as well as spreading dewatered sludge
(Abwasserverband Braunschweig, 2015).

The Abwasserverband Braunschweig may even have to withdraw from reusing sludge
in agriculture and seek alternative ways for sludge disposal in case the practice is pro-
hibited in Germany in the future. The effects of a possible change in the legal framework
for agricultural sludge utilization will significantly impact the future structure of the reuse
scheme. On the one hand, a more restrictive regulation of agricultural sludge use would
increase the necessity of dewatering and disposing larger sludge quantities via incineration.
On the other hand, farmers could not make use of the nutrients contained in sludge and
would have to replace the nutrients with imported mineral fertilizers. This will result in a
decrease in benefits currently resulting from the reuse scheme as well as an increase in
costs related to wastewater treatment, sludge disposal, and fertilization (Maaß and
Grundmann, 2016).

3.3 Adaptation Strategies

To ensure the persistence of the reuse scheme and in preparation for possible future
restrictions on agricultural sludge application, the association has considered and tested
various adaptation strategies.

According to the ambitions of the German federal government to recover nutrients from
sludge ashes, the produced sludge would need to be incinerated in mono-burning plants, in
case of thermal sludge disposal. Since mono-burning plants have not been implemented in
the study region yet, the association would need to seek cooperating partners to jointly build
a mono-burning plant in the first place.

The strategies of the association to compensate farmers for the nutrients contained
in sludge include stripping of ammonia for nitrogen recovery and precipitation of
magnesium ammonium phosphate (struvite) from sludge liquors for phosphorus recovery
(Abwasserverband Braunschweig, 2015). However, the nutrient quantities recovered by
these techniques would not be sufficient to meet the full fertilization needs of the crops
cultivated in the association area. Therefore techniques combinable with thermal sludge
disposal options, enabling higher recovery rates (eg, through nutrient recovery from
sludge ashes), may be more suitable for compensating crop producers for the missed
nutrients supplied by agricultural sludge use.

In the case of a legal withdrawal from the agricultural sludge application and the
resulting prohibition of co-irrigating sewage sludge with wastewater, the association
may have an opportunity to apply other irrigation techniques such as linear or circle
irrigation systems. These techniques have not been implemented so far because of
technical problems related to the sludge component of the effluentesludge mixture
(Abwasserverband Braunschweig, 2015).

To increase the planning security for the development and implementation of such
adaptation strategies, precise statements of the legislators about future regulations of
agricultural wastewater and sludge utilization are imperative.

4. SUMMARY AND OUTLOOK

The reuse of treated wastewater and sludge in agriculture may be conducive to the
development of regional value chains for providing water, crops, and bioenergy. Waste-
water reuse in the analyzed case of Braunschweig in Germany brings about cost savings,
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a higher added-value from crop production, and a high share of added-value for the local
economy (Maaß and Grundmann, 2016). In the value chain of wastewater treatment, the
reuse of wastewater and sludge serves as a final treatment step and reduces the costs of
wastewater treatment and sludge disposal. In the value chain of crop production, it reduces
the costs of irrigation and fertilization (Maaß and Grundmann, 2016). Since it provides
water from an alternative resource and a substitute for mineral fertilizers, it may also
lessen the dependency of crop production on natural freshwater resources and mineral
fertilizers in arid and nutrient-poor areas. In sum, agricultural reuse of wastewater and
sludge can contribute to developing economic and substance cycles, thus enhancing
competitiveness of regions and meeting the demands for a more sustainable use of limited
resources (Maaß and Grundmann, 2016). However, agricultural reuse of wastewater and
sludge also entails restrictions for economic activities and leads to crowding out effects
and changes in the distribution of the added-value along the value chains (Maaß and
Grundmann, 2016).

To compensate actors for possible disadvantages and limitations, complementary
alternative economic opportunities, which increase their scope of possibilities, are
important to allow actors to make up for missed economic potential and create acceptance
for wastewater use (Maaß and Grundmann, 2016). In case of legal restrictions for food
crop production as in the Braunschweig scheme, these opportunities can consist of
combining wastewater reuse with bioenergy production. Besides the economic benefits
for cities, operators of wastewater treatment facilities and farmers, acceptance of the
buyers and consumers of agricultural products irrigated with wastewater is of equal
importance. As buyers and consumers might reject purchasing crops irrigated with
wastewater, it is vital to assure them that high-quality standards have been met, for
example, through certification proofs. Furthermore, economic impacts and multiplier
effects of agricultural reuse schemes for local economies can be enhanced by involving
local-based employees, creditors, and suppliers, and by promoting the associated value
chains (Maaß and Grundmann, 2016).

The future of the wastewater reuse scheme in Braunschweig in its present form
depends highly on possible changes in the institutional regulation of agricultural sludge
utilization as well as its capacity to secure benefits and ensure the safeguards provided by
the wastewater reuse scheme. In case of potential future legal restrictions on agricultural
sludge use, thermal options for the disposal of sludge may become necessary, which
would require additional investments and operating costs for wastewater treatment. At
the same time, farmers will need to substitute the nutrients supplied with sludge by
acquiring mineral fertilizers from the market. This may significantly reduce the benefits
of the reuse scheme, since the operators of the wastewater treatment plant and the
farmers mainly take advantage of the cost savings in sludge disposal and fertilization
(Maaß and Grundmann, 2016). In addition, higher application rates of commercial
mineral fertilizers will likely increase the outflow of capital from the locality (region)
and decrease the share of the added-value for the local economy.
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Hamilton, J.R., Whittlesey, N.K., Robison, M.H., Ellis, J., 1991. Economic impacts, value added, and benefits in

regional project analysis. American Journal of Agricultural Economics 73 (2), 334e344.

Hartmann, A., Klein, D., Dockhorn, T., Dichtl, N., Sardet, C., Teiser, B., 2010. Long-term experience with water

reuse in Braunschweig: Prospects and Risks. 15. Internationales Symposium Wasser, Abwasser, Abfall, Energie

auf der IFAT ENTSORGA, 13e16. September 2010, Munich, Germany.

Hoffmann, D., 2009. Creation of regional added value by regional bioenergy resources. Renewable and Sustainable

Energy Reviews 13 (24), 19e29.

Khan, S., Cao, Q., Zheng, Y.M., Huang, Y.Z., Zhu, Y.G., 2008. Health risks of heavy metals in contaminated soils

and food crops irrigated with wastewater in Beijing, China. Environmental Pollution 152, 686e692.

Kimmich, C., Grundmann, P., 2008. Regional governance and economic impacts of decentral bioenergy value

chains e the case of the bioenergy village Mauenheim. In: Schnitzer, H., Ulgiati, S. (Eds.), Proceedings of the

6th Biennial International Workshop Advances in Energy Studies: Towards a Holistic Approach Based on

Science and Humanity. TU-Graz, Graz, pp. 564e573.
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LWKH, 2000. Gutachten zur Überprüfung der Tragbaren Belastung der landwirtschaftlichen Mitglieder des

Abwasserverbandes Braunschweig. Landwirtschaftskammer Hannover, Hannover.

Maaß, O., Grundmann, P., 2016. Added-value from linking the value chains of wastewater treatment, crop pro-

duction and bioenergy production: a case study on reusing wastewater and sludge in crop production in

Braunschweig (Germany). Resources, Conservation and Recycling 107, 195e211.

Maaß, O., Grundmann, P., von Bock, Polach, C., 2014. Added-value from innovative value chains by establishing

nutrient cycles via struvite. Resources, Conservation and Recycling 87, 126e136.

Mapanda, F., Mangwayana, E.N., Nyamangara, J., Giller, K.E., 2005. The effect of long-term irrigation using

wastewater on heavy metal contents of soils under vegetables in Harare, Zimbabwe. Agriculture, Ecosystems

and Environment 107, 151e165.

Marcouiller, D.W., Schreiner, D.F., Lewis, D.K., 1996. The impact of forest land use on regional value added.

Review of Regional Studies 26 (2), 211e233.

Muyen, Z., Moore, G.A., Wrigley, R.J., 2011. Soil salinity and sodicity effects of wastewater irrigation in South East

Australia. Agricultural Water Management 99, 33e41.

364 Competition for Water Resources

http://www.ieep.eu/assets/1410/Circular_economy_scoping_study_-_Final_report.pdf
http://www.ieep.eu/assets/1410/Circular_economy_scoping_study_-_Final_report.pdf


Pedersen, J.A., Soliman, M., Suffet, I.H., 2005. Human pharmaceuticals, hormones, and personal care product in-

gredients in runoff from agricultural fields irrigated with treated wastewater. Journal of Agricultural and Food

Chemistry 53, 1625e1632.
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Chapter 3.2.2

Avoiding Floods in Spring and
Droughts in SummereWater
Regulation Strategies in
Germany and Poland

C. Schleyer
Alpen-Adria University Klagenfurt, Vienna, Austria

1. INTRODUCTION

In many regions with naturally high water tables, various forms of drainage or reclamation
infrastructure have been applied to provide water tables that allow for (efficient) agricul-
tural land use. These reclamation infrastructures are hydromelioration systems that usually
consist of networks of canals, ditches, and subsurface tiles that collect, transport, and
dispose of gravitational water from soil. This agricultural land drainage eliminates or
mitigates adverse effects of excess soil moisture on crops and cropping operations. Thus
crop yields are usually higher, and costs and risks of farm management on drained soils are
reduced (Spaling and Smit, 1995). In many reclaimed areas, agricultural land use had not
been possible before the construction of the drainage works. Further, these systems of
tertiary (very small), secondary (small), and primary (large) arterial drains are often
equipped with weirs and pumping stations that enable irrigation by flood and even by
infiltration. With these facilities, the water table can be regulated, excessive water runoff
can be avoided, and the risk of droughts in summer can be reduced.

In many reclaimed areas, however, the long-standing and intensive arable farming of
the drained land has led to an increasing, nearly irreversible degradation of soil (eg, bog
subsidence). Soils run dry during arid periods, losing more and more fertile soil and
organic matter because of wind erosion. Thus in the medium or long run, continued
intensive drainage and arable farming are likely to make agricultural land use impossible.
In addition, degradation combined with soil compaction from the use of heavy machinery
has often resulted in the soil’s almost complete inability to hold water. Thus a high level of
water runoff will be experienced if not held in check by well-functioning and coordinated
weirs (AVP, 1998).

However, drastic political, economic, and administrative changes after the breakdown
of the socialist regimes in many Central and East European countries and other transition
countries in 1990 have made such a sustainable governance of reclamation systems even
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more difficult. More precisely, changes in effective property rights on land and recla-
mation infrastructure, a complete restructuring of water administrations, and the emer-
gence of increasingly heterogeneous stakeholder objectives with respect to water
management and land use have often worsened the situation and even added new prob-
lems. The visible consequences are droughts in the summer and waterlogged plots in the
spring caused by neglecting the cleaning and maintenance of open or subsurface ditches
and/or by dilapidated water management facilities operating in an uncoordinated or even
unauthorized way.

This chapter aims to explore approaches to manage water and water (reclamation)
infrastructure in two reclaimed agricultural areas in the transition countries of East Germany
(Schraden) and northwest Poland (Pyrzyce). In particular, the role of institutional and
organizational changes as well as of changes in stakeholder interests in managing water
tables in space and time will be examined.

The chapter is based on an empirical material collected in: (1) the German Federal
State of Brandenburg, in particular in the Schraden region, a fenland area in the south of
this federal state, and (2) the Voivodship Zachodniopomorskie in northwest Poland, largely
in the Powiat (district) Pyrzyce (Fig. 1). In the Schraden region, 12 qualitative, semi-
structured interviews were conducted between July 2000 and February 2002. The 14 in-
terviews in the Pyrzyce region took place between March 2005 and February 2006. In both
regions, farmers, local environmentalists, and representatives of the agricultural, envi-
ronmental, and reclamation administration at all subnational administrative levels as well
as of the regional and local water associations were interviewed. Moreover, available
planning materials, regional statistics, legal documents, and other (local) information
available for both regions were consulted (Schleyer, 2012).

The chapter proceeds as follows: in Section 2, conceptual issues related to recla-
mation systems and reclamation infrastructure in particular are presented with a focus on
issues of property rights and governance. In Sections 3 and 4, the German and Polish case
studies are presented. Here the development and current state of reclamation systems,
including the respective ecosystems and reclamation infrastructures, are introduced as
well land use, stakeholder objectives, the distribution of property rights, and governance
structures in place. A thorough explanation of those concepts further allows us to discuss
critical issues potentially hindering a sustainable water management in the analyzed
reclaimed areas. In Section 5, some conclusions are drawn.

2. RECLAMATION SYSTEMS: PROPERTY RIGHTS AND
GOVERNANCE CHALLENGES

In this contribution, reclamation infrastructures are conceived as typical examples of rural
infrastructures that provide various forms of public goods (Ostrom et al., 1993). Similarly,
as flood protection measures, reclamation infrastructure also provides more spatially
restricted (ie, local) public goods: “appropriate” levels of soil moisture and water tables
conducive for agricultural land use. Farmers outside the reclaimed area are excluded from
this local public good. Access to the benefits of the reclamation system is only possible if a
farmer has, at least, use rights on the land within the reclaimed area. In turn, it is much
more difficult, and often technically not feasible, to exclude farmers within the reclaimed
area. Thus reclamation systems share the attribute of nonexcludability with many other
physical rural infrastructures, such as irrigation systems and roads. Unlike the latter
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examples, however, consumption by one farmer of the flow of services provided by the
reclamation system usually does not subtract from the flow of services available to others.
However, there may be exceptional circumstances when rivalry in consumption applies.
For example, in case of heavy rain, small ditches may become “congested” and may need
some time to transport all the water away into the primary arterial drains, thus resulting in
temporary excess soil moistures. Still, even if the element of scarcity is largely “missing,”
since exclusion is difficult, farmers may have incentives to free-ride, which can lead to

FIGURE 1 Map of research regions. Martin Mantel, Map © OpenStreetMap.
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underinvestment in the provision and maintenance of reclamation infrastructures
(Scheumann and Freisem, 2001). Because of the technical interdependence of the recla-
mation infrastructure, uncleaned, or insufficiently cleaned, segments of the network of
ditches can severely hamper water runoff for larger parts of the reclaimed area. This can
result in local spots of land with excessive soil moisture that are not restricted to the land in
the immediate vicinity of a poorly cleaned ditch.

Some form of collective action and coordination between the farmers within the
reclaimed area is necessary to ensure the provision of appropriate levels of this local public
good. Despite theoretical skepticism about the ability of self-interested individuals to
coordinate collective action for providing public goods (Olson, 1965), there is substantial
empirical evidence that various forms of local self-organized resource governance systems
are indeed able to reduce the probability of free-riding and to manage common resources
sustainably (Ostrom, 1990). Indeed, there is a plethora of studies focusing on collective
action within commonly managed irrigation systems as prime examples of common
property regimes and on the determinants for success or failure of locally organized
management of these systems (eg, Ostrom, 1992; Vermillion, 1999; Wade, 1988). How-
ever, there is a comparatively small body of research addressing collective action and
property regimes within reclamation or drainage systems (eg, Scheumann and Freisem,
2001; Pant, 2002).

In this chapter, an institutional economics perspective is taken to analyze the de-
terminants of water regulation in reclaimed areas. In most reclaimed areas, rights and
duties related to the various system components are, to a varying degree, assigned to
social actors like farmers, municipalities, regional and national state authorities, and
water (user) associations. For example, in many reclaimed fenland areas, secondary
ditches and weirs are the private property of the owners of the bordering land. This
usually includes the responsibility to clean and maintain the ditches and to maintain and
operate the weirs. Furthermore, farmers may own the reclaimed land privately; yet, often
other actors lease it out to them. In turn, primary ditches and canals as well as the
respective large weirs and pumping stations are often owned by the state, covering all
related costs for cleaning, maintaining, and operating. Indeed, state ownership of primary
canals and pumping stations within reclamation systems is rather common. It is often
motivated by the fact that agricultural land drainage also contributes to flood protection of
towns, villages and traffic infrastructure in the region; a task usually assigned to the state
(Schleyer, 2004).

Suitable governance structures, that is, organizational solutions or coordination
mechanisms, are necessary to make property rights effective, since individual land users
within a reclaimed area may be tempted to neglect their duties to avoid the costs involved.
Similarly, to some extent, neighboring farmers may be deprived of their benefits from the
reclamation infrastructure if some farmers free-ride and do not stand up for their duties.
Thus the suitability of the governance structures in place to guarantee the rights and duties
of the various actors influences the likelihood both that an individual actor can actually
realize the system’s benefits and that they will be sanctioned for neglecting related duties.
Overall, the distribution of de facto property rights on any components of the reclamation
system and (the ability of) the governance structures in place to enforce the related rights
and duties (de)motivate the economic decisions of individual actors to engage in collective
action. This is because they determine the, admittedly subjective, actors’ expectations
about the actual costs and benefits of their decisions.
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3. CASE STUDY SCHRADEN (GERMANY)1

3.1 Ecosystem, Reclamation System, Land Use, and Stakeholders

The Schraden fenland is a 15-kilometer-long section of the moderately sloped Breslau-
Magdeburg glacial valley located 89 m above sea level in the west and rising to 94 m
above sea level in the east; it covers approximately 11,400 ha. The first reclamation
measures in this former wetland were carried out in the 14th century and consisted of small
ditches equipped with weirs. Reclamation activities intensified in the second half of the
19th century, mainly for the extension of grassland farming in an area that was still
dominated by inaccessible alder forests and swamps. Furthermore, it was intended to
reduce the often-disastrous effects of seasonal floods on the villages and towns in the
region, and to minimize health risks associated with extensive swamps, such as malaria.
Hence, the major watercourses were straightened and diked, small water arms were back-
filled, and extensive drainage works (ditches) were built. In the 1960s and 1970s, recla-
mation measures reached their peak in the German Democratic Republic (GDR) (Könker,
1993). Large drainage systemsdmostly open ditches up to 3 m below ground, but also
various forms of subsurface tilesdwere installed to lower the groundwater table. This
system of ditches and channels was also equipped with weirs and pumping stations to
enable irrigation by flood and even by infiltration, if necessary. By 1997, there were 330
ditches and small channels totaling approximately 300 km in length and equipped with
about 170 weirs, which were able to regulate the water table within the entire Schraden. By
1997, as much as 88% of the area was used as agricultural land, 78% of which was used for
arable farming. Forests covered only about 3% of the total area (AVP, 1998, p. 33ff).

However, water management facilities in the Schraden are often degraded and operate
in an uncoordinated way. Out of 108 weirs examined more closely in 1998, 42 were found
to be out of order (AVP, 1998, appendix 10). The significance of this fact becomes apparent
when one considers that the climatological water balance in the Schraden is negative
(Landgraf, 2001) and the average annual rainfall is fairly low (573e631 mm from 1951
until 1980) (AVP, 1998, p. 20). As a consequence, plots with a relatively low (natural)
groundwater table frequently suffer from drought periods in the summer, resulting not only
in negative income effects for farmers, but also in negative environmental effects for the
plants and animals that depend on a particular groundwater level. Since 1990, water-
intensive crops such as potatoes have become increasingly replaced by maize and rape-
seed as well as rye and barley (Hanspach and Kibro, 2001). The reclamation infrastructure
that was installed in the Schraden was designed to cover the entire area and to meet the
needs of large agricultural firms farming very large plots. The relatively low number of
weirs compared with the total length of ditches indicates that there was no need to regulate
the water table for small plots. Indeed, there were only four large agricultural cooperatives
farming agricultural land in the Schraden by 1976 (Hanspach and Kibro, 2001).

After 1990, however, the interests of farmers, environmentalists, and other actors with
respect to water management became significantly more diverse. First, the respective re-
quirements primarily concerning the groundwater table of the newly restructured and
reorganized agricultural firms have become quite heterogeneous and now greatly depend
on farm size and location (eg, upstream or downstream), crop structure, and economic
performance. Apart from a few part-time farmers with small plots, there are 13 different

1. Parts of this section are based on Schleyer (2004).
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agricultural enterprises (one of which is a tree nursery) with various legal forms and
ownership structures predominantly farming on leased land (AVP, 1998, p. 78; Hanspach
and Kibro, 2001). Here farm size varies between 320 and 1870 ha (AVP, 1998, p. 102).

Second, interests regarding nature conservation have become much more prominent
since 1990. These interests are predominantly represented by the respective environmental
administrations, such as the Brandenburg Environmental Agency at the federal state level
and the Lower Environmental Agency at the district level. Nongovernmental environ-
mental associations, however, are still of lesser importance at the regional or local level.
Nevertheless, it became clear during the interviews that these environmental interests are
not homogeneous. Some environmentalists aim at bringing the degradation of the fenland
to a halt or even to reverse the process by sustaining very high groundwater tables all year
round. In contrast, other environmentalists might want to preserve the species and habitats
typical for extensively used (wet) grassland with a comparatively high groundwater table
during the winter, but would accept only moderately high water levels during the summer,
thus allowing for extensive grassland farming. Hence the interests of farmers and envi-
ronmentalists are not necessarily diametrically opposed, but conflicts in resource use do
persist.

Other interest groups/sectors, such as forestry, industry, housing, construction, and
transportation services, also demand “safe” groundwater tables to avoid flooding and other
damages. Operators of gravel pits in this region, for example, require sufficient flood
protection to make opencast mining possible. Yet, they also need a sufficiently high
groundwater table to use floating excavators. In contrast, private and professional fishers
prefer high water tables all year round. Thus agriculture and nature conservation are not the
only divergent interests, but are clearly the dominant and most powerful ones.

3.2 Property Rights and Governance Structures

During the socialist times the formal ownership of land remained fragmenteddalmost as it
was in the 1950sdwhile the agricultural firm structure underwent immense changes
(Laschewski, 1998). As can be observed in the Schraden, these changes were often linked
to comprehensive land consolidation measures and extensive reclamation measures. In
other words, plots that have had little infrastructure were suddenly “enriched” by ditches
and weirs. These assets of the newly built reclamation systems were regarded as collective
property.

Shortly after the breakdown of the socialist regime and the subsequent reunification of
Germany in 1990, collectivized land in the Schraden was restituted to legal owners, who
received full property rights. This step revived the fragmented land ownership structure.
Most of the new/old landowners quickly leased their land to the newly restructured and
reorganized cooperatives; these are now joint stock companies, limited liability companies,
or producer cooperatives. In 1994, the Brandenburg Water Act finally replaced the GDR
Water Act, formally reorganizing responsibilities and rights for rivers, channels, and
ditches and dividing them into two categories. Only those bodies of water belonging to the
(new) first category were declared state property and thus the responsibility of the federal
state of Brandenburg. In regard to the reclamation infrastructure in the Schraden, only a
few of the former main ditches were classified as first category. The remaining infra-
structure, that is, all open waters of the second category including the weirs, was to become
legal property of the owners of the bordering properties.
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After 1990, large agricultural cooperatives at the local level disintegrated into smaller
and more focused enterprises with different legal forms and ownership structures
(Laschewski, 1998). Consequently, the reclamation cooperativesdinterfirm organiza-
tions of enterprises that began competing directly on the marketdwere soon dissolved
without substitutes. To ensure the necessary water runoff, and to avoid damage by floods
or a high groundwater table, the maintenance and cleaning duties of second category
ditches were formally assigned to regional water associations in 1995. These water as-
sociations had been established shortly after the reunification. The Water Association
Kleine Elster-Pulsnitz is responsible for the Schraden area and is supervised by the
Brandenburg Environmental Agency. Membership in the associations is compulsory for
all municipalities representing the landowners subject to property tax. The results of the
interviews with farmers confirmed that the tenants pay the membership fee as an implicit
part of the land rent. Other beneficiaries (eg, railway companies) can be voluntary
members.

3.3 Critical Issues of Sustainable Water Management

In this section, some critical aspects are briefly presented that make sustainable water
management in this reclamation system difficult, and sometimes even impossible.

3.3.1 Land Fragmentation and Leasehold

After the restitution of land in the Schraden, the majority of owners decided to lease their
land to the new agricultural enterprises instead of starting their own farming business or
using the land for other purposes. According to the statements of interviewed tenants, most
landowners do not know about the reclamation works on their land or are not aware of the
related (legal) rights and duties. What is more, many owners no longer live in the region,
are not involved in the farming business, and own only very small plots. There are also
cases where the owners are not known, cannot be found, or ownership is legally disputed.
In all cases, however, the owner of a section of the reclamation infrastructure, such as a
weir, would have to explicitly agree to any maintenance or operating measures to be
carried out. Otherwise the activity would be regarded as illegal. Yet, since recently most
new or renewed lease contracts contain a clause transferring all rights and duties related to
the reclamation works to the tenant for the time of the lease. Importantly, since 2004 the
regional water association has also the legal right to maintain and operate at least those
weirs on second-order ditches that are crucial for regulating the landscape water regime.

3.3.2 Financial Limitations

Like other water associations in the federal state of Brandenburg, the activities of the
regional Water Association Kleine Elster-Pulsnitz are financed solely by membership
fees, as there are no regular subsidies from the state. In the interviews conducted, rep-
resentatives of the Water Association stated that the available funds are only sufficient
for the compulsory tasks of maintaining and cleaning ditches. Noncompulsory measures,
such as maintaining or operating weirs, are only carried out occasionally and if auxiliary
funds are available. Means to mitigate the problem include state support programs, which
can be used for project-related maintenance tasks but not for basic operating costs. Some
programs, however, require water associations to match this funding with up to 50% of
their own funds. Thus scarce capital resources of water associations are yet again
limiting their activities to maintain weirs.
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3.3.3 Solidarity Principle

Another way to ease water associations’ financial limitations would be to increase mem-
bership fees to make weir maintenance financially “profitable” as well. Interviews, how-
ever, indicate that contributors perceive the membership fees as too high for the region, and
that they would veto a further increase. This is especially true since membership fees do
not correspond to the actual distribution of benefits from the association’s activities. While
the Federal Water Associations Act allows for a differentiation that would better reflect
the actual distribution of reclamation benefits, a solidarity principle was adopted for the
Brandenburg Water Act that allows for the membership fees only to be proportionate to the
land size.

