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1 Introduction

Climate change has been considered a fact for over a decade, following the
proof of rising CO, levels, rising Earth’s temperatures, melting of glaciers, etc.
The consequences can be observed in many regions in daily life, by events
such as more frequent or stronger flooding of rivers, increased storms and
snowfall, cloudbursts, as well as drought, and desertification. The reason for
climate change, natural or anthropogenic, has been under discussion for a long
time.

There is no doubt that mankind contributes to climate change through activities
connected with emissions of climatically relevant gases. For example, use of
fossil fuels with high emissions of carbon dioxide and other climate gases,
especially in transportation and traffic, industrial production and application of
substances (which are climate gases of extreme high warming potentials),
agricultural activities (such as animal husbandry and rice cultivation) leading
to emissions of methane or nitrous oxide, and methane emissions from land-
fills caused by ineffective waste management, etc.

To control the situation, reduction measures of climate gases and other rele-
vant actions, are urgently necessary on all levels. This is understood by the
public and by policy makers. Climate related activities thus are high ranking
on the political agenda. They are implemented into the political programmes
on UN level, internationally and single countries, but also on communal levels
by climate initiatives of cities or NGOs. Examples are the so-called Kyoto
Protocol reducing climate gas emissions in industrialized countries, bans of
halogenated hydrocarbons, shifting of energy sources from fossil to renewable
and international CO,-emission trading. It is but obvious, that the efforts must
be strengthened, to reduce the risks of a dangerous interference with the cli-
mate system.

This publication is intended to give a more detailed insight into the problem
and the efforts to tackle it, so that the reader is able to develop best climate
strategies in practical cases in his own field. In the first part, fundamentals of
climate and climate change are discussed, including facts on climate system
functioning and its modelling, as well as the effect of climate change on sus-
tainable development and international policy approaches. In the second part,
climate and related effects of technology are evaluated, and an overview of
effects of industrial and agricultural processes on climate are given, including
technological, infrastructural, economic, and socially oriented activities to
reduce climate gas emissions.



2 The Climate System

Climate is one of the most important natural resources. Given the size of the
planet Earth and its mean distance from the Sun, the three leading climate
parameters are solar energy flux density, clouds plus precipitation and land
surface characteristics. Asking for the most fundamental parameters for our
life we get a very similar answer: energy from the sun, water from the skies
and photosynthesis of plants. Hence, climate determines where we can live in
larger numbers, what food we get, and how we have to protect ourselves
against weather related extremes.

It is therefore obvious that decision makers have to deal with climate whether
it is changing because of external forcing or just varying because of internal
interaction of climate system components. It has become common practice to
speak of the climate system and its components in order to point to its com-
plexity because of the manifold interactions within components and among
them. As box 2.1 underlines the components interact at very different time-
scales from minutes to billions of years, thus creating continuous changes of
climate, to which all living beings have to adapt but to which also all living
beings have contributed.

2.1 Climate System Components

All parts of the Earth system are important for the climate in a certain area.
Therefore, no single place is independent of all others on our globe. The best
example of the component interactions are the joint glacials and interglacials
of both hemispheres, although the triggering comes from the northern hemi-
sphere with its major landmasses. If the northern hemisphere is closest to the
Sun in boreal winter, the declination of the Sun is high (it can vary from 21.8
to 24.5°) and the eccentricity of the Earth’s orbit is larger than on average the
probability for an inception of a glacial is high. As observations of atmospheric
composition, reconstructed from air bubbles in Antarctic ice, confirm, the main
long-lived greenhouse gases in the atmosphere, namely carbon dioxide (CO,),
nitrous oxide (N,O) and methane (CHy), then start declining and also the
southern hemisphere with higher solar radiation flux density will “descend”
into a glacial as well. Although the processes leading to this joint glacials are
not yet fully understood, it is clear that ocean, atmosphere, biosphere and
cryosphere have interacted strongly to create global mean surface temperatures
5°C lower than in interglacials.
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Box 2.1:

Climate must change continuously as the components of the climate system interact
non-linearly at very different time scales from minutes to billion years (see also table
2.1). And because the radiation flux density of the Sun also varies on time scales
from minutes to billions of years. In addition, the Earth’s orbit around the Sun varies
quasi-periodically through changed positions of the neighbouring major planets
(Venus, Jupiter, Saturn). Understanding the Earth system, of which climate is an
important part, is therefore a very complex endeavour and far from being in a very
mature stage.

Climate System Components and their Typical Timescales

Table 2.1: Climate system components and their typical time scales, together
with some climate phenomena
Component | Typical Time- Some Climatically Relevant
scales Phenomena
Atmosphere Minutes to Planetary Boundary Layer Height, Greenhouse
Millennia Gas Composition, Annual Cycles of
Temperature and Precipitation, Storm Tracks
Ocean Seasons to about Boundary Currents (e.g. Gulf Stream), Global
100,000 years Conveyor Belt, Single and Multi-year Sea Ice
Biosphere Days to Millennia | Blooming, Biomass Production, Biome
Distribution, Vegetation Cover, High
Biodiversity in the Tropics, Vegetation Period,
Anthropogenic Monocultures, Algae Blooms,
Food Webs in Ocean and on Land
Cryosphere Days to Millions Snow Cover, Ice Sheets, Ice Caps, Mountain
of Years Glaciers, Permafrost, Frozen Ground, Lake and
River Ice, Sea Ice
Lithosphere Years to Many Continental Drift, Subduction of Oceanic
Million Years Crusts, Formation of Mountain Ranges,
Earthquakes, Volcanoes, Fossil Fuel Formation
Pedosphere Decades to Many | Weathering of Rocks, Humus Formation,
(Soils) Millennia Cycling of Elements through Microbiological

Processes, Changed Atmospheric Composition
by Emissions from Soils

2.2 Observed Climate Variability and Change

One of the most obvious characteristics of climate is its variability, especially
in areas with strong gradients of climate zones, e.g. in the semi-arid tropics
and in higher mid-latitudes. The mean temperature of one of the coldest days
in July and one of the warmest in December in Hamburg do not differ. The
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rain in parts of the Northern Sahel from one year to the next may differ by
more than a factor 3. Therefore climate — as the synthesis of weather — is not
only characterized by averages of parameter values but also by their fre-
quency distributions (see figure 2. 1 and box 2.2). Although strong deviations
from the average value are rare, they get most of the attention because they
represent weather extremes to which our infrastructures are often not well
adapted. As Figure 2.1 also clarifies, new extremes on the side to which the
distribution is shifted must accompany climate change. The only exception
would be the case with a strongly narrowing frequency distribution (what has
not been observed). Do we already observe manifestations of climate change?
Yes, there are numerous ones, besides the obvious mean global near surface
air temperature increase over the recent 150 years (see figure 2. 2). These are
(only examples):

° Accelerated mean retreat of mountain glaciers worldwide,

° Strong decrease of multi-year sea ice in the Arctic Ocean (-7 percent
per decade since 1979 when satellite observations began),

° Reduced snow cover over North America, less pronounced over Eura-
sia,

° More rain per event in nearly all areas with slightly decreasing, con-
stant or increasing total precipitation,

° Reduced daily temperature amplitude which can be caused by higher
water vapour content, increased cloudiness and higher atmospheric
turbidity,

° Mean global sea level rise, about 1.5 to 2.0 mm/a in the 20™ century,

recently increased to ~3 mm/a, as observed by satellite altimeter
measurements since 1991,

° Increased yearly precipitation in most high latitude areas, decreased
yearly precipitation in the semi-arid subtropics,

° Decreased temperatures in the stratosphere and mesosphere,

o Increased vegetation period length (about 2 weeks) in the Northern

Hemisphere higher latitudes,

° Changed optical properties of clouds caused by air pollution.

In the present rapid climate change era single evaluations of very long time
series are therefore partly misleading as the recent decades might have shown
a changed frequency distribution of a climate parameter, e.g. rain amounts per
event. Therefore subsections of long time series have to be evaluated sepa-
rately.

Strong climate variability on time-scales up to millennia, as oceans and ice
sheets are involved in creating it, makes it difficult to separate climate variabil-
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ity from real climate change. Observations are always the result of variability
and change. For more details see section 4.4.

no climate change no variability change

at climate change

increased
variability

this tail hurts

Figure 2.1:  Schematic frequency distribution of climate parameters both for
present climate and changed climate. Also a broadened distribution
for a changed climate is shown (Grassl, 2002).
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Figure 2.2:  Global mean near surface air temperature since 1856 (Meteorologi-
cal Office of the United Kingdom)

Box 2.2: Climate, its Variability and Change

The World Meteorological Organization (WMO) in Geneva, a Specialized Agency
of the United Nations, defines climate as the synthesis of weather extracted from
frequent atmospheric and surface parameter observations over at least 30 years. This
synthesis must contain the probability of deviations from the mean, i.e., the number
of events deviating for example 3 standard deviations ¢ from the mean must be
known. If mathematical functions are fitted to the observations the frequency distri-
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butions turn into probability density functions. If the frequency distribution is close
to a Gaussian distribution, like for temperature, a 3 c-event is close to what most
would call a hundred year event, observed only once per century. However, for such
long periods the frequency distribution might have changed when climate change
has occurred.

Climate change occurs if external parameters change, like solar radiation flux den-
sity. It has become customary to speak of climate change also if volcanic eruptions
reach the stratosphere or mankind changes atmospheric composition inadvertently,
although we and volcanoes are part of the Earth system.

2.3 The Greenhouse Effect of the Atmosphere

If the transmission of solar radiation to the surface of a planet is less attenuated
than the emission of thermal (heat) radiation from the surface to space, the
surface and the lower atmosphere of the planet warm until emission at the top
of the atmosphere balances (in a multi-year average) the amount of solar radia-
tion absorbed by the atmosphere and the surface. For the planet Earth the
warming at the surface because of strong absorption of thermal radiation by
some atmospheric gases is caused nearly exclusively by minor constituents, i.e.
by less than three per mille of the mass of the atmosphere. The warming
caused by these minor constituents is about 30°C. The use of the word “about”
is due to the fact that we do not know which reflectivity for solar radiation the
Earth’s surface would have without these gases, as the ocean might not exist as
at present. Since the heat absorbing gases act like glass covering a greenhouse,
the warming effect caused by them is called in the rough analogy greenhouse
effect.

2.4 Greenhouse Gases

The main constituents of the atmosphere are nitrogen (N,) with 78.09 percent,
oxygen (O,) with 20.94 percent and Argon (A) with 0.93 percent, constituting
already 99.96 percent of the dry atmosphere. The minor constituents absorbing
strongly thermal infrared (heat) radiation are (if ranked according to impor-
tance in the undisturbed pre-industrial atmosphere):

1. Water vapour (H,0), responsible for nearly two-thirds of the green-
house effect;

Carbon dioxide (CO,), responsible for about 20 percent;

Ozone (03), responsible for about 7 percent;

Nitrous oxide (N,0), contributing only about 3 percent;

Methane (CH,4) contributing less than 3 percent.

hAE
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Some other naturally occurring gases, like carbon monoxide (CO), are weak
greenhouse gases but are neglected here.

It is important to note that two of these five greenhouse gases are short-
lived, namely water vapour and ozone, with lifetimes of about 9 days and
hours to months, respectively. The other three gases are all called long-
lived, although they differ strongly in their lifetimes. Methane needs about
12 years and nitrous oxide 120 years until their concentration would have
fallen to about 37 percent, i.e. 1/e, if no emissions occurred. For carbon
dioxide no single number can be given as the uptake into the ocean is a
complex process that involves several time scales, e.g. sedimentation of
organisms. About 200 years are needed to reach 1/e for the additional (an-
thropogenic) load.

Table 2.2 Recent changes of naturally occurring long-lived greenhouse gases
due to human activities (IPCC, 2007a)

Species Concentration

Year 1750 2005 Change since 1998
CO; (ppm) 280 379 +0.65 +13

CH, (ppb) 730 1,774 £ 1.8 +11

N,O (ppb) 270 319+0.12 +5

The assessment of the consequences of an enhanced greenhouse effect (for
concentration changes see table 2.2.) is made more complicated by the strong
temperature dependence of the water cycle including the dominant greenhouse
gas water vapour (see box. 2.3). Radiative transfer calculations with fixed
atmospheric composition, except a doubling of carbon dioxide concentration,
and allowing so-called convective adjustment in the troposphere, give a 1.2°C
average warming of near surface air temperature. If water vapour reacts, like in
so-called equilibrium models of general atmospheric circulation, the warming
roughly doubles mainly due to two positive feedbacks, one by water vapour
(already mentioned) and the other by the snow/ice-albedo'/temperature feed-
back. The big uncertainty still remaining for the sensitivity of the climate sys-
tem to an enhanced greenhouse effect is due to the less well known feedback
of clouds, where even the sign of the global mean effect is not known, al-
though locally it is clear that more low, optically thick water clouds would

! Albedo is the ratio between backscattered and incoming solar radiation flux density. Therefore it
is zero for a black body and unity for a completely backscattering or reflecting surface. Typical
values of natural surfaces like forests and grassland vary from about 10 to 20 percent, but can
reach 90 percent for fresh powder snow.
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dampen the enhanced greenhouse effect (negative feedback) and that cold but
thin cirrus (ice clouds) in the upper troposphere would enhance it.

