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Preface

In recent decades, growing population, depletion of aquifers, and extreme drought
have exacerbated long-term water scarcity problems in many countries of the world,
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. Tt 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 to water
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 water—energy—food nexus that combines the presented sector-specific

XV



xvi Preface

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 Resources—Experiences 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.' 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 increasing—or reallocating—water
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
high of 39 in. in Washington. The regional average isjust 21 in., significantly below the national
average of 37.> 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, storing water 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

(Released Thursday, Mar. 3, 2016)
Valid 7 a.m. EST

U.S. Drought Monitor March 1, 2016

Drought Impact Types:

r~ Delineates dominant impacts

S = Short-Term, typically less than

6 months (e.g. agriculture, grasslands)
L = Long-Term, typically greater than
6 months (e.g. hydrology, ecology)
Intensity:

[—] DO Abnormally Dry

[] D1 Moderate Drought

[ D2 Severe Drought

Il D3 Extreme Drought

I D4 Exceptional Drought

Author:
David Miskus
NOAA/NWS/NCEP/CPC

The Drought Monitor focuses on broad-
scale conditions. Local conditions may
vary. See accompanying text summary for
forecast statements.

= it @ &

http://droughtmonitor.unl.edu/

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 (1971—2000).
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regions (Fig. 2).> 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).* 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).

200
180 B Thermoelectric Power

® Industry

160
B Agriculture

m Public Supply

Withdrawals (in thousand acre-feet)
=)
o

Western GW Western SW Eastern GW Eastern SW

FIGURE 2 Water withdrawals by region, use, and source for the contiguous United States. GW,
groundwater; SW, surface water.

(98]

. 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 uses—
hydropower, recreation on streams and lakes, and instream flows for fisheries—are 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.
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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.” 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. 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
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are from the agricultural sector. The user group that has acquired the most water through
rights transfers is municipalities (Hansen et al., 2015).”

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 cost—benefit 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 3—5% 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, the Water 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 banks® 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.” 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.”'" 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 activity—primarily
subsidies to irrigators that have historically focused on farm efficiency and easement
programs—with 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 USEFS 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.'' 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 oft 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.' 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 principles' 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
Europe” 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

—_

. 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,
provide water 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 European® 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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FIGURE 1 Map of the European continent, with EU Member States highlighted. Own map.

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



Competition for Water Resources in Europe Chapter | 1.2 23

Schmidt, 2006). The cost of this damage is estimated at half a billion EUR* (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 m*/ha water compared to less than 2000 m*/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 = 1.08 USD as of January 31, 2016.



TABLE 1 Water Abstractions (mi m?/year) Distributed per Region and Sector

Region Year Range
Southern Europe 1990s
2009—2011
Western Europe 1990s
2009—2011
Eastern Europe 1990s
2009—2011

Energy
6,635
7,018
67,088
54,787
21,901
18,538

%

11.4
12.2
51.3
50.9
36.8
56.3

Industry
2,010
666
22,548
17,787
12,573
4,882

%
3.5
1.2
17.2
16.5
21.1
14.8

Agriculture
35,542
33,175
7,570
5,797
13,945
3,545

%
61.3
57.6
5.8
5.4
235
10.8

Public
13,828
16,738
33,682
29,439
11,058
5,990

%

23.8
29.1
25.7
27.3
18.6
18.2

Total
58,015
57,597
130,888
107,810
59,477
32,955

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

EU, Luxembourg.
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FIGURE 2  Abstraction of water with respect to sectoral uses. Own graph based on data from EEA,
2015. The European Environment—State and Outlook 2015: Synthesis Report. European Environment
Agency, Office for Official Publications of the EU, Luxembourg.

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 (Miiller 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
water—food—energy 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:

e 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.

e 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.

e 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.

e 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.

e 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.
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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., 2000). 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
WED (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 WED (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
WED 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 social—ecological 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 social—ecological 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 social—ecological 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
Zogratakis, 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
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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
WED 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 Murray—Darling 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 equalizing marginal water values across competitive uses.' 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.

Competition for Water Resources. http://dx.doi.org/10.1016/B978-0-12-803237-4.00003-3
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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 80—90%
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 instream flow 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 culprit—increased
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, priority—the keystone of Western water
law—is 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.

REFERENCES

Allen, R., Willardson, L., Frederiksen, H., 1997. Water use definitions and their use for assessing the impacts of
water conservation. In: de Jager, J., Vermes, P., Ragab, R. (Eds.), ICID Workshop on Sustainable Irrigation in
Areas of Water Scarcity and Drought. International Committee on Irrigation and Drainage, New Delhi,
pp. 72—82.

Anderson, T., Johnson, R., 1986. The problem of instream flows. Economic Inquiry 24, 535—554.

Bittman, M., 2014. Exploiting California’s Drought. The New York Times.

Charles, D., 2014. California Farmers Ask: Hey Buddy, Can You Spare Some Water? NPR. http://www.npr.org/
blogs/thesalt/2014/06/09/317011698/california-farmers-ask-hey-buddy-can-you-
sparesome-water.

Dufford, W., 1994. Water law after Sinking Creek. In: The Sinking Creek Decision: Water Rights in the 21st Century.
University of Washington.

Editorial, 2015. An Unrelenting Drought Should Spur California to Overhaul Its Water System. The Washington
Post.

Fear, D., 2015. Calif. Governor Orders Statewide Mandatory Water Restrictions. The Washington Post.

Gould, G., 1988. Water rights transfers and third-party effects. Land and Water Law Review 23, 1—41.

Hamilton, J., Whittlesey, N., 1992. Contingent Water Markets for Salmon Recovery. University of Idaho.