3.3.4 Complete Restructuring

In 1994, the Brandenburg Water Act established a new administrative structure for water
management and planning, which follows the example of the former West German states
and emphasizes self-government at the communal level. In interviews with represen-
tatives from the Lower Water Agency in the Elbe-Elster district, restructuring was
described as a drastic, complete, and bumpy process. Almost all relations among the
various levels of the newly established water authorities had to be rebuilt from scratch.
This process has not been completed yet and communication is still limited among
the authorities to the absolute minimum. Interviewees described the process of long-
standing and new civil servants acquiring competency with newly established laws
and rules and exploring new space for maneuvering as time and energy consuming.
The same is true for the relations among the water authorities and water users, water
associations, interest groups, other administrative agencies, the municipalities, and the
general public.

3.3.5 Transboundary Interrelations

The problems connected with the administrative restructuring were certainly made worse
by the fact that this restructuring followed completely new political and administrative
borders. What is more, one might suspect that this impedes or even hinders efficient and
coordinated handling of a complex, transboundary biophysical system like a landscape
water regime. However, one should not underestimate the implications of introducing or
strengthening river basin management for existing institutional configurations
and organizational structures. In fact, the water regime of the Schraden is greatly
determined by the water inflow from the neighboring district of Oberspreewald-Lausitz
as well as from the federal state of Saxony. Interviews with the Lower Water Agency,
however, revealed that there are almost no joint activities, informational exchanges, or
coordination meetings among the respective water authorities.

3.3.6 Organizational Subordination

The Lower Water Authority operates at the district level. Hence nearly all decisions related
to water management are made from the viewpoint of the district as a whole. In other
words, decision-making power is with the (political) head of the district administration.
The Lower Water Agency, which is responsible for the practical work and professional
input, is organizationally subordinate to the district’s Lower Environmental Agency, which
is in turn subordinate to the district’s Department of Economics and Environment. With
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regard to statements made by the Lower Water Agency, this organizational structure is
somewhat delicate in its conduciveness to executive decisions that are politically oppor-
tunistic rather than purely professional. This is also true in the choice of key issues such as
improving the public wastewater disposal system and ensuring the public water supply that
were perceived as being more urgent, thus largely reflecting political priorities.

3.4 Federal State of Brandenburg Program to Improve
Landscape Water Regime

Problems caused by the already negative water balance in Brandenburg are exacerbated by
climate change, including a series of extreme droughts in 2003, 2006, and 2008 that led to
high income losses for farmers and negative effects on flora and fauna. Moreover, pre-
dictions for climate change in Brandenburg are even more sobering: more rainfall in
winter, but less in summer; more high-precipitation events; increasing temperatures
leading to higher evapotranspiration and reduced rate of groundwater recharge (�40%).
Anticipating these developments, the federal state of Brandenburg initiated a program to
increase landscape water retention in 2002. It was cofinanced by the European Union and
the measures were carried out by the regional water associations. Between 2002 and 2006
about 350 projects were implemented (c. V70 million), while the total number of realized
projects increased to 580 projects by 2010. Most of these projects were focused on
technical measures like repairing or installing weirs or building rock ramps. Institutional
deficits like the coordination of operating the weirs, however, were not addressed; and
only 3% of the funds were directed to improvement of the monitoring system for
groundwater tables, which is an important determinant of sustainable water management
(Jörns et al., 2010).

4. CASE STUDY PYRZYCE (POLAND)2

4.1 Ecosystem, Reclamation Systems, Land Use, and Stakeholders

Pyrzyce is a flat agricultural region with a large number of small lakes, ponds, and rivers. It
covers 726 km2 and is situated about 50 km southeast of Szczecin, the main city in the
most northwestern Polish Voivodship Zachodniopomorskie. Compared with other Polish
Powiats (districts), the region is sparsely populated [57 inhabitants per km2 in Pyrzyce vs.
124 on average in Poland (SOS, 2001)].

Before the beginning of the political and economic transition period after the collapse
of the socialist regime, around 1990, state-owned agricultural firms (PGRs) were farming
about 52% (30,000 ha) of agricultural land in the region; the rest (about 27,000 ha) was
used by a very high number (c. 2000) of small family farms. In the PGRs, intensive
livestock production (pigs and cattle) was the dominant form of agricultural production.
Here the agricultural land was mainly used for intensive grassland farming and for growing
maize, cereals, and sugar beet to ensure a sufficient supply of animal fodder. However,
mixed farming (crops and livestock) was also characteristic for the family farms in the
region. Soil quality in the Powiat Pyrzyce can be classified as good to very good.

2. Parts of this section are based on Schleyer (2009).

374 Competition for Water Resources



Reclamation activities in Pyrzyce started as early as in 1300. Under the reign of
Friedrich the Great, drainage activities were intensified during the 17th/18th centuries
by building many of today’s primary canals and ditches. During socialist times, in
particular since the 1960s, the network of secondary ditches and subsurface tiles was
extended greatly. Reclamation infrastructures were built predominantly on state-owned
land farmed by the PGRs, yet not exclusively so. About 90% of the land farmed by the
PGRs was reclaimed, while this was only the case for about 50% of the land farmed
by family farms. By 1990, there were about 900 km of canals, ditches, and subsurface
tiles (of which 600 km were secondary ditches and subsurface tiles) that drained
an area of about 30,000 ha of agricultural land; of which 20,000 ha were arable
lands. This system of canals and ditches was also equipped with many weirs and
nine pumping stations to enable irrigation by flood and even by infiltration, if
necessary.

4.2 Property Rights and Governance Structures

Secondary ditches, subsurface tiles, and weirs on family farmland were private property
of the owners of the (bordering) land, coming along with the legal responsibility to
maintain and clean ditches and subsurface tiles on a regular basis and to maintain and
operate weirs. Maintenance and cleaning of ditches and subsurface tiles is carried out to
ensure their ability to drain water by gravity flow into a natural water system outside the
reclaimed area. It usually includes an annual cut of grass, small trees, and other natural
cover at the edges of the ditches as well as removal of sludge and sediments deposited by
the water flow. To ensure the functionality of subsurface tiles it is particularly important
to clean the outflows of the tiles in the secondary ditches. Cleaning and maintenance of
secondary ditches as well as maintenance and operation of weirs at secondary ditches on
family farmland were usually carried out by specialized state-owned enterprises assigned
by the village water associations. Here farmers who were members of the respective
water associations paid small fees according to the length of ditches and subsurface tiles
on their land. This would effectively transfer their legal obligations to clean and maintain
“their” secondary ditches to the water association. Alternatively, they could opt for
carrying out the cleaning themselves under supervision of the water association, though
this was rather exceptional. In the 1980s, all village water associations in a municipality
(Gmina) merged to form larger local/Gmina water associations. Furthermore, in 1986, all
six local water associations in the region which became the Powiat Pyrzyce in 1999 were
organized under the roof of an umbrella association. Here a general manager (honorary
post), an accountant, and a small technical team were supposed to coordinate the
activities of the local water associations in the region as well as to collect the farmers’
fees.

Unlike the secondary ditches and weirs, primary canals and ditches as well as primary
weirs and pumping stations were a legal property of the state. Here building activities,
cleaning and maintenance of the ditches, and maintenance and operation of the weirs and
pumping stations were planned and organized by the respective state authorities at the
Voivodship level and the respective regional branch office. Specialized state-owned
reclamation enterprises or employees of the regional branch office carried out all these
activities.
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4.3 Critical Issues of Sustainable Water Management

Two main phases of water management can be distinguished here: (1) discontinuation of
the cleaning and maintenance activities at secondary ditches and subsurface tiles of the
local water associations in 1990; (2) revival of the local water associations and their
resumption of cleaning activities at secondary ditches and subsurface tiles from about 2002
onward.

In 1990 the local water associations in Pyrzyce largely suspended cleaning and
maintenance activities at secondary ditches and subsurface tiles. Two contextual factors
were the main driving forces in this process: First, the liberalization of agricultural markets
and the abolition of input-related subsidies, which resulted in a devalorization of regional
agricultural production and land use, and thus in the abandonment of most grassland plots.
Second, the inability of the state and communal authorities to effectively control and
facilitate the activities of the local water associations.

The liberalization of food prices (1989) and prices for goods and services (1990)
together with the abolition of input-related subsidies (1991) resulted in a systematic
decline of agricultural production in Poland and severely worsened the agricultural terms
of trade. In particular, there was a strong decline in cattle numbers and milk production,
reflecting the shrinking demand for milk products as a consequence of the declining real
incomes of major social groups in Poland and the abolition of food subsidies, which led to
higher consumer prices (Mohr, 1997; OECD, 1995). In 1990/1991, for example, private
family farms in Poland suffered an overall income loss of about 60%. However, the income
losses from agriculture were partly compensated by a higher nonagricultural income whose
share increased on average from 30% of total private farm household income in the late
1980s to over 50% in 1992 (OECD, 1995).

Despite the decline in agricultural production and the substantial income losses from
agriculture, the structure, size, and number of family farms in Pyrzyce remained rather
stable after 1990. Presently, there are more than 2200 family farms in the Powiat Pyrzyce,
of which about 22% are classified as semisubsistence and subsistence farms. Many farms
still practice mixed farming (crops and livestock), although a growing number of larger
family farms specialize in crop farming. Cereals (wheat, rye, and barley) are the dominant
crops, but triticale, potatoes, and sugar beet are also grown (Perez et al., 2005). The drastic
decline of animal production was considered by all interviewed actors in Pyrzyce as the
main reason that led to land devalorization. As a consequence, a significant share of the
grassland in the region was either turned into arable land since crop farming had become
more profitable or, more often, was simply abandoned (ie, not mowed anymore). In
particular in the latter case, drainage of these large plots of land was hardly needed
anymore. As a consequence, most farmers stopped paying their fees to the local water
associations. Some of those farmers decided to fulfill their legal duties instead by cleaning
their ditches on their own to avoid surcharges and to save costs. However, as was pointed
out by the representatives of the agricultural and reclamation administrations in the region,
these activities were carried out only occasionally and very poorly and superficially, since
farmers lacked the relevant expertise and did not use appropriate cleaning machinery.

The interviews revealed, however, that the inactivity of the local water associations in
the 1990s was only partly a result of the declining farmers’ contributions because of
changing market conditions. In 1990 the control and facilitation of the activities of the
local water associations were transferred to the Gmina administrations, which had just
become the basic units of local self-government in the context of the decentralization of the
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political and administrative structures in Poland. Yet, as was mentioned frequently by most
of the interviewed actors, control and enforcement were limited or completely absent.
Reportedly, this often resulted, among other things, in representatives of local water as-
sociations taking the family farmers’ fees, but not carrying out any cleaning or any of
sufficient quality. To some extent, this lack of effective control and support was because of
limited financial resources and a shortage of competent personnel available at the
communal level. Further, while the formal monitoring and sanctioning power now rested
with the Gmina administrations, some ambiguities remained concerning the (new) distri-
bution of, in particular financial, responsibilities for reclamation issues between Gminas,
local water associations, and the state water administration.

At the same time, there was only very limited political interest in reclamation issues, in
particular at higher governmental levels. According to the interviewed representatives of
the state water administration at the Powiat and Voivodship levels, the state budget for
maintaining and cleaning primary canals and ditches has been reduced drastically since
1990. Apart from general budget constraints on the part of the state, the reduced funding
for reclamation also reflects a more critical perspective on the environmental effects of
(excessive) drainage. Thus no new reclamation infrastructures have been built in the region
since 1990. In Pyrzyce, however, because of specific natural soil conditions, drainage
activities have not caused substantial negative environmental effects like soil degradation.
Thus many primary canals and ditches were only cleaned every third year, or even less
often than that. In 2005, for example, the budget of the regional branch of the state water
administration in Pyrzyce was only sufficient to ensure professional cleaning and main-
tenance of 4e17 km of canals, that is, only up to 6% of all primary canals in the Powiat. At
this point the representative of the regional branch of the state water administration noted
that he had always tried to ensure adequate cleaning, at least in areas that had not been
largely abandoned. By and large, however, cleaning activities on secondary ditches and
subsurface tiles became largely ineffective since the water drained from the soils could not
flow freely in the primary arterial drains. This effect was exacerbated by the almost
nonexistent communication and coordination between local water associations and the
state water administration.

The interviews highlighted another important determinant that contributed to the long
duration (over one decade) of inactivity of the local water associations. This factor relates
to a specific feature of drainage systems, that is, neglecting cleaning and maintenance
activities does not necessarily cause flooding problems in the short run. Ditches and
subsurface tiles only gradually lose their ability to transport excess water. Further, in the
case of subsurface tiles, the need for maintenance is not easy to observe at all if there are
no flooding events. Thus because of a succession of rather dry summers in the 1990s a
decreasing ability of secondary ditches to reduce soil moisture was not perceived as a
problem by most farmers. Only very few and local flooding events in the early 1990s could
be remembered by the interviewed actors.

From about 2002 onward, more and more local water associations in Pyrzyce were
revitalized and cleaning activities at secondary ditches and subsurface tiles were resumed.
To a large extent this can be attributed to developments that mitigated the contextual
factors that contributed to the poor performance of these associations during the 1990s and
that again induced a process of revalorization of land and reclamation infrastructure.

Probably, most important was the administrative reform in Poland in 1999 that
introduced Powiats or districts as intermediate units, between Gminas and Voivodships,
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of local self-government and administration. At the same time, the number of Voivodships
in the country was reduced from 49 to 16. In the course of the revision of the national water
law in 2001, administrative responsibility for secondary reclamation infrastructure and thus
also the control and facilitation of the activities of local water associations was transferred
to the head (Starosta) of the newly created and more potent Powiat administrations. All
interviewed actors confirmed that in the Powiat Pyrzyce, the director of the Powiat
Department of Environmental Protection, Forestry and Agriculture has indeed been very
active in tackling the reclamation problems in the region. Among other things, he suc-
ceeded in convincing many farmers to revive the local water associations. In some Gminas,
farmers elected new representatives and started to pay their fees again.

From the perspective of the Powiat administration, encouraging and supporting local
water associations to organize cleaning activities at secondary infrastructures was by
far the most convenient and efficient way to guarantee effective drainage. As was argued
by the representative of the Powiat administration, the alternative would have been to
enforce the obligations to clean and maintain ditches directly by individual farmers. Given
the sheer number as well as limited and very heterogeneous capabilities and competences
of individual family farmers in the region, this approach would not have guaranteed
effective drainage. Starting in 2004, the director also initiated cooperation with the local
employment center in the context of a state program to reintegrate long-term unemployed:
the employment center pays the salaries for teams of workers that maintain and clean
secondary ditches. In turn, the Powiat administration together with the respective local
water associations coordinates and supervises the work and provides the technical
equipment. Furthermore, cleaning activities at secondary ditches are closely coordinated
with the regional state water administration and its respective activities at primary canals.

As stated by the interviewed actors, however, motivating and convincing farmers to
pursue the reanimation of local water associations was (and still is) a difficult process. In
particular, this was because the incentives for farmers to overcome the dysfunctionality of
the reclamation infrastructure as well as their individual perceptions of the reliability or
trustworthiness of the respective state authorities differed to some extent. The interviews
revealed some characteristics of those farmers who pushed the process of reanimation by
making the case for it in the village or Gmina assemblies. These would be the farmers who
had continued or recommenced grassland farming after 1990 and who had suffered the
most from excess soil moisture caused by the increasingly congested ditches over the
years. But also farmers who had been less successful in compensating income losses by
employment in the nonagricultural sectors and who did or could not switch to alternative
crop production that is more tolerant to high water tables would support the reanimation of
local water associations. In turn, farmers who have abandoned grassland farming
completely and permanently, who have not suffered from flooding events, or who can make
use of nonagricultural income alternatives tend to be more reluctant to engage in the
reanimation process. Further, the revival of the local water associations has also been
triggered by a succession of rainy summers (in particular in 1999 and 2002) that caused
widespread flooding. The flooding was made worse by the fact that many secondary
ditches and subsurface tiles had become totally dysfunctional (damaged, overgrown, and
filled with thick sludge). In some Gminas, farmers whose plots had been flooded have also
been very active in reviving their local water association.

As well as reinforced control by and support from the regional state authorities, two
other contextual factors need to be mentioned. First, while the general agricultural terms of
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trade did not improve much until 2005 (EC, 2002), Poland’s accession to the European
Union in 2004 and integration into the Common Agricultural Policy substantially changed
the market conditions and also the ways of generating farm income for the family farmers.
In this context, the European Union premiums paid to farmers for the extensive use of
grassland were often mentioned as a strong incentive to start using the formerly abandoned
grassland plots (cutting the grass on those plots at least once per year is compulsory).
Because of this revalorization of land, drainage regained importance since related farming
operations are only possible if there is no excess soil moisture. Second, although the share
of the state budget available for cleaning and maintaining primary canals was not
increased, the state water administration representatives reported that several EU cofi-
nanced programs had recently been initiated to undertake necessary activities to improve
rural infrastructures. This would also allow for an intensification of cleaning activities at
primary canals, which in turn would make individual contributions to keep secondary
ditches clean more worthwhile.

Finally, the revised national water law of 2001 introduced a new method of deter-
mining the fees individual farmers have to pay to the local water associations. Unlike
before, the fees are to be calculated based on the plot size that is actually benefiting from
the system of secondary ditches and subsurface tiles. Thus the size of the whole agricul-
tural area that is effectively drained by a respective ditch or subsurface tile will be taken as
a basis, not the length of the directly adjacent ditches. This modified distribution of costs
was perceived by the farmers as more “fair.” For example, for 1 ha of drained land a farmer
would have to pay about Zł32 (c. V8) per year. As was confirmed by the farmers, the
absolute level of fees did not change much from what it had been before and was
considered as rather low and, again, as “adequate.”

5. CONCLUSIONS

The restitution of effective private property rights on land as well as the “privatization” of
rights and obligations for secondary reclamation infrastructure has predominantly shaped
the processes of revalorization in East Germany. In the Polish case, however, the distri-
bution of formal property rights and obligations among social actors with respect to the
various elements of the reclamation system as well as the property right regimes them-
selves did not change over the analyzed time period: land use has been governed privately
by family farmers; the secondary reclamation infrastructure has been largely governed
collectively by local water associations (albeit very poorly during the 1990s); while the
primary reclamation infrastructure has been managed by the state in a hierarchical way.
Thus, in the Polish case, it cannot be argued that the existence of different property
regimes per se and the actual distribution of formal property rights among social actors
caused or contributed much to the decline and revitalization of the local water
associations.

Another trigger of revalorization that features prominently in many other reclamation
systems in postsocialist and non-postsocialist countries is the growth of environmental
concerns caused by negative environmental effects like soil degradation, of (excessive)
reclamation activities (eg, FAO, 1995; Turnock, 1998). In Pyrzyce, however, because of
specific natural soil conditions, reclamation activities have not caused any negative envi-
ronmental effects. In addition, nonproduction-related rural property objects, such as
landscape amenities, biodiversity, etc., have so far played only a very limited role in the
region and accordingly are low valued.
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In general, cooperative forms of local governance are badly needed for water man-
agement systems in the Central and Eastern European transition countries. Here, as in the
Schraden and, largely, the Pyrzyce case, the reclamation infrastructure had been designed
to serve large collective farms whose production goals were determined by the central
planning system. After the breakdown of the socialist regimes, in some countries property
rights on land were privatized or restituted (ie, made effective), thus resulting in or revi-
talizing highly fragmented land ownership. The transition process has also resulted in
substantially smaller agricultural production units with heterogeneous interests, different
production portfolios, and economic potential. Not surprisingly, the technical infrastructure
cannot be adapted easily, if at all, to such structural changes. The problem of low
excludabilitydcommon with local public goods and common-pool resourcesdis conse-
quently aggravated. Thus the incentives of individual (small) landowners or farmers to
maintain and operate their parts of the infrastructure are very weak since private
investments would most certainly result in public benefits. This is also true in the case of
clearly defined private property rights. As Penov shows for Bulgarian irrigation systems
(Penov, 2004; Theesfeld, 2004) and Busmanis (2001) for drainage systems in Latvia, no
appropriate forms of (local) governance have yet been developed to deal with these
problems. Thus local irrigation canals and local drainage ditches have not been maintained
for years and are now dilapidated.
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Chapter 3.2.3

Water Storage and Conjunctive
Water Use

A. Sahuquillo1,2

1Polytechnic University of Valencia, Valencia, Spain; 2Royal Academy of Sciences, Madrid, Spain

1. INTRODUCTION

During the last 50 years, groundwater pumping increased in all developed countries, and
contributed to the Green Revolution in many developing countries. The estimated
groundwater use in India, Pakistan, and Bangladesh is about of 300 km3. In northern China
15 million hectares are irrigated with 3.5 million wells. Significant increases in ground-
water use occurred in Mexico and Australia, while spontaneous and unplanned ground-
water use caused an excessive depletion in some aquifers (Mukherji and Shah, 2005).
Hydrogeology is a flourishing scientific discipline; although it is a relatively recent science.
It has been incorporated in the curriculum of most technical universities only recently,
although there are lapses between the introduction of a new technique and its later
application. Most hydraulic engineers have limited experience in groundwater studies and
most managers do not have any formal education in hydrogeology even though an appeal
to increase those studies is frequently heard among engineers and geologists. With these
considerations, in addition to political motivations, authorities tend to favor larger and
more spectacular engineering projects (the so-called monument syndrome). Hence
groundwater use has not been considered by most water decision makers and water
engineers, who are not aware of those advances (Custodio and Llamas, 2003). In addition,
the implementation of aquifer management is more difficult in countries where surface
water has historically dominated water supply developments (Coe, 1990).

Groundwater is usually a significant hydrological component of watersheds. Although
varying largely between basins, average drainage from aquifers in continental areas is in
the order of 30% of stream flow and is essential for sustaining stream flow during a dry
period; the so-called “base flow.” Significant volumes of groundwater are stored in aquifers
as large as hundreds to thousands of times their annual recharge. The volume of the aquifer
storage provided by a relatively small fluctuation in water levels of unconfined aquifers
considerably exceeds available or economically feasible surface storage. This allows both
the use of groundwater in storage during dry seasons or droughts and the use of the sub-
surface space for storing surface or subsurface water. In fact, groundwater has traditionally
been used worldwide to back up supply in times of shortage or drought and that embodies a
certain type of conjunctive use.
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An unquestionable argument in favor of the joint consideration of ground and surface
water is the fact that, to a greater or lesser extent, both water sources are hydraulically
connected and have a mutual effect on each other and on other components of the hy-
drological cycle. Groundwater is integral to the hydrologic system, and plays a vital role in
the functioning of ecosystems and biological habitats. Groundwater pumping has been
causing a reduction of river or spring flow and other externalities such as land subsidence,
or destruction of wetlands and aquatic habitats. In many cases, gaining rivers have been
transformed into losing or ephemeral reaches because of the lowering of groundwater
levels. Building a dam can increase the recharge to downstream underlying aquifers in
losing reaches of the river channel if water stored in the dam during flood periods is
released afterward to the channel more slowly. On the other hand, recharge from losing
streams to underlying aquifers can decrease as a result of upstream water diversions.
Groundwater recharge can be increased by filling losing surface reservoirs or by return flow
irrigation. Excessive return flow irrigation and canal losses in arid areas have produced
drainage and salinity problems caused by the increase of water levels and groundwater
evaporation. Because groundwater and surface water are usually hydraulically connected,
contamination in one water source can migrate to the other water source. These effects can
create physical, geotechnical, environmental, legal, and economic problems. In many of
these situations conjunctive use can bring out positive effects and limit the negative ones.

Aquifers can perform complementary functions of storage, water distribution, and
treatment, which are classical components of a surface system. The existence of aquifers
over a large basin area adds distribution and conveyance advantages to the benefits of
water storage; the water distribution role is directly related to the storage function.
Moreover, the passage of contaminated water through soil and the nonsaturated zone or
long-term residence in a groundwater aquifer can improve water quality by mixing it
with the innate water and eliminating pathogenic microbes and other contaminants.

Table 1 shows the differences between classical water resources systems and
conjunctive use systems. Aquifers have widely performed water storage and distribution

TABLE 1 Components of a Water Resources System

Classical System Conjunctive Use System

Storage

Dams Dams and aquifers

Transport

Rivers, canals, and aqueducts

Water transport in aquifers is irrelevant in most cases

Distribution

Irrigation and urban nets Includes aquifers

Water treatment

Classic treatment for drinking
water and wastewater

Includes soil treatment in
artificial recharge
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functions through conjunctive use systems. They have also been used for water treatment,
but their capability of transporting water is negligible compared to the flows that rivers,
canals, or aqueducts can convey.

In Israel, because of large volumes of groundwater stored in aquifers, coastal and
carbonate aquifers were overpumped well above their recharge, to defer building of the
more costly National Water Carrier of Israel. In other cases, aquifers have allowed, through
unplanned overdraft, to develop primary economic activities, which have been the origin of
a further economic growth, for example, in California and southeastern Spain.