Box 2.3 Known Positive Feedbacks in the Water Cycle

The dominant cycle for the climate system is the water cycle. This dominance is due
to several positive and potentially also negative feedbacks. Two positive feedbacks
have to be named here caused by:

- The Clausius-Clapeyron equation
- The differences between the albedo of snow/ice and liquid water

Feedback 1: Assuming chemical equilibrium and the second law of thermodynam-
ics we get for the change of water vapour pressure in the atmosphere dp; at satura-
tion for a temperature change dT

dp, _ L
dT  vI?
with

L = latent heat of evaporation
v = specific volume of water vapour
T = absolute temperature (K)

For atmospheric temperatures between +25°C at saturation (base of a tropical cumu-
lus cloud) and -80°C at saturation (tropical cirrus cloud top) the saturation pressure
ps increases from 6 to 20 percent per °C temperature change following this equation.
Hence the water vapour pressure varies by up to four orders of magnitude between
cloud base and cloud top of a severe tropical cumulonimbus. In other words: Nearly
all water vapour in this column (~ 60 mm of precipitable water) will fall out as rain,
for a convergent flow even more.

Therefore, the dominant greenhouse gas water vapour will show a positive feedback
(i.e. it will amplify) when a warming is stimulated by a greenhouse gas concentra-
tion increase.

Feedback 2: The brightest and the darkest natural surface are composed of water:
Fresh powder snow “reflects” (in reality mainly backscatters) about 85 percent of
incoming solar radiation flux density while the ocean absorbs about 96 percent at
blue skies and high sun; hence reflecting only 4 percent. Consequently the disap-
pearance of snow or sea ice warms the lower atmosphere which leads to further
melting nearby. This positive feedback is the key feedback in glacial cycles and is
still important at present, as large parts of the Northern Hemisphere land and ocean
are seasonally and smaller parts permanently covered by snow or snow on sea ice.
This positive so-called snow/ice-albedo/temperature feedback is also fundamental
for the inception of a glacial.
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2.5 The Carbon Cycle and Atmospheric Carbon
Dioxide

Besides the water cycle also the carbon cycle is fundamental for the Earth’s
climate. All Earth system components contain carbon and exchange it rapidly
or slowly causing major changes of climate. The most active part of the carbon
cycle is the exchange between the atmosphere and the biosphere, both on land
and in the sea. As figure 2.3 shows the reservoir atmosphere with about
760 GtC looses about 120 £+ 70 GtC per year because carbon dioxide (CO,) is
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Figure 2.3:  Carbon fluxes between the reservoirs in GtC and GtC/a, respec-
tively IPCC, 2007a)
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taken up by terrestrial plants or enters the sea, where part of it is used by algae
for biomass production. Nearly the same amount is going back to the atmos-
phere because of out-gassing from the ocean and respiration by plants, animals
and humans. Thus, the undisturbed carbon cycle is nearly balanced, as only
0.2 GtC/a are buried in sea sediments and a still not well known small portion
(0.4 GtC/a) enlarges peat bogs or is emanating from or buried in deep soils.
From the above we learn that the lifetime of carbon dioxide in the atmosphere
is rather short, about seven years, and the question arises “Why is there a prob-
lem with additional CO, as “only” about 8 GtC/a, roughly one percent of the
reservoir content, are emitted by human activities?” As Table 2.3 clarifies 4.1
+ 0.1 GtC/a of these emissions remain in the atmosphere, hence increase the
atmospheric carbon reservoir by about half a percent per year. Only 2.2 Gt of
the anthropogenic carbon enter the ocean per year and thus are taken away for
hundreds of years. Would we stop emissions only about 15 percent of all for-
mer anthropogenic emissions will in the long-run stay in the atmosphere. Table
2.3 contains a further astonishing fact: In the 1990s the existing terrestrial
biosphere grew, by about 2.6 = 1.7 GtC/a, more than the emissions from defor-
estation and other land use change that reached 1.6 + 1.1 GtC/a. Overall, the
carbon stored in the biosphere increased in recent years.

How long will this favourable situation last? No answer can be given yet but
coupled carbon cycle and climate models, forerunners of the emerging Earth
system models, show at least that there is the possibility for a sign change in
the latter part of the 21* century. Then climate change impacts are much
stronger and the carbon dioxide fertilization effect draws down carbon dioxide
levels in the atmosphere less as climate change puts more pressure on terres-
trial and marine ecosystems, which then reduce the CO,-uptake. The lesson
from this section: the net fluxes into the ocean interior count and not gross
primary production on land or fluxes from the atmosphere across the ocean
surface. While the carbon cycle was nearly balanced before industrialization, it
is strongly imbalanced now with a “hangover” of more than 3 GtC/a for the
atmosphere.

Table 2.3: Present anthropogenic carbon emissions and heat fluxes; all in
GtC/a (IPCC, 2007a)
Period
1980s 1990s 2000 — 2005

Atmospheric increase 33+0.1 32+0.1 4.1+0.1
Emissions (fossil + cement) | +5.4 + 0.3 +6.4+0.4 +7.2+0.3

Net flux ocean/atmosphere | -1.8 0.8 -22+04 -22+0.5

Net flux land/atmosphere -0.3+£0.9 -1.0+£ 0.6 -0.9+0.6
Land use change flux +1.4(041t023) |+1.6(0.5t02.7) n.a.

Residual terrestrial sink -1.7(-3.4t00.2) |-2.6(-4.3t0-0.9) | n.a.
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2.6 Aerosols, their Direct and Indirect Climate
Effects

Although greenhouse gases and cloud droplets and cloud ice are dominant
constituents of the atmosphere determining to a large extent the radiation
budget of the planet Earth, also aerosol® particles play a major role for our
planet. These tiny particles suspended in air in the size range from about
1 nanometer (nm) to about 10 micrometers (um) radius are either emitted
from the Earth’s surface or form in the atmosphere from precursor gases like
sulphur dioxide (SO;). While the small ones (< 0.01 pum radius) often get
attached to other larger particles or surfaces by the molecules’ Brownian
motion, the larger ones, called coarse particles, with r > 1um, settle through
gravity. Therefore, maximum spectral concentration (particles per unit vol-
ume per unit of radius) is often close to r = 0.01 pm and typical lifetime in
the free troposphere reaches weeks for particles in the size range around 0.1
pm. Their main sink process is activation as a cloud condensation nucleus
and subsequent rain-out, and much less below cloud scavenging. As any
cloud droplet needs an aerosol particle as a condensation nucleus, it is clear
that the aerosol particles can strongly influence the optical properties of
clouds and can exert an indirect effect besides the direct one, which anybody
can see through atmospheric turbidity, the result of scattering of visible light
by aerosol particles.

2.6.1 Direct aerosol particle effects

All aerosol particles scatter, absorb and emit radiation. Depending on their size
extinction (scattering plus absorption) of solar radiation is often much more
important than emission of thermal infrared radiation. Often the latter is ne-
glected, which is only valid for particles with radii < 0.1 pm. Especially when
the particles have grown with relative humidity, this neglection is not justified.
As most of them are soluble and hygroscopic, i.e. they deliquesce like sodium
chloride (NaCl) at about 80 percent relative humidity, turbidity of air increases
strongly at high relative humidity. Hence attenuation or extinction of solar
radiation by aerosol particles is not only depending on chemical composition
but also on relative humidity. Via air pollution we thus change radiative trans-
fer in the cloud free atmosphere. Main effects are:

2 An aerosol is a mixture of air and small particles suspended in air. Often the term aerosol is used
for the particles only. Here the term aerosol particles will be preferred.
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Reduced solar radiation flux density at the surface:

It may reach 50 Wm in many metropolitan areas and thus more than compen-
sate increased thermal infrared back radiation of the atmosphere due to the
enhanced greenhouse effect of the atmosphere.

Mostly enhanced local planetary albedo

The word mostly is needed as the effect of scattering and absorbing aerosol
particles on the albedo at the top of the atmosphere is also depending on the
albedo of the surface. An example: Sulfate particles with soot attached to some
over a snow covered area may not change at all local planetary albedo but
would strongly enhance it, if moved over an open water surface. On global
scale estimates of the overall aerosol particle effect fall into the -0.5 Wm™
range, thus enhancing albedo through more backscattering of solar radiation
from cloudless areas.

Increased radiative cooling of the planetary boundary layer

Aerosol particles that have grown with relative humidity become strong emit-
ters in the thermal infrared contributing considerably to long-wave flux density
divergence especially in the upper part of the boundary layer with high relative
humidity values. Also atmospheric back radiation in the thermal infrared is
enhanced by this effect, in parts compensating the reduction in the solar radia-
tion range.

Stabilization of the layers with absorbing aerosol particles

If aerosol particles absorb solar radiation, this is especially so for soot, they
heat the layers in which they are suspended. As most of the particles reside in
the lower troposphere they warm this part of the atmosphere and less absorp-
tion takes place at the surface, because the part absorbed and backscattered by
the aerosol particles no longer reaches the surface. Hence the lower atmos-
phere’s stratification is increased suppressing or delaying convection and thus
mixing of the lower troposphere, which in turn increases air pollution levels of
the lower atmosphere.

At present most general atmospheric circulation models used as modules of
climate models at least contain parts of the effects of aerosol particles de-
scribed so far. What they generally lack is the transformation of aerosol parti-
cle size distributions through cloud processes. Due to the short life-time of a
fair weather cumulus of only about 15 minutes and coalescence of cloud
droplets already in such small clouds, aerosol particle size distributions are
shifted to larger particle sizes, which makes them better suited for activation
during the next cloud formation and increases the probability for removal by
rain-out.

The next subsection will describe some of the impacts of aerosol particles on
the optical properties of clouds and their life-time but will exclude largely their
effects on precipitation distribution, an emerging field of atmospheric research.
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2.6.2 Indirect aerosol particle effects

The existence of aerosol particles even in the most pristine polar air or in free
tropospheric air guarantee cloud droplet formation at very low super-saturation
in water clouds. Even in strong updrafts within convective clouds super-
saturation will not surmount a few percent. However, the stronger the updrafts
and the lower the aerosol particle number density (particles per unit volume)
the higher is the percentage of the particles activated as cloud condensation
nuclei, if they are not hydrophobic or too small for activation at the super-
saturation reached. A typical minimum radius of activation is 0.02 um. Cloud
droplet concentration and size distribution is therefore not only a function of
updraft but also of aerosol particle size distribution, their chemical composi-
tion and — mainly for stratus clouds — of the radiative cooling rate in the at-
mosphere and after cloud formation of the top layers of a cloud.

Many different influences on cloud properties are thus due to aerosol particle
characteristics. In this section only the semi-direct, the first and second indirect
effect of aerosol particles and the lifting of clouds by air pollution will be dis-
cussed. At the end a potential physical mechanism of cloud bursts driven by air
pollution will be presented.

The semi-direct effect of aerosol particles

Cloud layers sometimes disappear during the day, because absorption of solar
radiation by organic aerosol particles including soot within and above the
clouds warm the cloud layer. This effect has been observed in the large conti-
nental-scale air pollution plume over India and the adjacent Indian Ocean by
Ramanathan et al. (2005) during the Indian Ocean Experiment (INDOEX). It
has been termed semi-direct aerosol effect as the result is a direct radiative
forcing by aerosol particles which is driven by the absorption potential of par-
ticles. This adds to the tendency for warming in contrast to non-absorbing or
only weakly absorbing aerosol particles.

The first indirect aerosol effect

Already Twomey (1974) and Grassl (1975) published numerical studies of
optical cloud property changes caused by either more aerosol particles or high
soot content of an aerosol particle population. In the first case cloud albedo
increases with aerosol particle number for thin and thick clouds in the second it
decreases. Depending on the optical depth or geometrical thickness of clouds,
the addition of particles that also contain some soot will make them look either
brighter (thin clouds) or darker (thick clouds), if looked from above. The over-
all effect for a region is thus depending on the distribution of cloud optical
depth. In other words: thin low level water clouds will be brighter in a polluted
environment while thick water clouds will become darker, but only if the rela-
tive soot content is comparably high.
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Has the effect been confirmed by observations? Yes, in local studies (Raes et
al., 2000) and in long satellite time series (Krueger and Grassl, 2002, 2004) for
Europe and later for China, because drastic changes in air pollution after the
collapse of the East Block and strong pollution increase from the 1980s to the
late 1990s in China allowed a differentiation.

The second indirect aerosol effect

When air pollution by higher aerosol particle density leads to more, but smaller
cloud droplets at nearly the same liquid water content the probability for coa-
lescence of the larger cloud droplets with the smaller ones, initiating drizzle
formation, is lowered. Therefore, water clouds forming in polluted air will
have higher liquid water content because drizzle formation is inhibited, and
thus will exist longer. This aerosol particle effect has also been observed
(Albrecht, 1989) and is often called cloud lifetime effect. Its relevance on
global scale is not yet assessed.