Hamilton, J., Whittlesey, N., Halverson, P., 1989. Interruptible water markets in the Pacific Northwest. American
Journal of Agricultural Economics 71, 63—73.

Howitt, R., Lund, J., 2014. Five Myths About California’s Drought. New York Times.

Huffaker, R., Whittlesey, N., Hamilton, J., 2000. The role of prior appropriation in allocating water resources into the
21st century. Water Resources Development 16, 265—272.

Instream Flows. Washington State Department of Ecology. Available: http://www.ecy.wa.gov/programs/wr/instream-
flows/isfhm.html.

Johnson, G., Sullivan, W., Cosgrove, D., Schmidt, R., 1999. Recharge of the Snake River Plain aquifer: transitioning
from incidental to managed. Journal of the American Water Resources Association 35, 123—131.

Milliman, J., 1959. Water law and private decision making: a critique. Journal of Law and Economics 2, 41—63.

Nagourney, A., July 20, 2015. California Farm District Accused of Diverting Water. The New York Times.

NASA. Landsat’s Role in Water Resource Management. Available: http://landsat.gsfc.nasa.gov/?p=8770.

Perala, O., Benson, R., 1995. Water transfers: can we get there from here? Illahee 11, 16—18.

Pulver, R., 1988. Liability rules as a solution to the problem of waste in western water law: an economic analysis.
California Law Review 76, 671—726.

Stevens, J., 1980. The public trust: a sovereign’s ancient prerogative becomes the people’s environmental right.
University of California Davis Law Review 14, 195.

Unnamed, July 12, 2001. You Say Potato, I Say Electricity. The Economist.

Unnamed, 2007. Australia’s Water Shortage: The Big Dry. The Economist.

Unnamed, 2012. Water Transfers in the West. The Western Governors’ Association.

Ward, F., 2008. Pulido-Velazques, water conservatin in irrigation can increase water use. PNAS 105, 18215—18220.

Wilkinson, C., 1992. Crossing the Next Meridian: Land, Water, and the Future of the West. Island Press, Washington,
DC.

Young, R., 1986. Why are there so few transactions among water users? American Journal of Agricultural Eco-
nomics 68, 1143—1151.


http://www.npr.org/blogs/thesalt/2014/06/09/317011698/california-farmers-ask-hey-buddy-can-you-sparesome-water
http://www.npr.org/blogs/thesalt/2014/06/09/317011698/california-farmers-ask-hey-buddy-can-you-sparesome-water
http://www.npr.org/blogs/thesalt/2014/06/09/317011698/california-farmers-ask-hey-buddy-can-you-sparesome-water
http://www.ecy.wa.gov/programs/wr/instream-flows/isfhm.html
http://www.ecy.wa.gov/programs/wr/instream-flows/isfhm.html
http://landsat.gsfc.nasa.gov/?p&equals;8770
http://landsat.gsfc.nasa.gov/?p&equals;8770

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 sectors—including public use (largely municipal), rural/domestic
use, livestock use, irrigation, thermoelectric power generation, and all other uses—
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FIGURE 1 Trends in US water demands by major sector, 1950—2010 (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/cirl1405.

increased dramatically between 1950 and 2013." Total water withdrawals peaked at about
482 million acre-feet (maf)” 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,” where much of the nation’s irrigated production is concentrated, irrigated

—

. 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.”*

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.’

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,’ 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.” 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 (1990—2004), 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.” 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 water—energy 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
significant—ongoing 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 m® (176,995 gal) to nearly 15,275 m® (4 million gal) per oil well and
19,425 m® (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.’

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 (1490—1998) indicate that expected
warming temperatures and precipitation changes will reduce streamflow in the Upper
Colorado River Basin. Streamflow could decline by 8—11% 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 precipitation—while portions of
the upper basin are expected to experience wetter conditions—but 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.'”

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 time—the time it takes
climate variability and long-run climate change to affect a groundwater resource—which
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.'' 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 CO, 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).'"> 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 policy—ensuring 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.'” 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)."* 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.'” 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).



TABLE 1 Market Value of Agricultural Products Sold and Farm Production Expenses for Irrigated and Nonirrigated Farms, 2012

Farm Characteristic

Market value of agricultural products
sold ($1000)

Average per farm ($)

Crops, including nursery and greenhouse
crops ($1000)

Average per farm ($)

Livestock, poultry, and their products
($1000)

Average per farm ($)
Total farm production expenses ($1000)
Average per farm ($)

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

Average per farm ($)

All Farms
394,644,481

187,097
212,397,074

205,754
182,247,407

181,419
328,939,354
155,947
24,835,166

7435

Irrigated Farms

All Irrigated Farms
(Mixed Irrigated and
Dryland Cropland)

152,421,721

514,412
106,281,346

444,231
46,140,375

433,614
123,022,726
415,192
11,092,703

21,231

USDA, National Agricultural Statistics Service, 2012 Census of Agriculture, 2014.