Likewise, groundwater has other advantages such as its adaptability to a progressive
increase in water demand, in addition to mitigating the impacts of droughts, and alleviating
drainage problems in irrigated zones of some arid areas. Another virtue of groundwater in
conjunctive use schemes is its role in offsetting uncertainty surrounding surface flow,
hydrological parameters, or water demand. Groundwater pumping can be augmented in
dry or drought periods, or lowered if surface flows are above the expected or forecasted
flow levels. Accordingly, groundwater management can be changed if the knowledge of the
aquifer improved along the operation of the system. The strongest argument in favor of
conjunctive use is the fact that including aquifers in the water management system pro-
vides alternatives not only for augmenting the number of storage and distribution options,
but above all because their functionality is complementary with the ones of a surface
system.

Those alternatives are usually far more economical than those involving building big
dams or canals. Groundwater cost is usually much lower, has shorter execution time, and
investments can be applied according to the increased demand. In most cases, conjunctive
use can prove to be a cheaper solution than dependence on either surface water or
groundwater. The suitability of conjunctive water use is not restricted to arid or water-
scarce areas. If mutual influence of surface water and groundwater is considered,
conjunctive use is advisable in most areas, including cases where scarcity or pollution
problems exist (Sahuquillo, 1985, 2000, 2002, 2005).

A system with surface and subsurface components that is properly maintained and
flexible, subject to changing water demands and hydrologic variability, can provide eco-
nomic, functional, and environmental benefits to ecosystems and the region. In recent
years, structural solutions have been questioned, while consensus can be reached on the
need for better management of the existing options rather than expensive investment in
construction of new water infrastructure, like dams. In many countries, building new dams
is not a valid option any more. The most favorable and less controversial dams have
already been built, keeping pace with growing environmental conscience. Conjunctive use
alternatives should be considered for development of water resources or expanding the
existing ones.

Global warming in many regions causes negative impacts on water availability, such as
reduced average river flows, increased flow variability with more floods and droughts,
shifts in the spring dates of mountain snow melting, and a general need for water storage to
meet growing water demands. The functions of water storage provided by conjunctive use
allow the following: increase in water availability without augmenting surface storage,
inclusion of aquifer as an additional water source, advantages of aquifer storage and
distribution characteristics, increase of water supply guarantee, drought mitigation,
decrease of aquifers’ overexploitation, and in some arid areas reduction of drainage
problems caused by irrigation return flows.
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As with most human activities, the practice of conjunctive use is subject to many
political, social, and economic factors. The advantages obtained by implementing
conjunctive use depend on physical factors, but the rules and institutions might foster or
limit the benefits of this system. Water rights and institutional and social aspects implicate
possible incentives or problems related to conjunctive water use (Coe, 1990).

2. METHODS OF CONJUNCTIVE USE

There are two ways of using the storage provided by aquifers. The most intuitive one is
through augmenting aquifer recharge. The second one is through alternate conjunctive use
(ACU). In ACU the target yield is obtained in dry years through increased pumping; when
more water than on average is available in streams or surface storage, more surface water
can be used allowing more groundwater to remain in storage. In this way, subsurface
storage is provided by the differences between the extremes of the aquifer water levels,
these being high at the end of wet periods and low at the end of dry periods. Both pos-
sibilities of artificial recharge and alternate use are not exclusive. In fact, there are many
sites where both approaches are applied, although in most cases one predominates.

2.1 Artificial Recharge

The usual practices of artificial recharge are through injection wells or infiltration ponds
to store surface flows or nonused, surplus water that otherwise would be lost. Aquifers
are also recharged by infiltration in leaky canals, losing rivers or reservoirs, and irrigation
return flows, sometimes called passive recharge. Unintended, and unwelcomed, aquifer
recharge from pervious reservoirs in some Mediterranean karstic areas in Spain became
advantageous when conjunctive use was established. The Algar dam north of Valencia
has been purposely built with this aim, and other dams have been suggested.

Numerous studies have been published since 1900 on artificial recharge, although
references dating back even to the late 18th century about urban water supply in southern
France can be found (Custodio, 1986). Europe has a long tradition of artificial recharge in
alluvial aquifers to complete the treatment of heavily polluted river water. In many
countries of Northern, Eastern, and Central Europe, aquifers are widely used benefiting
from the ability of the soil and unsaturated zone to retain and absorb heavy metals and
other organic pollutants. In most cases, the main function of an aquifer is water treatment
and not water storage per se. In Germany, more than 500 million m3/year of water are
recharged annually for urban water supply. In southern California, sewage-treated effluent
has been recharged in some aquifers after having passed advanced treatment. In Israel,
treated sewage water from the metropolitan area of Tel Aviv is recharged in the sand dunes
to be pumped at a later time for accepted irrigation uses. In Holland, coastal dunes are used
as storage and for additional water treatment. Since 1940, around 100 million m3/year of
water from the Meuse and Rhine rivers have been recharged annually for urban use. In
France, 20 million m3/year are recharged from the Seine River into the chalk aquifer near
Paris every year (Custodio, 1986).

The method known as aquifer storage and recovery (ASR) was first employed in the
state of Florida in the United States; its use is predominantly for urban water supply. It
consists of underground storage of treated water during periods of low demand and its
recovery for potable water uses during periods of high demand. The recharge operation is
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carried out with dual-purpose wells that inject water into the aquifer and pump it at a later
time (Pyne, 1989). The chalk aquifer in the Lee Valley is recharged through wells during
the winter with treated water from the Rivers Thames and Lee in the United Kingdom, and
pumped in summer. The same temporary storage function of treated potable water is used
in Barcelona (Spain). Up to 20 million m3/year are recharged by 12 dual-purpose wells
(probably contemporary to the first Floridian ASR wells) to be stored in the Llobregat
Delta Aquifer when the water tanks of the raw water treatment plant are full. In the delta of
the Besós River north of Barcelona, two pioneering ASR dual recharge and pumping wells
of 1 m diameter were built in 1953, surrounded by 16 small diameter wells to help clean
the injection wells. Also for the water supply of the metropolitan area of Barcelona,
artificial recharge is made in the alluvial aquifer in three basins of the lower Llobregat
River and by scarifying the river bed (UK Groundwater Forum, 1998; Custodio et al.,
1969). Though other sites have been tested for artificial recharge of varying duration, there
are no other places in Spain where artificial recharge is conducted regularly.

It is in the western states of the United States where most artificial recharge for
conjunctive use happens, mostly in spreading basins. California is the region where
experience in groundwater and conjunctive use is broader. The state accounts for about
18% of the total groundwater withdrawals in the United States. With its 3000 million
m3/year of recharged water, the state probably has much more artificial recharge than the
rest of the world. One of the first examples of conjunctive use in California were the
diversions and spreading of stream flow east of Los Angeles, in the channels of San
Antonio Creek in the 1890s and San Gabriel River in the early 1900s. Another early case,
including passive recharge, is Vaquero Dam built by the US Bureau of Reclamation where
storm flows are released to percolate downstream in the riverbed with infiltration up to
750,000 m3/day. Those practices improve groundwater quality and eliminate overdraft and
the risk of seawater intrusion. In 1913, the Los Angeles Aqueduct was built, from the
Owens Valley ( just east of Sierra Nevada) to San Fernando Valley. Water was applied for
direct use in the City of Los Angeles, with the excess water recharged in the valley basins.
In 1940, the aqueduct was extended north into the Mono Basin. Later, wells in Owens
Valley were incorporated into the aqueduct. This allowed conjunctive use at both ends of
the original aqueduct, Owens and San Fernando Valleys (Fig. 1) with a total length of
550 km (Coe, 1990). The introduction of the deep-well turbine pump in 1910 in the then
rich farming area of the Santa Clara Valley, south of San Francisco Bay, led to an explosive
increase in groundwater pumping that caused a significant drop in water levels in the
aquifer. In 1931, 0.9 m of subsidence was identified in the City of San Jose. Later on,
subsidence reached up to 4 m and was halted during the 1950s with artificial recharge of
local and imported water from the Hetch Hetchy Aqueduct. The water supply infrastructure
includes several reservoirs and 18 recharge facilities (Fig. 1) (Kretsinger and Narasimhan,
2006).

In 1948, the Orange County Water District (OCWD) imported water from the
Colorado River for artificial recharge to remediate groundwater level decay and seawater
intrusion. In 1971, the OCWD implemented two seawater control intrusion barriers: the
Alamitos Barrier with 28 injection wells using imported potable water and the Talbert
Barrier (since 1975) using reclaimed water from an advanced treatment facility called
Water Factory 21 (Kretsinger and Narasimhan, 2006).

In California, groundwater overdraft reached 5 km3/year in 1955, causing subsidence in
many areas; up to 9 m in Los Banos in Tulare Basin in southern Central Valley. Because of
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artificial recharge, overdraft was reduced in 1982 to values estimated between 2.5 and
3.1 km3 (State Water Resouces, 1982). The majority of California’s projects do recharge
through spreading basins rather than through injection wells. The Central Valley Project
(CVP) is a federal project built by the Bureau of Reclamation, the largest water purveyor in
California. Today, the CVP manages more than 8 km3 of water annually, about 90% of
which is for irrigation. It was authorized in 1937 and began operating in 1951. The State
Water Project is the main component of the 1957 California Water Plan. It includes an
integrated system of dams and canals parallel to the CVP, aimed at an efficient transfer of
large volumes of water from the more humid north to the driest and more populated south
(Fig. 1). Communities in the Sacramento Valley take some of the water, but most is pumped
into the California Aqueduct (Fig. 1). The construction of this project started in 1961. In
1966, water began to flow south through the California Aqueduct. Five years later, water
arrived in southern California and the Department of Water Resources signed contracts with
30 agencies throughout the state for permanent water services (Hanak et al., 2011; State of
California Department of Water Resources, 1957). The Tulare Basin is one of California’s
most productive agricultural regions in the Central Valley. Water consumption is high
(around 16 km3/year) importing annually between 4 and 7 km3 water from the CVP and

FIGURE 1 California’s major water projects. After the California Department of Water Resources.
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State Water Project. Despite the water imports, overdraft continues in the basin (Harou and
Lund, 2008).

The 2009 California Water Plan update estimated that 11 km3 of new underground
storage would be needed to increase water availability by 0.6 km3. This implies both
storage reoperation and recharge in the provided space. More aggressive alternative esti-
mates indicate that there is a potential of increasing water availability up to 2.4 km3 using
about 24 km3 of new storage. An institutional issue raised in California is the question of
local versus regional groundwater management. Local agencies have traditionally con-
structed and operated water projects to develop and deliver water to meet local needs. This
has included the diversion of storm runoff and delivery of imported water for artificial
recharge. However, in recent years in southern California it has become clear that certain
increased efficiencies and advantages could be achieved if several local agencies jointly
operated and developed regional water management strategies. As California’s drought is
in its third year, it seems that more storage is needed in the state and that surface water and
groundwater storage should be considered and analyzed as part of a large system with a
large number of operation, conveyance, and storage alternatives (Coe, 1990; Lund et al.,
2014).

In Arizona, before 1980, when the Groundwater Management Act (GMA) was
passed, no mechanisms existed to secure the rights of water users who wanted to recharge
water in an aquifer. After GMA was approved artificial recharge increased rapidly.
Accordingly, between 1990 and 1991 around 8 million m3 of water were recharged,
290 million m3 until 1992, and 590 million m3 until 1997. In Arizona, conjunctive use is
driven by the state, which greatly differs from conjunctive use in California, which is
carried out by organizations created by individual users. In 1996, the state established the
Arizona Water Banking Authority to store Arizona’s unused water diverted from the
Colorado River through the Central Arizona Project (CAP) (Heikkila et al., 2001). Water
supply for the Phoenix metropolitan area has two sources of surface water, one from the
Salt-Verde Rivers watershed and the other from the CAP and the storage of the aquifer in
the alluvial Salt-Verde River Valley (Sahuquillo, 2005).

In Texas, conjunctive management of surface and groundwater has long been recog-
nized as a potential strategy for increasing water availability of limited water resources.
But institutional constraints, including water law considerations, currently severely limit
conjunctive use (Wurbs, 1987).

The development of water marketing and groundwater banking have been important
tools to reduce water scarcity in drought years as they allow for a temporary movement of
water from areas of relative abundance to areas of critical needs. Water markets started in
many US western states. They were launched in California in the early 1990s and by the
early 2000s the annual volume of water sales was in the range of 2 km3. There was much
initial political resistance to water marketing and concerns within source regions about
local economic harm from transfers. Transactions have leveled off since the early 2000s.
An active water market system has been developed within the state of California, enabling
temporary and longer-term reallocation of water from lower-value (mainly agricultural)
activities to higher-value activities in farming and urban sectors and to the environment.

The state played a major role in launching the market, through legislation in the early
1980s and the establishment of drought water banks in some areas during the early
1990s. The state and federal governments have been major purchasers of environmental
water (water needed to maintain endangered fish species in the SacramentoeSan Joaquin
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Delta). Opportunities for market development are still considerable because many acres
of farmland are still planted with low-value crops. Expanding underground storage can
be much more cost effective than building new surface storage to stretch available water
supplies. The still large discrepancies in crop values and water use suggest a potential for
a better water market system in the future. A well-functioning water market is important
for encouraging water demand reduction and reallocation of water from lower to higher
value uses (Hanak et al., 2011).

2.2 Alternate Conjunctive Use

The ACU aims at satisfying water demand alternately from surface water or aquifers,
depending on water levels in each system. The difference between the water volumes
stored in an aquifer at the end of a dry period and the end of a wet one is the storage
provided by the unaffected aquifer. Making use of ACU, in dry periods, groundwater
recharge decreases, pumping increases, and groundwater levels drop. During wet periods,
rain recharge increases and so do irrigation return flows, passive recharge from ephemeral
rivers and losses from reservoirs or canals, and finally pumping decreases so that
groundwater levels rise more than in the unaffected case. It is an induced storage that
occurs without resorting to artificial recharge. Demand increases can be met by aug-
menting pumping in dry periods and use of surface water in wet periods if unused surface
water is available. Similarly, for a fixed demand, reliability is augmented with more
pumping without changing surface storage. Both water availability and groundwater levels
in storage are higher when surface water is used in wet periods. Overexploited aquifers can
be alleviated through ACU with additional existing or projected surface water storage. In
many cases, new connecting infrastructure needs to be built or enlarged. An important
aspect that needs to be stressed is that ACU allows for a more efficient use of surface water
without the need of artificial recharge.

2.2.1 Alternate Conjunctive Use in the Central Valley
of California

The previously mentioned 1957 California Water Plan proposed a large-scale ACU for the
Central Valley that is the first and larger planned scheme of this type. In 1957, its total
projected storage, adding existing and new dams, amounted to 24 km3 and the planed
subsurface storage was 37 km3, as shown in Fig. 2. By using this subsurface storage more
surface water can be supplied without having to resort to artificial recharge. The plan
anticipated some supplementary use of artificial recharge (State of California Department of
Water Resources, 1957). However, it was not managed with a simple and uniform operating
rule, as originally planned. Local agencies built and operated their projects directly or
through agreements with water rights holders, and instead of continuing with the ACU
concept, they preferably used artificial recharge. They have the right to store water under-
ground and to recapture it. More than 20 types of local districts or agencies have statutory
authority to provide water for beneficial uses in California (Hanak et al., 2011).

The idea of using ACU, which was proposed in the 1957 California Water Plan for the
entire Central Valley, was anticipated for the Upper San Joaquin Valley in the 1930 Water
Plan. ACU, passive recharge, and excess irrigation were proposed without artificial
recharge and were estimated to amount to more than 20 km3 of water that could
economically be stored in the southern San Joaquin Valley aquifer, a goal that could not be
reached with surface reservoirs (Wurbs, 1987).
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After the 1980s, in many instances, excess surface water that could not be stored was
applied to meet existing demands. This strategy paradoxically has been termed “in-lieu
recharge” because, instead of pumping groundwater, it is applied directly and the vol-
ume of water in storage increases because it is not pumped off. To a certain extent this
can be considered as an occasional ACU. Simulations in this regard prove that signif-
icant quantities of new water can be generated in California at considerably lower costs
than building new dams. This possibility could be amplified by analyzing
operation alternatives of dam storage. Consideration of weather forecast can also
improve system operation and water availability (Jaquette, 1981). Further advances in
climate modeling could improve hydrologic forecast and increase efficiency of the
anticipated operation of conjunctive use systems.

2.2.2 The Mijares River-Plana de Castellón Aquifer Scheme

Spain is the driest country in Europe, with a large number of conjunctive water use
operations. Most of them use the ACU concept, except for the ones mentioned before that
rely on artificial recharge. Historically, in many Mediterranean basins, besides fields
traditionally irrigated with surface water, more areas were irrigated in wet years and after
the rapid increase of aquifer exploitation in the 1960s, they were integrated smoothly into
the existing water systems. Thus more surface water was used during wet years and more
groundwater was pumped during dry years. In many cases, the schemes were proposed by
individual users. In other cases, canals have been built by the water administration in areas
partly irrigated with groundwater. When diverted surface water is insufficient, ACU can be
applied.

FIGURE 2 Conjunctive use in the Central Valley, California, USA.Modified from State of California

Department of Water Resources, 1957. Bulletin No 3. The California Water Plan.½AU1�
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The Mijares basin on the Mediterranean coast of Spain, 60 km north of Valencia, has
three surface reservoirs. Two of them built in karstified limestone are connected with the
Plana de Castellón aquifer. They have important leaks, of the order of 45 million m3/year,
which recharge the aquifer. The Mijares River losses recharge the aquifer with a similar
volume. About one-third of the irrigated surface is supplied alternately depending on
surface water flowing in the river and stored in reservoirs. The difference between high
and low values of aquifer storage can reach over 700 hm3, around four times the existing
surface storage (Figs. 3 and 4). This allows for the use of a large percentage of the average
annual river flow. The scheme and its operating rules were proposed by individual users
and legally approved in 1973. Also in the early 20th century the Palancia River farmers
established a similar ACU scheme. ACU strategy is also applied in several areas of the
Júcar Basin Agency, as the Canal Júcar-Túria, the Canal Campos del Túria, and the
Marina Baja (Sahuquillo, 2002, 2005).

The Júcar Basin Water Agency drilled and installed 65 large capacity wells near the
main canals in La Plana de Valencia aquifer at the end of the 1991e1995 drought period.
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FIGURE 3 Conjunctive use in La Plana de Castellón, Spain.
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They scarcely began to run as the drought ended, but during the 2007 drought, 50 hm3 of
water were pumped from those wells. Similarly, 50 hm3 were pumped in 2007 from wells
made by the Segura River Agency in the Vega Media y Vega Baja alluvial aquifers.

To increase the capacity of the water supply system of the Madrid metropolitan area,
pumping from wells, up to 500 m deep, in dry years has been preferred to building new
dams. This provides more security in drought years. Additional increments of pumping
from the existing 4 m3/s have been foreseen and the use of artificial recharge to reduce the
depression cone caused by the low permeability of the aquifer is analyzed. Thus pre-
paredness for drought increases the guaranty of water supplies (Sahuquillo, 2002).

Another example is the Campo de Cartagena that has traditionally been irrigated with
very saline water from overexploited aquifers. With the arrival of imported water from the
Tajo Basin to the Segura Basin, a significant rise in groundwater levels was noticed, as well
as a decrease in groundwater salinity because of pumping reduction and return flow irri-
gation, depending on the variability of imported water flows. High groundwater levels have
produced drainage problems in some areas that have been solved with drainage. Small
desalination plants exist in areas where salinity exceeds 4 g/L. In 2001, around 5 hm3 of
desalinated water were incorporated into the irrigation canals, while brine is injected in a
well 750 m deep.

2.2.3 Stream-Aquifer Systems

The ACU concept has been applied to alluvial and other small aquifers in conjunction
with connected rivers. The mutual influence between rivers and aquifers is more rapid
than in larger aquifers, lasting from several months to a few years to produce a
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significant decrease in river flows. The delay depends on the distance from the pumped
well to the river, the aquifer geometry and diffusivity (ratio of transmissivity to aquifer
storativity), and the aquifereriver connection, the last one being of foremost importance.
Pumping during dry intervals, when more water is needed, increases water availability
by an amount equal to the pumped quantities minimized by the effect of pumping from
the river flow. A part of the effect of pumping from river flows subsequently carries on
over wet periods, when river flows are higher and demands are lower. After several
seasons the stream depletion is about equal to average annual rates of pumping. The
further a well is away from the stream, the smaller is the aquifer diffusivity, and the less
the rivereaquifer connection, the less the annual fluctuations of pumping will affect
stream depletion. Significant gains for irrigation were obtained from pumping the
alluvial aquifers in the Arkansas and South Platte Rivers in the state of Colorado in
the United States. The result of an economic model showed that conjunctive use in the
South Platte doubled the net benefit for farmers and that having more wells to increase
pumping in dry years acts as an insurance against droughts (Young and Bredehoeft,
1972; Bredehoeft and Young, 1983).

In Colorado, a conflict emerged in the 1960s between surface water and groundwater
users when pumping of the aquifer considerably affected river flows. Conjunctive man-
agement of both resources solved the conflict. Colorado’s prior appropriation doctrine
allocates water rights based on time priority for both surface and groundwater. Since
surface water was used before groundwater, most surface rights have priority to most
groundwater rights, which are considered tributaries. As pumping tributary groundwater
depresses surface water flows, this impedes the use of groundwater. To solve this conflict,
Colorado introduced tributary groundwater use in the prior appropriation rule considering
the effect of groundwater pumping from river flows and obligating groundwater users to
release pumped water to the river flow as due compensation. This practice was called “river
augmentation.” Temporary plans of augmentation exist in both Arkansas and South Platte.
A farmer who wishes to continue or increase his/her pumping must receive approval from
the State Engineer with estimates of the water amounts he/she will pump and in addition
the amount of water that he/she will discharge to the river to satisfy prior rights (Heikkila
et al., 2001).

In the United Kingdom a very efficient use is being made of aquifereriver systems.
Aquifers are located mainly in consolidated rocks, limestone, sandstone, and chalk.
Aquifers are generally small and their storage is less than in alluvial deposits, meaning
that pumping has a relatively fast effect on river flows. Groundwater is pumped and piped
into certain rivers during dry periods to maintain adequate flows in them to meet supply
and environmental requirements. These schemes have also been termed “river
augmentation” and are used systematically in a very efficient way in water planning in
England and Wales (Downing et al., 1974). The approach to development on a regional
scale in England and Wales has only been possible since the Water Resources Act
became law in 1963. This placed the management of water resources in the hands of 29
river authorities. Adequate river flows for amenity benefits have to be considered. One
result of the Act has been that the use is now controlled by a licensing system. The
Shropshire Groundwater Scheme (SGS) is the largest conjunctive use scheme in the
United Kingdom to cope with increasing demand for water supply from the River Severn.
The SGS is being constructed in a phased manner so that the capacity of the scheme is
only increased when required. Then, it will pump from up to 68 sites (81 wells). This is
estimated to increase flows in the River Severn by 225,000 m3/day with a net gain of 68%
(Shepley et al., 2009).
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Alluvial aquifers are also used in many wet areas of the eastern United States. The
alluvial formation of the Hunt-Annaquatucket Rivers has been analyzed with an aquifer
model to determine if it could increase its exploitation. Modeling results show that it is
possible to increase the amount of the current withdrawal from the aquifer by as much as
50% by modifying current withdrawal schedules and the number and configuration of
wells (Barlow et al., 2003).

2.2.4 Use of Karstic Springs

In Spain, several karstic springs have been regulated to augment water availability for irri-
gation and urban water supply. In some cases the best or unique physical possibility has been
to locate wells near the spring, in the proximity of existing canals, or aqueducts used to
transport the captured spring flow. In such cases, the influence of pumping from wells is
immediate: the spring dries out and all demanded water must be pumped. This approach
implies that supply can be augmented well over the natural flow of the spring during the
irrigating season, or for urban or industrial needs. In this way, large changes of flow, common
in most karstic springs, can be adjusted to water demands. The use of the aquifer as a
subsurface reservoir is very clear when the spring dries out. In many cases, very high flows
have been obtained from wells (up to 1.2 m3/s in two wells in the Los Santos River spring in
Valencia, Spain). In the Deifontes spring near Granada, in southern Spain, water flow of
2.25 m3/s was provided by five 100 m deep wells. In other cases, the spring is a component
of more complex schemes. An example is the Marina Baja water supply scheme, consisting
of two dams, two aquifers (one of them being their outlet of the El Algar spring), and treated
water reused for irrigation. Alternate use of groundwater and surface water and the regu-
lation of the El Algar spring by wells solved the acute water supply problem in the late 1970s
caused by a frequently visited tourist area near Alicante, on the Mediterranean coast of
Spain. The two wells near the spring can pump up to 400 L/s each, while the wells are used
exclusively during dry periods. The underground storage provided by the aquifer during the
severe drought of 1990e1996 was estimated to be in the order of 40 million m3, three times
the existing surface storage (Sahuquillo, 2002).

2.2.5 Alleviation of Land Drainage and Salinization

In many irrigation projects, aquifer recharge has increased because of water losses from
unlined canals and distribution systems in addition to the infiltration surplus of applied
water. The increments in the aquifer recharge augment the potential for groundwater
development, and in some zones they also produce drainage and salinity problems
caused by rising groundwater levels. This is a customary problem of large surface
irrigation projects in arid countries. The Planning Commission of the Government of
India has recognized problems of waterlogging caused by an average water table rise
exceeding 1 m/year in several schemes. The Commission suggested, in addition to
enhancing water use efficiency, an increase in groundwater use with canal water to
augment supplies and prevent land salinization (Sondi et al., 1989).