Lifting of clouds by air pollution

When water clouds form in polluted air their liquid water content stays compa-
rably high because water removal from the clouds by drizzle is inhibited. If
such an air parcel is lifted to a level where some of the insoluble aerosol parti-
cles within droplets or outside act as freezing nuclei the cloud gets glaciated
and more heat is released during this phase change in polluted areas pushing
the clouds higher up and thus lowering their top temperature. The drop in
cloud top temperature at higher pollution levels has for the first time been
observed in satellite data over Europe by Devasthale (2005) and Devasthale et
al. (2005) and has recently also been observed over high pollution along ship-
ping channels in the North Sea and the Mediterranean Sea by Devasthale et al.
(2006). Lifted cloud tops radiate less to space; hence they would increase the
greenhouse effect. With this new finding the overall influence of pollution by
aerosol particles has to be assessed anew.

Cloud bursts caused by air pollution

Clouds freezing at higher liquid water content create larger updrafts, thus
higher cloud tops and hence more intense precipitation. As cloud formation is
inhibited because of lower solar radiation flux densities at the surface, reduc-
ing the height of the convective planetary boundary layer, these precipitation
events are less frequent under air pollution conditions, but when they occur are
more intense. This hypothesis has still to be substantiated. It is mentioned here
in order to show that atmospheric physics still has many problems to solve.

2.7 Radiative Forcing of Climate Change

If radiatively active constituents of the atmosphere or the surface properties
change, it must have consequences for the radiation budget of our planet,
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which will no longer be balanced between absorbed solar and emitted terres-
trial radiation. Such a radiative balance is a prerequisite for the absence of
climate change. Therefore, a measure of a disturbance is needed that easily
characterizes the impact on global climate. To find such a measure will be
easiest for very long-lived gases that are well mixed in the atmosphere up to
about 80 km and whose absorption characteristics are well known. This is the
case for all three naturally occurring long-lived greenhouse gases carbon diox-
ide (CO,), nitrous oxide (N,O), and (still acceptable as long-lived) methane
(CHy).

The following measure has been adopted by the scientific community: Radia-
tive forcing is the change of net (solar and thermal infrared) flux density at the
tropopause level calculated by fixing atmospheric composition and thermal
structure of the troposphere except for the substance change in question. This
so-called instantaneous radiative forcing is a fictitious value, because in reality
any radiation budget change will cause climate change and thus will lead to a
rearrangement of the thermal structure and the composition of especially the
short-lived gases. This, however, needs time (decades) in the troposphere be-
cause of the thermal inertia of the ocean and the close connection of the tropo-
sphere to the surface, while the stratosphere can reach radiative equilibrium
within some months. Despite this “fiction” the concept of radiative forcing
allows an easy comparison between the climate change potential of different
gases as long as their lifetime is not shorter than years. To apply it for aerosol
particles or short lived gases is questionable as these particles or gases show
strong regional variation, just because of their short life-time of days to weeks.
Global averaging may not catch the climate change potential correctly.

Notwithstanding, the radiative forcing diagrams of the Intergovernmental
Panel on Climate Change (IPCC, 2001a, 2007a) became the justification for
climate policy measures, whether climate change is due to long-lived gases or
short-lived substances in the atmosphere. Repeated here from the Fourth As-
sessment Report (FAR) as figure 2.4 it gives at a glance the following mes-
sage:

1. Long-lived greenhouse gases (first column) show with 2.5 Wm™ an
accumulated radiative forcing since industrialisation began already
beyond a one percent increase in solar flux density (~ 2.36 Wm™).
CO,; is dominant.

2. The climate forcing by photochemical smog (tropospheric ozone) has
reached the same level as accumulated methane.
3. Several aerosol particle influences exist, which on average mask the

enhanced greenhouse effect. Lowering atmospheric turbidity alone
without reducing greenhouse gas emissions unmasks hidden mean
global warming.

4, Land use change is only a secondary global climate change agent.

5. Aerosol research needs a major push.
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6. Solar radiation flux density change contributed only slightly to global
warming in the 20" century.
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Figure 2.4 Radiative forcing of climate by human activities and changed solar
radiation, taken from IPCC (2007a).

2.8 Physical Climate Processes and Feedbacks

The climate system is characterized by numerous feedbacks that involve
physical, chemical and biological processes. Many of these processes are still
not (well) understood. For example: Why is the carbon dioxide content in the
atmosphere alternating between about 280 parts per million by volume (ppmv)
in interglacials and about 190 ppmv during the coldest period of glacials (gla-
cial maximum), although the terrestrial biosphere shrinks strongly during gla-
cials?

Here dominant physical processes and related feedbacks will be described (in
parts they have already appeared in sections 2.3 to 2.7).
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2.8.1 Solar and terrestrial radiation

Whenever the solar radiation reaching the surface increases, the warmer sur-
face will emit more terrestrial (heat) radiation and counteract further warming.
In a very simple radiation balance model this can be expressed by the energy
balance of a sphere with radius R

Emission = Absorption
4nR* o T, = 7R*S,(1- )
1—
T, =4 S,(1-a) .1
40

The average temperature Ty of the planet treated as a blackbody radiator, emit-
ting a flux density F according to Stefan-Boltzmann’s law with F = ¢ T*, is
only determined by solar flux density, S,, reaching the Earth, often called solar
constant or solar irradiance, diminished by the Earth’s albedo a. Using S, =
1367 Wm™, a=0.3 and 6 = 5.67 @ 10® Wm™ K™, we get a temperature Ty of
255 K. Thus the radiation to space originating from the Earth is equivalent to a
blackbody with a temperature of about -18°C. This temperature occurs in the
atmosphere on average at about 5 km height, thus indicating that emission to
space originates largely in the atmosphere and stems less from the surface,
whose average temperature is 288 K. Hence the greenhouse effect of the at-
mosphere is about 33 K.

Increasing S, by one percent leads to A Ty = + 1 K. The interplay between
solar and terrestrial radiation is a strong constraint for the planetary radiation
budget. It also becomes clear from equation 2. 1 that the climate system could
counteract solar radiation changes by changes in planetary albedo. As the latter
is to a large degree determined by the clouds in the atmosphere a potentially
strong negative feedback is less cloud reflection in glacials and more in inter-
glacials or warmer climate periods without any continent-wide glaciation.
Whether this is true we do not know yet.

2.8.2 Clouds

Liquid cloud droplets and solid ice-crystals in ice clouds (cirrus) are minor
constituents of the atmosphere with major impact. A water cloud with 500 m
thickness, a typical stratus deck, reaches an optical depth 6 of about 25 in the
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solar spectral range, although the liquid water content is only 0.2 g m™ or

100 g m™ liquid water column content, which is equivalent to a 0.1 mm water
layer. Finely dispersed liquid water in air together with very low absorption of
liquid water in the visible creates clouds as effective backscatterers that can
reach albedo values up to 0.8, nearly as brilliantly “reflecting” as fresh powder
SNOW.

Calculating spectral optical depth §, of a 2 km thick water cloud extending
from height z, to height z, gives

Z 1

0, = _” " wr® N(r,z)drdz=100 (inthevisible spectral range) — (2-2)

ext, A
2 h

We realize that the cloud’s impact on the radiation budget is mainly a function
of its droplet size distribution N(r, z), which also varies with height z and not
only with droplet radius r, but is also proportional to the cross section 7 1* of
the droplet and the spectral extinction efficiency Q. » of a Mie-scatterer. Qe 2
is also close to 2 for cloud droplets in most parts of the solar radiation range
with A < 2pum. Direct solar radiation transmission of many clouds

T =¢ % =(), i.e. we cannot see the sun’s disk. As our eye can distinguish
radiance L, differences of about 2 percent the sun’s disk disappears for our eye

at§~10, when L, (sun) e =L, (sky).

In the thermal infrared (terrestrial) radiation range at wavelength > 4 pm liquid
water is a strong absorber, hence already thin clouds with 8 > 3 (50 m fog
layer) fully decouple long-wave radiation transfer above and below clouds,
while we can still read a newspaper under a cloud with § = 100 at high solar
elevation because very low absorption by liquid water allows scattered solar
radiation to reach the ground.

Therefore the following feedbacks of clouds exist (as also seen in table 2.4):

1. High, optically thin ice clouds enhance the greenhouse effect of the
atmosphere, most contrails from airplanes belong to this category.
2. Low, optically thick clouds counteract the greenhouse effect of the

atmosphere; especially stratocumulus decks off the western subtropi-
cal coasts of the American and African continents belong to this cate-
gory.

3. Many clouds will exist neither enhancing nor reducing the greenhouse
effect; the sign of their feedback will depend on subtle changes of
cloud height and thus temperature, mean droplet radius, crystal shape,
geometrical extent, three-dimensional structure and even surface albe-
do and — of course — solar zenith angle.
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Table 2.4: Cloud cover change and its feedback on the greenhouse effect
Cloud type Feedback sign and Key influencing factors,
strength attempt to rank

stratus - strong shortwave albedo
stratocumulus - strong small temperature difference
ground fog - very strong between cloud top and surface
fair weather - medium cloud cover
cumulus - medium height of top
cumulus congestus - medium cloud cover

cloud top temperature
altocumulus -or+ cloud top temperature

optical depth

cloud cover
altostratus -or+ cloud top temperature

optical depth
thin cirrus + optical depth

cloud top temperature
cirrostratus +, rarely - optical depth
cumulonimbus ? cloud top temperature

vertical extent

Overall, clouds lead to a reduced greenhouse effect of the atmosphere at pre-
sent, compared to the cloudless regions. Their effect on the radiation budget
amounts to about -15 Wm™, which is equivalent to a planetary albedo change
of about 6 percent. Whether they loose or gain in their cooling capacity when a
further surface warming occurs is not clear yet. To find out what will happen
to their distribution, lifetime, microphysical properties, etc. is a key research
question.

2.8.3 Intensity of the meridional overturning in the Atlantic

From reconstructions of climate history in the North Atlantic region it became
clear that its thermohaline circulation (driven by density structure, which in
turn is due to vertical temperature and salinity structure) has changed fre-
quently during glacials. Our present interglacial, the holocene, is largely de-
fined as the period after the last stop of strong meridional overturning in the
North Atlantic during the so-called Younger Dryas 12,000 to 11,500 years ago.
At present we observe an intermittent strong convection in waters close to
Greenland either in the Greenland Sea or the Labrador Sea. There, mostly at

3 More stratus would strongly cool the Earth’s surface.
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the end of winter, water density at the surface is high enough for convection to
take place down to sometimes more than 2 km creating North Atlantic Deep
Water (NADW) that then circulates in the global ocean as part of the global
conveyor belt (see figure 2.5). The physical background is that rather saline
Atlantic water is reaching high northern latitudes where it is cooled close to or
to the freezing level of sea water (-1.8 to -1.9 °C, depending on salinity).
About 4 to 6 million m® per second (10° m® s are called 1 Sverdrup by ocean-
ographers) are thus sinking into the ocean interior (e.g. the Greenland Sea).

Flowing over sills between Greenland and Iceland as well as between Iceland
and Scotland, these water masses entrain more “Sverdrups” so that finally
about 15-20 Sv flow southward in several kilometers depth mainly along the
North American continental slope. As a reaction to this vertical portion of the
global conveyor belt warm near surface waters flow northward in the eastern
North Atlantic off Europe, creating Europe’s mostly mild climate with about
10> Watt given to the atmosphere. Falsely named the Gulf Stream, correctly
the North Atlantic Drift, this ocean current (discontinuous, often in form of
meanders and drifting eddies) makes Europe so warm in comparison to similar
latitudes in the Eastern Pacific.

Will the thermohaline Atlantic overturning circulation weaken or even stop in
a warming world? This potential threat has got intense media coverage and
present knowledge can be summarized as follows:

1. Coupled atmosphere/ocean-models running under enhanced greenhou-
se effect conditions show a decrease or even a complete stop of the
thermohalinen overturning circulation in the northern North Atlantic
depending on the strength of climate change (see figure 2.6).

2. The few observations of the meridional overturning circulation in
sections across the North Atlantic at about 27°N do not allow a firm
statement about a recent weakening, as natural variability on decadal
time-scales is not well known.

3. In a strongly warming world North-west Europe might become a regi-
on with reduced warming in the 21% century due to the weakening of
the North Atlantic drift, as a consequence of less meridional overtur-
ning.

The thermohaline circulation would accordingly feed back negatively to the

enhanced greenhouse effect, but with effects of mainly regional character.

Nevertheless this could mean a major threat by extreme weather as stronger

gradients of temperature would occur in the region affected.

2.8.4 Shift of extratropical storm tracks

The climate in mid-latitudes as well as in higher latitudes is strongly depend-
ing on tracks and intensity of mid-latitude cyclones. The stimulus for their
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formation are meridional temperature gradients in the free troposphere. Their
intensity depends in addition on the amount of humidity in the atmosphere.
The statistics of cyclones on global scale has revealed that the North Atlantic
region experiences winds as intense in winter as within the circumpolar South-
ern Ocean storm track, where strong winds prevail nearly throughout the entire
year.

Will the storm tracks change or have they already changed?