Farms With All Harvested

Irrigated Cropland
(no Dryland Cropland)

79,582,158

471,687
57,540,345

386,509
22,041,814

502,504
64,792,431
384,028
5,919,143

20,225

Dryland Farms (Farms
With no Irrigated
Cropland)

242,222,760

133,603
106,115,728

133,809
136,107,032

151,541
205,916,628
113,578
13,742,463

4876

9¢
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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 states—Arkansas, Mississippi, and Florida—were
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

Nebraska, 14.86 %

All Other States,
23.82 %

California, 14.08 %

Florida, 2.67 % »

Oregon, 2.92 %
Washington, 2.93 %
Mississippi, 2.96 %
Montana, 3.41 %

Colorado, 4.51 % — /, \

Kansas, 5.16 % Idaho, 6.03 %

Arkansas, 8.61 %

Texas, 8.04 %

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: hitp://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_
1_US/usvi.pdf.
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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).

corn, recurring regional drought conditions, and the prospect of future restrictions on new
irrigation development (at least for Nebraska).'® California and Florida led the states where
irrigated acres fell during this period (0.7 million and 0.3 million acres, respectively).'”'®

16. Personal communication with Professor Raymond J. Supalla, University of Nebraska—Lincoln,
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 Bay—Delta 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 50—64% of
harvested cropland for these crops was irrigated. As much as 65—95% 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
oft-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.'® 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/sw1rfSmhOk/
http://www.ers.usda.gov/Briefing/WaterUse/glossary.htm.


http://webarchives.cdlib.org/sw1rf5mh0k/http://www.ers.usda.gov/Briefing/WaterUse/glossary.htm
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

Total Water
Applied
(Acre-Feet)
Water 72,896,810
applied:
Average 1.83
Application
(acre-feet/
acre):
Water 72,896,810
applied:
Average 1.83
Application
(acre-feet/
acre):

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

Gravity
Systems Percent
(Acre-Feet) Gravity

30,970,461 42.0

2.29

Wells
Ground
Water Percent
(Wells) Ground

(Acre-Feet)  Water

36,023,636 49.0

1.49

Type of Irrigation®

Drip/Trickle
and/or Low-Flow

Sprinkler Microsprinkler

Systems Percent Systems Percent
(Acre-Feet) Pressure  (Acre-Feet) Other
36,144,815 50.0 3,276,408 4.0

1.34 0.90

Water Source®

Surface Water Sources

Percent
On-Farm Surface  On-
Water (Acre- Farm
Feet) Surface
6,984,525 10.0
1.68

USDA, National Agricultural Statistics Service, 2013 Farm and Ranch Irrigation Survey, 2014.

Other
Systems

(Acre-Feet)

2,505,126

Off-Farm
Surface
Water
(Acre-
Feet)

29,888,649

2.18

Percent
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3.0
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Surface

41.0
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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.”’ 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.



TABLE 3 Irrigation Cost Statistics for the 17 Western States, by Type of Irrigation and Irrigation Expense, 2013*

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

Expenses per Irrigated Acre Expenses per 10,000 sq.ft.
For Operations With Only Scheduled Irrigation
For Operations With Only  For Operations With Only Irrigated Horticulture Replacement and
Acres in the Open Horticulture in the Open Under Protection Maintenance/Repair Expenses
Average Cost
Total Pumping Water from Surface Water from Surface Water from Surface Total per Irrigated
Expenditures Wells Water Wells Water Wells Water Expenditures Acre
($1,000 dollars) Dollars per acre Dollars per acre Dollars per 10,000 Sq.Ft. ($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

Purchased Water Costs for

Irrigation Labor Costs by Type (Hired and Contract Labor) Off-farm Water Supplies
Average Cost per
Total Expenses Irrigated Farm Average Cost
Hired Contract Hired Contract Total Purchased Per Per Acre-
Labor Labor Labor Labor ‘Water Expenses Acre Foot
$1,000 dollars Dollars per farm ($1,000 dollars) Dollars
671,265 142,245 27,042 28,535 741,900 74.25 32.74

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

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

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.”' While the center-pivot
system improved field irrigation efficiency, water conservation was not the primary motivation
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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FIGURE 6 Trends in irrigated acres and applied water use, 17 western states 1984—2013. Notes:
water use information from USDA’s FRIS reports on-farm water applied, not withdrawals. Also the
area tracked includes all acres irrigated in the open. It excludes square feet and water use for horti-
culture under protection. USDA, Economic Research Service calculations based on USDA, National
Agricultural Statistics Service, 1984, 1988, 1994, 1998, 2003, 2008, and 2013, Farm and Ranch
Irrigation Survey data.

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).2
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

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


http://www.nrcs.usda.gov/wps/portal/nrcs/main/national/people/outreach/slbfr/
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 exists—as 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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FIGURE 7 Trends in the use of efficient irrigation systems, by system type, for the 17 western states,
1994—2008. Efficient gravity irrigation includes furrow irrigated acres using above- or below-ground
pipe, or a lined open-ditch field water-delivery system, plus acres in flood irrigation (between borders
or within basins) on farms using laser leveling and pipe or lined open-ditch field water-delivery
systems. Efficient pressure-sprinkler irrigation includes acres using either drip/trickle and low-flow
microsystems or lower pressure-sprinkler systems (pressure PSI < 30). Traditional irrigation
included all remaining irrigated acres associated with traditional irrigation systems. Reproduced from
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.


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).>* 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.”

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 $1.1billion in 2003 (USDA-NASS, 2004, 2010, 2014b).”* 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 2014—18 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.”’ 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 100+ 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).”®

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/nres/
detailfull/national/programs/?&cid=nrcs143_008334.


http://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/programs/?&amp;cid=nrcs143_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 2014—15, RCPP funded 114 approved projects’ 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 2014—15 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).”® 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/nres/main/national/
programs/farmbill/rcpp/.

30. For a more detailed discussion of RCPP-funded projects, see the USDA, NRCS website at: http://
www.nres.usda.gov/wps/portal/nres/detail/national/programs/farmbill/repp/?cid=stelprdb 1264664.
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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 decisions—crop choice, crop yield
target, irrigation system type, and on-farm water management regime—combined 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
etal., 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).' 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 (~69%) from 1950 to the early 1980s as well, and in
lockstep with population growth, which grew by more than 50%.”