Waterlogging and salinity problems created in the Punjab plain in Pakistan had the
same origin of surface water infiltration along the irrigation system of the Indus River and
its tributaries. Irrigation started to be intensively developed in the late 19th century under
British colonial rule. In the middle of the last century, 25,000 ha had to be abandoned every
year and in 1960 2 million hectares of a total 14 million hectares of irrigated land were
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abandoned. The irrigated area is dominated by 43 big canals with a total length of
65,000 km, in addition to secondary and tertiary canals, the biggest 15 of them have a
capacity between 280 and 600 m3/s. They are fed by several big dams, among others
Mangla dam and Tarbela dam with 5.5 km3 and 10.6 km3 of storage, respectively. Most
canals are unlined, experiencing significant losses that feed the huge aquifer below. In the
past 80e100 years, water levels in this aquifer rose between 20 and 30 m, and up to 60 m
in some places. The problem has been intensively studied since the 1960s. The water re-
sources group at Harvard University proposed to drill 32,000 high-capacity wells to pump
70,000 million cubic meters per year to lower the water levels. The idea was to take out the
pumped salty water to the sea through lined canals and use fresh groundwater jointly with
surface water to increase irrigation. A public tube-well development called Salinity Control
and Reclamation Projects (SCARP) was initiated by the Pakistan government. As drainage
projects do not have an immediate economic profit, most groundwater pumped from wells
was freshwater used to increase irrigation. Pumping of saline water and lining of canals to
avoid infiltration of salt water was not addressed in that project. When brackish water was
pumped from a well, it was blended with surface water to irrigate crops. Thus the salt
storage of the aquifer increased instead of decreasing. In some areas, pumping and mixing
water with different salinity levels has erratically raised water salinity. Nevertheless, im-
provements of drainage and decrease of soil salinity were important developments. Another
important aspect not considered in early plans was the capacity of the private sector to fund
development of groundwater and drilling of deep high-capacity wells, an idea that was
triggered by SCARP performance. In the end, groundwater exploitation has enabled many
farmers to supplement their irrigation requirements (Burke and Moench, 2000; Task
Committee on Water Conservation, 1981).

The target in heavily irrigated arid areas in the developing world is to use existing
aquifers, recharged by irrigation return flows and by surface water infiltrated in the
conveyance and distribution channels, jointly with surface water, while maintaining
groundwater levels at a certain depth below the ground level, to prevent salinity and
drainage problems. Equally important is the control of migration and dispersion of more
saline groundwater bodies. In this way, groundwater quality can be maintained in addition
to augmenting the total water availability. Extensive hydrogeological analysis and
monitoring are needed in addition to the long-term simulations of groundwater flow and
salinity to be able to better understand and cope with water shortages.

The same drainage and salinity problem exists in Egypt, northern China, and the
Asiatic countries of the former Union of Soviet Socialist Republics (USSR). In the
former USSR countries, the use of the estimated 25,000 million m3 of water drained
from irrigated lands has been suggested, jointly with surface water. It has been esti-
mated that one-fifth of the irrigated land in the United States, and one-third in the
world, is plagued by salt accumulation. Losses at canals and distribution systems can
be alleviated by lining the conductions. However, if lost water feeds usable aquifers
and conjunctive use is practiced, it can be more convenient to leave canals unlined,
unless drainage problems exist and water losses create excessively high aquifer levels.
In addition to falling groundwater levels, water management practices should also
consider the problems of rising groundwater levels. Conjunctive use of surface water
and groundwater resources can both solve the problem of water shortages and improve
water use efficiency and regional environment of irrigated areas (Task Committee on
Water Conservation, 1981; Van Steenbergen and Oliemans, 2002; Kats, 1975).
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In large plains, such as the Indo-Ganges, with large irrigation projects, important
aquifers exist that have given rise to spontaneous developments of conjunctive use. In the
case of the Indus aquifer, it was stimulated by the SCARP project. In other cases the
stimulus was produced, in addition to increasing water availability, to remedy problems in
the design and operation of irrigation projects. Some of the problems addressed are:
inadequately maintained canals unable to sustain design flows throughout the system,
poorly administered canals, allowing unauthorized or excessive off-takes and oversized
channels in relation to surface water availability, or water flows tied to rigid canal-water
delivery schedules and unable to respond to crop needs. Any combination of these cir-
cumstances leads to inadequate irrigation water service levels throughout much of the canal
system and especially toward the tail sections. At the head-ends of the canal, irrigation
causes water tables to rise, resulting in waterlogged areas, whereas at the tail-ends, salinity
problems are increasing because of excessive use of bad quality groundwater for irrigation.
Thus private water well drilling usually proliferates. Also sociopolitical and institutional
impediments to an adequate management of water resources in the area play a role, like
sociopolitical dominance of farmers in areas excessively endowed with surface water, who
refuse to reduce canal intakes to allow a greater proportion of available flow to reach small
areas. Other problems are: inadequate understanding of conjunctive use and the potential of
groundwater use by water and irrigation engineers, split responsibility for surface water and
groundwater management among different organizations and agencies, or else water re-
sources management being mainly addressed by surface water-oriented agencies, because of
the historical relationship with the development of irrigated agriculture (Foster et al., 2010;
Foster and Van Steenbergen, 2010).

The Ganges River basin has serious water problems because of topographic limitations
to build large surface storage, contrary to the Indus River. The basin is almost 800,000 km2

large and accommodates a 10th of the world population, mainly working in agriculture,
with very low per capita income. In 1975, pumping water from the aquifer along the
Ganges River and canals was proposed, inducing recharge that would provide 60 km3 of
water annually. The total annual Ganges flow is estimated at almost 300 km3 in the
monsoon season from July to October and in the order of 70 km3 during the other 8 months
of the year (Revelle and Lakshminarayana, 1975). Similar proposals have been suggested
with several different relative scenarios for wells and canals with the aim of increasing
induced aquifer recharge (Chaturvedi and Srivastava, 1979; Khan et al., 2014). In the vast
Ganges aquifer with a rainfall ranging from 2 m/year in the east to 1 m/year in the west,
groundwater exploitation has grown in the past decades, while aquifer recharge has been
increased with channel water. An important increase in aquifer pumping seems a viable
option, although it has only been simulated with schematic and very simplified models.

3. ANALYSIS OF CONJUNCTIVE USE SYSTEMS

It is important for the design and operation of conjunctive use resource systems to
adequately evaluate their performance. Performance evaluation is required for convincing
stakeholders (governments, water agencies, and other public administrations and users).
The institutional dimension of conjunctive use management is much more complex than
when surface water or groundwater alone is the main water supply source. Models have
become an essential tool for analyzing complex systems. These models are applied to
simulate historical conditions and to evaluate future water resources management
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strategies. The analysis of conjunctive use alternatives has to include streams, reservoirs,
canals, aquifers, and flow interchanges between groundwater and surface water, as well as
water supply facilities for different instream and offstream uses. Consequently, the analysis
needs to be conducted at the basin or regional scale.

Similarly, the assessment of surface and groundwater resources needs to be conducted
with comprehensive models including both water sources simultaneously. Groundwater
models and surface hydrology models are usually calibrated by reproducing the observed
values of surface flow and piezometric heads at some locations. Model calibration should
be oriented to capture in the best possible way the interactions between both subsystems.
For conjunctive use modeling this is more important than achieving a better tuning to other
responses.

Effective conjunctive use is a matter of proper resource management. Therefore
operating rules are important components of the water management alternatives. The same
set of structural facilities can produce very different yields, depending on the system
operation. Thus it needs to be explicitly incorporated in the analysis and be realistic
enough to be applied in real life. There are many political, historical, sociological, and
cultural factors that may impede the application to the real world of otherwise perfect
operating rules. We can have surface and groundwater models that have successfully
replicated the historical behavior of the system, but future river flows and groundwater
recharge are unpredictable and uncertain in the mid and long term. It seems probable that
the variability of river flows will increase in the coming decades because of global
warming. This could cause more intense floods and droughts. The latter has two important
consequences: (1) it will be necessary to have a greater water storage capacity, where
conjunctive use can be useful and (2) it will be vital to conduct more simulations of the
behavior of each system, with different operating rules, for dry and wet time series and
periods as well as for more intense droughts.

3.1 Methods of Analysis

This section will address how to analyze and evaluate conjunctive water use and system
interactions between surface and subsurface components. The purpose is to present, in a
very simplified way, what types of models and tools exist to simulate all the components,
with emphasis on the interactions between groundwater and surface water. The simplest
among the lumped (aggregated) models to reproduce the flow between a river and an aquifer
is the deposit model. Next in complexity is the unicellular linear model in which the
aquifereriver flow is equal to the volume stored above the riverbed multiplied by a factor of
discharge. These models do not consider the spatial location of pumping and only calculate
the total river flow into the aquifer. Pluricellular models (based on the few analytical
solutions for simple geometries of the groundwater flow equation for homogeneous and
isotropic aquifers) are more elaborate and consider pumping locations. Those models are
composed of a few virtual cells. Each virtual cell corresponds to one of the infinite terms of
the analytical solution. All cells behave as the unicellular model, each one has a discharge
coefficient, and each different external action is partitioned between all the cells of the
pluricellular model (Sahuquillo, 1983a,b, 1993). Partition coefficients are different for each
distinct external action over the aquifer; pumping in A, B, or C, artificial recharge M, N, or
P, etc., and must be previously calculated. In all cases, only a few terms (up to five in most
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cases) of the solution are needed for a sufficient approximation. The link to the surface
model is very simple and straightforward and this is an interesting option when a distributed
model is not available or for preliminary or screening modeling (Sahuquillo, 1993; Pulido-
Velázquez et al., 2005).

For more detailed and exact results, the classical finite differences or finite elements
numerical models can be used to solve a large algebraic linear system of equations in
sequential time steps providing water heads in all the cells of the aquifer. However, its
simultaneous simulation with the surface model is very cumbersome, even for analyzing a
few management alternatives of several decades of duration. An important advance has been
the use of the superposition strategy using influence functions when an aquifer behaves
linearly (Maddock, 1971; Morel-Seytoux et al., 1973). However, for large models and
modeling periods and many alternatives, it is needed to handle and store many influence
functions and consider all the previous stresses, which in practice makes the models more
difficult and their use more costly. To apply influence functions, the influence of all previous
external actions has to be calculated and all previous external actions and each influence
function have to be kept stored. Simple cases, like the river augmentation cases, river aquifer
systems, or other not too complex systems, have been modeled successfully with lumped or
distributed models. For more complex cases or major integrated systems, more compre-
hensive models are needed.

The eigenvalue method (an explicit solution of the groundwater flow equation in linear
problems) is a more appropriate option for simulations of large time periods and many
alternatives. This approach solves explicitly the space discrete flow equation obtaining
modal orthogonal components through very simple explicit state equations in the function
of time. The method allows the following to be explicitly obtained: rivereaquifer flow
interchange in selected zones, groundwater heads in selected points, and groundwater
volumes in different areas of the aquifer or flows between two zones of an aquifer. The
complete solution of the eigenproblem is the most demanding task, but it must be done
only once (Sahuquillo, 1983a,b, 2013; Andreu and Sahuquillo, 1987). To reduce the
computational load, the simulation can be simplified with appropriate truncation using
only dominant modes of the components, at the cost of a small error. Efficient codes have
been developed to get the modal components computed very effectively (Alvarez Villa,
2014).

AQUATOOL is a decision support system developed at the Polytechnic University of
Valencia (UPV), Spain, to optimize and simulate complex systems, including conjunctive
use. This model has been applied for many Spanish basins and in other countries (eg, Brazil
and Morocco). It can handle several tens of dams, aquifers, and water demand areas,
including rivers, canals, aqueducts, and aquifereriver interactions. It includes legal prior-
ities of use and environmental restrictions, restrictions in conduits, and return flows to
groundwater and surface water. It can tackle most common nonlinear situations. AQUA-
TOOL is a continuing project at the UPV and therefore it is continuously upgraded and
expanded. It is a model for simulating water resources systems, creating a flow network that
is optimized monthly by an out-of-kilter algorithm. The system is based on operating rules
optimizing dam and aquifer storage, and which can be refined in the simulation process.
The model can be used in a water-resource system to screen, design, and manage alter-
natives, check and refine the screened alternatives by means of the simulation module, and
conduct sensitivity analysis by comparing the results after changes in the design or in the
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operating rules. Furthermore, once an alternative is implemented, the models can be used as
an aid in the operation of water resource systems. It has been designed to help decision
makers to analyze complex systems and answer specific questions, facilitating the use of a
set of models and databases in an interactive way and in a user-friendly control framework
(Andreu et al., 1996). It can include deposit, unicellular, pluricellular, and eigenvalue
models.

Another model of a similar kind is CALVIN (optimization model used to analyze
different conjunctive use alternatives in California) developed at the University of Cali-
fornia at Davis. The model determines monthly system operations and provides shadow
prices and marginal benefits and costs of the operation of the system of water resources. It
includes environmental restrictions and restrictions in conduits as well. It enables changes
in water allocation through water markets, allowing the transfer of water from agricultural
to urban uses and changes in crops and fallow. It takes into account savings in urban use,
irrigation efficiency, reuse, and desalination. It includes aquifers as deposits and deep
percolation from conveyance losses and rainfall. Streameaquifer and interbasin in-
teractions are preprocessed as a fixed time series of groundwater inflows and thus they are
not dynamically represented in CALVIN. The software is based on an optimization solver
for the water resource system called HEC-PRM, developed specifically to examine the
economic operation of large water resource systems. The results of several studies indicate
the physical possibility of an interconnected, complex, and diverse system to adapt to
dramatic changes in climate and population, although at significant costs. The model has
been applied to all California, but can be used for any complex system of water (Jenkins
et al., 2004).

CALVIN formulates economic optimization and evaluation, which makes it a plausible
tool considering water markets, surface storage, and groundwater banking, something that
AQUATOOL does not provide. AQUATOOL instead may include aquifers and aquifere
river connections with the same accuracy as provided by distributed aquifer models at the
expense of a moderate increase in the computational cost. Seemingly, both models can
benefit from the other’s advantages.

The operation of several multipurpose reservoirs is one of the most complicated and
difficult tasks of water management. Different solutions have been suggested in such cases,
depending on particular historical and socioeconomic conditions. The problem is even
more complicated if interactions between surface water and groundwater and climate
change are considered. So far in California, water agencies using their aquifers and surface
reservoirs have managed their own and imported water resources independently. However,
as discussed earlier, it appears clear that significant gains could be obtained if water re-
sources of various agencies were managed jointly. At the beginning of the century, the
CalSim II model was developed for the Central Valley in California that only deals with
surface water. The model was criticized for missing groundwater representation and
possible limitations in the model’s applicability to planning, policy, and operational
problems under future water management and hydrologic conditions. Integrated basin
management models, which handle groundwater and surface water simultaneously, are
needed to improve the performance of California’s water management systems. In 2013 a
groundwater model of the Central Valley aquifer and a conjunctive model of surface and
groundwater (C2VSim) was developed. Improvements in the operation of the northern
California reservoirs could contribute to enlarge the assignment of aquifers and reservoirs,
and are currently under intense scrutiny (Lund et al., 2014).
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4. CONCLUSIONS AND RECOMMENDATIONS

Conjunctive use of surface and groundwater provides possibilities of significant functional
and economic improvements in water management and increasing water availability in
general. Groundwater can provide an additional water supply as well as a means for water
storage, distribution, and treatment, which can be combined advantageously with surface
water sources. The yield of surface water projects can be augmented if groundwater is
included and operated in the system jointly with surface components without a need to
augment surface storage capacity. Some of the valuable aspects that can be expected from
conjunctive use of surface water and groundwater, in addition to the increase in yields and
economic gains, are: alleviation of drainage and salinity problems, alleviation of aquifer
overexploitation, alleviation of seawater intrusion, and higher water supply reliability and
smaller infrastructures. The enumerated possibilities lead on to the need for a fully inte-
grating groundwater management system in all planning and management stages.
Improvements of many schemes can be achieved, but adequate legal, institutional, and social
changes would be needed in many cases. On the other hand, the analysis for implementing
conjunctive use has to be performed carefully. This in turn implies the need for more
complex models in view of the need to simulate surface water, groundwater, and river aquifer
flow interchange for multiple scenarios and alternatives during longer modeling periods.

After analyzing multiple cases, the question arises: which methods are most adequate
for evaluating artificial recharge or ACU? The answer will depend on economic, social,
political, and engineering conditions, to mention just a few. It seems inappropriate to project
long channels of interbasin transfers (as those in the CVP, or Los Angeles Aqueduct and
others in California, or the CAP in Arizona) for the transport of highly variable flows.
Rather, its storage through artificial recharge in receiving areas seems more plausible. By
contrast, in rivereaquifer cases, or in basins where water is conducted largely through a
losing river channel or unlined channels (like the Castellón la Plana aquifer or the Indus
River), ACU appears to be more adequate. However, environmental, social, historical, legal,
and hydrological issues exist, which have largely influenced the decisions taken in each
situation.
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1. INTRODUCTION

Effective and innovative water management is highly relevant for sustainable development
in each economy. Because of decreasing water availability and growing water demand at
the same time, it is challenging to provide sufficient water supply at affordable rates, while
protecting water resources from depletion. Furthermore, extreme droughts can cause spikes
in food prices, and consequently famine and death in extreme cases like, for example, in
Ethiopia in 1975 (analyzed extensively by Amartya Sen, the 1998 Nobel Prize winner in
Economics) (Marsily, 2007).

While water quantity has been among the main issues of scientific, social, and policy
debates for a long time, low water quality and water-borne diseases have also become a
concerning issue. This has been substantiated by changing publication trends regarding
water quantity and water quality. Historical publication records in Elsevier databases show
that between 1838 and 2016 the number of international publications addressing water
quality has exceeded publication numbers on water quantity by 28%.1 A spike in publi-
cations on water quality and quantity started in 2007 and 2008, when almost half of all
papers published in Elsevier journals focused on those two issues.

While in the past decades innovations were prevailing in the field of water quantity to
ensure a proper and adequate water supply, innovations in water quality started to emerge
in the most recent decade. One of the reasons for this development was the extent of global
diseases and limited human abilities with their treatment and cure.

1. The statements are based on the results of the authors’ bibliographic survey in Elsevier data bases

conducted on July, 18, 2015 which included both “water quality” (as a search term in the titles,

abstracts, and keywords) and water quantity (embracing the following categories: water quantity,

water sources, and water resources).
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One of the examples related to water quality and missing innovations in this area in the
past is diarrhea (and other “fecaleoral” diseases like cholera, typhoid, and dysentery).
According to the World Health Organization, prior to 2008 approximately 88% of those
diseases originated from impure water, inadequate sanitation, or insufficient hygiene (Prüss-
Üstün et al., 2008). Only in the last decade, dirty water and poor sanitation caused annual
deaths of 1.4e1.8 million children (nearly 5000 children every day) (UNESCO, 2009, 2012).
Since the beginning of the 21st century around 3.5 million people have been dying every
single year because of inadequate water supply, sanitation, and hygiene, mainly in the
developing countries (UNESCO, 2012; WHO, 2008).

Neither water quality nor water quantity in Europe has been as acute as in the
developing countries of Africa, South America, and Asia. However, despite well-
established laws and regulations in place determining water resource management and
environmental protection (Martins et al., 2013), recent droughts significantly affected
water availability and water withdrawals in some European countries. An indicator of
water supply per river basin in 1995 and anticipated in 2025 shows that the countries most
affected (or expected to be most affected) by water scarcity2 were France, Spain, Italy,
Greece, the United Kingdom, and the Netherlands (UNEP, 2008). At the same time, an
opposite trend and the most excessive water use was recorded in Malta, Bulgaria, Germany,
Italy, Poland, Spain, and Ukraine (UNEP, 2008).

Given the multitude of water management innovations established and successfully
applied in many EU countries it might seem surprising that no effective solutions have
been found yet that would help with mitigating and adapting to extreme weather events
(here: droughts) at a larger scale. The reason for this is a clash of high innovativeness in the
water sector on the one hand, and existing water problems on the other, which can be
interpreted as an example of ineffective water management practices. Those contrary
tendencies are common in many countries around the world, where concerted collabora-
tions of the water industry organizations to improve water management efficiency are
missing, while strategic visions are very rare (Matheson, 2013). Moreover, missing
knowledge about existing innovations constitutes one of the main barriers for improving
water management practices and strategies at the regional scale and transferring them to
the national level.

The main aim of this chapter is to present various types of the most current water
management innovations applied in different countries and/or enterprises in Europe. It is
important to emphasize that different water management innovations are dispersed across
different European countries. Thus the landscape of water management innovations and
practices is unique for each single country. The examples of water management
innovations presented here are not geographically limited and could theoretically be
applied in all regions around the globe. However, socioeconomic, environmental, tech-
nological, political, and juridical conditions in each country will be determinant for the
final implementation of specific water management innovation practices. The presented
examples represent three types of innovations: product, process, and organizational
innovations. The next sections define the nature of innovations. They also present selected
examples of innovation approaches used in water management in Europe as well as the
results of representative research studies conducted in this field.

2. Water scarcity occurs when the annual water availability is less or equal to 1000 m3 per capita.

404 Competition for Water Resources



2. NATURE AND TYPES OF INNOVATIONS

The very first notion of innovations was created more than 100 years ago. According to
Unger (2005), the term “innovation” was defined for the first time in the 19th century by
A.F. Riedel (an economist) (Riedel, 1839) and G. De Tarde (a sociologist) (De Tarde,
1993). In the following years, the Oslo Manual (Guidelines for Collecting and Interpreting
Innovation Data) defined an innovation as “a new or significantly improved product (good
or service), or process, a new marketing method, or a new organizational method in
business practices, workplace organization or external relations” that has been imple-
mented in practice/on the market to improve efficiency or effectiveness (OECD, 2005).

According to the theory of J.A. Schumpeter (1883e1950), innovations are attributed to
the so-called “creative destruction” that is the main element in the theory of economic
development. The term “creative destruction” was defined as a process of creating new
values on the basis of the older ones that ultimately needed to exit the market. Thus be-
tween the 19th and 20th centuries, innovations were understood as new combinations of
production factors (Matusiak, 2011; Schumpeter, 1939). Further, according to Schum-
peter’s theory, knowledge about structural market changes resulting from the imple-
mentation of innovations should be used as a base for designing appropriate adjustment
programs. These programs ought to support the process of market transformation and,
where possible, reduce or eliminate negative factors impacting organizations, individuals,
and society (Schumpeter, 1995). The real destruction of many enterprises (Schumpeter,
1995) after the introduction of innovations on the market became a core element for a new
theory of the economic growth [next to other new theories created at the same time by, for
instance, J. Schmookler and K.H. Oppenländer (Matczewski, 2005)]. All those theories
generated a potential for new technologies and thus creation of an additional market value.
Currently, innovation theory is still in the development stage. It distinguishes among
different types of innovations and their nature, subject to different criteria (Table 1).

The introduced interpretations present the nature of the respective innovation types,
while they do not describe all aspects of the terms. The most common innovation typology
in Europe relates to product, process, marketing, and organizational innovations (OECD,
2005). It is based on the following guidelines for collecting and interpreting innovation
data (OECD, 2005):

1. Product innovation is a good or service that is new or significantly improved with
respect to its characteristics or intended uses. A significant improvement includes
technical specifications, components and materials, software, user friendliness, easi-
ness of use, or other functional characteristics, for example, speed and performance.

2. Process innovation is a production process or delivery method that is new or signifi-
cantly improved. A significant improvement in this case includes changes in tech-
niques, equipment, or software [eg, new production line, radio-frequency identification
(RFID) or global positioning system (GPS), new reservation systems or techniques for
project management, information, and communication technology], which help
improve efficiency or quality of an ancillary support activity.