Evaluations of long time series of pressure measurements at several stations,
which are more reliable for pressure gradient estimates and thus geostrophic
wind vectors than direct wind vector measurements, have shown that there is
no general intensification of gale force winds. However, there is an indica-
tion of a northward shift of cyclone tracks in the Atlantic. Model results for
climate change scenarios in the 21% century point to a clear northward shift
jointly with an intensification mainly in the southern part of the storm track,
i.e. for Great Britain and Northern Central Europe. The plausible explanation
is: Despite the northward shift, a consequence of reduced meridional gradi-
ents, intensification occurs due to enhanced latent heat release especially in
the southern portions of the cyclones as the air is warmer and contains more
humidity.
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Figure 2.5:  The global conveyor belt in the world ocean
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Figure 2.6:  Weakening of the thermohaline overturning circulation as a func-
tion of climate change scenarios (MPI, 2006b).

Figure 2.7:  Changes in the number of cyclones per month in the northern
North Atlantic for the winter period (DJF) in the climate change
scenario A1B (Bengtsson, 2006)

Figure 2.8:  As figure 2.7 but for storm intensity
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2.8.5 Soot versus cloud condensation nuclei

If aerosol particles are more numerous and also soluble, for example consist of
ammoniumsulfate ((NHy), SO,) formed from the air pollution gases sulphur
dioxide (SO,) and ammonia (NHj3;), clouds would contain more and smaller
droplets per unit volume at the same circulation conditions (see also section
2.6). These clouds scatter more sun-light (see equation 2.1) and their albedo
would increase, counteracting an enhanced greenhouse effect, if their height
would not change. If polluted air — as is normally the case — would also contain
more soot (black carbon) the clouds forming in such air would be less scatter-
ing, look darker when viewed from above and below. Only for optically not
very thick clouds would the increased light scattering effect dominate under
such conditions. Hence, soot will damp the clouds’ ability to mask effects of
an enhanced greenhouse effect. Therefore addition of soot would contribute in
the cloud free atmosphere to the warming but dampen the indirect effect of air
pollution on cloud albedo, certainly overriding it for optically thick clouds.

Reducing soot content of the air, a health issue anyway, has also a potential to
reduce global warming.

2.9 Atmospheric Chemistry and Climate

Many chemical reactions in the atmosphere are climatically relevant because
they change concentrations of radiatively active gases or particles as well as
could properties. Two global phenomena of this kind are at least partly under-
stood and one of these has led to the first successful global environmental
protection policy. Both phenomena are part of the atmospheric budget of
greenhouse gas No. 3, namely ozone. The first phenomenon is depletion of
stratospheric ozone by chlorine and bromine containing compounds derived
from halogenated hydrocarbons, the second is ozone formation in the tropo-
sphere driven by air polluting precursor gases in the sun-lit atmosphere.

2.9.1 Stratospheric ozone depletion

It was a full surprise, not imagined by the scientific community, when strong
reductions of ozone column content observed over two stations in the Antarc-
tic, a Japanese and a British one, were published in the mid 1980s. Soon there-
after balloon soundings and the evaluation of archived satellite data made it
clear that in Antarctic spring ozone was nearly completely absent in strato-
spheric layers from 12 to 20 km height that normally contain highest ozone
concentrations. Therefore many speak of an ozone hole. Soon the cause be-
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came known as well. When sunlight comes back after polar night chlorine and
bromine containing compounds are transformed at the surface of polar strato-
spheric cloud particles, composed of nitric and sulphuric acid plus water —
existing only at temperatures below -78°C — into new chemicals that are part of
a catalytic ozone destruction cycle. The overwhelming part of the chlorine and
bromine containing compounds stems from halogenated hydrocarbons used by
mankind for many different purposes like cooling, cleaning, foaming and
spraying as well as extinguishing fires. Three air chemists, Crutzen, Rowland
and Molina got the Nobel Prize in chemistry in 1995, because of their funda-
mental work in the 1970s when these compounds and catalytic reaction chains
got into a first environmental protection policy debate. In the meantime the
Montreal Protocol of 1987 as part of the Vienna Convention to Protect the
Ozone Layer of 1985 had been enforced several times and chlorofluorocarbons
and other compounds had been phased out in industrialized countries, the main
producers and consumers.

Many of the ozone depleting substances have started to decline in the begin-
ning of this century. But because of the long lifetime of these compounds and
concomitant effects caused by the enhanced greenhouse effect in the strato-
sphere, recovery of the ozone layer in the stratosphere will need at least several
decades, if no other substances attack this life-supporting layer of a minor
atmospheric constituent.

2.9.2 Photochemical smog or increased tropospheric ozone

The IPCC Fourth Assessment Report (IPCC, 2007a) shows that the radiative
forcing of climate by tropospheric ozone has reached the same level as accu-
mulated methane with about 0.3 Wm™. Ozone in the troposphere is formed by
a totally different chemical reaction chain than in the stratosphere where solar
radiation at wavelengths < 0.24 pm dissociates oxygen molecules into two
oxygen atoms, which can combine with other oxygen molecules to form ozone
(O3). In the troposphere so-called precursor gases, namely nitrogen oxides
(NOx =NO + NO,) and hydrocarbons are needed above a certain concentration
level of NOy to form ozone. The key reaction determining the ozone formation
rate is the dissociation of nitrogen dioxide (NO,) into nitrogen monoxide (NO)
and an oxygen atom (O) by ultraviolet radiation at wavelengths A < 0.4 um,
which can penetrate the atmosphere down to the surface. As large quantities of
hydrocarbons are also emitted by vegetation the key pollution gas in this con-
text is nitrogen dioxide originating from traffic, power plants, heating of build-
ings by oil and gas and industrial processes but also from vegetation fires,
especially deforestation by slash and burn practices. Tropospheric ozone is
therefore a continent wide air pollution problem. Because ozone formation rate
reaches a maximum at a certain NO, to hydrocarbon ratio, it is difficult to
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forecast effects of clean air acts as reduction of one component, e.g. NO,,
might cause higher ozone levels far away from the emission source.

Photochemical smog, as it is often called, has become a nearly global phe-
nomenon and its abatement is much more difficult than anticipated. The in-
volvement of so many environmental factors makes forecasting of effects of
air pollution control a real challenge. Whenever authorities report near surface
ozone concentrations above the alarm level (180 pg m™ O, in ambient air in
several European countries) this has also a climate change importance.

Many more chemical reactions among trace gases as well as between trace
gases and aerosol particles are relevant for climate but are not discussed here.
However, they do not have the same importance as the changes of ozone.
While we reduced it where we need it as a UV radiation shield (in the strato-
sphere) we augmented it by more than a factor of 2 in the 20™ century in the
troposphere where it is an air pollution component.

The overall climate effect of the changed ozone profile is difficult to assess
because we have to include halogenated hydrocarbons, very potent green-
house gases, into the discussion, too. In addition, even no change in the total
ozone column content as a result of depletion above and augmentation below
the tropopause can have a strong climate effect, as we redistribute the solar
radiation absorption thus heating rates in the vertical and also the vertical
profile of terrestrial radiation flux density is changed, leading to changed
cooling rates.

2.10 Climate Change and Vegetation

Vegetation largely determines or at least influences greenhouse gas concentra-
tions, lowers surface albedo and increases evapotranspiration, dominates sur-
face roughness and reduces run-off. Therefore it is a decisive component of the
climate system. Often vegetation is used as a term including microbes, fungi
and animals living in it, although the term terrestrial biosphere would be more
appropriate then.

In the context of climate change vegetation became a hot topic because very
different views on its role in climate change policy exist. On one hand some
see reforestation as a key strategy to reduce the anthropogenic CO, burden in
the atmosphere, on the other hand vegetation is described as a presently grow-
ing carbon reservoir which might turn into a CO, source above a certain cli-
mate change threshold, thus amplifying mean global warming in the latter part
of the 21* century.

In order to grasp the complexity of the issue let us consider reforestation for
two different forest types, first the boreal and then the tropical rain forest.
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2.10.1 Climate impact of reforestation in the boreal zone

Several climate parameter shifts will occur:

Albedo change: Strong reduction of surface albedo from about 80 percent in
late winter to about 20 to 30 percent if the forest is regrown. General decrease
in all seasons.

Evapotranspiration change: The forest will increase evapotranspiration com-
pared to grassland especially within the growth period.

Carbon storage: The carbon stored additionally in existing old forests per
hectare per year depends on soil type, climatic zone and tree species. Numbers
have reached about 1 tC/(ha=a).

Trace gas emissions: Emissions of N,O and CH, could increase if no artificial
fertilization of the grassland has taken place earlier. Higher emissions of non-
methane hydrocarbons.

Emissivity in the thermal infrared: All forests show reduced emissivity be-
cause they approach a blackbody radiator better than grassland.

Does the warming caused by the strong albedo increase that is only in parts
reduced by increased evapotranspiration override the reduced greenhouse
effect due to forest regrowth? In other words: Would reforestation in the boreal
climate zone lead to further global warming?

The final answer can only be given by coupled model calculations. A back-of-
an-envelope calculation gives a yes to the above questions (see also chapter 3
on climate modelling).

2.10.2 Climate impact of reforestation or deforestation in the
tropics

In contrast to the boreal forest zone reforestation in the tropics has strongly
different impacts on regional and global climate. The albedo decrease is mod-
est, about five percent if grassland is converted into a forest; evapotranspira-
tion increases strongly, off-setting or surmounting the albedo influence; carbon
storage is much stronger within the first decades; emissions of N,O and CH,
from tropical forest soils are on average larger than from the soils in the boreal
zone. Again only coupled model calculations can give an answer. However,
the parameterization of evapotranspiration from forests as compared to grass-
land in inhomogeneous terrain is still a research topic, i.e. error bars are still
high. It is, therefore, very difficult to assess the climate change caused by de-
forestation in the Amazon basin and model results diverge strongly.
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If the basic laws governing the physics and the chemistry as well as empirical
relations between biospheric, chemical and physical parameters are known,
numerical models of the Earth system can be developed that allow to estimate
potential future states of the system provided the external forcing (e.g. anthro-
pogenic forcing) can be estimated. If only the physical processes, the external
radiative forcing, e.g. by greenhouse gas concentration changes, but no interac-
tive biogeochemical cycles except the water cycle (the most important one) are
included, we speak of climate models.

3.1 Model Basics and Structure

These models solve coupled, prognostic, non-linear, partial differential equa-
tions on a three-dimensional grid for both the atmosphere and the ocean. The
coupled equations are the consequence of the following physical laws: New-
ton’s second law, mass conservation, first and second law of thermodynamics,
equations of state for air and ocean water, budgets of air humidity, liquid water
in the atmosphere, in soils and rivers as well as cloud ice and snow, radiation
laws of Planck and Kirchhoff, radiative transfer equation, spectral absorption
by gases involving some quantum mechanics (see also box 3.1). In addition,
empirical relations between vegetation, bare surfaces and radiation parameters
are needed. Another complication in solving these equations arises from the
changed surface characteristics during the time integration, e.g. due to snowfall
or snowmelt. Many physical processes have to be parameterized, because the
spatial resolution of the models cannot resolve the manifold sub-grid scale
processes like the influence of small clouds or even cloud ensembles. Such
parameterizations are often derived from dedicated field experiments.

Box 3.1: Equations and Empirical Relations in a Climate Model

All the equations shown are simplified ones as the full equations would, for exam-
ple, also contain sound waves, whose high speed would force the numerical scheme
to extremely small time steps for the solution of the prognostic equations.

w
All these equations relate the key variables like velocity vector V , pressure p, ac-
w
celeration of gravity :g'u , rotational speed of the Earth €, temperature T, density p
and absolute humidity with diabatic (i.e. entrog}f generating) processes (in rectan-

gles) originating from friction at the surface ['®, net radiation flux divergence Q,

surface heat flux Fr, phase fluxes of water S, and humidity fluxes at the surface.
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Figure 3.1 Schematic diagram of the climate model components used for typi-
cal climate change runs. The general circulation model of the at-
mosphere also includes land surface processes like evapotranspira-
tion, river run-off and the ocean module contains sea ice thermody-
namics and rheology. Volcanism as well as solar radiation changes
is handled as external processes like atmospheric trace substance
concentration changes due to anthropogenic activities (MPI, 2006b)

(a) CARTESIAN GRID GCM

Figure 3.2 Schematic representation of the 3-dimensional grid of a climate
model
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3.2 Climate Model Evaluation

Over the last decade climate model evaluation became an activity of globally
co-ordinated research programmes especially the World Climate Research
Programme (WCRP). A thorough evaluation helps to understand deficiencies
of such coupled atmosphere/ocean/land models and thus shapes their suitabil-
ity for answers to certain scientific questions.

The following steps of climate model evaluation should be successfully done
before the model can be used for projections of future climate that goes well
beyond climate states known from the instrumental period.

1. Reproduction of present day climate including observed variability
and thus extremes.

2. Reproduction of the climate of the 20" century for which radiative
forcing and global climate have been derived or measured.

3. Reproduction of the last millennium in which forcing by volcanoes

and solar flux density variations could be reconstructed from ice cores,
lake sediments, tree-rings, corals, ctc. at least for the northern he-
misphere.

4, Reproduction of an abrupt climate change event in recent climate
history using palaeoclimatic evidence in so-called proxy data.