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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FIGURE 1 USGS estimated trends in US water withdrawals by water use category, 1950—2010
(Maupin et al., 2014).

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.’ 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.* 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
energy—nearly 20% of California’s electricity production—is used for moving and pumping
water for agriculture (CEC, 2005).° Overlooked in these estimates is the indirect energy
embedded in fertilizer and pesticide use, which comprises nearly 30% of all energy used in

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.° Second, we will investigate,
using a dynamic economic—hydrologic 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 economic—hydrologic 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
1979—after the 1970s energy crises—to 2013. Over this period, the USDA published eight
FRIS—1979, 1984, 1988, 1994, 1998, 2003, 2008, and 2013. Considering trends over the

6. Two excellent resources that investigate the water—energy 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 food—energy—water
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.’
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).%

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.” 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).'” 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

=~

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

consequently, energy costs.

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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FIGURE 2 Irrigated agricultural trends in the United States at the national level: 1979—2013. (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
(USBLS, 2015). On-farm energy costs per acre are measured as a percentage change from 1979 levels.

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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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 regions—CAL, PNW, AWR, and SAG—and four energy source categories—All,

TABLE 1 Energy Cost per Acre by US Water Resources Region
and Energy Type (1979—2013)"

(a) All Sources
Baseline

% Change from baseline

(b) Electricity
Baseline

% Change from baseline

Year

1979
1984
1988
1994
1998
2003
2008
2013

1979
1984
1988
1994
1998
2003
2008
2013

Region

CAL

$65.77
35%
49%
74%
40%
22%
37%
29%

$68.18
33%
52%
78%
52%
27%
28%
33%

PNW

$42.99
15%
35%
35%
19%
31%
15%
33%

$43.68
13%
38%
34%
18%
30%
13%
32%

AWR

$48.09
18%
—5%
—4%
0%
35%
21%
19%

$48.24
26%
2%
—4%
13%
0%
55%
25%

SAG

$36.69
14%
—11%
—20%
—15%
—34%
50%
8%

$30.45
56%
32%
20%
40%
7%
36%
23%

Continued
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TABLE 1 Energy Cost per Acre by US Water Resources Region
and Energy Type (1979—2013)*—cont'd

(c) Natural Gas
Baseline

% Change from baseline

(d) Diesel
Baseline

% Change from baseline

Year

1979
1984
1988
1994
1998
2003
2008
2013

1979
1984
1988
1994
1998
2003
2008
2013

Region

CAL

$103.14
38%
—6%
19%
—41%
15%
—16%
—43%

$33.19
54%
48%
150%
22%
60%
214%
84%

PNW

$37.62
11%
50%
—10%
—32%
—100%
81%
—31%

$22.73
67%
4%
52%
4%
41%
130%
83%

AWR

$47.76
19%
—5%
1%
6%
85%
159%
—3%

$51.43
7%
—36%
—22%
—44%
—20%
15%
—28%

SAG

$60.37
48%
69%
70%
—64%
—29%
120%
—60%

$35.98
0%
—19%
—32%
—28%
—34%
80%
15%

AWR, Arkansas-White-Red; CAL, California; PNW, Pacific Northwest; SAG, South Atlantic-Gulf.
?Calculated by authors using USDA FRIS data (various years). Baseline estimates all are in 2013 dollars

using Producer Price Index (US BLS, 2015).

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 percentages—
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.
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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."'

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 (1.90—2.02), AWR (1.20—1.54), and SAG
(0.80—1.60). 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 (~40%). 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 (~30% in the
CAL and PNW regions) and least in the SAG region (~5%). 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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FIGURE 3 Irrigated acreage, water use, and energy costs for selected US regions. (A) Irrigated acreage and energy costs (CAL). (B) Applied water rates and off-
farm water costs (CAL). (C) Irrigated acreage and energy costs (PNW). (D) Applied water rates and off-farm water costs (PNW). (E) Irrigated acreage and energy
costs (AWR). (F) Applied water rates and off-farm water costs (AWR). (G) Irrigated acreage and energy costs (SAG). (H) Applied water rates and off-farm water
costs (SAG). Calculated by authors using USDA FRIS data (various years). AWR, Arkansas-White-Red Water Resource Region (WRR); CAL, California WRR;
PNW, Pacific Northwest WRR; SAG, South Atlantic-Gulf WR. All prices converted into 2013 dollars using Producer Price Index (USBLS, 2015). Water and
on-farm energy costs associated with pumping on a per acre basis with units measured on the vertical left-hand side axis.

88

$921n0say 193eAA J0) uonnadwo)



(E) [ Acres Irrigated-All Sources

—&—Energy Cost / Acre (1979%)
6,000

5,000

>
=]
=]
[S]

3,000

ACRES (1,000'S)

g
Q
S
]

1,000

1979

(F)

i Applied Water Rates-All Sources

1984

1988

W Acres Irrigated-Off Farm Sources

1994 1998
YEAR

2003

2008

2013

50%
40%
30%
20%
10%
0%
-10%
-20%
-30%
-40%
-50%

mmmm Applied Water Rates-Off Farm Sources

—— Off-Farm Water Cost / Acre (1979%)

3.00
2.80
2.60
2.40
2.20
2.00
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

ACRE-FT PER ACRE

1979

FIGURE 3 cont'd

1984

1988

1994 1998
YEAR

2003

2008

2013

300%
250%
200%
150%
100%
50%
0%
-50%
-100%

(G) m Acres Irrigated-All Sources

ACRES (1,000'S)

(H)

—@—Energy Cost / Acre (1979%)
6,000

5,000

4,000

3,000

2,000

1,000

0

mmmm Acres Irrigated-Off Farm Sources

1979

1984

1988

[ Applied Water Rates-All Sources

—— Off-Farm Water Cost / Acre (1979%)