3. Marketing innovation is defined as a marketing method that is new or significantly
improved. It relates to changes in the product design, packaging, placement, promotion
or pricing, which are all aimed at satisfying customers’ needs or opening up new
markets.
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TABLE 1 Types and Nature of Innovations

No. Criterion

Types of

Innovations Nature of Innovations

1 Form of
innovation

1. Product
innovation

2. Process
innovation

3. Marketing
innovation

4. Organizational
innovation

1. Product innovation is a new or
significantly improved good or service

2. Process innovation is a new or
significantly improved production
process or delivery method

3. Marketing innovation is defined as a
new or significantly improved
marketing method

4. Organizational innovation is a new
organizational method (OECD, 2005)

2 Orientation for
law

1. Codified
innovation

2. Uncodified
innovation

1. “Codified innovation refers to all
technological capabilities listed,
codified, and legally identified through
patents and concessions” (Lecerf, 2012)

2. “Uncodified innovation is the kind of
innovation that happens as services and
products are adapted to the needs and
preferences of a new set of customers”
(Saporito, 2008)

3 Place where
innovations are
created

1. Exo-innovation
2. Endo-innovation

1. Exo-innovation is an innovation that
overthrows established practices in a field

2. Endo-innovation is an innovation that
relies on and conforms to established
boundaries (Rehn, 2006)

4 Distance to
customer

1. Intra-innovation
2. Market

innovation

1. Intra-innovation is the own innovation
capacity of an organization (Malinsky,
2010)

2. Market innovation is improving the mix
of target markets/customers and how
these are served (Axel, 1999a,b)

5 Originality 1. Original
innovation

2. Modified
innovation

1. Original innovation is an innovation
created for the first time, which has never
been proposed before (Yixin, 2011)

2. Modified innovation is a slight
improvement in technology and process,
which creates new ways of producing or
servicing (Joshi, 2010)

6 Dimension of
change

1. Radical
(revolutionary)
innovation

2. Incremental
(evolutionary)
innovation

1. Radical innovation is a revolutionary
change (eg, new process, product),
which requires changes in the
technology or organization (Ravn and
Petersen, 2005)

2. Incremental innovation is a gradual and
often small change in a company or a
sector (Søndergaard et al., 1997)
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TABLE 1 Types and Nature of Innovationsdcont’d

No. Criterion

Types of

Innovations Nature of Innovations

7 Grade of
autonomy

1. Autonomous
innovation

2. Systemic
innovation

1. Autonomous innovation can be
implemented independently from other
innovations, that is, without the need to
completely redesign other innovations

2. Systemic innovation operates only with
complementary innovations because it
is dependent on them (Chesbrough and
Teece, 1996)

8 Grade of
materialization

1. Hardware
innovation

2. Software
innovation

3. Mixed
innovation

1. Hardware innovation is created mainly
in applied and life sciences and has a
material form

2. Software innovation is created mainly in
social sciences and has a nonmaterial
form

3. Mixed innovation is the combination of
both

(Zajączkowski, 2003)

9 Costs of creation 1. Cheap
innovation

2. Expensive
innovation

1. Cheap innovation does not require many
resources for research and development

2. Expensive innovation requires many
resources in the creation phases of
research and prototyping (Zajączkowski,
2003)

10 Field of impact 1. Nano-innovation
2. Bio-innovation
3. Genetic

innovation
4. Social

innovation
5. Eco-innovation/

sustainable
innovation

6. Effectition

1. Nano-innovation is a novelty or
improvement in nanotechnology

2. Bio-innovation relates to new or
improved biotechnological solutions

3. Genetic innovation is a novelty in
genetics

4. Social innovation is a new solution of
social problems (Phills et al., 2008)

5. Eco-innovation is a new or modified
process, technique, practice, system, or
product, which allows avoiding or
reducing environmental harm (Kemp
et al., 2004)

6. Effectition is an innovation with no
(“zero”) negative environmental impact.
Because humans are a part of the
economy and society spheres, the 100%
effectiveness in reducing environmental
harm equals a 100% reduction in social
and economic harm (Ziółkowski, 2012;
Ziolkowski and Ziolkowska, 2014)

Authors’ presentation based on Zajączkowski, M., 2003.
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4. Organizational innovation is an organizational method that is new for entrepreneurial
practices, workplace organization, or external relations. In contrast to a process
innovation, an organizational innovation relates primarily to people and aims at
reducing administrative or transaction costs, improving workplace satisfaction, and
gaining access to new tradable assets such as knowledge to improve entrepreneurial
performance. Organizational innovations are reflected, for instance, in the following:
a. Enterprise practices: improvement in learning within an organization (eg, databases of

best practices), practices for employee development (eg, internal education and training
systems), management systems for general production or supply operations (eg, supply
chain management systems, business reengineering, lean production, and quality
management systems);

b. Workplace organization: methods for delegating decision-making to employees,
integration of different business activities, organizational models for employees’
empowerment, decentralization of group activities, management control, establish-
ment of formal or informal work teams, and integration of engineering and develop-
ment with production; and

c. External relations: ways of organizing relations with other bodies (eg, establishment
of new types of cooperation with customers or R&D, new methods of integration
with suppliers, and outsourcing).

The contemporary science trends reveal many different definitions and classifications
of the aforementioned innovation types. For instance, product innovations are identified
with extraction innovations, process innovation are used as a synonym for resource in-
novations, organizational innovations are compared with strategic innovations or system
innovations, while process innovations can be defined as an element of system innovations.
According to some researchers (eg, Murphy and Gouldson, 2000; Bernauer et al., 2006),
all organizational innovations support the implementation of technical innovations, that is,
process innovations and product innovations. Moreover, it is a very common scientific
practice to describe different types of innovations by means of the term “technologies.”
Thus product innovations or marketing innovations are also called technologies.

Another relevant aspect of the innovation theory is the fact that many innovations could
be simultaneously attributed to more than just one innovation type (eg, product and process
innovations) (OECD, 2005). This phenomenon is also confirmed by the numerous defi-
nitions and classifications of innovations. Therefore, in many cases it is challenging to
specify and clearly define a single form of innovation in place (Freier, 2003), because a
product innovation for one enterprise can mean a process innovation for another enterprise.
Thus from the theoretical and practical point of view, the novelty of innovations at the
enterprise, market, and global levels is a decisive factor for determining the innovation
form. When a technology is introduced into a company for the very first time, it is called
innovation in that specific company, although it is not necessarily an innovation for other
market players that have been using the same solution for more than one year (OECD,
2005).

The process of innovation development has occurred in several stages, which are called
“innovation waves,” phases of Industrial Revolution or Industrial Revolutions. According
to Hargroves and Smith (2006), the first innovation wave was triggered by a swift uptake of
heavy industry around 1785. After the age of iron manufacturing, water power, textiles,
mechanization, and commerce, the second industrial revolution occurred around the year

408 Competition for Water Resources



1800 and was triggered by a proliferation of steam power, trains, and steel and cotton
production. During the third wave, around the year 1900, the dominant innovations
resulted from the discovery and a wide use of electricity, chemicals, and the internal
combustion engine (the era of automobile production and electrification of cities). The
fourth innovation wave started around 1945 and embraced the mass production of semi-
conductors and electronics, the rise of petrochemicals, the aviation and space race, as well
as new energy sources. During the fifth industrial revolution the main determinants of
growth were: information and communication technologies (ICT) with computers, digital
networks, and bio- and nanotechnologies. The present times are classified as the sixth wave
of innovations and are represented and voiced with the following concepts: sustainability,
radical resource productivity, whole system design, biomimicry, green chemistry, industrial
ecology, renewable energy, green nanotechnology, etc. (Hargroves and Smith, 2006;
Lovins, 2008).

The enumerated innovations have been successfully applied in many fields and dis-
ciplines. However, considering current water problems, it can be deduced that innovations
in water management have been lagging behind. At the same time, scientific and geopo-
litical interest in water management innovations has been steadily growing. The main
reason for this development is the global population growth and extreme weather events,
like droughts, heat waves or floods around the world. Despite the growing need for in-
novations in water management, many common innovations are not disseminated as
widely as needed in many regions of the world, which can be explained by missing
knowledge about existing innovations and their positive effects.

To provide a comprehensive picture of innovations and their successful applications in
the field of water management, the following section will focus on three innovation types
in the European Union.

3. INNOVATIONS IN WATER MANAGEMENT IN EUROPE

3.1 Legal and Organizational Background of Water Management

In the European Union, innovations in the water sector started to expand in the late 1970s
as a result of legal regulations related to environmental problems. Numerous European
Commission treaties stipulated the creation of water policies, regulations, and laws
(Dworak et al., 2007), and served as a jump start for innovative water management
practices. Table 2 presents three regulatory periods in EU water policy creation.

The regulations mentioned in Table 2dcombined with thousands of additional water
policy Actsdhave significantly impacted water innovations in the business and
administration sectors in European countries and generated an added value since the end
of the 1970s. It is difficult to assess the strength or character of this impact because
research is missing that would provide specific measurement methods to evaluate the
significance or success of all regulations in place. Simultaneously, the areas subordi-
nated to these regulations determined the creation and direction of the respective
innovation types. The most relevant and widespread organizational and institutional
measures and frameworks for respecting water laws in Europe and creating innovative
solutions include, among others: the European Innovation Partnership on Water, Water
supply and sanitation Technology Platform (WssTP), European Water Conferences,
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EUREKA Cluster for water, European water programs and strategies, and the Water
Information System for Europe. All these initiatives foster water-related innovations and
thus provide useful knowledge about a wide spectrum of different solutions for effective
water management.

An example worth discussing in this context is the WssTP (also called the European
Technology Platform for Water), initiated by the European Commission in 2004. The ac-
tivities encompassed by this platform to promote water-related innovations were brought to
special attention in 2014, when the WssTP SME awards (for small and medium-sized
enterprises) were established for the EU member countries and EU associated countries.

TABLE 2 Regulations Constituting Water Policy in the European Union

First Period (1973e1989)

Environmental Action Programs in 1973

Surface Water Directive (75/440/EEC)

Bathing Water Directive (76/160/EEC)

Dangerous Substances Directive (76/464/EEC)

Fish Water Directive (78/659/EEC)

Shellfish Water Directive (79/923/EEC)

Drinking Water Directive (80/778/EEC)

Second Period (1990e1996)

Urban Wastewater Treatment Directives (91/271/EEC and 98/15/EEC)

Nitrate Directive (91/676/EEC)

Directive Concerning Integrated Pollution Prevention and Control (96/61/EC)

Guideline to Control the Dangers in the Event of Major Accidents (96/82/EEC, the so-called
Seveso II Directive)

Third Period (1996 until present)

A Communication of the European Commission on the Water Policy of the Community in
1996

Water Framework Directive (2000/60/EC)

Groundwater Directive (2006/118/EC)

Floods Directive (2007/60/EC)

Marine Strategy Framework Directive (2008/56/EC)

Directive on Environmental Quality Standards in the Field of Water Policy
(2008/105/EC)

Authors’ presentation based on Dworak, T., Kampa, E., de Roo, C., Alvarez, C., Bäck, S., Benito, P., 2007.
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The spectrum of water-related innovations evaluated in this competition was determined in
the following WssTP Working Groups and areas (WssTP SME Awards, 2015):

1. Agriculture and Irrigation, which aims at advanced technologies for a rational use of
water and agrochemicals in precision agriculture (including sensors for soil water
content and evapotranspiration measurements, machinery, and agricultural runoff
management).

2. Bathing Water, focused on the European Bathing Water Directive implementation by
research initiatives and demonstration projects.

3. Eco-systems Services, promoting protection and restoration of ecosystems, ecosystem
services, provision of Payments for Ecosystem Services, EU Green Infrastructure
Communication, and alternative wastewater solutions.

4. Emerging Compounds, aiming at information exchange in the field of technological
developments and in the context of emerging compounds or building joint research
and innovation agendas to facilitate international consortia.

5. Fin4WatComp, which stands for Financing for EU Competitiveness and aims at
supporting actions for internationalization of innovations in the water sector.

6. Green Infrastructure, promoting green infrastructure innovations for local, regional,
river basin, and coastal environments.

7. Hydro-climatic Extremes, addressing management and predictions of hydroclimatic
extreme events.

8. Membrane Technologies, supporting creation and promotion of breakthrough water
membrane inventions.

9. Resource Recovery, supporting projects for sustainable resource (nutrients) recovery
from water.

10. Shale Gas, aiming at new knowledge delivery and exchange about the best in-
novations to avoid water contamination during shale gas mining and to identify future
research needs.

11. Techwatch (Emerging Technologies), focused on identifying promising innovations
in all WssTP Working Groups to accelerate their commercialization.

12. Urban Water Pollution, oriented toward challenges of water pollution sources in
urban environments from the industry sector, agriculture, or wastewater treatment.

13. Water Beyond Europe, with its main objectives of creating networks of key stake-
holders in the water sector and working out common action plans with shared vision
and goals facing the call of Horizon 2020 (EU Framework Program for Research and
Innovation).

14. Water and ICT, promoting applications of ICT in the European water sector and
creating worldwide reference standards in this domain.

15. Water and Industry, focused on creating ideas/topics, strategies, and system ap-
proaches on behalf of the European water industry (including water supply/use/reuse/
recycling, wastewater treatment, and resource recovery from water) to be considered
for future program calls.

16. WatereEnergyeFoodeBiodiversity Nexus, oriented toward the development of green
economy innovations in the field of watereenergyefoodebiodiversity, mainly by
means of open platforms for modeling, information exchange, or joint activities
supporting a smooth research and innovation uptake.
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The next sections depict three selected types of water management innovations:
product innovations, process innovations, and organizational innovations. Several exam-
ples were used, based on the trade or manufacturers’ information data to present a selective
overview of the scope of water management innovations in Europe. As shown in the
following, some innovations resemble solutions from the field of effectitions that do not
generate any harm for the economic, social, and natural environment.

3.2 Product Innovations in Water Management

As described previously, the way in which technologies are applied determines the type of
innovations. Some technologies viewed as product innovations in some places can be
understood as process innovations in other places. Similarly, the application areas of new
technologies as well as the geographical location determine whether some solutions are
acknowledged as innovations in the first place. While some technologies in Europe may be
new, they may be commonly applied in the United States or other countries in the world
and vice versa.

The prevailing trend in the field of water management innovations regards water
savings. Water metering is only one of many examples that have spread quickly in many
countries in recent years. Among the known product innovations for water metering, the
Swiss Amphiro Smart Water Meters represent an interesting example of innovation
progress occurring in water management (Amphiro AG, 2014, 2015). The Amphiro meters
are mounted at the outlet of water installation systems and embrace four functionally
independent, but visually quite similar technologies under the following trade names:
amphiro a1, amphiro a2, amphiro b1, and OEM amphiro (Picture 1).

PICTURE 1 Amphiro a1 and amphiro a2. Adapted from Amphiro AG, 2014 and Amphiro AG, 2015.
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The meters use a set of microprocessor units and sensors, powered by energy pro-
duced by water-flow driven generators, to measure the temperature and water con-
sumption levels. The Amphiro meters allow for combining information on people’s
behaviors with information on energy production and metering. Thus information can be
generated about individual user’s energy and water consumption for different household
activities (eg, taking a shower, laundry, lawn watering) or at different times during the
day and night. The information is displayed electronically for all components separately
on a display screen. In addition to the information on energy used for water heating and
the actual amount of water consumed during a shower time, information on the shower
energy efficiency class can also be measured and displayed on a scale from A (the
highest) to G (the lowest). The collected information can be manually computed into
Amphiro’s online portal and compared over a timeline or with other households’ in-
formation. The collected data can also be transferred via the Bluetooth 4.0 technology to
mobile phones and to the Internet (amphiro b1). According to the producer, the use of
amphiro a1 in a typical household saves 440 kWh of energy per year (from the 2000 kWh
used for heating water) and 8500 L of drinking and wastewater (Amphiro AG, 2014). On
the other hand, the OEM amphiro uses different modules that can be integrated with
water systems produced directly by faucet manufacturers. The single modules differ with
regard to their functionality levels in water monitoring. Compared to the aforementioned
amphiro components, the OEM solutions can additionally monitor water quality (eg, for
presence of Legionella bacterium) and transfer this information through Bluetooth 4.0 or
WLAN to help with disease prevention and control. This product innovation could be
especially useful in hotel management and in enterprises launching their energy or water
services on the regional markets (Amphiro AG, 2013).

Another example of product innovations in the field of water management relates to
water retention and collection in lakes, ponds, drinking water reservoirs, irrigation reser-
voirs, water treatment plants, cooling towers, and swimming pools. These tanks are
exposed to a constant risk of a biological invasion by different algae species, with green
and blue-green algae (toxic cyanobacteria) creating the biggest problem. Algae toxins
distort the taste and smell of water, and they can also cause diseases and damage industrial
clarifiers or sand filters. A very effective product innovation to address those issues was
created based on a cooperation agreement of several universities and SME partners from
the European countries under the leadership of a Dutch enterprise specialized in the
development of the ultrasound technology. The outcome of this cooperation was the MPC-
Buoy combining an innovative device and technology for monitoring water quality as well
as for predicting and controlling algae blooms (LG Sonic, 2015). The devices are
assembled on a buoy-like platform and powered by solar panels (Picture 2).

In the first stage, water quality monitoring is conducted to detect the presence of
green algae (chlorophyll) and blue-green algae (phycocyanin) as well as the pH, total
suspended solids (TSS),3 dissolved oxygen, and temperature. This information is
transmitted instantly to a web application by means of GPS, wireless computer
networking (Wi-Fi), or 3G network. Based on this information the LG Sonic e-line
(ultrasound transmitters mounted on the platform) is activated to treat algae. The

3. Total suspended solids (TSS) are solid materials suspended in water and impacting its quality.

TSS are reported in milligrams per liter of water (mg/L) (for more information, consult Murphy,

2015).
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information is also used in a next step to predict future algae blooms. The algae con-
trolling process is conducted by means of the chameleon technologydultrasonic
technology using 12 treatment programs for different types of algae by modulating
amplitude, frequency, signal duration, and the wave form of the ultrasound. Therefore,
there is no risk of algae resistance to a single ultrasonic parameter. Ultrasound damages
the internal areas of algae cells without breaking the cell walls, which prevents the
release of algal toxins into water. The additional benefits of the MPC-Buoy technology
include, for instance: high process efficiency (elimination of 90% of algae blooms), no
application of chemicals, and safety for ecosystems (LG Sonic, 2015; LG Sound, 2015).

Another product innovation in water quality management is the Colifast technology
introduced by a Norwegian biotechnology company. The technology was built to reduce
the time necessary to evaluate microbial water quality. Water quality and safety is
commonly tested by means of microbiological indicators (eg, presence of Escherichia
coli bacteria). In the industry sector, water analyses are often performed retrospectively
after water has already been supplied to the end users. The lack of instantly available
knowledge on water quality might be detrimental for decision-making processes
(European Commission, 2015a). The Colifast method provides information on water
quality within 6e14 h, which is significantly faster than traditional methods that require
1e3 days (Colifast, 2015a). The technology comes in two different innovation cate-
gories: Colifast ALARM (At-line Automated Remote Monitor) and Colifast At-Line
Monitor (CALM) detecting the total count of coliforms, thermos-tolerant coliforms,
or E. coli samples collected at the programmed intervals (Picture 3). Colifast ALARM is
used for drinking water and groundwater testing, whereas CALM is designed for surface
water, wastewater, and industrial use water (Colifast, 2015a).

The technology is based on the detection of a fluorescence signal in the analyzed
water samples. A higher signal indicates a high amount of different bacteria strains and
thus a lower water quality. Colifast consists of three components: incubator reaction
chamber, a flow injection pump system, and a detector system including a spectrometer
and wavelength emitters. The entire system allows for bacterial growth and measures
the amount of the E. coli enzyme indicating the concentration of a fluorescent product.

PICTURE 2 MPC-Buoy. Adapted from Dutch Water Sector, 2014.
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The application of these innovations does not require either microbiological skills or
laboratory facilities, while the only operational activity is limited to refilling reagents
every 14e20 days. The results of the tests can be sent automatically via LAN, digital
signals or the mobile phone network (text message). Because of the online enumeration
of microorganisms by means of remote sampling and warning messages, the process of
water quality analyses can be reduced to the possible minimum, which can bring about
significant cost savings in the laboratory infrastructure, service provision, and trans-
portation. The technology is beneficial not only for water testing, but also for the
environment because of its low carbon footprint (Colifast, 2015a).

3.3 Process Innovations in Water Management

In some circumstances, very complex process innovations consisting of many different
processes are also called system innovations. In most cases, however, process innovations
are applied separately as single modules.

One of the process and product innovations worth mentioning here relates to waste-
water treatment. OxyMem technology (also called membrane aerated biofilm reactord
MABR) is a mobile modular wastewater plant that is characterized by high technological
innovativeness, technological efficiency (around 75% reduction in energy costs), and high
effectiveness (perfect mobility) (OxyMem Technology, 2015; OxyMem Smart Aeration,
2015). The mobility feature of this product and process innovation allows for providing

PICTURE 3 Colifast ALARM and Colifast CALM. Adapted from Colifast, 2015b,c.
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services in different areas and environmental conditions. The OxyMem reactors can be
connected with each other, thus increasing the wastewater treatment capacity. The
reduction in energy costs of biological wastewater treatment results from the smart aera-
tion based on the membrane aerated biofilm and closed in a transport container. The
membranes within the reactor are formed by tiny permeable silicone tubes mounted next to
each other, similar to whalebone. They fill up the entire container, which allows for 95% of
transfer efficiency in the aeration process (OxyMem Technology, 2015). The oxygen used
for aeration of wastewater is transferred through those silicone tubes that are covered with
a biofilm containing wastewater treating bacteria. This technology, quite different from the
traditional wastewater treatment technologies, assures that oxygen is not released into the
atmosphere, which also eliminates the unnecessary energy consumption. According to
OxyMem (OxyMem Technology, 2015; OxyMem Technology-Brochure, 2015), additional
efficiency parameters include: reduction in the sludge production by about 40e50%, no
need to recycle sludge, resilience to changes in the wastewater influent, ability to manage
the treatment capacity during increased or variable wastewater loading periods (especially
in the industry), reduction in operating hours by about 50%, significant space savings after
uplifting/elevating the reactor above the ground, fast and easy installation, and scalability
to service any municipal or industrial requirement.

Another interesting process innovation in water management is the eutectic freeze
crystallization (EFC) process invented at the Delft University of Technology in the
Netherlands. While its initial purpose was to provide energy efficient water treatment,
nowadays it is also used for desalination, clean water reclamation, and salt production that
can further be used for industrial purposes. The material input in the process of freeze
crystallization is aqueous inorganic waste stream. During the entire process performed in
the vast range of temperatures between þ50 and �50�C two different product streams are
generated separately and simultaneously: very clean water in the form of ice and high
purity salt. Depending on the process scheme, different sorts of salts can be mixed at the
output stage or crystallized separately, which guarantees their high purity. The perfect salt
purity corresponds to the complete salt crystallization, which provides the zero liquid
discharge process.

Three operational EFC schemes have been applied in Europe so far:

l Single stage EFC based on one crystallizer working at a constant temperature and used
for ice and salt crystallization;

l Multistage EFC combining several crystallizers located next to each other and oper-
ating at different temperatures; and

l EFC combined with pretreatment and/or after-treatment processes, which requires
another auxiliary process (chemical treatment, evaporation, ion exchange, or osmosis)
before the EFC process can be performed.

The capacity of a large-scaleEFC installation ranges from1 to5 tons of crystallized ice and
salt per hour. In comparison to the triple stage evaporation system, the EFC generates about
50% savings in total energy costs. The EFC process can also be used to treat wastewater from
different sources. Currently, the following sectors are dominantly applying this technology:
mining, petroleum and chemical industries, waste deposition and incineration, recycling
industry, and agriculture. Moreover, the EFC process does not require the application of any
chemicals, while the problem of wastewater deposition generates simultaneous benefits: salt
and fully usable clean water (EFC Separations, 2015).
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3.4 Organizational Innovations in Water Management

Organizational innovations presented in this section play a decisive role in implementing
product and process novelties. Organizational innovations in the field of water manage-
ment have probably been the fastest growing innovations in recent years. For many
organizational innovations, implementation costs are among the most hindering factors. In
many cases, organizational innovations do not generate direct costs, for example, when
new project teams are created, new internal strategies are conceptualized, or quality
circles4 are developed. However, some other innovation types (eg, formal management
systems like ISO standards) constitute a considerable cost component in an enterprise or
organization budget, in spite of additional benefits they generate.

An example of a beneficial yet costly organizational innovation is Eco-Management and
Audit Scheme (EMAS). This voluntary environmental management system was established
by the European Union in 1993 and updated in 2001 and later in 2009. The core elements of
EMAS are environmental management systems requirements under EN ISO 14001:2004,
based on the Regulation of the European Parliament and the Council on the voluntary
participation by organizations. The objective of this regulation is “to promote continuous
improvements in the environmental performance of organizations by the establishment and
implementation of environmental management systems by organizations, the systematic,
objective and periodic evaluation of the performance of such systems, the provision of in-
formation on environmental performance, an open dialogue with the public and other
interested parties and the active involvement of employees in organizations and appropriate
training” (EC, 2009). Thus an overall improvement in resource management (including
water) is relevant for many organizations registered in the EMAS records. Years of experi-
ence and implementation have shown that this voluntary organizational innovation has been
successful also in the field of water management. Because of the implementation of EMAS
rules, many enterprises have reduced operational water costs and were further awarded with
the EUEMASAward distinguishing innovative and environment-friendly actions (European
Commission, 2015b). Some of these enterprises include:

l Regional Centre for Water and Wastewater Management Co. (Poland)
l Landeskrankenanstalten-BetriebsgesellschaftdKABEG (Austria)
l HR Björkmans Entrémattor AB (Sweden)
l Aeropuerto de Menorca (Spain)
l Abwasserverband Anzbach Laabental (Austria)
l Riechey Freizeitanlagen GmbH & Co. KG (Germany)
l Neumarkter Lammsbräu Gebr. Ehrnsperger e. K. (Germany)
l Lafarge Cement (United Kingdom)
l Municipality of Ravenna (Italy)

The new standard ISO 14046:2014 “Environmental managementdWater footprintd
Principles, requirements and guidelines” incorporated by EMAS is a promising next step to
ensure a basis for improvement and creation of an effective water management system
across the European Union. EMAS is both an organizational innovation generating benefits

4. Quality circles are employees groups meeting regularly who strive for solutions of quality problems

in their organizations. They are often created as a part of quality management systems in

organizations.
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in water management and a powerful trigger of future organizational innovations next to
product and process innovations.

Improvement of water management by enterprises and entities registered in EMAS is
frequently determining adaptation of product, process, or organizational innovations by
unregistered organizations. For example, because of the EMAS membership, Comune di
Tavarnelle Val di Pesa (Italy) formulated and administered the following organizational
water management innovations over time (European Commission, 2015c):

l Formal requirement to install water saving technologies in new buildings;
l Plans to reduce agricultural soil erosion caused by water runoffs;
l A formal principle considering water issues in decision-making processes on capital

investment and procurement;
l A new cooperation and education-related practice oriented toward hospitality provided

by the enterprise.