While models of all major climate research centres have successfully passed
the first two tests only few have passed the third and the fourth has been at-
tempted only with so-called Earth system models of intermediate complexity
(EMICs) that strongly simplify modules for the atmosphere, the ocean and the
vegetated land surface.
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Figure 3.3 Modelled (red) and measured (black) global mean near surface air
temperature since 1860. Using the interactive aerosol particle mod-
ule the green curve results. Because of internal variability on inter-
annual and decadal time scales the curves must not coincide but
should show similar long-term trends (MPI, 2006b)
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As an example for model validation the global mean temperature change since
1860 is shown as observed and modelled in figure 3.3 (MPI-M, 2006),
whereby the model input also contained natural climate change factors like
major volcanic eruptions and changes of solar irradiance at the top of the at-
mosphere. When the interactive aerosol module has been used (green curve)
the temperature decrease after the major volcanic eruption of Krakatao in 1883
became too strong, probably a consequence of the insufficient knowledge
about emitted SO,.

3.3 Emission Scenarios

The future behaviour of humankind with respect to its energy supply system
transformation is largely unknown. Therefore, a broad range of emission sce-
narios has been developed under the assumption of no climate policy going
beyond the first emission reduction step, the Kyoto Protocol (IPCC, 2000).
These so-called SRES-Scenarios (Special Report on Emission Scenarios) have
been used again for the Fourth Assessment Report (FAR) of the Intergovern-
mental Panel on Climate Change (IPCC) that has been published in 2007. As
shown in Table 3.1 their CO,-emissions differ massively, ranging from 29 GtC
per year in 2100 to only 4 GtC per year for scenarios A2 and B1, respectively.
While scenario A2 assumes a world with strongly differing regional develop-
ment, continued very high population increase in developing countries and low
environmental consciousness, scenario B1 assumes global economic develop-
ment (convergence), hence with reduced population growth at high environ-
mental consciousness (but still no stringent climate policy) and technological
development. Scenario A1B assumes strong economic growth, an energy sup-
ply system that has balanced (B) contributions from fossil and renewable en-
ergy resources, and a population peaking at 9 billion heads in 2050. For more
details on other sub-scenarios of A and B please consult IPCC (2000). The
atmospheric CO, concentration reaches 540 ppmv for B1, 700 ppmv for A1B
and 830 ppmv for A2 in 2100.

B1* describes a world with the same population as in the family of scenarios
Al but a more rapid transformation into an information society with lower
material fluxes and low emission technologies.

Table 3.1: CO, and SO, emissions in the 21* century according to three differ-
ent scenarios (GtC/a and MtS/a, respectively)

CcoO, SO,
Year A2 AlB B1* A2 AlB B1
2000 8 8 8 69 69 69
2020 12 13 11 100 100 75
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CO, SO,
2040 16 15 12 109 69 79
2060 19 16 10 90 47 56
2080 23 15 7 65 31 36
2100 29 13 4 60 28 25

As shown in figure 3.1 climate models need prescribed trace substance con-
centrations, typically methane (CH,), nitrous oxide (N,O), chlorofluorocarbons
(CFC), ozone (0;) and sulfate particles (SO4) are taken into account. Some
recent model configurations have interactive aerosol modules, i.e., they do not
prescribe SO, but accept SO, emissions and some also can handle soot (black
carbon).

3.4 Projections of Climate Change

Since greenhouse gas emissions are uncertain we cannot get climate change
forecasts or predictions. We can only project climate change for a given emis-
sion scenario as a plausible future. Many climate research centres have used
the above and other emission scenarios and have projected future climate,
typically until 2100 but some are also going beyond that date. All these projec-
tions have been assessed by IPCC. Here results from one of the contributing
centres, the Max Planck Institute for Meteorology in Hamburg, Germany, will
be presented. As all the scenarios described and prescribed for the model did
not contain a dedicated climate protection policy, the results cannot contain a
feedback between climate change realized at a certain time and the emissions
thereafter, be it due to economic pressure or through planned emission man-
agement. Hence, the scenario results are mere input for climate policy devel-
opment within countries or the global community under the UNFCCC um-
brella.

Figure 3.4 shows a “shocking” result: The 21% century would see a global
mean temperature change of 3 to 4 K, nearly the same as the temperature dif-
ference between the last glacial maximum (18,000 years ago) and the present
interglacial (Holocene), which was 4 to 5 K, but now pressed into one century.
Only scenario B1 stays well below with about 2.5 K warming until 2100. We
have clearly entered the anthropocene. Further inspection of figure 3.4 points
to extreme warming in the Arctic and lowest warming in areas with a deep
mixing ocean (Southern Ocean, northern North Atlantic). Continents warm
generally stronger than ocean areas, except the Arctic Ocean where sea ice loss
leads to more than double the average warming.
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Figure 3.4 Near surface air temperature change in the 21* century for scenar-
ios A1B and B1. The values were calculated by comparing the
30 year period from 1961-1990 with the 2071-2100 period (MPI,
2006b)

Figure 3.5 Relative precipitation changes in percent for scenario A1B in Janu-
ary and July (comparison between 2071-2100 and 1961-1990).
Changes can surmount 50 percent in both directions.
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For many areas precipitation changes are more important than temperature
changes. Therefore figure 3.5 is of high interest. A general shift of rain belts
emerges: more precipitation in the inner tropics and most high latitudes of both
hemispheres but much less in the outer tropics and sub-tropics. Slightly exag-
gerated: where it rains already enough it will become more and less for those
having often not enough, although overall precipitation increases by 5 (sce-
nario B1) to 7 percent (scenarios A2 and A1B) until 2100.

How would sea level change for the above scenarios? One has to take into
account three processes, namely density changes of sea water (mainly thermal
expansion), melting of ice on land (glaciers and ice sheets) and changes in
ocean circulation. The largest contribution in the 21* century will come from
sea water density changes (+21 cm for B1, +26 and 28 cm for A1B and A2,
respectively) and regionally from rearranged ocean circulation. Melting of ice
on Greenland would contribute +13 cm (A1B) while for the Antarctic ice sheet
the model calculates -5 cm. Figure 3.6 clearly shows the strong redistribution
of sea level rise through ocean circulation changes. Sea level rise for example
in the Arctic is about 0.5 m for scenario A1B due to density changes of sea
water (~ + 25 cm) and intensified westerly flow (+ 20 cm) as well as melting
of land ice (+ 0.08 m).

Figure 3.6 Sea level change (mostly rise) due to sea water density changes
(mainly thermal expansion) and changed atmospheric as well as
oceanic circulation for scenario A1B. Please note the high values in
the Arctic Ocean where less saline water leads to lower density and
thus higher levels despite modest temperature changes in the ocean
interior (MPI, 2006b)

As it became clear from figure 3.4 for the air temperature changes already, the
Arctic experiences the strongest warming due to the positive ice/snow albedo-
temperature feedback (see section 2.5). Scenarios A1B and A2 lead to an ice
free Arctic Ocean at the end of summer, which certainly would have a major
impact on marine and terrestrial ecosystems there and in adjacent areas. Figure
3.7 points to these dramatic changes both for sea-ice and snow cover on land.
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Snow cover in September, nowadays common in northern Siberia, Canada and
Alaska will be largely gone.
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Figure 3.7 Sea ice and snow cover on land in March and September for pre-
sent climate (model result as well) and for scenarios B1 and A1B in
2100

Frequently also a breakdown of the so-called thermohaline circulation in the
North Atlantic is discussed and used for guard rails in climate policy develop-
ment. This thermohaline circulation transports warm ocean waters from the
tropics to high latitudes and cold water masses in the deep North Atlantic
southward. A reduced sea water density in near surface layers of the high lati-
tude ocean either through warming or more precipitation (both phenomena are
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forecast) would disturb this overturning circulation or in extreme cases stop it.
What do the most comprehensive models to date project for the emission sce-
narios? Yes, the overturning circulation diminishes by about 30 percent until
2100 leading to less warming in parts of the North Atlantic but with a rather
modest influence on Europe. Further model experiments with additional melt
water fluxes from Greenland also did not lead to a breakdown. However, in
model runs lasting millennia such a breakdown was simulated for the time
after the year 2300 in 3 of 5 realisations of scenario A1B and always in sce-
nario A2.

Can the model results with such a low resolution of about 200 km at the equa-
tor also point to extreme weather event changes? As we know from statistics of
damages by such events, published by the Munich Re-insurance Company, the
frequency of and the damages by such catastrophes have dramatically in-
creased, however, mainly through local misbehaviour (e.g. buildings in flood-
prone areas). A certain category of such extreme events can be modelled al-
ready: those happening over larger spatial and temporal scales like maximum
precipitation over 5 days causing large river floods or the length of dry spells
leading to droughts. The coupled model results for the 20™ century show an
increase in the length of heat waves, a reduction in frost days as well as an
increase in maximum 5-day precipitation. Are these trends continuing? As
figure 3.8 for scenario A1B underlines the 5-day maximum precipitation
amount in a year increases nearly on global scale except for North Africa and
some Mediterranean climate areas. In other words: the frequency and intensity
of major floods will increase in most regions. It is also clear from figure 3.8
that tropical areas will experience the strongest absolute precipitation increase.
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Figure 3.8 Changes of 5-day extreme precipitation per year (in percent) for
scenario A1B (2071-2100) in comparison to observed values from
1961-1990 (MPI, 20062)
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3.5 Regional Climate Change Information

It is a well accepted rule not to interpret the results of a numerical model at
space scales smaller than about four times the resolution of the numerical
scheme. Therefore a global climate model with 200 km horizontal resolution
can only give information at scales of about 1000 km. If climate change infor-
mation at scales below 1000 km is sought regional models have to be nested
into global models. As obvious from figure 3.9 even double nesting is used in
recent years to project climate change to scales of about 10 km.
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Figure 3.9:  The spatial scales of regional models. This schematic demonstrates
what is typical for present day regional climate models

3.5.1 Why is regional climate modelling needed?

Regional climate modelling is needed firstly, because regional climate is de-
termined by the interaction of large-scale processes, e.g. travelling cyclones,
and regional scale processes. Large scale circulation determines the statistics
of weather events that characterize the climate of a certain region. But also
regional and local scale forcings and regional special circulations, like valley
winds, modulate the regional climate change signal, which could even feed
back into the large scale.

Secondly, in order to simulate climate change at the regional scale it is neces-
sary to simulate processes at a wide range of spatial and temporal scales. The
more so if strong orographic features and land use differences exist.
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However, it must be stated here that systematic errors in the large scale forcing
fields cannot be corrected. Hence global model biases remain at regional
scales. In addition, the parameterizations of unresolved physical processes
should be adapted to the different scales and feedbacks into the global scale
should be taken into account. At present only first attempts to perform both
tasks exist.

10km A1B: 2071/2100 minus 1961/1990 10km A1B: 2071/2100 minus 1961,/1590
Winter: 2m Lufttemperatur [*C] Sommar: 2m Lufttempaeratur [*C]

10km A18: 2071/2100 minua 1961/1990 8 Punktefilter 10km A1B: 2071,/2100 minua 1961/1990
Winter: 2m Lufttemparatur [*C] Sommar: 2m Lufttemperatur [*C]

Figure 3.10: Average winter and summer temperature change at the end of the
21% century (2071-2100) in Central Europe, for the emission sce-
nario A1B (MPI, 2006b)
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The following examples are taken from a new regional modelling attempt for
the IPCC scenarios at the Max Planck Institute for Meteorology in Hamburg
where double nesting down to horizontal scales of 10 km has been performed
for several scenarios using the global model results as lateral forcing. As

10km A1B: 2071/2100 minus 1961,/1990 10km A1B: 2071/2100 minus 1981/1980
Winter: relctive Niederschiogsosnderung [%] Sommar: relotive Niederschlagscenderung [%]

10km A1B: 2071/2100 minua 1961/1890 9 Punktefitter 10km A1B: 2071,/2100 minus 1961/1950 9 Punktefiiter
Winter: relotive Niederschicgaasnderung [X] Sommer: relotive Niederschlogagenderung [%]

Figure 3.11  Average winter and summer precipitation change at the end of the
21° century (2071-2100) in Central Europe for the emission sce-
nario A1B
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clearly visible in figure 3.10, both central European summer and winter be-
come much warmer at the end of the 21* century, with a strong tendency for
strongest warming in the south. When looking at the precipitation change (fig-
ure 3.11) for the same period in scenario A1B winter time wetness increases as
well as summer dryness. In addition, the changes are more pronounced in the
hilly terrain than in the flat lands. It is clear from many more results (not
shown here) for days with snow or frost, highest precipitation events, etc. that
many new weather extremes would result and known extremes in precipitation
become more frequent. Our security related infrastructure becomes certainly
less adapted.



4 Consequences of Mean Global Warming

Since climate is one of the most important natural resources any climate
change is very relevant for all forms of life. Hence, every facet of life will
show climate change impacts. Whether for water supply, food production or
health it will often have negative consequences. In this chapter, however, only
immediate physical consequences of mean global warming will be described.
They are mostly related to the water cycle.