ACRE-FT PER ACRE

3.00
2.80
2.60
2.40
2.20
2.00
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

1979

1984

1988

1994 1998

YEAR

2003

2008

2013

50%
40%
30%
20%
10%
0%
-10%
-20%
-30%
-40%
-50%

mmmm Applied Water Rates-Off Farm Sources

1994
YEAR

1998

2003

2008

2013

120%
105%
90%
75%
60%
45%
30%
15%
0%
-15%
-30%

17z | 19ydeyn sn ayy ul aunynoudy parediil pue snxaN AS1auz—larepn

68



(A) Gravity e Sprinkler — ——@=— Drip/Trickle  +«+Aee+ Water Use (B) Gravity e Sprinkler — ——@— Drip/Trickle -«
7,000 3.50 6,000 250
6,000 0 5,000 e
g 330 2 230
2 5,000 3.20 2 000 2.20
3 3.10 3 2.10
Q 4,000 - I .
& 3.00 & 3,000 A Lok, RV COITIPRO O 2.00
G 3,000 & ey
g > 2.90 2 ‘x* ‘At [ SRCLTTTLYY 1.90
£ 2,000 2.80 £ 200 1.80
= 2.70 = 1.70
3 = 1,000
1,000 2.60 1.60
Py & ° o—-——0
0 250 0 o——@ * < A 1.50
1979 1984 1988 1994 1998 2003 2008 2013 1979 1984 1988 1994 1998 2003 2008 2013
YEAR YEAR
(C) Gravity e Sprinkler — ——@= Drip/Trickle = Water Use (D) Gravity =~ e Sprinkler =~ ——@=— Drip/Trickle =
5,000 2.00 2,000 A, 1.60
4,500 1.90 1,800 T 1.50
@ 4,000 1.80 @ 1,600 ‘A A 1.40
2 3,500 1.70 2 1,400 & 1.30
2 3,000 1.60 2 1,200 1.20
£ 2500 A 1.50 & 1,000 1.10
2 2,000 By v R A, 1.40 2 800 1.00
z 1500 ' : RN 1.30 I 600 0.90
R 1,000 1.20 R 400 0.80
500 1.10 200 0.70
0@ o e o o o *—90 1.00 0 0.60
1979 1984 1988 1994 1998 2003 2008 2013 1979 1984 1988 1994 1998 2003 2008 2013
YEAR YEAR
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to three different irrigation categories: gravity systems, sprinkler systems, and drip or
trickle systems.'? 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
oft-farm water supplies decreased by nearly 9% —tor a total reduction of over 10 MAF per
year—in 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)."?

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 water—surface 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.'* 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 economic—hydrologic 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 crop—water 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 ¢ are defined in Eq. (1).

T =D Tk — Cou [l 4] — Couldsl (1)
k

J

Indices j denotes crop type, k denotes irrigation system type, s denotes surface water,
and g denotes groundwater, and per-acre net returns are ik, = (PeiYjke — Yjk — YwjkWiko)-
Variables are yj, crop yield; wj, applied water depth (feet); and x;i;, cropped area (acres).
Parameters are p,;, crop price ($/ton); yj, nonwater production cost ($/acre); and 1y,
pressurization cost ($/acre-foot). Surface and groundwater costs, both of which include
energy costs, are represented by c,,, and cy,, 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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Crop—water 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, dj;,
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 ¢ cannot exceed total land available for irrigated production X

(million acres):
3OS xu<x )
k

J
Rotational constraints are also imposed on individual crops as:

x; < ijkt <X 3
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):

nc K

Z Z WikXike < qst + qg1- 4)

j=1 k=1

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 gy < (1 — 8,)qy; Gy is the maximum amount of surface water
available to the region.

The equation of motion describing water table elevation, /;, response to extractions and

deep percolation flows is defined as:

1
Bt = he o | @+ B + ij ij diaXipg — G (5)

where A and s” are defined previously, w is natural recharge, and @; 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 2 < hy < h, where h is determined by the lower confining layer and his
determined by the rootzone depth. The lower bound limits groundwater extractions to the



94 Competition for Water Resources

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 '/, mile and "/, 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, cg,(.), are defined
as:

_ )2
ng(h7wg) = (k+€ X Al’lcd)wg + e(h _ h)wg +€ (2"1:3}}

(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, Ak, is additional drawndown because of the
cone of depression associated with running the pumps and is equal to 60 ft, and 7 is
height of the land surface. w® is total amount of groundwater pumped, A is aquifer
area, and s” 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.'?

Aquifer characteristics for the Kern County empirical application come from Knapp
and Olson (1995). The aquifer specific yield (s*) 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 ¢
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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water by 40% relative to the baseline. The final scenario—(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%FEnergyPrice scenario at
around 20—30 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 increase—by over 70% under all scenarios—less acreage is devoted to the
least water-efficient irrigation system—furrow ‘5 mile. So, while initially all acreage is
irrigated with furrow ' 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, mile.

Fig. 5D—G 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.'® 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. 5SF 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 '/, 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. 5SA 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 ', mile initially. Indeed, for the WaterEnergy scenario less
than 5% of the acreage is devoted to furrow '/, 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 ', 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. 6D—G 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 increases—under both the 40%
SurfaceWater and WaterEnergy scenarios—water 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 production—water use, acreage, irrigation system
adoption, and both energy and water costs—over 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 analysis—using an economic hydrologic
regional programming model of irrigated agricultural production—of 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 Water—Energy Nexus

in Europe and Spain: An
Institutional Analysis From
the Perspective of the Spanish
Irrigation Sector
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1. INTRODUCTION

The water—energy 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 water—energy 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%).