Another example of a company implementing organizational water management
innovations is the Abwasserverband Anzbach Laabental (Austria) microorganization that
was awarded by EMAS with the European Eco-Management and Audit Scheme Award
(European Commission, 2012). As an outcome of EMAS membership, the company adopted
a new environmental policy and defined a set of rules for its clients regarding waste disposal
(directly related to wastewater cleaning processes). One of them is a ban on allowing harmful
substances, such as chemicals, oils, medicines, solid materials, etc. to enter sewage instal-
lation systems (Abwasserverband Anzbach Laabental, 2012). Another organizational inno-
vation for effective water management was introduced with regard to future business
relations. The company created a new practice of monitoring and classifying suppliers
according to their certified compliance with the EMAS regulations (the monitoring process
was applied only to the suppliers generating at least 80% of their income from the coop-
eration with Abwasserverband) (Abwasserverband Anzbach Laabental, 2012).

Organizational innovations in water management are very often both a topic and the final
outcome of many European projects. One of the examples is the WaterBee Smart Irrigation
Systems Demonstration Action conducted under the leadership of Ireland. The system tar-
gets mainly growers, vineyards, golf clubs, public authorities, and landscape managers. It
aims at economic and environmental optimization of any water-related operations and
actions. The WaterBee system was constructed on the basis of field irrigation sensors
networked through the Internet and tested in 14 reference sites in Estonia, Malta, Italy, Spain,
Sweden, and the United Kingdom. The system is integrating numerous interactive solutions
of information and communication technologies, such as wireless meteorological stations,
soil moisture models, software systems for recommendation of irrigation activities, and
computer and mobile devices operability. According to WaterBee (2015), the benefits of the
system include:

l Instant and complete information on crop and field conditions;
l Comprehensive information and control of irrigation requirements;
l Irrigation based on scientific (weather forecasts and soil conditions) and not intuitive

assumptions;
l No risk of overirrigation;
l Better economic efficiency per acre through greater yields and higher quality crops;
l User-friendly software for smartphones;
l Support of real-time crop irrigation decisions and scheduling irrigation tasks;
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l No software and hardware maintenance costs, with full operational service;
l Lower operating costs of agricultural activities;
l Reduction of pollution from nutrient leaching; and
l Ability to integrate the WaterBee system with other farm management systems.

The adaptability of this innovation to customers’ needs (including business models) and
the learning ability of the system are anticipated to guarantee a higher quality of the irrigated
areas (WaterBee, 2015). Although WaterBee is a new and innovative system in Europe,
similar systems have been operating in the United States. For instance, the OklahomaMesonet
has been providing valuable weather information to farmers, policymakers, water managers,
emergency responders, media, and K-12 teachers for over 20 years.

The examples provided earlier (and other examples from practice not mentioned here)
have shown that organizational innovations are generally (and especially technologically)
not as complex as product or process innovations, although they might provide similarly
valuable outcomes.

4. CONCLUSIONS

In recent decades, effective water management became a relevant issue at the global scale.
In Europe, water management has faced two problems: (1) many innovative technologies
applied in the past have not been sufficient enough to solve critical water problems and
crises, and (2) knowledge on those innovations has not been sufficiently disseminated.

Nowadays, the most important innovations are technologies incorporating ICT, espe-
cially RFID, Wi-Fi, and GPS. They allow for a quick information transfer and create a
basis for successful water management at different scales, which has been proven by many
successful examples in the water sector in the European Union. Fast dissemination of
effective water management innovations could be facilitated by the creation of an effective
and transparent water policy in the European Union. Positive impacts could be anticipated
as soon as knowledge on existing and available water management innovations became
easily accessible. Consequently, the policy-induced actions (eg, creation of open access
databases on water management innovations) could lead to broader knowledge and
innovation dissemination. Finally, as a result, market maturity would increase faster, which
again would establish new innovations as common and readily available market items (as it
was the case with wristwatches, mobile phones, personal computers, laptops, and most
recently even with solar panels and very silent micro wind turbines).

The examples of product, process, and organizational innovations in water management
presented in this chapter are only a small selection of the latest achievements in research and
development in this field. Those examples represent in many cases the first proactive steps
toward convertingwaste (eg,wastewater) into valuable resources according to the “cradle-to-
cradle” concept. For this reason, all innovations described in this chapter can be called eco-
innovations, that is, innovations delivering better environmental outcomes than the solutions
already applied in practice. A few of them can be classified as effectitionsdinnovations with
no negative environmental impact. The implementation of effectitions in the form of product,
process, or organizational innovations in water management could generate a significant
progress in the field.

Finally, new product, process, and organizational innovations can be expected to appear
on the market in the next few years as a result of both population growth, extreme weather
events (eg, droughts, floods), and advancements in the technological state-of-the-art in the
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water management sector. For example, vehicle engines fueled by water are the next tech-
nological challenge and a prospective innovation of the future. An innovation of this kind
could create a new market niche for water purification and rain harvesting technologies that
could be further utilized in the transport sector and other sectors.

The presented examples prove a clear trend in the development of water management
innovations in Europe. It is apparent that this development will continue in the future or
even accelerate, depending on the available technology, water demand, and human needs
to combat water shortages.
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València, Valencia, Spain; 2New Mexico State University, Las Cruces, NM, United States

1. INTRODUCTION: HISTORY AND STATUS OF WATER
POLICY IN THE EUROPEAN UNION AND THE UNITED
STATES

1.1 EU Water Policy and Institutions

1.1.1 Evolution of Water Policy in the European Union

In the European Union the role of the development of environmental policies is shared
between the European Commission (EC), which sets minimum standards, and its Member
States, which might require a stricter protection. Member States are obliged to transpose
and implement the minimum standards approved at the EU level usually as directives. The
water sector was one of the first sectors to be covered by the EC environmental policy
legislation in the 1970s.

The earliest legislative approach (1975e80) established directives and decisions
providing environmental quality standards for specific types of water, including surface
water, fish water, bathing water, and drinking water directives, and establishing emission
limit values for specific water uses addressed by the dangerous substances directive. The
second approach to water legislation, seen in 1980e91, tackled new issues and approaches
including Nitrates and Urban Wastewater Directives. It also completed the dangerous
substances directive through daughter directives on specific substances. However, all these
directives had been mostly developed piecemeal to address specific problems (Chave,
2001). The presence of diverse regulatory instruments as well as growing environmental
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problems derived from the intensification of economic water uses required more coherent
action from the European Union.

The 1990s saw a worldwide movement toward an ecosystem approach. Within Europe
this led to the draft of the EU Directive on the Ecological Quality of Surface Waters and
many countries adopted monitoring schemes and environmental quality standardsdan
embryo of the Water Framework Directive (WFD) (Hering et al., 2010). The WFD had a
precedent in the 1972 US Clean Water Act (CWA), with clear parallels in terms of
objectives, implementation, and ecological approaches (Hoornbeek, 2004). Both the WFD
and the CWA shifted the decision-making authority from the federal or supranational level
toward the regional levelddecentralized policy implementation (Whitford and Clark,
2007; Young, 2011).

1.1.2 The EU Water Framework Directive

After years of negotiation among the European Community, the WFD was finally approved
at the end of 2000 and Member States were required to transpose it into their national laws
by December 2003. The WFD introduced a remarkable change in community water
legislation, incorporating new standards and criteria, institutions (river basin districts, river
basin authorities, river basin plans), and planning processes for managing Europe’s waters.
For the first time, the primary focus was the good status of all water bodies, including
inland water bodies, transitional waters, and coastal waters.

To this end, the Directive obliges Member States to prevent further deterioration
and enhance and restore the status of aquatic ecosystems. The Directive binds together
the previously fragmented environmental legislation adopting an “integrated ecosystem
approach”: it requires the combination of natural and social sciences for addressing
environmental problems, incorporating ecosystem-based criteria within a formal plan-
ning process at the basin scale. River basin management plans will have to be approved,
defining the necessary measures to be implemented for achieving specific environ-
mental objectives in a basin. In this way, water policy moved from the protection of
particular waters of special interest, such as nature areas, bathing water, and drinking
water, to the protection and use of all waters based on the consideration of the links of
the hydrology and ecology of the entire natural cycle of each river basin (Barreira,
2006).

The essential objectives of the WFD are:

l Prevention of further deterioration of water bodies
l Protection and enhancement of aquatic ecosystems and associated wetlands
l Achievement of a good “water status” for all waters within a certain time scale
l Promotion of sustainable water use
l Mitigation of the effects of floods and droughts

The most important and innovative features of the WFD are:

l Management and planning at the river basin scale (river basin management plans for
each river basin district)

l Application to all waters: inland surface waters, ground waters, and transitional
(estuaries) and coastal waters

l Combined approach for controlling water pollution: emission limit values plus water
quality objectives
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l Application of economic principles (eg, the polluter pays), methods and tools (eg, cost-
effectiveness analysis), and instruments (eg, water pricing), ensuring that the users bear
the real cost of providing and using water (cost recovery principle)

l Public involvement in decision making on water management

The WFD requires that each Member State establishes a program of measures for
achieving the environmental objectives for each river basin district. For surface water
bodies, the objective is to reach a good water status, initially by 2015, and then with
timeframes of 6 years, based on a good chemical and ecological status. For groundwater
bodies, the objective is to reach a good groundwater status, requiring both a good quan-
titative and chemical status. The Groundwater Directive (Directive, 2006) includes further
criteria for assessing the groundwater chemical status and identifying upward trends on
pollutant concentrations and baselines for trend reversals.

The WFD clearly integrates economics into water management and policy making,
and economics has a decisive role in the development of new river basin management
plans. The most cost-effective program of measures should be selected to meet the WFD
environmental objectives. Cost-effectiveness analysis will need to be expanded to
costebenefit analysis (CBA) to determine if the cost of the more cost-efficient program
of measures is likely to be disproportionally expensive (cost exceeding benefit), which
might require the application of nonmarket economic valuation techniques (Brouwer,
2008; Hanley et al., 2006; Pulido-Velazquez et al., 2009).

Member States should apply the principle of cost recovery of water services, including
not only financial costs, but also environmental and resource costs. Estimation of financial
costs is the most straightforward. However, the definition and method of assessing resource
and environmental costs for the purposes of the Directive remains controversial, and can
cause difficulties in implementing this ambitious approach (Brouwer et al., 2009; Heinz
et al., 2007). The Directive also requires the implementation of monitoring programs for a
comprehensive overview of the water status and protected areas.

1.2 US Water Policy and Institutions

1.2.1 Evolution of Water Policy in the United States

In spite of the importance to living standards in the United States to provide water of the
right quantity, quality, timing, and location, a nationally consistent water policy in the
United States is fragmented. There is no nationally formulated or implemented program of
monitoring and research to develop a better understanding of the best ways to use science
to inform policy in the United States. Moreover, the United States depends heavily on
groundwater pumping in many parts of the country for urban and domestic supply. No
national program currently exists to monitor or act on the results of the monitoring, nor are
there programs to guide science to inform policy actions to govern those supplies
(Lawford, 2003). The United States has nothing like the European WFD throughout the
50 states to unify water management plans, actions, performance, and review.

Despite this fragmentation, there has been a considerable development for many years
of a growing set of unifying economic principles to guide water programs and policies,
known as CBA. The political and economic motivations for the use of CBA to guide water
resource development and later policy decisions originated in the United States as an
outgrowth of a Congressional legislation known as the Flood Control Act of 1936
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(Ward, 2012). The motivation for the development of CBA to guide federal water resources
policy was driven by the need to assure that taxpayer dollars with a high opportunity cost,
by being removed through taxation of the private sector, would not be used for low-valued
uses financed by federal water development projects. It came from the need to conduct
economic performance assessments of expensive federal water projects. CBA was estab-
lished to compare total economic gains and losses resulting from a proposed federal water
policy.

After many years of improvement that produced a fair amount of intellectual heft, CBA
can be viewed as something of a gold standard to provide decision makers with a com-
parison of the impacts of two or more water policy options using methods that are
grounded in well-established economic principles. Net economic efficiency, measured as
the difference between added benefits and added costs, can be used to inform water
managers and the public of the economic impacts of water programs to address peace,
development, health, the environment, climate, and poverty. When confronted by scarce
taxpayer dollars and scarce water, CBA can inform policy choices by summarizing
tradeoffs involved in applying, designing, reviewing, or implementing a wide range of
water programs (Ward, 2012).

1.2.2 US Water Quality and Environmental Policy
and Institutions

The desire for a better environment became a widespread movement in the United States at
the end of the 1960s, marked by a generation of writers and environmental activists (Allit,
2015). When a critical mass of these young people were old enough to vote, this movement
encouraged political leaders to enact an innovative body of federal environmental legis-
lation in the early 1970s, including the National Environmental Policy Act (1970), the
Endangered Species Act (1973), and the creation of the Environmental Protection Agency
(EPA). The EPA’s Office of Water was created under the mission of ensuring drinking
water safety, and restoring and maintaining oceans, watersheds, and their aquatic
ecosystems.

The CWA passed in 1972, based on precedent from the Federal Water Pollution
Control Act (1948), was the first major US law to address water pollution, and established
the regulation of pollutant discharges into US waters, regulating quality standards for
surface waters. The CWA set a new national goal “to restore and maintain the chemical,
physical, and biological integrity of the Nation’s waters,” with interim goals that all waters
be fishable and swimmable where possible. The Act established a new federalestate
partnership, where federal guidelines, objectives, and limits were set under the authority of
the US EPA, states, territories, and authorized tribes that would largely administer and
enforce the CWA programs, with federal technical and financial assistance. The Act also
gave citizens an important role to play in protecting and restoring waters (EPA, 2015).
Core programs under the CWA are: establishing water quality standards; identifying
polluted waters and developing plans to restore them; permitting discharges of pollutants
from point sources through the National Pollutant Discharge Elimination System;
addressing diffuse, nonpoint sources of pollution; and protecting wetlands, coastal waters
through the National Estuary Program, and large aquatic ecosystems. Although initially the
CWA programs were primarily directed at point source pollution, in 1987 that was changed
by a new federal program that provides money to states, tribes, and territories for the
development of programs to reduce pollution from unregulated diffuse sources such as
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agriculture. EPA grants were used to identify waters affected by nonpoint sources, help
stakeholders implement best management practices to reduce runoff, and monitor and
evaluate progress to restore waters (US Environmental Protection Agency, 2015).

The Safe Drinking Water Act was originally passed by Congress in 1974 with the aim
to protect public health by regulating the nation’s public drinking water supply. Amended
in 1986 and 1996, the law requires actions to protect drinking water and its sources: rivers,
lakes, reservoirs, springs, and groundwater wells.

1.2.3 Integrated Watershed Management

Integrated river basin management has been an ideal to guide water management for
many years in the western world. The European Union responded to this ideal in 2000 by
establishing the WFD as described earlier. Despite the fragmentation of federal water
policy across the numerous federal agencies, US water policy has been guided in many
cases by turning to a consistent use of economic principles to guide water management,
potentially at a river basin scale.

A 2008 work described three periods in US history in which CBA was used in pro-
gressively more sophisticated ways to inform debates on the most desired policies for
implementing integrated river basin management:

l River Basin Development, 1933e65
l River Basin Commissions, 1965e80
l The Watershed Movement, 1980e2007

Nationwide efforts toward comprehensive, integrated watershed management in the
United States have seen a long history. This history has evolved from large-scale river basin
commissions motivated by economic challenges of the Great Depression to the more recent
regional watershed partnerships organized around smaller more localized watersheds
(Schlager and Blomquist, 2008).

1.2.4 The CosteBenefit Framework: US Water Policy Guidance

By 1950, in an attempt to deal with the requirements of the Flood Control Act, an
interagency water resources committee produced the “Green Book,” the first attempt to
define principles, standards, and procedures for measuring the benefits and costs of federal
water projects as a guide to water program design. The Green Book was updated in 1962
(United States Senate, 1962), then later in 1979 and 1983. The updates continue. The
principles, standards, and procedures governing the use of CBA for federal water and
environmental programs continue to see vigorous debate in the Obama administration
(Ward, 2012; US Council on Environmental Quality, 2013). As can be imagined, the scope
for the use of CBA in the United States has widened since its inception in the 1930s.
Current challenges are to inform the design of policies and programs to promote economic
development, advance peace, address climate, eradicate poverty, protect the environment,
and improve health (van Grinsven et al., 2010; Ward, 2012).

Since the mid-1990s, several kinds of legislation proposed by the US Congress would
have expanded the use of CBA to underpin the regulatory process. Because of differences
among the planning, development, regulatory, and review missions of agencies who do
conduct or would be asked to conduct CBA to guide policy choices, the proposed legislation
has generated much debate, discussion, and controversy. Greater use of CBA to inform water
policy decisions in the United States would significantly change how government agencies
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develop and implement certain types of regulations (Ward, 2012). In the United States, CBA
has nearly 100 years of application as a method to support economic review of water pro-
grams (Prest and Turvey, 1965; Ward, 2012). CBA is a rational and systematic decision-
support tool that draws on nearly a century of developments in theoretical and empirical
economics beginning with the foundational work from 1920 (Pigou, 1920).

In 2015 in the United States, important water policy debates often surround more
questions of how intensively and to what end CBA should be practiced than whether or not
it should be used. CBA has for many years seen widespread use by numerous US federal
water and environmental agencies to support the review of regulatory activities as well as
supporting the on-the-ground implementation of proposed programs or review of actual
ones. The question of how economic principles can be used to identify better ways to
mitigate damages caused by extreme weather events and climate change will likely
continue to receive widespread attention in the United States as well as internationally
(Ward, 2012).

In the United States, the question of the economic value of programs that could limit
damage from floods, drought, and other extreme water events continues to receive much
attention. In addition, debates continue to surround decisions on water conservation,
development, allocation, transboundary water allocation, and environmental improvements
inside and outside the United States. Debates are especially intense where there is
competition for water between food production, energy generation, key ecological assets,
and urban water uses. Excess water, inadequate water, water at the wrong time, the wrong
place, of the wrong quality (van Grinsven et al., 2010), or for the wrong use all present a
challenge for which policy interventions are needed (Ward, 2012).

2. WATER GOVERNANCE AND MANAGEMENT

2.1 EU Principles and Institutions

The WFD recognizes the value of integrated planning and comprehensive development at
the basin scale, considered as the unit for water management planning across the European
Union. Member States have to identify river basins within their territory and assign them to
River Basin Districts (RBD), which constitute the spatial unit for all planning tools under
the WFD, from river basin management plans and programs of measures to monitoring
activities.

The Member States shall designate a competent authority for each of its RBDs. In
some EU countries river basin organizations to manage their water resources have already
existed. Among them, Spain has the greatest experience in this regard. The first river basin
agencies (“Confederaciones Hidrográficas”) were created back in 1926 to promote,
construct, and manage hydraulic works in cooperation with the central government. User
participation was already considered in the development of the national and river basin
plans, with a focus on water allocation and hydraulic infrastructure (Bhat and Blomquist,
2004; Del Moral and Saurı́, 1999). In France, the Agences de l’eau covered the six main
river basins of France, but with no role in discharge or abstraction control or infrastructure
(Chave, 2001). In a federal state like Germany, however, the organizational structures of
the competent local and regional authorities were not based on the river basins but rather
on the local administrative boundaries (Chave, 2001).

Transboundary rivers are widespread in Europe. The WFD requires that river basins
covering the territory of more than one Member State should be assigned to international
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river basin districts. Some large international river basins have already been subject to
international conventions and protocols (eg, the Rhine, passing through 10 countries, and
the Danube, the largest river in the European Union, spanning 17 countries). The WFD has
significantly improved transboundary river management in Europe, from an exchange of
information to a joint problem diagnosis and joint decisions on management measures (EC,
2012). Joint river basin management plans in large transboundary basins have been pre-
pared. However, the level of management and intervention required by the European Union
still needs significant work and input to improve collaboration and coordination.

The first task of the RBD authorities is to collect information about the basin. The
WFD requires an analysis of each RBD including identification of water bodies, a review
of the pressures and impacts of human activities, an economic analysis of water use, and a
register of areas requiring special protection. River basin management plans have to be
developed and implemented, including the previously mentioned information and the
program of measures to achieve the environmental objectives in the water bodies.

Public participation in water management is another key element introduced by the
WFD. The public needs access to information, which has been secured and defined by
specific consultation phases. Public participation in the implementation of the WFD
constitutes a major opportunity to achieve better informed decisions and more effective
implementation of measures, and to reduce uncertainty in the implementation process (De
Stefano, 2010; Newig et al., 2005). Despite the emphasis given in the Directive to the role
of public participation, some authors have pointed out the need to improve the actual
practices of the participatory process, improving working capacity of water stakeholders
through timely and effective provision of adequate information, as well as by training and
financial support for their active participation in decision-making processes (De Stefano,
2010).

The Directive also incorporates obligations and control mechanisms for encouraging
compliance and enforcement. Penalties can be imposed for breaching the measures to be
implemented and failing to meet the objectives. A strict timetable for the monitoring
progress and achievement of the objectives, as well as for submitting data and reports to
the Commission, has been established in the Directive.

2.2 US Principles and Institutions

The motivation for US federal economic guidelines for water resource project evaluation
springs from the Flood Control Act of 1936, in which the American Congress directed that
flood control projects should be undertaken “if the benefits to whomsoever they may
accrue are in excess of the estimated costs.” The application of this mandate in the
United States has been far wider than to flood control projects. The normative branch of
economics that had developed prior to 1936, and which has since been further developed,
is known as “welfare economics.” It was the intellectual foundation for implementing these
guidelines that launched this branch of economic thought. The opportunity afforded by the
Congress to apply this normative theory to the field of water and related land resource use
and development was welcomed vigorously by academic economists and continues to be
embraced to this day. A few limitations reflecting unfinished business as of 2015 include:

l Weak capacity to measure the economic value of environmental improvements
l Unresolved debates over the proper way to measure “secondary benefits”
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l Weak treatment of optimization models as a method to estimate economic values of
water resource programs constrained by scarce water

l Weak distinction between prospective (forward-looking) and retrospective (backward-
looking) CBA and the correct way to use either to inform policy debates

l The need to make a sharper distinction between objectives and constraints of water
resources planning

2.2.1 International Treaties

The United States has signed onto several international water-related treaties that are
important institutions for governing its water and political relations over transboundary
waters shared with Mexico and Canada. Two important treaties with Mexico include the
US Mexico Treaty of 1906 addressing allocation of flows by the United States to Mexico of
the Rio Grande and a 1944 treaty between the United States and Mexico relating to the
utilization of the waters of the Colorado and Tijuana Rivers, and of the Rio Grande.

Under the 1906 treaty, the United States obligated itself to delivery 60,000 acre-feet
per year. However, that treaty includes a special qualification that in case of extraordi-
nary drought or serious accident to the irrigation system in the United States, the amount of
water delivered to Mexico shall be diminished in the same proportion as the water
delivered to US lands under the irrigation system in the United States downstream of
Elephant Butte Dam.

The 1944 treaty, sometimes labeled the Treaty of the Utilization of Waters of the
Colorado and Tijuana Rivers and of the Rio Grande, directs Mexico to deliver water to the
United States from six tributaries that feed the Rio Grande, in exchange for water delivered
to Mexico from the Colorado River. The Mexican government obligated itself to release
1,750,000 acre-feet of water every 5 years. Mexico has had a long history of difficulties in
meeting these requirements (Robinson et al., 2010), made more difficult in periods of
severe and sustained drought.

Water issue linkage is a strategy for enhancing cooperation and joint management of
transboundary waters (Fischhendler et al., 2004). Such a linkage can have both short-term
and long-term implications for guiding water policy. Treaties operate by constraining the
options available to the treaty parties. These constraining implications may be redressed by
mechanisms that will allow the parties to adapt the linkage to new conditions and by tactics
that reduce the political cost of a linkage strategy. Fischhendler et al. examine the negotiation
process in connection with the Colorado and Rio Grande, two USeMexico transboundary
water sources. One important long-term implication identified by the authors has been the
difficulty of Mexico to adapt the linkage in response to the 10-year drought along the Rio
Grande, as manifest in the inability of Mexico to meet its water obligations to the United
States along the Rio Grande. This has resulted in a controversy between Mexico and the
United States, as well as between the Mexican federal government and several Mexican
border states. Flexibility provisions are included when linkages involving water resources
are advanced, so that needed adjustments are implemented without requiring a renegotiation
of the treaty (Fischhendler et al., 2004).

The use of “minutes” provides flexibility that can be added to existing transboundary
water treaties, addressing important management issues that arise after signing. For
example, on November 20, 2012, Minute 319 of the International Boundary and Water
Commission was signed by the commissioners of Mexico and the United States. This
minute establishes measures for binational water management until 2017. This agreement
aims at finding cooperative mechanisms that address water shortages in the Colorado
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Basin. The agreement for the most part addresses storage of Mexican water by the Hoover
Dam in the United States, which, under the rule of the 1944 Water Treaty described
previously, would be managed for joint and general benefit by both countries. The more
recent minute addressed anticipated climate change impacts such as extreme drought and
the consequent reduction of water supply available for both countries (Sanchez and Cortez-
Lara, 2015).