4.1 Shrinking of the Cryosphere

The only natural surface which cannot react to a temperature increase caused
by an enhanced greenhouse effect of the atmosphere with higher temperatures
is a melting snow or ice surface. It will increase the melting rate. Especially
during the recent few decades a nearly global shrinking of the cryosphere be-
came obvious also to the laymen. Days with snow cover shrank at most places,
permafrost has started to melt in large areas of Alaska and Siberia but also in
the European Alps at high altitudes, sea ice cover and extent showed lowest
values since observations began in recent years in the Arctic (see also section
2.2), mountain glaciers retreated both by accelerated melting and less snow fall
in nearly all mountain ranges, first net mass balance estimates of the Greenland
ice sheet using satellite altimetry point to the dominance of melting at the
margins over the increased net accumulation in the centre.

The modelling of the cryosphere in climate models is a very difficult task
because for sea ice not only thermodynamic processes like freezing and thaw-
ing of a salt solution have to be correctly handled but also the drift due to
ocean currents and wind forcing as well as deformation by convergent or di-
vergent flow (ice rheology), often leading to packed ice with so-called pressure
ridges. Modelling the three-dimensional flow of an ice-sheet is the second
major challenge for cryosphere modelling within climate models. The flow
field is a function of the geothermal heat flux, trace substance (dust) content,
temperature and bedrock orography. First such fully coupled ice sheet models
exist, used for assessments of ice sheet geometry in the forthcoming millennia
depending on greenhouse gas emissions.

As figure 3.7 already has shown, Arctic sea ice cover will undergo a major
retreat in all emission scenarios and multi-year sea ice will disappear in scenar-
ios with CO,-emissions like A1B or higher. This would eradicate sea-ice eco-
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systems or at least endanger species depending on the existence of sea ice like
Arctic seals and polar bears. Also snow cover for very large parts of Europe
and inner Asia will no longer exist into March.

The simulations with an Earth system model including a three-dimensional ice
sheet model for Greenland and Antarctica (Vizcaino, 2006) show for the first
time that — depending on the scenario chosen — the Greenland ice sheet could
melt away nearly completely in the coming few millennia leading to a sea level
rise of several meters. This threat for coastal cities and populations can only be
avoided if major emission reductions are implemented within the coming few
decades.

4.2 Changes in Sea Level

Global mean sea level depends on several factors with very different time
scales. It depends on tectonics, i.e. the ocean bottom topography and the per-
centage of the Earth’s surface covered by the ocean varying on time scales of
many millions of years, it varies with water stored as ice on continents (< 0.35
m sea level equivalent for mountain glaciers, 6 to 7 m for the Greenland ice
sheet, about 65 m for the Antarctic ice sheet, with time scales from decades to
many millennia), it is a function of ocean water density hence mainly tempera-
ture but also salt content. Figure 4.1 is the best available mean sea level rise
observation on the basis of satellite altimeters. Compared to the average sea
level rise estimate of less than 2 mm/year for the 20" century it shows accel-
eration to 3.2 mm/year.
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Figure 4.1 Observed global mean sea level rise since 1992 when continuous
satellite altimeter measurements started. The evaluations of differ-
ent groups using different altimeters are jointly plotted (ESA, 2006)

In addition, figure 4.2 also shows an annual cycle caused by the warming of
the upper layers of the ocean being stronger in the Northern Hemisphere sum-
mer. As figure 3.6 already has shown the effect of thermal expansion due to a
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warming of ocean water is not at all a negligible part of future sea level rise. In
2100, following scenario A1B, the rise is strongly regionalized due to both the
different warming of the ocean interior and the re-arrangement of atmospheric
circulation in a changed climate. In the European marginal seas, like the North
Sea and the Baltic Sea, the rise would be around 0.4 m until 2100 driven by the
deep reaching warming during winter storms in the northern North Atlantic
and an intensified westerly flow with some additional pile-up of water at the
West European coasts.

4.3 Changed Precipitation Distribution

For many regions the amount of precipitation is the single most important
climate parameter. Therefore the shift of rain belts as a consequence of un-
equal warming patterns is the information sought. The calculation of precipita-
tion on the other hand is much more difficult than for temperatures. Neverthe-
less, some progress was made in validation of climate models with respect to
precipitation as a function of season and orography, mainly by improving the
spatial resolution of the model both for global and nested regional models.

As already shortly mentioned in section 2.2, the observed precipitation
changes are:

1. More precipitation in high northern latitudes throughout the year

2. Reduced amount in rainy seasons for many semi-arid regions both in
the tropics and subtropics

3. Tendency for more precipitation in the inner tropics but still not highly
significant

4. Higher rainfall amount per precipitation event, a mere consequence of

the Clausius-Clapeyron equation at higher surface temperatures, ex-
cept for areas with strong overall reduction in total precipitation a-
mount.

What will the future hold, if emissions of greenhouse gases continue? In parts
it was already displayed in figure 3.5 where the overall effect besides a general
increased drying of already dry regions was the general message. What is,
however, also an important message for societies, namely the changed prob-
ability for floods and droughts, cannot be derived from figure 3.5. Therefore,
figure 3.8 had already displayed the changed highest 5 day precipitation
amount of a year. Except for North Africa and some other smaller areas with
Mediterranean climate situations causing major flooding or very high snow
pack in high latitudes or altitudes become more severe. As the climate model
used for these projections does only resolve on a 2° x 2° grid, looking for ex-
treme precipitation of a day is not the proper way as such extrema are also
depending strongly on orography, which is not properly resolved in such a
coarse global model.



46 Consequences of Mean Global Warming

If the amount of precipitation per event increases but the total amount of pre-
cipitation does not grow to the same percentage level, the average period with-
out precipitation must become longer. Therefore we could expect also an in-
crease in the length of the longest period with precipitation below a certain
threshold. This is the case, as figure 4.2 convincingly shows. Large areas, but
especially the Mediterranean, may suffer from strongly prolonged drought
periods. Figures 3.8 and 4.2 combined are a serious threat for southern Europe.
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Figure 4.2 Percent changes in the length of the longest period with precipita-
tion below a 10 mm threshold, given in days, for scenario A1B and
the period 2071 to 2100 (MPI, 2006b)

4.4 Detection of Climate Change and Attribution
of Causes

When the first full assessment report of the Intergovernmental Panel on Cli-
mate Change (IPCC) was presented at the Second World Climate Conference
(SWCC) in Geneva, Switzerland, in late October 1990, the Ministerial Confer-
ence at the end of SWCC in early November 1990 asked for a United Nations
Framework Convention on Climate Change (UNFCCC) to be ready for the
United Nations Conference on Environment and Development (UNCED) in
Rio de Janeiro, Brazil, in June 1992. At this time the urgency for action was
not based on the detection of anthropogenic climate change in observations of
climate parameters but merely on the following three pillars of argumentation:

1. Rise of long-lived greenhouse gas concentrations: nearly 0.5 percent
per year for carbon dioxide (CO,), about 1.0 percent per year for me-
thane (CH,) and 0.25 percent per year for nitrous oxide (N,O) for the
1980s.
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2. High correlation between CO, and CH,4 concentrations on one side
and temperature at precipitation formation on the other, detected in
Antarctic ice cores, dating back until about 160,000 years. CO, and
CH, concentrations were derived from air bubbles within the ice core
at station Vostok on the West Antarctic Plateau.

3. Projections of climate change in general circulation models of the
atmosphere, which were run under conditions of enhanced CO, con-
centration with a shallow ocean mixed layer as lower boundary. The
sensitivity to CO, concentration increases was judged to lie between
1.5 and 4.5°C mean global warming at the surface for a doubling of
pre-industrial CO,-concentration from 280 to 560 ppmv.

4.4.1 Whatis detection of anthropogenic climate change?

Detection is the process of demonstrating that an observed change is signifi-
cantly different (in a statistical sense) than can be explained by natural internal
variability (IPCC, 2001a). Hence detection is a signal-in-noise problem. The
following ingredients are needed: a) Observations of a climate parameter with
high signal-to-noise ratio; b) an estimate of the expected change and c) an
estimate of natural variability of the parameter under investigation. The pa-
rameter best suited is near surface air temperature T, because its measurement
was already nearly as precise in the 19" century as today (typically a single
reading is accurate to 0.1°C). The expected global annual mean change of T,
could be derived from coupled ocean/atmosphere models for a given green-
house gas concentration change, e.g. about 30 percent CO, increase in 2000
with respect to a concentration of 280 ppmv in 1750. The natural variability on
timescales from interannual to a few decades could also be assessed from the
observations and the coupled models. With the advent of coupled atmos-
phere/ocean models in the early 1990s all ingredients were thus available. In
addition, the statistical method of searching for the optimal fingerprint (Has-
selmann, 1993) was able to enhance the signal-to-noise ratio for a given tem-
perature change pattern knowing the internal natural variability pattern.

4.4.2 What is an attribution of anthropogenic climate
change?

There are several pathways of mankind to change climate, e.g. depletion of
stratospheric ozone, enhanced turbidity of air by emission of particles and/or
their precursor gases, emission of long-lived greenhouse gases, change of
surface properties by land use change (construction of roads, changes in
crops, deforestation and afforestation, etc.). If the processes leading to cli-
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mate change are understood and forcing history is known as well, the influ-
ence of a distinct human activity can be separated, i.e. a facet of climate
change can be attributed to a certain cause. A definition of attribution fol-
lowing IPCC (2001a) is: Attribution of anthropogenic climate change is
understood to mean a) detection (as defined above), b) demonstration that
the detected change is consistent with a combination of external forcing
including anthropogenic changes in the composition of the atmosphere and
natural internal variability and c) that it is not consistent with alternative
physically plausible explanations of recent climate change that exclude im-
portant elements of the given combination of forcings.

Examples for attribution questions are:

1. Do clouds have properties reacted to the recently reduced air pollution
in Central and Eastern Europe after the collapse of the East Block and
has this accelerated warming at the surface of the region?

2. Is the observed strong cooling trend of the recent decades in the lo-
west stratosphere caused by ozone depletion rather than by the enhan-
ced greenhouse effect?

3. Does air pollution lead to more or new extreme precipitation events?

4.4.3 First detection of anthropogenic climate change

In March 1995 at a press conference in Hamburg, Germany, at the Max Planck
Institute for Meteorology its director Klaus Hasselmann reported the detection
of the anthropogenic climate change signal at the 95 percent significance level
(Hegerl et al., 1996). The basis of this statement, which soon got support from
other groups, was:

Forcing a coupled atmosphere/ocean/land model by reconstructed greenhouse
gas concentration time series and comparing the simulated temperature change
patterns with observed ones, using the new so-called fingerprint method, simi-
larity of the emerging change signal with the observed pattern pointed to
changes going beyond natural climate variability.

Working Group I of IPCC, when meeting in Asheville, North Carolina, USA,
in July 1995 for the establishment of a final draft for the Second Assessment
Report (SAR) of IPCC and an overall conclusion set the stage for the leading
sentence of the SAR:

The balance of evidence suggests a discernible human influence on global
climate.

This sentence became the foundation for the Conference of the Parties (COP)
to UNFCCC to formulate at COP3 the Kyoto Protocol.



Detection of Climate Change and Attribution of Causes 49

Five years later, end of 2000, the Third Assessment Report of IPCC has
strengthened the summary concerning the detection of anthropogenic climate
change by stating that new and clearer findings support that most of the warm-
ing in the recent 50 years is due to human activities.

4.4.4 Attribution of climate change to causes

The recent years saw a multitude of attempts to attribute observed climate
parameter changes to either natural or anthropogenic forcing. One of the earli-
est attributions was: Cooling of the lower stratosphere (around 20 km height)
is due to the depletion of the stratospheric ozone layer by decay products of the
chlorofluorocarbons (CFCs) and not so much due to the enhanced greenhouse
effect, which also leads to cooling of the stratosphere. By the research group of
one of the authors (H. Grassl) several regional attribution attempts have been
published recently, showing firstly that the decrease of air pollution over
Europe and the increase over China have led to cloud property changes.

While the reflectivity of clouds was reduced over large parts of Europe from
the 1980s to the 1990s, because of lower aerosol particle concentrations as a
consequence of both emission reduction by new environmental laws in western
European countries and collapse of parts of industry in former East Block
countries, it was reduced over China also, but because of strong pollution
growth with a large soot proportion making clouds reflecting less (Kriiger and
Grassl, 2002; Kriiger and Grassl, 2004). In contrast to it, clouds over major
European harbour areas did not show reduced but enhanced reflectivity be-
cause the emissions are not regulated and ship traffic was growing fast (Dev-
asthale et al., 2006).



S Impacts of and Adaptation to Climate
Change

As climate is an important if not the most important natural resource any cli-
mate change must have an impact on life in all its forms. Because climate must
always change or vary due to changes of external forcing and strongly differ-
ent timescales of the interacting climate system components, all life forms
have developed a capability for adaptation to changes, however, only within
certain boundaries of climate change. If these boundaries are surmounted ei-
ther migration or — in extreme cases — extinction is the result. This statement is
valid for all life forms. A key argument in the climate change debate is the
high change rate going beyond adaptive capacity for many ecosystems and
thus species if mankind continues to grow and emit per capita like in recent
decades.