Competition for Water Resources. http://dx.doi.org/10.1016/B978-0-12-803237-4.00006-9
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This chapter aims to complement existing reviews of the water—energy 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 (L6pez-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 water—energy 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 water—nexus construct beyond an input—output 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 water—energy 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
(Gomez-Limon 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 public—private operator to regulate its use called Red Elec-
trica Espafiola. 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 (Miguez 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 (1991—2000 and 2000—2003 editions). The
1997 electricity law and the Program for the Encouragement of Renewable Energy in
Spain (2000—2010) 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 (€198M), fiscal in-
centives (€1116M), and price premiums (€5572M) for a total of €6886M. Private in-
vestments for the same reached €36462M (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 €19,658M,
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 €19/MWh to €32/MWh) for mid-sized in-
dustrial users, and by 130% (from €49/MWh to €113/MWh) for domestic users (Robinson,
2014).

3. THE WATER—ENERGY 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 (Lopez-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 Plan—Horizon 2005 and a number
of subsequent studies, the government approved in 2002 the National Irrigation Plan—
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 hm>/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-a-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 €3.800M has been
invested in the “modernization” of water storage and conveyance infrastructure since 2000.
The EU Rural Development Fund has covered €925M, the central and regional govern-
ments €1.718M, and farmers (irrigation associations) the remaining amount. Additionally,
farmers have invested €5000M 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 (+42%) (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 hm® in 1999 to
15,833 hm? 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
Andalucia, modernization has led to water savings of more than 1200 hm>/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 rariff), 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
€390M to more than €700M). Accordingly, irrigation costs increased from 7% to 40% of
total production costs (Berbel et al., 2014; Garcia 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 (200—300 €/ha vs 80—100 €/ha, respectively) (Lopez-
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; Garcia 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 (Garcia 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 m*/ha, versus 5000 m*/ha in drip
systems. Alternatively, energy use for flood and sprinkler ranges from 0.15 to 0.49 kWh/
m® depending on the source of water, versus 0.28 to 0.68 kWh/m® 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 m’/
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 €4000M, for a cumulative deficit of
€5368M 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)." 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 fariff 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).”

4. NEW GOVERNANCE ARRANGEMENTS IN THE
IRRIGATION—ENERGY 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; Rodriguez Diaz 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 Andalucia (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 €56M (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, Lopez-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 (Tabara 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 (Rodriguez-Diaz 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 Kazdagli, 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 water—
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 km*/year in 2005 to 200 km*/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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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
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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 RFES, 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:

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

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

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

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

e 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
clustered—with North Carolina, Texas, lowa, 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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TABLE 1 Total Biofuel Production in the United States By Year and by Type of
Feedstock

US Production

Fuel Feedstock (Million Gallons) Year Sources

Ethanol Corn 14,659 2015  USDA (2016a)
Sorghum, wheat, barley, >450 2009  Schnepf (2011)
and brewery waste
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)

A Biodiesel Plants
#*  Ethanol Plants

X FTTTTYTTa
© Integrated Biorefineries 9 100200, 400/kes

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.

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
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waste, algae, and energy crops as feedstock, have a capacity of producing 1—25 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 Primary Biofuel =~ Water Usage for
Type Feedstock Sources Product Irrigated Production
Cereal grains Corn Ethanol Corn:
Grain sorghum 14 in./acre®
Grain sorghum:
13 in./acre”
Soybeans = Biodiesel 10 in./acre®
Other oilseeds Rapeseed and canola, ~ Biodiesel Canola: 10—12 in./acre"
safflower and Heat oil Sunflower: 12 in./acre
sunflower Aviation biofuel
Agricultural Corn stover, wheat Cellulosic ethanol ~ —
residues straw, sorghum stover
Annual Rotational crops: Cellulosic ethanol  Corn silage:
bioenergy Corn silage 26 in./acre®
crops Forage sorghum, Forage sorghum:
energy sorghum 15 in./acre'
Perennial Switchgrass Cellulosic ethanol  Switchgrass: 20 in./acre®
bioenergy Miscanthus Miscanthus:
crops 30 in./acre”
Sugarcane = Ethanol Sugarcane:
43 in./acre'

?Kansas 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.

“Anderson, M., 1994. Agricultural Resources and Environmental Indicators. Washington, DC. US
Department of Agriculture, Agricultural Handbook AH-705, December.

9Aiken, 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.

°Bean, 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.

Newman, 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.

&Kansas 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.

'Carr, M.K.V., Knox, J.W., 2011. The Water Relations and Irrigation Requirements of Sugar Cane (Sac-
charum officinarum): A Review. Experimental Agriculture 47: 1—25.
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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 runoft 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

Industry I Consumer

Feedstock
Production

|
Agriculture I I
.................................................. e ————
Impacts water scarcity I Re-cycling I
I f |
Irrigation Rainfall | Industrial Use I
et 1 A1
|
“ Biofuel Use

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), 1—7.
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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 28—36 gallons/mile for corn and 8—10 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 10—17 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 m> 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, 3—6 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 3000—4000 kg/ha, producing
1345—1794 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 20—30% 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 2—3 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 1.9—9.8 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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TABLE 3 Water Requirements for Feedstock Production and for Biofuel
Production

Crop Water
Requirement for
Water Requirements  Biofuel Conversion  Biofuel (m® Water/

Crop (m?® Water/Mg Crop) (L Fuel/Mg Crop) Mg Fuel)
World corn 833 409 2580
(grain)

World 154 334 580
sugarcane

Nebraska corn 634 409 1968
(grain)

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, 2014—2025.