2.2.2 Interstate Compacts

Within the United States, water allocation agreements among states (interstate compacts)
have provided an innovative and lasting mechanism for resolving transboundary conflicts
of water supplies (McCormick, 1994). McCormick described 22 compacts allocating the
water of rivers among states in the western United States. His examination provides
guidance for drafters of future compacts worldwide, a motivation that could see growing
attention in the face of potential climate change.

Percentage allocations can equitably apportion risk, but can conflict with principles of
prior appropriation, important in the American West. Guarantees of minimum flows should
be approached with caution, to avoid any upstream deliverer guaranteeing natural flows
over which it has no control. Disputes can be anticipated, and a dispute resolution
mechanism designed in advance is needed. To reach sustainability, a compact will be
comprehensive in scope, encompassing groundwater as well as surface use, normal water
supply years, flood years, and dry years. The Rio Grande Compact of 1938 has been one of
the more flexible interstate compacts developed in the United States, having both kinds of
flexibility (Hill, 1974; Ward et al., 2007).

3. POLICY INNOVATIONS FOR ADAPTING TO WATER
SUPPLY VARIABILITY

3.1 Integrated Water Resources Management

Integrated Water Resources Management (IWRM) has been defined as a process that
“promotes the coordinated development and management of water, land and related re-
sources, in order to maximize the resultant economic and social welfare in an equitable
manner without compromising the sustainability of vital ecosystems” (Agarwal et al.,
2000).

IWRM is an old idea, dating back to storage reservoirs and aqueducts built thousands
of years ago (Evans, 1997). One version of IWRM was established in the United States in
the 1930s, as an outgrowth of multiple use river basin development spurred by US federal
financing of flood control and reclamation projects. Despite the long history of this high
level of ambition, several participants in the professional water community started noticing
by the 1980s that achieving IWRM is a tall order, fraught with financial, scientific, and
political challenges. This recognition grew during the 1990s, when growing numbers began
to recognize that water challenges are multidimensional, compounded by numerous sectors
and several competing interests, each with their own political and economic agendas.
While widely recognized as a desirable goal, an important question asks how can this be
achieved in practice, including a demonstration that IWRM is more economically efficient
than piecemeal policy (Biswas, 2004). A central challenge of IWRM is to convince those
with authority, votes, and financing that it can be implemented, and to demonstrate when it
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has been implemented. IWRM to date has a weak record in terms of its implementation
when faced by those who would critically assess it. There remains little agreement on basic
issues, including what dimensions of the water problem should be integrated, how, by
whom, and with what resources and financing (Biswas, 2004).

The notion of an entire river basin as a management unit has passed through several
stages and it continues to evolve. It was compatible with the notion of full control of highly
fluctuating supplies and demands for water in a river basin with multipurpose US dam
building the 1930se60s. It later reemerged to face growing challenges associated with
water quality and pollution. Later still it grew into the 1990s notion of IWRM, com-
plemented with watershed and ecosystem management approaches. A 2009 work reviewed
the evolution of the concept of a river basin and how it has been associated with various
branches of thinking embraced by various special interests to add strength to their ambi-
tions (Molle, 2009).

3.1.1 EU Applications

In the European Union, the WFD has attached considerable importance to the use of
IWRM to guide water planning by Member States. IWRM has been embraced by the WFD
since 2000. IWRM has served as a guiding principle underpinning the development of
River Basin Management Plans, which are expected to have central importance as a tool in
widespread use for future planning and managing water resources in the European Union.

3.1.2 US Applications

In the United States, IWRM is difficult to achieve. Each municipality, state, and other
political organization likes independence in the financing and implementation of water
management plans. Shively and Mueller (2010) reexamined a potential for a successful
implementation of IWRM in the United States with application to a river basin in
Montana. That investigation examined an organization unique in the American West,
namely, Montana’s Clark Fork River Basin Task Force. They assessed the task force’s
activities since its formation in 2001 to answer a central question: are the activities and
contributions of this group functioning effectively to promote a better-integrated
approach to water resources management in that region? In reviewing the physical,
interactive, and protocol underlying planning policy components of IWRM, the authors
concluded that the task force has contributed to the constructive development of the
state’s water resources management making progress toward achieving the framework
goals, though numerous unresolved constraints remain (Shively and Mueller, 2010).

4. TECHNICAL INNOVATIONS FOR ADAPTING TO WATER
SUPPLY VARIABILITY

4.1 Cost Recovery and Pricing

There is a considerable disagreement about what the principle of water as an economic
good means for policy choices. According to Savenije and van der Zaag (2002), water
pricing should serve the mission of financial sustainability through cost recovery, so that
water systems are sustainably and financially supported by water users. When water
pricing is used as a policy instrument, sufficient attention should be given to justice goals,
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through measures such as rising block tariffs, sometimes known as tiered pricing. An
important challenge along these lines is the definition of a water price that signals the
opportunity cost of water use, promotes full cost recovery, but that also protects
ecological values as well as access to safe water for those who cannot pay the full cost of
supply.

Pricing water at a level that ensures financial sustainability, including tiered pricing,
secures the efficiency mission of providing a clear signal to the users that water should be
used carefully. Nevertheless, an important target of water pricing is cost recovery. A central
proposition of economic research conducted over many years is that pricing water at its
marginal cost can facilitate the movement of water from economic sectors that produce
low economic values at the margin, for example, irrigation, to sectors that produce a higher
marginal economic value such as city water use (Savenije and van der Zaag, 2002; Pulido-
Velazquez et al., 2013).

A pricing policy is efficient, according to economic theory, if the prices charged
correspond to the marginal cost of water. Therefore it must take into account supply costs,
opportunity costs, and externalities (Rogers et al., 2002). Measuring the opportunity costs
of scarce water is difficult: since water markets are usually absent or ineffective, scarcity
values are not reflected in the water prices. Given that opportunity cost depends on the
alternative uses, an integrated basin-wide approach is needed to simultaneously account for
all major competing water uses in the basin (Rogers et al., 2002; Pulido-Velazquez et al.,
2013).

Integrated hydrologic and economic optimization models at the basin scale provide a
framework for policy design, implementation, and evaluation in water-stressed basins
(Ward and Pulido-Velazquez, 2008b; Pulido-Velazquez et al., 2008). One US investigation
(Ward and Pulido-Velazquez, 2008b) developed a basin-scale framework to identify hy-
drologic and economic impacts of alternative water pricing programs that comply with
environmental regulations for protecting water quality. Significant issues were examined
that challenge those who develop integrated hydroeconomic models of river basins. These
challenges included linking the physical aspects of the water resource with economic
values, integration of spatial and temporal scales, as well as quantityequality relation-
ships. In that investigation, economic efficiency was defined and measured for each of two
urban water pricing arrangements that were compatible with urban water quality pro-
tection measures. Alternative measures of equity were assessed in both temporal and
spatial dimensions. Sustainability was assessed physically for protecting the water supply
as well as financially for long-term revenue viability. The approach is shown practically
from results of a dynamic nonlinear programming optimization model of water use in
North America’s Rio Grande Basin. The model optimizes the net present value of the
basin’s total economic benefits subject to constraints on equity, sustainability, hydrology,
and institutions. Results indicated that two-tiered pricing of urban water supply offers a
great potential to perform well in meeting the aims of efficiency, equity, and sustainability
(Ward and Pulido-Velazquez, 2008b).

4.1.1 Cost Recovery Through Pricing: The European Union

The main challenge of the European WFD is to define a framework for the protection of
inland surface waters, transitional and coastal waters, and groundwater, which should
protect the aquatic ecosystems, promote sustainable water use, guarantee reduction of
pollution, and mitigate the impacts of droughts and floods. The WFD aims to achieve full
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cost recovery while being compatible with the Polluter Pays Principle1, as part of a
package supporting an adequate and sustainable water use. The WFD has paid special
attention to three different costs associated with water use: resource costs, financial costs,
and environmental costs. In article 9 (WFD) water pricing policies are proposed with a
double role: as an adequate incentive to use water resources efficiently and as an instru-
ment to recover the costs of water services.

The recent Blueprint to Safeguard Europe’s Water Resources (EC, 2012) has the goal
to guarantee that enough good quality water is available for people’s needs, the economy,
and the environment. To achieve this goal, the initiative has proposed the following targets:
good water status, water efficiency, and resilience to adapt to extreme events. Because of
rising water scarcity and stress, water efficiency measures should be taken to save water
resources and, in many cases, to save energy too. Pricing is considered in the Blueprint as a
key instrument for improving the efficiency of water use in Europe. Pricing is a powerful
awareness-raising tool for consumers, while it also combines environmental and economic
benefits stimulating innovations in water management. The Blueprint proposed to enforce
water pricing/cost-recovery obligations under the WFD, including metering when relevant,
and to make water pricing/cost recovery an ex-ante condition under the Rural Development
and Cohesion policy funds.

4.1.2 Cost Recovery Through Pricing: A US Example

A requirement to recover costs through water pricing is common in the United States,
especially for urban water utilities. However, in some cases, innovative incentive pricing
programs have a potential to promote economically efficient water use patterns and pro-
vide a revenue source to compensate for environmental damages (Ward and Pulido-
Velazquez, 2009; Pulido-Velazquez et al., 2013; Macian-Sorribes et al., 2015). However,
risks remain that incentive pricing has the potential to impose disproportionate costs and
worsen poverty where high water prices are levied for basic human needs. Ward and
Pulido-Velazquez (2009) presented an analysis of a two-tiered water pricing system that
sets a low price for subsistence needs, while charging a higher price equal to marginal cost,
including environmental cost, for discretionary uses beyond basic human needs, such as
irrigation of outdoor landscape. That work used data on water sources and uses from the
Rio Grande Basin of North America to develop a mathematical programming model.
Compared to the Law of the River and marginal cost pricing, the two-tiered pricing
approach performs well in regard to water efficiency and acceptably well in regard to
sustainability and equity, specified in the model as evaluation criteria. The findings pro-
vided a template for designing water pricing plans that could promote economically and
environmentally efficient water use programs, while also addressing other important policy
goals (Ward and Pulido-Velazquez, 2009).

4.2 Market Transfers of Water

Awater market enables the short-term, long-term, or permanent transfer of the rights to use
water in exchange for compensation, either monetary or in kind. The capacity to transfer
these rights or use adds flexibility to a community’s water supply, helping to successfully

1. Polluter Pays Principle (PPP) is an environmental policy principle requiring that the costs of

pollution should be borne by those who cause it.
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adapt to temporary drought conditions and to address longer-term changes in the water
demand patterns. This is an especially common occurrence for the case where growing
demands are seen by expanding urban and manufacturing uses. Market transfers of water
can move water from lower to higher-valued uses, and have been applied to both surface
and aquifer uses of water (Ramirez et al., 2009). One version of groundwater banking can
involve the planned storage of surface water in aquifers with room for more water in wet
runoff years, for later recovery and use when the inevitable dry year occurs (Dillon, 2005).
This practice is termed aquifer storage and recovery.

4.2.1 Innovations: Optimization Frameworks

Optimization approaches can offer considerable insights into economic values gained by
allowing market forces to guide the movement of water from low to higher economically
valued uses (Salman et al., 2014). Such approaches view scarce water as a resource that can
be allocated or reallocated to increase the value of an economic objective while respecting
constraints on total supply or institutions that are required for social acceptability (Maass
et al., 1962).

Booker et al. (2005) examined market-related management options for the Rio
Grande. In that basin, water is overallocated, demands are growing, and river flows and
uses are vulnerable to drought and climate change, a condition that has occurred peri-
odically for years. The basin has passed through many periodic drought periods. As of
2015, the basin is in its third year in a row of severe drought, in which irrigation and
municipal water diversions have been severely curtailed, numerous stream diversions
threaten endangered species, and reservoir storage volumes have returned to historic
lows.

An ongoing and continuing challenge in the Rio Grande Basin is the development of
programs that efficiently and justly allocate the basin’s water resources among competing
demands as well as across political and institutional jurisdictions. The authors described the
development and application of a basin-wide mathematical programming model that
economically optimizes water allocations and water use levels for the upper part of the Rio
Grande Basin. Results of the model inform policies that wish to examine institutional in-
novations that could reduce damages caused by drought. Compared to existing institutions at
the time of the work, future drought damages could be reduced by one-fifth to one-third per
year through interstate various kinds of water markets that would permit or encourage water
transfers across water management jurisdictions. Results revealed numerous economic
tradeoffs among water uses, regions, climate futures, and drought control strategies (Booker
et al., 2005).

4.2.2 Innovations: Transferable Rights

Since the late 1960s, water supply development projects used to meet growing economic
and population demands have been reduced, and the interest of public providers in demand
management measures increased importantly. An example of water innovations is market-
supported transfers of water and water rights (Chong and Sunding, 2006; Ramirez et al.,
2009) such as water banking. Water demands have also expanded in the face of increased
urban growth, changes in irrigation water use patterns, and growing debates over climate
and environmental quality protection needs.

Water rights systems based on historical use rights or connections to the land can lead to an
economically inefficient allocation of water resources. Such water right systems can also give
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rise to other economically poor outcomes, including food insecurity (Salman et al., 2014) as
well as overuse of land and weak incentives to convert to water conservation measures (Ward
and King, 1998). Water can be locked into existing patterns of irrigated agriculture and into
existing irrigation technologies (Ward and Pulido-Velazquez, 2008a). Water trading based on
transferablewater rights has beenproposedbymany scholars (Chong andSunding, 2006) in the
United States as well as the European Union as a mitigating measure to address these chal-
lenges.Water trading helps equalize the marginal economic values faced by various numerous
competingwater users, thereby supplying information and informingdebates about thevalue of
water in alternative uses, and creating compatible economic incentives. Putting water markets
into practice introduces real-world complications of transaction costs and third-party
externalities.

4.2.3 EU Example

The political context is very relevant for water markets in Europe, since most of water
supply management and control is in public hands. In the Blueprint to Safeguard Europe’s
Water Resources (EC, 2012), the EC stated that “water trading is another instrument, used
mostly outside the EU, which could help to improve water efficiency and overcome water
stress, if a sustainable overall cap for water use is implemented. Water trading entails
relatively significant administrative costs and, in principle, only makes sense among water
users in a defined river basin. Although it would not be helpful to set up such a system at
EU level, the Commission proposes developing CIS (common implementation strategy)
guidance to help the development of water trading in the Member States that choose to
employ it.”

Informal water markets have been common in Spanish Mediterranean agricultural areas
(Ostrom, 1990; Garrido, 2011). The Reformed Water Law (Law 46/1999) has incorporated
formal water markets into the Spanish legal and regulatory framework, including spot water
markets (formal lease contracts of water rights) and water banks (water exchange centers),
allowing water rights holders to temporarily trade their water rights. Besides the potential of
this measure, water markets have been operative only during drought periods under extreme
scarcity situations, and the narrowness of the market suggests that there are some barriers
hampering their effective functioning (Rey et al., 2014; Palomo-Hierro et al., 2015).

4.2.4 US Example

Transferable water rights are common in certain parts of the United States, for example,
in New Mexico (De Mouche et al., 2011) and parts of California (Israel and Lund, 1995).
Many studies have been conducted on the economic performance of such transfers.
Knapp et al. (2003) found that water transfers from agricultural to urban and environ-
mental uses will likely become more widespread worldwide in the future. Numerous
irrigation regions currently rely on groundwater aquifers that can be tapped when surface
supplies are low or unreliable. Surface water transfers to locations out of the basin of
origin are likely to put upward pressure on groundwater pumping from regional aquifers,
while also reducing aquifer recharge. The authors conducted an empirical analysis in
southern California. They found that opening up water markets can increase the quantity
of water exported over time as well as reduce economic benefits in the basin when
property rights are set up under a common property arrangement (eg, in nonregulated
aquifers).
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5. CONCLUSIONS: WHAT CAN WE LEARN FROM EACH
OTHER?

US water planners can profit from many lessons on European water policy innovations.
Especially important are lessons from the WFD’s goals, steps to achieve them, actual
achievements, shortcomings, and remaining challenges. Despite a number of road bumps
along the way, the WFD has had a remarkable influence on promoting greater consistency
and unity in water program planning and policy implementation among the EU Member
States.

Many US water planners are aware that the WFD changed water management in all EU
Member States assigning aquatic ecology and water quality as the foundation of water
management decisions. Hering et al. (2010) reviewed the successes and challenges
encountered with the implementation of the WFD over the past 10 years and provided
recommendations to further improve the implementation process. Their study examined
three challenges, all of which could provide valuable experiences for US water
policymakers:

l Consistent development of assessment methods, including reference conditions,
typologies, and calibration

l Design and use of assessment systems in monitoring programs
l Outcomes produced by river basin management plans, including the design, moni-

toring, and success of restoration measures

The development of assessment methods of the WFD has been a transparent process
and resulted in improved and more standardized tools for evaluating water bodies across
the European Union. Despite that success, an important lesson is that the process has been
more time consuming, and because of complex interactions between hydrology and eco-
nomics, methods were found to be more complex than European planners had initially
anticipated back in 2000. Remaining challenges regard Europe specifically, including
estimating uncertainty of assessments for biological quality improvements.

US planners could benefit from the knowledge generated in Europe and monitoring
data as a result of implementing the WFD. Remaining challenges include the need for
improved data accessibility and the establishment of an EU-wide central monitoring
system for reference sites (Hering et al., 2010).

Another important experience from Europe is that the WFD river basin management
plans evaluate management decisions based on the response of aquatic resources to
environmental stress. It is important to know that in contrast to the effects of degradation,
biological response to restoration efforts is poorly understood and hard to predict and
manage. The short time scale of the programs of measures in the WFD, to secure good
water quality and good ecological status for all surface waters within a 6-year planning
horizon, was found to be too ambitious to be realistic. If theoretically US water planners
wished to initiate a similar directive as the WFD, the enumerated challenges, including
long-term monitoring of restoration measures to better learn about ecosystems and their
recovery patterns, would need to be considered. Also establishing priorities for measures
according to the real potential for restoration of ecological watershed status is relevant
(Hering et al., 2010).

The integrated, cross-sectoral and cross-jurisdictional river basin management approach
adopted in Europe by theWFDhas proven to be necessary if water resourcemanagement is to
be efficient (Cao and Warford, 2006). River basin-based water institutions with a clear legal
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status and responsibilities for strategic water-related issues are essential for integrated water
quality, quantity, and land planning (Cao and Warford, 2006). Basin-based planning and
management for environmental purposes is a key challenge introduced by the WFD. Water
management in the United States similarly indicates a clear transition from a decentralized
approach toward a more integrated, comprehensive watershed management.

In terms of water pricing, the developments in Europe and the United States are focused
on introducing a stricter financial discipline with more cost-recovery tariffs, recognizing that
subsidies can be counterproductive. Irrigation, water, and sewerage pricing continues to be
subsidized by governments, which could stimulate excessive and inefficient water use.Water
abstraction fees do not even reflect the financial cost (they ideally should reflect the long run
marginal cost of augmenting public supplies), and are far from reflecting the environmental
and opportunity costs, despite the principles stated in the EU WFD. Besides their potential
and increasing role, the use of pricing and taxation to create incentives for efficient water
consumption is a long-term process both in Europe and the United States (Cao and Warford,
2006; Lago et al., 2015). Although informal water markets have been actively applied for a
long time in Europe (eg, for irrigated agriculture in Mediterranean Spain), the United States
(especially the western states) has more than 30 years of experience with formal water
markets and water banking as well. Europe can certainly learn from this experience to
improve the existing framework to satisfy the demand for water trading (Delacámara et al.,
2015). This would require in-depth investigations of the conditions under which this in-
strument could serve the objectives of EU water policies (Rinaudo et al., 2015).

Finally, private sector participation in water resource management and water supply
has a long tradition both in the United States and in Europe, even though the countries
differ in terms of water management circumstances and contexts. Publiceprivate
partnerships have proven as effective measures to reduce drought and flood risks. Both
European and United States governments have also recognized the importance of public
participation in water resource management, implementing legislative measures to facili-
tate this participation.
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PART 4

The Future of Water:
Prospects and Challenges
for Water Management
in the 21st Century

A. Tarhule
The University of Oklahoma, Norman, OK, United States

1. INTRODUCTION

Water is the driver of nature and its availability and quality often constitute a limit on
economic development and human welfare. Because of this primacy, the task of
providing water in sufficient quantity and acceptable quality to the world’s human
population while assuring its availability for future needs constitutes one of the pre-
eminent challenges of the 21st century. As the chapters in this book show, the challenges
are numerous and widely cited. Globally, around 750 million people, most living in
developing countries, lack access to safe drinking water, 2.5 billion lack adequate
sanitation, and 842,000 people still die annually because of diarrhea from contaminated
water sources [World Health Organization/UNICEF Joint Monitoring Program (WHO/
JMP), 2015]. These challenges are real and tragic, and ongoing efforts, such as the
Strategic Development Goals of the United Nations Development Program, must be
sustained until they are resolved.

Looking ahead, we can expect that the water challenges of the future will be vastly
different from those of the past and present in a number of important ways. Notably, both
the quantity and quality of water are increasingly impacted by human actions either
directly through activities like river channel modifications, diversions and storages, land
use land cover alterations, interbasin water transfers, as well as point and nonpoint source
pollution discharges or indirectly through anthropogenic climate change. Without
concerted effort, we can expect that the scale, intensity, and impacts of these activities will
continue to increase in tandem with rising population and increasing economic
development.
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A number of salient challenges are illustrative of the scope and nature of the water-
related problems of the future. In this chapter, I highlight three of them, namely:

l Should we attempt to satisfy demand for water or curtail it?
l What is the economic status and value of water?
l What is the risk of future megadroughts caused by climate change?

These issues have not been selected because they are the most critical or important.
Rather, I have attempted to integrate seemingly disparate facts and information to showcase
historical patterns and trajectories, and to highlight how complex and interconnected the
factors involved are. To the extent possible, an attempt is made to identify possible solutions
and pathways forward.

2. SHOULD WE ATTEMPT TO SATISFY DEMAND FOR WATER
OR CURTAIL IT?

2.1 Historical Context and Developments

The world’s water challenge can be summarized fairly succinctly: supplies are finite,
demand is rising, and competing needs are becoming more complex to reconcile.
Confronted with this reality, water resources managers the world over have asked them-
selves exactly the same question: should they try to increase supply to meet demand or
curtail demand to the level of available supplies? Until a few decades ago such a question
would have been considered preposterous. From the time of the Romans and perhaps
predating that, the accepted paradigm in water resources management has been decidedly
supply oriented, characterized by reliance on engineered structures and solutions. Over
time, this approach produced some of the largest, most iconic, and ambitious engineering
projects of the modern era including the Hoover, Glen Canyon, Grand Coulee dams and the
Colorado River Aqueduct in the United States, China’s southenorth water transfer project
and the Three Gorges Dam, Libya’s Great Man-Made River, the Almendra dam in Spain,
and the Itaipu dam at the border between Brazil and Paraguay, to name just a few.

To be completely fair this outcome has not been simply a matter of engineering hubris;
many of these projects were critically needed to meet municipal and domestic water supply
and sanitation, flood control, irrigation to support agricultural productivity, electricity
generation, and to facilitate the settlement and economic viability of entire regions like the
western United States. Big dams and reservoirs in particular made sense because unlike
other valuable commodities such as energy (electricity), it is cheaper to store water than it
is to transport it over long distances. Thus in many locations, dams were not only the
cheapest option; with the constraints and status of knowledge at the time, they were also
the most obvious and logical option for underpinning rapid economic and energy trans-
formation, as well as ensuring food security. So closely did dams become associated with
economic development (and perhaps a symbol of mastery over nature) that they adorned
the currencies of many developing countries.

It is important to note that supply-side water resources management has been phenome-
nally successful. Improvedwater supply and sanitation enabled humanity to lay the foundation
for our modern civilization by eradicating diseases and epidemics such as typhoid, diarrhea,
supporting the growth of megacities, industrialization, and generally raising life expectancy
and higher standard of living. Not surprisingly, resources for these projects were generally
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available both in Europe and the United States, the populations welcomed them and therewere
hardly any concerns about their environmental or other impacts.

Today, the situation is diametrically different. Certainly in Europe and North
America, dams and other mega water projects have become among the most controversial
of all projects, perhaps ranking among nuclear and waste disposal facilities. Critics blame
dams, for example, for a long list of environmental, ecological, and social ills including
irreversible biodiversity loss, disruptions of aquatic habitats and upsetting ecological
balance, permanent destruction and loss of cultural landmarks, disruptions of livelihoods
of thousands of often vulnerable and marginalized groups, and the promotion of diseases,
among numerous others. The pendulum has swung so far in the opposite direction that
today a Google search using the term “science of dam removal” returns many more
websites than the term “dam construction.” Awareness of these adverse effects came
about partially from accumulated effects and information gained from several decades of
dam operations. Riding public awareness and angst about Earth’s fragility and dwindling
resources, environmental movements grew steadily in numbers, economic leverage, and
gained intellectual and political legitimacy in many countries. In Europe, for example,
the pan-European coalition of Green Parties won 50 seats in the EU Parliament (nearly
7%) during the 2014 elections. In North America, although having a long history and
constituting strong lobby groups, Green movements have not been able to transmute into
effective political parties. Instead, progress has been much more rapid on the academic
front. In just a few years, hundreds of new “green” academic degree programs have been
established in North American universities with nearly all experiencing explosive student
enrollments. Indeed, it has been observed that the current generation of students is the
“Green Generation.” An increasingly environmentally educated and conscious electorate,
combined with political and economic clout, has led to opposition to many large-scale
projects perceived to portend risks to water resources. In the United States, the battle
over the Keystone pipeline project is a case in point. Finally, the decline of the glory days
of mega water projects can be attributed at least in part to the fact that most of the obvious
and readily developed water sources have already been exhausted so that new
developments must compete with other high-value uses.