Therefore the rapid climate change projected for the 21% century even with
major climate protection efforts is an undisputed threat to biodiversity. As
stated in IPCC (2007b): There is medium confidence that approximately 20-
30% of plant and animal species assessed so far are likely to be at increased
risk of extinction if increases in global average temperature exceed 1.5 —
2.5°C over 1980-1999 levels. As shown in section 3.4 global mean anthro-
pogenic warming of the same order of magnitude occurring naturally within
many millennia is projected for the 21% century. Hence, major adaptation
measures will be necessary in the coming decades. This holds even under
future stringent climate change mitigation efforts because of the inertia of
the climate system components ocean and parts of the cryosphere (ice sheets,
permafrost). Warming of the coming few decades and sea level rise for the
coming several decades to a century is already largely pre-determined by the
history of greenhouse gas emissions in recent decades. The coming genera-
tions have thus to shoulder two tasks at once: Adaptation to and mitigation of
climate change.

5.1 Vulnerability

Impacts of climate change on humans depend strongly on the vulnerability
of a society or parts of it or a group of persons. If an old village or city
behind a dyke in an estuary grows and sea level has risen, the same storm
intensity distribution as before makes the settlement more vulnerable to
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storm surges and endangers more people more strongly. The dyke — maybe
constructed to withstand the so-called one hundred year event — must be
strengthened to reach the earlier lower risk level again. If, in addition, the
storm frequency and intensity distribution changes with climate change a
major risk growth will occur, making the population much more vulner-
able. If at the same time the economic values in each house grow, there
will be a damage explosion as reported recently by insurance companies
for all weather-related disasters, in this case when dykes break or are over-
run by a storm surge.

It is an empirical fact that the poor parts of a society and the poor countries are
much more vulnerable to natural and weather related disasters than the more
developed countries or the wealthier parts of the society. Climate change is
thus — via enhanced vulnerability — a key equity problem of global proportions.
This problematique has implicitly been accepted in the UNFCCC and its
Kyoto Protocol by asking the industrialized countries for emission reduction
commitments first.

5.2 What is a Climate Change Impact?

The diversity of impacts of climate change in different sectors of society does
make it difficult to give a simple definition. Therefore, it is best to describe
firstly the different impacts per sector and — where necessary — secondly the
combination of impacts on a certain sector. An example for the first is the
higher probability of damage by storm surges just because of local sea level
rise to which the global mean rise has contributed. The second example is the
combination of sea level rise with enhanced storm frequency and/or intensity
causing a further increase of vulnerability without adaptation measures. A
further example for the second case is a redistribution of precipitation within
the year towards winter coming on top and leading to an ever higher storm
surge level in the upper part of an estuary.

If the different impacts within a country are summed up, the aggregation of
sectors will lead to a relative gross national product (GNP) change, which,
however, would no longer detail the often strongly negative impacts because
also positive impacts are now included.

Examples are: damage to agriculture in more frequent exceptionally hot and
dry summers versus increased income by enhanced tourism; less heating oil
consumption in generally milder winters with more frequent and intense
storms; die-back of certain tree species because of more probably summer
drought versus higher quality of wines in the northern parts of wine-growing
climates.
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5.2.1 Impacts on sectors

Climate is a basic natural resource. Hence its change will have an impact on all
natural and managed ecosystems as well as on all parts of human societies.
Therefore the UNFCCC main goal speaks of the avoidance of a dangerous
anthropogenic interference with the climate system and specifies what sectors
should keep adaptability to climate change: natural ecosystems, agriculture
(food security), economy (proceeding in a sustainable manner).

Natural ecosystems

The key point here is the ability of forests and other highly vulnerable ecosys-
tems to adapt to climate change. Therefore, the climate change rate is the deci-
sive parameter. However, there is no sufficiently detailed research available to
give a threshold climate change rate. IPCC (2001b) has given instead estimates
of maximum warming in the 21% century for different types of natural ecosys-
tems (see figure 5.1), showing that a mean global warming going beyond 2°C
(in comparison to the pre-industrial value) is very likely a dangerous interfer-
ence with the climate system. Climate change going beyond the threshold
would lead to a threat to biodiversity that is probably as large as the one caused
by direct habitat destruction.
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Figure 5.1 Vulnerability of different ecosystems to a global mean temperature
rise, given in estimated damage levels

Forestry

Foresters in mid-latitudes and higher latitudes deal with organisms that can
easily reach an age of 100 years. Therefore, the projected climate change in the
21 century — even with strong climate protection measures — poses unprece-
dented forest management questions: Which trees should not be planted be-
cause they would be attacked by pests and diseases too early to be of value?
Should one introduce new tree species from warmer climates anticipating the
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projected warming and the probably drier summers? Or should trees from the
southern part of its natural habitat be preferred?

Managed forests are the managed ecosystems most strongly impacted by climate
change. Foresters in Central Europe observe already now the climate change
impact when key tree species are no longer able to withstand known pests and
diseases or invading ones. Another major point for the climate change debate is
expressed in the following question: At which warming and precipitation change
will parts of the carbon stored in forest and their soils be emitted into the atmos-
phere? At present a considerable portion of anthropogenic CO, is stored addi-
tionally in northern hemisphere forests because of the CO, fertilization effect.

Agriculture

Modern agriculture in many OECD countries is producing more food than
needed in these countries and its management is depending less on climate
change than on agricultural subsidies that amount to about 250 billion Euros
per year worldwide and which hamper the export of agricultural goods by
developing countries. Subsistence farming, on the other hand, is the most vul-
nerable agriculture to climate change. Several hundred million people thus are
suffering and will increasingly suffer from climate change, caused mainly by
industrialized countries and with growing proportions by emerging countries.
This inequity is a major reason for tension during the conferences of the parties
(COPs) to the UNFCCC. While farmers in developed countries can easily cope
with changed crops and are less hit by climate change (IPCC, 2001b) the poor-
est farmers in developing countries will have to give up more and more soils if
semi-arid areas become even drier, as climate models suggest.

Marine ecosystems

These ecosystems depend on ocean currents, pH-value of ocean water, nutrients,
insolation at the surface as a function of season, and in parts on sea ice cover and
type. As all these parameters change systematically and also their frequency dis-
tribution might change, major changes can be expected during the 21* century.
The recent rapid warming, for example in the North Sea, has already led to a shift
in biodiversity with increasing numbers of species from warmer ocean climates
invading and others leaving to higher latitudes. Because overfishing is common in
nearly all ocean basins, and since long-term systematic observations are nearly
non-existing, an assessment of climate change impacts is often very difficult. As
an example of the change of a fundamental chemical parameter, figure 5.2 shows
present pH-values measured, their values during the last glacial and those antici-
pated at a certain CO,-concentration in the 21 century. Please note this change is
a mere consequence of changed atmospheric CO, concentration.

Water supply

Water is a basic necessity for life. Its redistribution with global climate change
represents the single most important consequence of climate change besides
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Figure 5.2 Measured, reconstructed and projected pH-values of sea water
together with a threshold (guard rail) value not to be trespassed in
order to avoid major damage to marine ecosystems (WBGU, 2006)

sea level rise. As always also here local mismanagement (polluting water and
not treating it afterwards) combines with a global change facet and leads to an
increase of water scarcity in many, especially semi-arid countries. As an indi-
cation of intensified drought conditions figure 4.2 has already displayed the
increase in days of the length of dry spells in scenario A1B at the end of the
21" century. It is obvious that especially Mediterranean climates and inner
parts of continents outside high latitudes will experience more severe water
shortages.

Security infrastructure

Mankind has always adapted to climate variability, hence to weather extremes,
depending on its economic strength. Therefore, developed countries have bet-
ter adapted construction codes, coastal defence, and flood protection. How-
ever, this once adapted infrastructure becomes ill-adapted, if frequency distri-
butions of climate parameters change both mean value and shape. Hence, all
countries are increasingly loosing parts of their adaptation, as became obvious
during recent weather extremes.

To adapt this security related infrastructure anew is probably the most expen-
sive part of adaptation to climate change in the coming decades. On the other
side, much less expensive is mitigation of climate change by reduction of



56 Impacts of and Adaptation to Climate Change

emissions, if started now (Stern, 2006), because adaptation costs to climate
change would rise to levels beyond 5 percent of GNP, if no action to reduce
the climate change rate is taken.

Human health

The climate parameter temperature is key for all vector-borne infectious dis-
eases that still are one of the main causes for death, especially in developing
countries. Countries where malaria is common, e.g. lowlands of Kenya, will
see an extension of malaria into elevated areas; other tropical or subtropical
infectious diseases will creep northward and southward with global warming.

Further threats to human health are heat waves. The heat wave in Europe in
summer 2003 has caused at least 35,000 deaths not only among elderly people
but also in other age groups. However, it would be easily possible to reduce
this burden by better information and adaptive measures. Heat waves uncover
the “social freeze” in societies. Cold spells will certainly become less threaten-
ing for human health.

An area with potential health impacts is the changed composition of food
grown under changed climate conditions. However, not enough is known yet
to assess its severity.

Economy

While the last decade was filled with the claim by scientists that potential
climate change mitigation measures are much more costly than adaptation, the
situation has changed drastically. As expressed for example by the German
Global Change Advisory Council in its report to the government entitled “To-
wards a Sustainable Energy System” (WBGU, 2003a), a strongly growing
global economy following the multilateral approach and being fond of innova-
tive technology (i.e. scenario A1T with stabilization at 450 ppmv CO, concen-
tration) would not cause a burden going beyond 1.5 percent GDP for any re-
gion on the globe. However, as recently published by Stern (2006), unabated
climate change could drive global economy into adaptation measures going
even beyond 5 percent of global economic turn over.

5.2.2 Impact on certain geographical regions

It is clear that a hyper-arid region remaining hyper-arid at higher temperatures
will not experience a major climate change impact. If, however, a mountain
range in the midlatitudes looses its glaciers a major water supply shortage in
summer and autumn is the immediate consequence. One of the most important
climate change impacts will be felt at nearly all coasts, namely coastal erosion,
due to sea level rise, which will also cause more frequent inundation of marsh-
lands even at unchanged storm frequency and severity.
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Marshlands and coasts

About 50 percent of the world population lives close to coasts (within 50 km)
and many multi-million cities stretch along coasts or estuaries and within
marshland areas. For the latter sea level rise often threatens their mere exis-
tence. While the Netherlands have a nation-wide policy to protect the entire
coastline by sluices, dunes and dykes at least 15 m above mean sea level,
German coastal states have agreed to protect themselves against a 100 year
storm surge by infrastructure reaching about 8 m above mean sea level. Most
cities in developing countries or small island states in the tropics are far from
such a protection level. Climate change-driven sea level rise, therefore, is the
best example for “ecological aggression”, the term used by the former execu-
tive director of UNEP, Klaus Tdpfer, with respect to climate change caused by
the rich North. A large part of adaptation to climate change will circle around
coastal protection.

Permafrost areas

Many countries also outside high latitudes, e.g. China, have permafrost under-
lying a rather large percentage of their territory. Therefore, melting of perma-
frost is a problem for most countries in the world, including subtropical and
even tropical countries with high mountains as well.

The first reaction to a systematic warming in permafrost areas will be a deeper
active layer without frost during the late summer half year. This will cause a
growing collapse of infrastructure like roads and buildings because deeper
melting will reduce the unevenly distributed ice lenses unevenly. Subsidence
of the soil is thus irregular, destroying many buildings and calling for frequent
reconstruction of roads.

Thawing permafrost in mountain ranges is often the nucleus for major land-
slides during summer-time heavy precipitation events, the movement of ava-
lanche protection and the outburst of glacial lakes.

Mountain areas

Mountain ranges are not only the water towers for the low-lands but also bio-
diversity hot spots and regions with especially frequent weather related disas-
ters, like avalanches, land-slides, flash floods, wild fires. Warming alone,
without a change in the precipitation regime, will change the water cycle in
mountain areas strongly because of the upward shift of snowfall by about
150 m per °C. Therefore, the annual hydrograph of rivers will change, water
for irrigation as well, small glaciers will melt completely. If the precipitation
regime will also change, certainly the standard case, agriculture in mountain
areas and adjacent lowlands may change dramatically. Climate models for the
21% century scenarios indicate a drying of the subtropical mountain ranges
from Northern Africa and the Mediterranean area into Central Asia as one of
the key results, translating into severe water shortage at no or only small re-
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duction of flash flood severity as the surface temperature rises. How people in
the mountain areas and adjacent lowlands will react to the water shortage is
probably the following: drilling deeper and using more fossil water or — for oil
countries — desalination of sea water by using more oil. This is, however, un-
sustainable. Major strategy changes in water management are needed.



6 Sustainable Development and Climate
Change

Since 1987, when the report of the World Commission on Environment and
Development entitled “Our Common Future” was submitted to the United
Nations, in response to a request by the UN, the term “sustainable develop-
ment” has been coined for the long-term development strategy of mankind. Its
comprehensive and simple definition is: Sustainable Development is develop-
ment that meets the needs of the present without compromising the ability of
future generations to meet their own needs. Despite the many re-definitions,
also by interest groups, this term remained the leading one for the United Na-
tions, which tried to foster such a development through the Millennium Devel-
opment Goals in 2000 and the action plan of the World Conference on Sus-
tainable Development (WSSD) in Johannesburg, South Africa, in September
2002. It is easy to define lack of sustainability, for example sealing of soils in
Germany, where the population has started to decline, but it is difficult to de-
fine the corridor to reach “Sustainable Development”. An example for this
difficulty is: At which climate change rate will already ongoing biodiversity
loss be accelerated so much that the rapid transition to a largely different and
threatening climate state will be triggered by the emergent instability of eco-
systems? The answer cannot be given yet!