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
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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 20—30%
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 2014—18. 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
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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

Total Operating

Capacity (Millions Water Consumption
Gallons/Year)® (Millions Gallons/Year)”

State Ethanol Biodiesel Ethanol® Biodiesel Total
lowa 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 = 4076 = 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 = 107 = 321 321
Mississippi = 85 = 255 255
US Total 13,966 2087 55,864 6261 62,125

AUSDA, 2015.

ENRC, 2008.

Estimate 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, 2000).

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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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." 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 2002—2013. 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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FIGURE 1 Production of biofuels in the EU-28. Note: Eurostat data in 1000 tonnes of oil equivalent
(toe). 1 toe = 39,683,207.2 British thermal units (BTUs), 1 L of ethanol = 20,103.503 BTUs, and 1 L of
biodiesel = 31,251.569 BTUs. Eurostat, 2015b. Primary Production of Renewable Energy by Type.
Reproduced from http://ec.europa.eu/eurostat/tgm/refreshTableAction.do ?tab=table &plugin—=1 &pcode=
ten00081 &language=en.

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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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

France
Poland
Slovenia
Sweden
Germany
Finland
Lithuania
Austria
Denmark
Portugal
Netherlands
Belgium
Ireland
Bulgaria
Hungary
Romania
Luxembourg

Czech
Republic

Slovakia
Italy
Malta
Spain

United
Kingdom

Greece

Croatia

Overall
Target
(%)*
7.57
7.10
7.00
6.41
6.25
6.00
5.80
5.75
5.75
5.50
5.50
5.09
4.94
4.94
4.90
4.79
4.75
4.57

4.50
4.50
4.50
4.10
3.90

2.64
2.06

Biofuels barometer (2014).
bEurostat (2015a), consumption data for 2013.

Ethanol
Target
(%)°

7.00

3.20

2.80

3.34

3.40

3.50

2.66

3.34

4.90

3.00

2.73

2.73

3.90

Biodiesel
Target
(%)°

7.70

8.78

4.40

6.45

6.30

3.50

5.53

5.53

4.90
5.53

4.10

Gasoline
Consumption
(million liters)®

619.7
336.5
44.6
244.8
1617.6
128.8
19.3
143.5
122.8
105.5
363.8
109.7
109.1
40.7
109.7
116.6
30.1
144.7

51.7
772.4
6.8
429.1
1236.8

260.6
55.3

Diesel
Consumption
(million
liters)”

2589.4
722.9
102.5
303.3
25243
196.0
85.2
451.7
185.4
303.6
510.3
544.5
184.7
112.3
164.0
280.8
143.4
290.2

109.5
1735.2
7.9
1669.1
1924.4

165.4
96.1
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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).” 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 Environment—a Brussels-based environmental organization—opposed 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.® 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 biofuels—water
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
WED 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.” 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 Council® 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. Todine 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/?uri=CELEX:52012PC0595&from=EN.
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FIGURE 2  Area under the main biofuel feedstocks in the EU-28. Eurostat, 2015c. Crops Products —
Annual Data. Reproduced from http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=apro_cpp_
crop&lang=en.

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.® 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

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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TABLE 2 Virtual Water Content and Energy From Select Biofuel Feedstocks

Wheat Corn Barley Sugar Beet Rapeseed
VWC in m*/ton®

Austria 981 357 967 60 1341
Belgium—Luxembourg 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 10.17 10 10.2 2.61 11.7

of feedstock” (GJ/ton)

VWG, virtual water content; NA, not available.
4Chapagain and Hoekstra (2004).
bMekonnen and Hoekstra (2010).

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 m*/GJ (=442/10) and
29.5 m*/GJ (=77/2.61), 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.
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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 m® 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 m® 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
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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, 588—601.
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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, Dxgro, 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 Pnp, with the subscript NB denoting non-
biodiesel. Suppose the oil price increases above Pyg, 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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FIGURE 4 Economic efficiency of biofuel production.

is depicted in the right-hand side panel where the curve Sp is derived as a horizontal
difference between the Sro and Dngro curves in the left-hand panel. Point b on the bio-
diesel supply curve then corresponds to the price Pyp 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)

5 =7vPp —(1—)t, ¢))

where v = 0.91 denotes kilometers traveled per liter of biodiesel relative to diesel;” Pp
denotes the diesel market price, and ¢ denotes the fuel tax. The biodiesel price that

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, vz, but blenders have to
pay the full tax, . Therefore the difference (1—v)¢ 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 Png and Pp. Using the jargon of international economics, de Gorter and Just
(2008) term this gap “water” in the biofuel price premium.® 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 biofuel—feedstock 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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Chapter 2.2.3

Water—Energy Nexus and
Environmental Aspects of
Oil and Gas Production

R. Puls’, L.D. Sanders®
Oklahoma Water Survey, The University of Oklahoma, Norman, OK, United States; *Oklahoma State
University, Stillwater, OK, United States

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 hitp://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 boom—bust
cycles including the following:

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

Technology and policy implications
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FIGURE 2 Technology and policy implications.
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e Potash and other mineral mining
Real estate speculation
e 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 boom—bust
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

Lost
Boor Economy

Boom Contraction

Economic Performance

New Post-Boom
Pre-Boom Growth Trend

Growth Trend

Time

FIGURE 3 Community boom—bust 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 boom—bust 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 boom—bust 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 3—5 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:

e 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.

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

e This requires a thorough understanding of the shale gas reservoir characteristics.
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e Aiming for the middle is rarely a successful strategy, as shales can have significant
variance in thickness and composition.
e 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 5 Horizontal well completions in Oklahoma since 2000 (IHS database, 2014).
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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 7 Acre-feet per year (AFY), permitted water use for oil/gas activity in Woods County.
Author’s compilation and representation of data from OWRB.
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FIGURE 8 Acre-feet per year (AFY), permitted water use for oil/gas activity in Canadian County.
Author’s compilation and representation of data from OWRB.