As enthusiasm for supply-side water solutions waned and opposition mounted,
financing for mega water infrastructure projects from sources like the World Bank all but
dried up and engineers shifted attention to improving water use efficiency. In nearly all
respects, this too has been a spectacular success. By shifting from gravity to pressure
irrigation technology, for example, irrigation water use in the United States declined by
30% from its peak in 1980 (approximately 207.23 km3 or 168 million acre-feet) (Donnelly
and Cooley, 2015). Similarly, following the lead of the state of Massachusetts, which first
mandated low flush toilets in 1988, President George H.W. Bush signed the Energy Policy
Act in law in 1992, which mandated that all toilets in the United States should have a
maximum flush capacity of 1.6 gallons per flush (6 L) as opposed to the previous industry
standard of 3.5 gallons (13.2 L) per flush. Toilets were specifically targeted because they
account for approximately 30% of residential indoor water use, the largest single source of
water use in the home. In fact, the Environmental Protection Agency estimates that by
replacing all full flush toilets with the new low flush toilets, the United States would save
nearly 640 billion gallons of water per year (about 2000 gallons, or 7.57 m3, per year for
every person in the United States!). Following a rocky introduction in 1994 (due to poor
performance), low flush toilets have now improved to the point where many use 20% less

444 Competition for Water Resources



water than the mandated standard while providing equal or superior performance. The
success of this federally-led initiative has since spread into other residential water appli-
ances including shower heads, faucets, and dishwashers. Indeed, the United States
Geological Survey data on water use trends in the United States show that per capita and
total water use have been declining across all sectors in the Unites States since about 1980
(Donnelly and Cooley, 2015). The numbers are actually quite impressive: per capita water
use has declined by nearly 40% since 1980 and both agricultural and municipal water uses
have declined by approximately 20% during the same period. The decrease in the
municipal water use is especially noteworthy because the urban population in the United
States increased nearly 50%, from approximately 167 million in 1980 to about 249 million
between 1980 and 2010 (United States Census Bureau, 2015).

Other countries have also experimented with mandatory demand management policies.
In England the government has set a target of reducing per capita domestic water con-
sumption from 150 to 130 L by 2020 (Defra, 2008). In support of the strategy, Ofwat,
which regulates water and sanitation in England and Wales, has set a voluntary reduction
of 1% in domestic water demand with plans to introduce other target reductions in the
future.

2.2 Water Soft Path: An Emerging Paradigm

The type of water efficiency strategies and technologies just described constitute what has
been termed traditional demand management, which focuses on ways to reduce the amount
of water used to accomplish a specific task (Brandes et al., 2011). This approach, while
commendable and generally recognized as a necessary first step (low-hanging fruit) in
demand management, has nevertheless been criticized as inadequate. The major criticism is
that it represents an anthropocentric view focused on short-term cost effectiveness as
opposed to an ecosystem perspective, focused on long-term ecological sustainability.
Motivating such criticism is a strong and growing belief in some sectors that “current water
management practices are simply unsustainable and cannot continue to deliver the benefits
they have in the past” (Brandes et al., 2011). These critiques argue that to achieve the
desired goal of balancing water use and ecological sustainability a new comprehensive and
integrated paradigm is needed.

Termed “water soft path” (WSP), the new approach goes beyond the goal of water use
efficiency to a focus on changing how some tasks are performed so that “the use of water is
reduced much further or eliminated entirely” (Brandes et al., 2011, p. 8). Where traditional
demand management promotes low flush toilets, the WSP approach questions their use as
opposed to waterless or fully integrated resource recovery systems in large buildings and/or
at the neighborhood scale. Where traditional demand management advocates more effi-
cient sprinklers, WSP questions why portable water is used to irrigate lawns when recycled
water would serve just as well. To qualify as a WSP system, four fundamental principles
need to be satisfied. First, water is treated as a service rather than an end in itself. Second,
ecological sustainability is a fundamental criterion and desired end state. Third, the quality
of water delivered is matched to the intended use. Fourth, planning proceeds from the
future back to the present.

There is no question that this approach represents a revolutionary departure from
prevailing practice. Is this the future of water resources management? Or will it end up as a
niche initiative to be implemented only at selected locations or times when unique sets of
circumstances prevail?
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WSP proponents freely concede the nearly daunting barriers to a widespread adoption
and implementation of the principles and practices they advocate. They recognize that it
will take major changes in human behavior and perceptions at both the scale of individuals
and societies as well as political/institutional/policy changes. Numerous theories have
shown and explained why it is not easy to change the behavior of individuals and orga-
nizations. One such theory is path dependency. As summarized by Sambu and Tarhule
(2013), path dependency theory states that context-dependent decisions by or about in-
stitutions (individuals) create frameworks (arrangements, policies, or practices) that can
become self-reinforcing through a system of feedbacks or returns. Because individuals,
society, and institutions invest time, money, skills, or expectations in these established
ways of doing things, a considerable amount of inertia builds up against alternatives,
making change difficult. Despite some criticisms (Kay, 2003) the path dependency theory
has been used for illuminating the reasons and dynamics of reform failures as well as
clarifying events and institutional behavior that are otherwise difficult to explain (North,
2005; Prado and Trebilcock, 2009).

Behavioral change with respect to a common pool resource also suffers elements of the
tragedy of the commons inasmuch as the cost of the actions and decisions of individuals
are externalized while individual benefits are maximized. Experience and history suggest
that changing societal perceptions and attitudes often requires perception of public crisis,
and risk and success are not guaranteed even then. Certainly, past antismoking campaigns,
automobile seatbelt use, and ongoing efforts to regulate firearm use in the United States all
attest to the difficulty of the challenge. A big part of the problem is that these issues are
complex and multifaceted. In the case of water, for example, strengthening belief in the
principle of water as a human right complicates efforts to restrict access to water, even to
developments and user groups deemed illegal.

In the United States a number of other emerging dynamics are also worth monitoring.
Notably, there appears to be increasing erosion of trust and confidence in public institutions
and science among some segments of the society. The best publicized of these issues is
climate change where there is a wide (and growing!) gap between the confidence that
scientists have in their data and conclusions versus public belief and perception of climate
change. Another example is the effort to either replace evolution with creationism or to
include both concepts in school curricula. Declining public support for science also
manifests, for example, in efforts and agitations to cut funding for various types of research
often based on what appears to be political or perceptual arguments. Although neither
necessarily widespread nor directly related to water, these dynamics bear watching because
large-scale attitudinal and institutional transformations in water resources management
will almost certainly require public support and political action. That task will be much
harder if the public becomes less trusting of science and institutions.

Such misconceptions are already evident. In what Jordan et al. (2011) term the myth of
overabundance, people find it difficult to believe that water is or could be in short supply.
To the extent that they acknowledge the existence of the problem, most also believe that
simple conservation measures will address the shortage. There is also pervasive belief that
reductions in water supply and use will lead to loss of jobs and increase operational costs
for industry and economic decline. Countering such attitudes and beliefs will be critical to
the success of WSP.

Jordan et al. (2011) list other barriers to the implementation of WSP, such as: orga-
nization and management, financial, data and information, and policy and governance.
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The authors also offered thoughtful suggestions for how some of these barriers could be
overcome, including multistakeholder involvement in planning and decision making, as
well as a carrot-and-stick approach to monitoring and enforcement.

The dynamics just discussed are welcome and mark a natural progression that began
with making sure a majority of people in Europe and North America had access to water to
now ensuring that the water is used efficiently. To succeed, continuing public education
and sustained stakeholder engagement at all levels will be key. Water resources managers
and policymakers will need to be attentive to opportunities that offer favorable entry points
for transformative change. These might include, for example, opportunities to introduce
new technology, replace existing infrastructure, or redesign new urban layouts with human
and ecosystem water use needs as a guiding philosophy. Ultimately, it will take more than
moral arguments or environmental concerns for the new paradigm to become widely
accepted; people will have to derive tangible economic benefits with the innovations it
introduces and the changes they are compelleddor choosedto make.

3. THE ECONOMIC STATUS AND VALUE OF WATER

3.1 Historical Context and Developments

The economic conception of water, as well as the associated question of whether water is
unique or can be treated as a regular economic commodity, has been debated for
millennia, testifying to the complexity of the issue. Adam Smith addressed the economic
value of water in his treatise on the paradox of water and diamonds, distinguishing
between value in use (ie, utility of a product) and value in exchange (ie, the purchasing
power of a commodity). Water, he noted, has a high value in use, but limited value in
exchange. Diamonds, on the other hand, have a high value in exchange, but limited value
in use. This distinction underscores a realization reached by many people across the
times, namely, that the market price of an item does not reflect the true value.of some
priceless commodities (paraphrased from Hanemann, 2005).

While this realization had been around a long time, a different school of thought held
that commodities that lacked economic value tended to be used inefficiently (in an eco-
nomic sense), and that the free market is the best mechanism for the determination of the
true value of a commodity. During the International Conference on Water and the Envi-
ronment in Dublin in 1992, proponents of this thinking argued, “past failure to recognize
the economic value of water has led to wasteful and environmentally damaging uses of the
resource. Managing water as an economic good is an important way of achieving efficient
and equitable use, and of encouraging conservation and protection of water resources.” In
fact, among the guiding principles that emerged from the Dublin Accord was a declaration
that “Water has an economic value in all its competing uses and should be recognized as an
economic good.” Perhaps reflecting the background intellectual contestations, the same
declaration recognized the human rights to water when it held, “.it is vital to recognize
first the basic right of all human beings to have access to clean water and sanitation at an
affordable price.”

Exposing divergent value propositions, the economic value philosophy is unimpressed
with the so-called unique status of water. As noted by Baumann and Boland (1998), water
is no different from any other economic good. It is no more a necessity than food, clothing,
or housing, all of which obey the normal laws of economics (quoted in Hanemann, 2005,
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p. 70). Other researchers have contended since the declaration that the question is poorly
phrased. “The question is not whether water is an economic good.rather, the question is
whether it is purely a private good that can reasonably be left to free market forces, or a
public good that requires some amount of extra-market management to effectively and
efficiently serve social objectives” (Perry and Seckler, 1997, p. 1) and ecosystem needs.
Ecosystems require water in much the same way that humans do. Indeed, it has been
estimated that ecosystems require 75% of all available freshwater compared to 25%
needed for human use (Falkenmark and Rockstrom, 2004). Without adequate water, the
ecosystem can fall into disequilibrium or even collapse, imperiling its ability to deliver a
range of services as well as the livelihoods and welfare of all lifeforms that depend on it.
Yet, ecosystem water needs have not always been a priority for water resources projects or
managers. Thus, beginning from an entirely different perspective, this position arrives at
approximately the same conclusion reached by the opposing viewpoint, namely, without
adequate valuation, water and ecosystem resources “may be implicitly undervalued and
decisions regarding their use and stewardship may not accurately reflect their true value to
society” (Green Facts, 2015). The point of divergence between these two positions is in the
manner in which “value” is understood and interpreted. The one position refers to market
valuation and the other to nonmarket valuation.

As pointed out by Hanemann (2005, p.66), “the history of non-market valuation in the
USA is closely intertwined with water projects.” The Flood Control Act of 1936 specif-
ically instructs the Army Corps of Engineers to “involve itself in flood control provided
that the benefits to whosoever they may accrue are in excess of the costs” although the
methodological basis for such valuation did not exist at the time. Over the next several
decades, economists came to realize (see Maler, 1971,1974) that economic valuation
theory could be extended to anything from which people derive satisfaction, not just
market commodities. Accordingly, nonmarket valuation evolved from a largely qualitative
concept to rigorous mathematical treatments by the late 1960s. With the introduction of the
National Environmental Policy Act in 1969, federal agencies were required to carry out
environmental impact analysis associated with proposed federal projects. In 1979 the US
Water Resources Council officially endorsed and recommended an approach, contingent
valuation, for water resources valuation. Thus, by 1980, environmental impact analysis was
a prerequisite for all water resources projects in the United States and the methods for
conducting such analysis, including nonmarket components, had been developed and
endorsed by the largest water resources organization in the country.

Today, nonmarket valuation is an accepted, even required, practice in many develop-
ment projects. With the growth of green academic programs, the techniques for environ-
mental impact analysis continue to grow in sophistication and use. Looking ahead, it
appears likely that scholars and policymakers will continue to grapple with the challenge
of how to place a value on water that reflects its true economic worth without undermining
its utility as a social good or even human right.

4. COMPETITION FOR WATER BETWEEN ECOSYSTEMS
AND HUMANS

During the 1990s a number of scholars and policymakers promoted the idea that water
scarcity would be a major cause of wars in the 21st century (Bulloch, 1995; Shiva, 2002).
At core, the view was essentially anthropocentric; the ecosystem, when mentioned at all,
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was only of peripheral interest. It is too early to dismiss the notion that water indeed could
be a cause of war during this century. To date, however, research by Aaron Wolf (Wolf,
1999) and others (eg, Alam, 2002) appears to suggest that the opposite may well be the
more likely scenario. That is, rather than a cause of war, the need to find sustainable
solutions to diminishing water scarcity and other issues seems to be encouraging greater
cooperation among nations and stakeholders, not more enmity.

But some variation of this argument persists: might competition for water between
humans and ecosystems become a flashpoint in the coming decades (Van Emmerik et al.,
2014). The issues involved are indeed complex and border on questions of economics,
sustainability, and even morality and self-preservation. In his critically acclaimed book
Water Follies, Robert Glennon (2002) used a wide range of case studies to illustrate the
nature and scope of the emerging water conflicts. One of these is the case of the Upper San
Pedro River in Upper Arizona. During the 19th century, the river was rich in wet and
marshlands and the riparian habitats supported hundreds of species of both breeding and
migrating birds. From an environmental and ecosystem perspective, the San Pedro River
was a real gem in an otherwise desolate and unforgiving landscape. However, between
1970 and 2010, the population of Cochise County, within the Upper San Pedro Basin, more
than doubled from around 62,000 to over 130,000. During the same period, the population
of the city of Sierra Vista, within the basin, grew from just under 7000 to nearly 44,000.
Over a 16-year period, the city approved 4700 new single family construction permits.
Significantly, the average cost per house went up from $64,000 in 1997 to over $206,000 in
2012. Thus, not only was there a tremendous increase in new housing construction,
housing units were also getting larger, all of which combined to put enormous pressure on
water resources and the physical environment.

How could such development and pace of growth be sustained while simultaneously
preserving the San Pedro River as a natural resource that delivers valuable ecosystem services?
Unfortunately, many stakeholders approach this question as though it were a zero sum game,
setting upa false proposition that argues for oneor the other. Thismindsetmust change toone in
which stakeholders learn to recognize and appreciate the value of competing needs. The goal
should be to find winewin solutions that increase the net value of water to the community as a
whole as opposed to the ruination of one sector to support another.

The case of the competition for water between blueberry growers and wild Atlantic
salmon in Maine, USA, described by Glennon (2002) is also illustrative. Like its Pacific
cousin, the Atlantic salmon also faces threats caused by numerous hydroelectric power
generation dams, clear-cut logging with the attendant river channel siltation, and over-
fishing. More recently, however, the most serious threat to wild salmon has come from the
extraction and diversion of water to irrigate blueberry fields. Both industries are important
to Maine’s economy as well as its sense of heritage and identity. The state accounts for
nearly 20% of the US domestic salmon production although much of that is increasingly
farmed. In 2010, the salmon industry contributed $76 million to Maine’s economy, while
blueberries accounted for $250 million (Gabe et al., 2011). Clearly, it is in Maine’s interest
to ensure the continued viability and sustainability of both industries rather than undermine
one for the other. The challenge is that planning is not always about the equitable allo-
cation of a scarce resource, but rather about which sectors or stakeholders can exert the
larger influence on the decision-making process.

Yet, human kind must find a way to strike a balance between the needs of the
ecosystem and humans. In this regard, the emerging science of sociohydrologic modeling
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(Van Emmerik et al., 2014; Sivapalan et al., 2012), provides promising frameworks and
analytic tools. The goal of social hydrology is “.understanding, interpretation, and pre-
diction of the flows and stocks in the human-modified water cycle at multiple scales, with
explicit inclusion of the two-way feedbacks between human and water systems”
(Van Emmerik et al., 2014, p. 4240). By providing improved understanding of how humans
interact with the environment, it is hoped that tools and mechanisms for mediating the
competition for water between the two would be developed. Indeed, in the last several
years there has been increased focus on development of what is broadly termed “coupled
human natural systems” (CHNS). New degree programs as well as initiatives at major
funding agencies, such as the US National Science Foundation, focusing on CHNS
continue to be introduced. This trend is to be supported and encouraged because the need
for mediation and intervention is likely to become more intense as human demographic
and economic pressures continue to intrude and make mounting demands on ecosystems
and water resources.

5. FUTURE CLIMATE VARIABILITY AND CHANGE
AND THE RISK OF MEGADROUGHTS

No discussion of future water risks or challenges could be complete without a consider-
ation of the possible role of climate change and climate variability. With respect to water
resources, an aspect of the climate change discussion that has received comparatively little
attention until recently is the risk of multidecadal or so-called megadroughts. This kind of
drought is of special interest for a number of reasons. First, they occur very rarely. Since
the beginning of modern observational hydroclimatic records, the best and arguably only
example of multidecadal drought anywhere in the world has been the Sahelian drought in
sub-Saharan Africa, which began in the late 1960s and persisted into the 1990s. Certainly
in Europe and North America, there have been no droughts of comparable duration during
the last 100 years. As a result of their infrequency, water resources management systems
are not designed for coping with megadroughts.

We know, however, that such droughts do occur purely from natural climatic vari-
ability. As far back as 1929, A.E. Douglass described a 24-year drought (1276e99) based
on tree-ring reconstructions. This drought may have been responsible for the abandonment
of the Anasazi cliff dwellings across the Colorado Plateau (Cook et al., 2009). In fact,
numerous authors (eg, Douglass, 1929; Douglass, 1935; Stine, 1994; Stahle et al., 2000;
Pederson et al. 2005; Cook et al., 2009) have since described or confirmed occurrences of
megadroughts during the Medieval Climate Anomaly (MCA aka Medieval Warm Period),
which occurred approximately between 900 and 1300 AD, and was characterized by
warmer than average temperatures. Based on detailed analysis, Cook et al. (2009)
confirmed that two megadroughts occurred in the CaliforniaeNevada region during the
MCA. The first drought persisted for over 200 years and the second for over 140 years. The
two droughts were separated by a pluvial period of about 47 years. Similar analysis showed
that in the Mississippi Valley, a 46-year drought occurred between AD 940 and 985; a 148-
year drought occurred between AD 1100 and 1247; and a 61-year drought occurred be-
tween AD 1340 and 1400. The last two droughts appear to have contributed to the collapse
of the Cahokia culture in the Mississippi Valley (Cook et al., 2009). The causes of these
droughts are complex, but appear to be linked to the elevated temperatures (and therefore
increased evaporative demand), and cool La Niña-like sea surface temperatures in the
tropical pacific El Niño-Southern Oscillation region.
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This historical review is significant because virtually all General Circulation Models
agree that temperatures during the latter part of this century will be higher than they were
during the MCA. This begs the question: how likely is it that megadroughts of the kind
experienced during the last MCA might occur again? Alternatively, how likely is it that
droughts longer than any we have witnessed during the period of observational records might
occur as a result of the unprecedented temperatures projected during the latter part of this
century? Associated with that, how could megadroughts impact water resources in the
affected areas?

To investigate the possible effects of human activities and policy on future gas
emissions and climate change, the Intergovernmental Panel on Climate Change relies on a
set of scenarios called the Representative Concentration Pathways (RCP). The baseline
greenhouse gas concentration scenario, representing no mitigation of current emissions
trends, is termed RCP8.5 (Riahi et al., 2011) in which temperature increase is expected to
be in the range of 2.6e4.8�C during 2081e2100 relative to the baseline. RCP4.5 is a
moderate scenario or gas concentration pathway in which emissions peak around 2040
and then decline as a result of mitigation actions. The expected average global temper-
ature range (2080e2100) under this scenario is 1.8�C with a likely range of 1.1e2.6�C.
While the exact magnitude of temperature increase during the MCA is subject to some
uncertainty and controversy, most researchers believe it was likely 0.1e0.2�C below the
1960e90 reference period or an order of magnitude less than even the moderate RCP4.5
scenario.

Using results of empirical drought reconstructions and soil moisture indices from 17
state-of-the-art general circulation models, Cook et al. (2015) showed that under RCP8.5
there is a greater than 80% chance of multidecadal drought during the 2050e99 period in
the Central Plains and Southwest of the United States. As a comparison, the risk of a
multidecadal drought during the observational period was less than 12% for the same
region. In terms of the severity of the droughts, the models suggest that the level of aridity
might exceed that of the megadroughts of the MCA. The results are similar for the
moderate RCP4.5. Notably, these conclusions are robust across a strong majority of the
models investigated.

The conclusion that emerges is that there is a higher likelihood of drought in the latter
part of this century because of higher temperatures. To see what implications this might
have on water resources and associated sectors, we only have to look at the recent droughts
in California and the southwestern United States. Since 2000, the January level of Lake
Mead has fallen by more than 30.48 m (100 ft), from >365.76 m to 335.28 m above mean
sea level, (msl) (ie, <1200 ft to <1100 ft above msl). Such levels have not been reached
since the dam began filling in 1937. As a result, more than 17.27 km3 (14 million acre-feet)
of water has been lost. Should the lake level drop below 327.66 m above msl (1075 ft), a
water shortage declaration will take effect and Nevada and Arizona will see reduced water
allocations. California will not be affected because it has priority or senior rights to the
water. Such a scenario is completely uncharted territory and its likely effects remain
largely unknown. In California, which in 2015 entered its fourth consecutive year of
drought, an economic analysis of the drought’s impact on agriculture showed that surface
water is in deficit by nearly 10.73 km3 (8.7 million acre-feet) or �48%, necessitating a
72% increase on groundwater pumping (Howitt et al., 2015). Even so, more than
540,000 acres of agricultural land (45%) has been idled, 21,000 jobs have been lost, and
overall economic impact is likely to top $2.7 billion.
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So far, California has shown remarkable resilience to the drought probably because of
the variety of sources from which the state derives its water. But the drought is only in its
fourth year. What could happen if it persists for another four years? Or, how will water
resources management cope if future droughts last 10 or more years as projected by
climate models? There are no easy answers. First, the rarity of megadroughts and their lack
of precedence means that policymakers and economic planners are likely to be reticent
about tying up scarce resources against the possibility of such a drought. It is easy to see
how this kind of thinking works today with respect to snow removal in cities that receive
snow infrequently. In many instances, city managers prefer to take the economic hit of
shutting down the city for a few days than bear the cost of maintaining snow plow fleets
that might never get used in an entire year. Hurricane Katrina provides another example. In
that instance, retention walls were built to withstand a Category Three hurricane on the
logic that the risk of a Category Five hurricane was low. Such precedence suggests that the
outlook for making the kinds of investments necessary for dealing with a multidecadal
drought is not promising.

Second, policymakers concerned about making such investments will have a conve-
nient rationale, namely: the cone of uncertainty around a climate outlook so far out is very
large. Indeed, given current rates of environmental, technological, and human trans-
formations, we can expect that the whole world will be radically different in 2080 and
maybe unrecognizable to today’s planners. Of course, no one expects investments in
megadrought resilient water infrastructure for 2080 to begin now. But we must be aware of
them and continuously update the climate projections and our own expected responses and
mitigation strategies. On the other hand, as the current California drought shows vividly,
you do not really need a multidecadal drought to wreck serious havoc on socioecological
and agroeconomic systems. Indeed, as the population continues to grow and economic
activities expand, each future drought or water scarcity episode costs more in terms of
human and economic impacts. This means a drought of comparable magnitude occurring
two decades into the future is likely to be more disruptive than the current one.

6. CONCLUSIONS

Water is life for humans and ecosystems alike. Our demand for water has increased over
time and will continue to do so in the foreseeable future. But the supply of water is finite
and human activities frequently serve to further degrade the quality of this already
dwindling resource. Also, the degree of interdependence between humans and ecosys-
tems and the vital importance of water on ecosystem health is not necessarily fully
appreciated or embraced by all. Even in instances where such understanding exists,
striking the right balance of water allocation and conservation measures among the
competing demands can be challenging. For North America and Europe, where the basic
question of access to water has been conquered in the main, developing the principles
and frameworks for resolving the kinds of issues highlighted in this chapter is likely to
constitute an important part of the dialogue on the future of water.

Indeed, one could identify a nearly endless list of challenges related to the future of
water all deserving of discourse and urgent attention. The few identified here are illus-
trative only and used to frame the theme of this chapter. They underscore the need for
strengthening the resilience of water management infrastructure and systems, identifying
causal pathways and linkages among dynamics that impact water resources, and
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developing comprehensive monitoring systems of relevant drivers of change, including
land use, land cover, climate, and human behavior. It is important also to note that
changes in water resources management take a long time to implement. Major engi-
neering projects, such as dams, routinely require more than 20 years from conception to
completion, many considerably longer. Changes in societal behavior such as advocated
by the WSP approach might require an entire generation of concerted awareness cam-
paigns and promotions to take effect and that is just at the level of policymakers and
managers. The point is that whatever the water resources approach of the future will be,
we must give ourselves plenty of running room to start. In that sense, this book and the
issues and conversations it stimulates are highly timely and needed.
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