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 9 Total acre-feet-year (AFY) allocated for 90 provisional permits for oil and gas in Alfalfa
County from 2011 to 2013.
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FIGURE 10 Earthquakes per year near Stillwater, Oklahoma, 2000—2014 (http://earthquake.usgs.
gov/research/induced/).

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
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FIGURE 11 Devon recycling impoundment in western Oklahoma.

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.

Texas Baseline Water Stress:
Colorado Arid & Low Water Use
Pennsylvania Low (<10%)

Arkansas Low to Medium (10-20%)
North Dakota B Medium to High (20-40%)
Oklahoma l B High (40-80%)

Wyoming l B Extremely High (>80%)

0 2,000 4,000 6,000 8,000 10000 12,000
Number of Wells

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 2011—2012 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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FIGURE 14 Surface water permits with relative volumes for oil and gas operations in 2013.

FIGURE 15 Groundwater permits with relative volumes for oil and gas operations in 2013.

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, 2010a—d), especially in areas where communities
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TABLE 1 Rock Column Thickness by Gas Shale Basin and State in Feet (Ferrell
and Sanders, 2013)

Rock Column Thickness b/w

Gas Shale Basin States Play and Treatable Water (ft)
Barnett TX 5300—7300

Fayetteville AR 500—6500

Haynseville LA, TX 10,100—13,100

Marcellus NY, PA, OH, VA, WV 2125—7650

Woodford OK, TX 5600—10,600

Antrim Ml 300—1900

New Albany IL, IN, KY 100—1600

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.
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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:

Communication and education

Water usage efficiency

Improvements in water quality and water availability monitoring
Identification and use of alternative water sources

Water storage to meet varying cyclical demands

Contingency planning to mitigate shortages

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 2006—2007. Howeyver, 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 4—6 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.

Competition for Water Resources. http://dx.doi.org/10.1016/B978-0-12-803237-4.00010-0
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1.2 The Susquehanna River Basin

179

The SRB is a 27,510 mi® (71,251 km?) watershed in the northeastern United States,

which covers portions of New York, Pennsylvania, and Maryland (Fig.
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).
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tions in the northeastern United States.

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-
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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 mi?) and estimated recoverable gasreserves (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 (10”) 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

3

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 3—5 acres (1.2—2 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
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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

Groundwater Surface Water
Withdrawals Withdrawals Consumptive
(mgd) (mgd) Use (mgd)
Water Use Category 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 29 OA

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 60—80% 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).

40
38 39
® 30
©
®
o
w
o
2 20 21
o)
c
(0]
2
& 10
0

1-2 3-5 6-8 9-11
Number of gas wells per pad
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 (10% 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 60—90%
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 mi°. 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.
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FIGURE 4 Cumulative surface water withdrawals and number of approved and active surface water
withdrawals during 2008—2013 from 10 most used watersheds in the Susquehanna River Basin.
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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 0—10 mi? watersheds. Additionally,
48 withdrawals (22.6%) were located within watersheds 10—50 mi?, 60 (28.3%) within
50—200 mi®, 34 (16.0%) within 200—1000 mi?, and 47 withdrawals (22.2%) were
located within watersheds larger than 1000 mi® (Fig. 5). The siting of the majority of
approved surface water withdrawals (154; 72.6%) in watersheds less than 500 mi” 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,



Water Use for Gas Development in the Susquehanna Basin Chapter | 2.2.4 191

Electric Generation
Mining

Manufacturing
Natural Gas
Recreation and Other
Public Water Supply

i

Electric Generation
Mining

Manufacturing
Natural Gas
Recreation and Other
Public Water Supply

i

Electric Generation
Mining

Manufacturing
Natural Gas
Recreation and Other
Public Water Supply

Sector

T || F

a
o
|
N
o
S
3
~

Il

Electric Generation
Mining

Manufacturing
Natural Gas
Recreation and Other
Public Water Supply

2!W 0001 — 002

Electric Generation
Mining

Manufacturing
Natural Gas
Recreation and Other
Public Water Supply

;W + 000k

e e

o
o
[s]

200 300
Number of Water Withdrawals

100 200 300

FIGURE 5 Histogram of number of approved groundwater and surface water withdrawals, by
drainage size, in the Susquehanna River Basin from 2008 to 2013.

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 4.3—4.8 Mgal per fracture event. During
2013, the industry started lengthening the laterals and the average amount of water used
increased to approximately 5.1—6.5 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
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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 PADERP 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
Stefty, 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
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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,' 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)” 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 fiir Geowissenschaften und Rohstoffe, Abschdtzung 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.”

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.*
Emerging citizen initiatives in several Member States’ 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 (Meifner, 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 km> 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 1.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 Reserves—what 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_Junel3.pdf. See also C.
McGlade, J. Speirs, and S. Sorrell, “Methods of estimating shale gas resources—comparison, eval-
uation and implications,” 54 Energy 59 (2013), 116—125.

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?form=SHALEGAS.
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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 Linder 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 Lénder, 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 and France imposed a ban on the exploration and extraction of 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.° 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 French Constitutional 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 2011—835 of 13 July 2011 (Loi n° 2011—835 du 13 juillet 2011 visant a interdire I’exploration
et ’exploitation des mines d’hydrocarbures liquides ou gazeux par fracturation hydraulique et a
abroger les permis exclusifs de recherches comportant des projets ayant recours d cette technique).
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