6.1 The Enhanced Greenhouse Effect without
Analogues in Climate History

Going beyond chapter 2, we introduce here the uniqueness of the present state
of the Earth system from the point of view of its physical boundaries. From
greenhouse gas concentrations derived from air bubbles in ice cores drilled
into the ice sheets of Antarctica, but also Greenland, down to the bedrock we
know that the second most important greenhouse gas, CO,, was varying be-
tween about 190 ppmv during glaciation maxima and slightly less than 300
ppmv during the interglacials, often called warm periods. Hence, the present
CO, concentration, already above 380 ppmv, never occurred since at least
750,000 years. We are therefore in a non-analogue state for homo sapiens. Can
we estimate the future climate then although climate history gives no ana-
logues? In principle yes, but only with Earth system models validated with
climate history, thus comparing them with so-called proxy-data. Only very
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recently did such testing become possible, but mainly for Earth models of
intermediate complexity (EMICs), because the computer time requests of
higher spatial resolution models are still too high. As EMICs and first fully
coupled higher resolution models with 3-D ice sheet representation have
shown that bifurcations are close for business as usual scenarios of human
behaviour in the 21* century, sustainability is threatened by further climate
change or in other words a stringent global climate policy is needed to ap-
proach sustainability in the 21% century. As figure 6.1, taken from Vizcaino
(2006), demonstrates, sea level rise up to several meters would follow the
continuation of the present development path, where energy supply is based on
fossil fuels. Many millions, living in marshlands at unprotected coastlines,
would then become refugees. Strange as it may seem, a stop of the North At-
lantic Drift (vulgo Gulf Stream) would, it occurs for scenario A2 and for some
realisations already for scenario A1B, reduce sea level rise, because more ice
on Greenland would continue to exist. It is clear from figure 6.1 that our cli-
mate policy in the next decades decides about sea level rise in centuries and
millennia to come and thus about the further existence of coastal cities without
very costly major local protection measures.
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Figure 6.1 Melting of the Greenland ice sheet, given in meters of sea level

equivalent for several realisations of scenarios A2 and A1B during
the coming millennia. Please note that emissions are decaying after
the year 2100 or 2200 (for A2) exponentially but global warming and
sea level rise continue over centuries and millennia (Vizcaino, 2006)

6.2 Carbon Cycle Feedbacks

The reservoirs soil (~1200 GtC) and vegetation (~500 GtC) together contain
more carbon than the atmosphere (~760 GtC). Therefore, climate change can
lead to considerable feedbacks of these two reservoirs. As already stated in
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section 2.5, the terrestrial biosphere stores ~2.5 GtC per year in addition at
present, i.e. helps to reduce CO, growth rate in the atmosphere. Model results
concerning the strength of this sink or even its change into a source are incon-
clusive. A further potentially strong feedback is related to the melting of per-
mafrost as this frees soil layers containing a lot of carbon that can be con-
verted — depending on local conditions — into CO, and/or CH,. Our knowledge
about the melt rate is insufficient to call it a reliable part of an Earth system
model.

Often the huge carbon reservoir in the ocean (~39,000 GtC) is seen by laymen
as a major potential CO,-source if the ocean warms. However, the carbon
chemistry in the ocean is comparably well understood to rule out a major posi-
tive feedback due to outgassing at higher sea (surface) temperatures. Reactions
by phytoplankton, both related to total biomass production and changed spe-
cies composition, pose more difficult questions. The reaction by phytoplankton
also depends on the reduced pH-value of ocean water (see also figure 5.2)
because some phytoplankton species forming carbonate shells are affected by
lower pH-values.

6.3 Sequestration of Carbon

Carbon containing fuels (peat and so-called fossil fuels) were formed by se-
questration of carbon containing detritus of organisms into bogs and sedi-
ments. Coal, oil and natural gas have been formed over many millions of years
from this detritus and were stored often deep in the Earth’s crust. Therefore,
pressing the carbon dioxide into former oil and gas containing layers as well as
coal seams has been proposed as a climate change mitigation measure. It has
already been used in the USA (Texas) to enhance oil recovery. Estimates of
the storage capacity (see Haszeldine, 2006) range into hundreds of GtC, in
form of liquid CO, that, deeper than 800 m below surface, fills as a hypercriti-
cal liquid the pores of the layers that contained oil and gas and contain at pre-
sent saline water, and mixes with it. The key question will be: Is the additional
energy needed to separate CO, from the flue gas, the transport to the “burial”
site and pressing it into the former oil and gas deposits small enough to stay
economic vis-a-vis renewable energies with steep learning curves in an envi-
ronment of political support? For more details see chapter 9.3.

In the context of sequestration two other strongly differing approaches are also
discussed: Firstly, sequestration of CO, resulting from power plants using
recent biomass, either in the form of remnants from agriculture, or energy
plantations (rape seed, sugar cane, miscanthus, rapidly growing trees), and
secondly creation of soils in the tropics containing large amounts of charcoal
(terra petra in Amazonia), produced in biomass power plant installations as
well (Lehmann et al., 2006).
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6.4 Barriers, Opportunities and Market Potential
for New Technologies and Practices

Always, when a major restructuring of economy as well as behavioural
changes are needed, many potential and some real loosers will oppose. As the
“old-fashioned” industries are typically well organized, new economic oppor-
tunities, which often need government support for the introduction into the
market, will not get it. The “old” will be able to persuade not to change the
incentive structure for some years, until the new industries will have shown
their superiority at least in niche markets.

We will not deal with all the barriers for climate policy as a major hindrance
for our approach to sustainable development here in detail but a very short
history of arguments against climate policy measures will nevertheless be
given in table 6.1 in the form of a comparison of two types of statements, one
by mainstream science and the other by interest groups in order to show the
“learning” curve of interest groups.

Table 6.1 Comparison of statements as an example of one of the main barri-

ers to reach an effective climate mitigation policy

Time

Science argument

Typical arguments of interest
groups

Late
1980s

There is a mean global warming since the
beginning of the 20™ century whose
origin is still not clear; climate model
estimates point to several degrees warm-
ing in the 21* century if climate policy
measures are not taken

Measurements with high error
bars including urban heat is-
lands cannot be trusted; climate
models are unable to project
global warming correctly

Mid
1990s

The anthropogenic warming signal has
been detected in observations

The warming (now admitted) is
still part of natural variability

2000

The major part of the mean global warm-
ing during recent decades is anthropo-
genic, while the warming until about
1940 is in parts also caused by higher
solar irradiance

A warmer planet is a greener
one and adaptation to climate
change is less costly than miti-
gation policies

2006

Adaptation costs incurring without cli-
mate protection measures strongly sur-
mount mitigation costs, hence action now
is an insurance policy

The economic models used for
these cost estimates are not
credible

But also in the area of opportunities existing for an overhaul of the fossil fuel
based energy supply system of entire mankind often chances are exaggerated.
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Therefore, the opportunities section has to start with a description of the tech-
nical potential of different renewable energy resources.

6.4.1 Basis of opportunities: The technical potential of
renewable energy

The proper parameter to describe the technical potential of renewable energy
forms is the energy flux density, here given in Watts per square meter (Wm™).
A densely populated and developed country like Germany has an energy sup-
ply system with about 1.5 Wm™ primary energy flux density, of which about
90 percent are fossil fuel based. In comparison, the geothermal energy flux
density reaches only 0.08 Wm™ on average in Germany. Hence, geothermal
energy can only become a small part of a renewable energy supply system. In
addition, the comparably low temperatures of only several hundred °C make
geothermal energy not very attractive for electric energy generation (only
about 20 percent efficiency). Therefore, geothermal energy will mainly be
useful for heating of buildings and industrial processes running at higher tem-
peratures.

For an overview of renewable energy forms a ranking of technical potentials
from the smallest to the strongest contribution is a first useful assessment.
From table 6.2 it is becoming evident that in the long run the use of direct solar
radiation is the only nearly inexhaustible energy source, if one compares it to
the present and future energy demand by humankind: less than 0.03 Wm™
today and about 0.08 Wm™ in 2100. The latter number assumes development
of developing countries in the 21* century and a continuous increase in energy
productivity of 1.5 percent per year, up from 1.0 percent/a observed in the 20™
century. A major hurdle for the introduction of some renewable energy sources
as a component of the energy supply system is their intermittency. Therefore,
research for storage of intermittent energy forms e.g. solar energy, is a major
point besides development of large electrical grids, if they do not yet exist.

Table 6.2 Ranking (from smallest upwards) of the technical potential of re-
newable energy resources given in global average energy flux densi-

ties (Wm™)
Name Energy source Technical | Availability
potential
Tidal energy Gravitational force of Moon and | <0.01 Intermittent but
Sun moving masses regular
Water wave Atmospheric wind energy <0.01 Intermittent
energy
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Name Energy source Technical | Availability
potential

Hydropower Potential energy of water in <0.01 Intermittent to
higher elevation continuous

Geothermal Upward heat flux in the Earth’s ~0.1 Continuous

energy crust

Biomass energy | Formation of carbohydrates by ~0.1 Nearly
plants from solar energy continuous

Wind energy Near surface atmospheric <<3* Intermittent
pressure gradients caused by
unequal solar irradiance

Solar irradiance | Nuclear fusion in the sun ~ 165 Intermittent

* ~ 3 Wm™ is the entire kinetic energy of the atmosphere.

6.4.2 Development status of renewable energy sources

The support of new energy technologies is strongly depending on the availabil-
ity of a certain renewable energy resource in certain areas or countries. Exam-
ples are: Norwegians have to heat houses with electricity from hydropower-
plants. The Icelandic heating of houses uses geothermal energy. Warm water is
generated with solar panels on roofs in Israel. District heating comes from
wood-based heating plants in some forest-rich parts of Austria. Solar thermal
power plants in deserts produce electric current needed during peak air condi-
tioning demand during noon and afternoon in California. As all the above
examples and many more show, renewable energy markets are still often niche
markets and their development needs strong incentives from the politicians,
because most energy markets are strongly distorted by subsidies for fossil
fuels. A good example is the prize of natural gas exported by the Russian Fed-
eration to OECD countries which is by more than a factor of 4 above the prize
in Russia.

The strongest incentive for renewable energy markets would be the end of
direct subsidies for fossil fuels and the internalisation of external costs. Since
these measures would reduce the power of some major players, resistance for
an ecological tax reform is very strong and only first steps have been taken in
some countries. Sometimes it is easier to directly support the development of
renewable energy markets, when they are still very small leading to steep cost
reductions because of steep learning curves for new technologies and thus
reduced necessary support. As with all new technologies, government support
for research is needed also for market introduction. Again mighty players han-
dling older technologies will oppose.
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Of all modern renewable technologies wind energy is closest to profitable
prices without direct support and would often be already profitable, if correct
prices for fossil fuel based power plants without externalities covered by tax
payers would exist. Also solar thermal power plants in lower latitudes belong
to this category.

A major challenge is storage of renewable energy. From table 6.2 it is evident
that the strongest renewable energy sources are intermittent. While photo-
voltaic cells react nearly immediately to cloudiness, solar thermal power plants
react in a delayed mode, updraft power plants would deliver into hours after
sunset. However, a mix of several renewable energy sources and electric cur-
rent prizes depending on generation level would in parts offset the need for
storage capacity.

Renewable energy for the mobility sector, for example oil from seeds or gase-
ous and liquid hydrocarbons from biomass, is still a niche market in most
countries, except Brazil. It does contribute to the CO, emission reduction goal
but continues with the air pollution problem when burning hydrocarbons and
does not stop nitrous oxide (N,O) emissions. Only a hydrogen-based energy
system for traffic would avoid the air pollution problem as well but exclusively
if hydrogen would be produced from renewable energies.

Details on climate effects of biomass derived fuels are discussed in chapter
13.5.

6.4.3 Emissions Trading as a New Practice

The Kyoto Protocol (see also section 7.3) has introduced new international
policy instruments.

1. Emissions Trading

2. Joint Implementation

3. Clean Development Mechanism
4. Accounting for Carbon Sinks

Here emissions trading will be described with a bit more detail as it could
become the main driver of climate change mitigation policies. It is a market
instrument, allocating the full or large parts of the CO, costs paid by countries
not reaching their targets to the countries surmounting an emission reduction
goal. Defining by an international legal instrument — like the Kyoto Protocol —
an allowable emission, countries not reducing emissions as prescribed by the
legal instrument, can buy (trade) emission certificates from countries having
reduced more than prescribed. In the present international political context
several former socialist countries, which have achieved strong emission reduc-
tions since 1990, can offer these reductions, calculated in equivalent CO,
emission tons, to some OECD countries that have been unable to reach their
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emission reduction targets. Hence, in 2012, at the end of the Kyoto period,
reductions gained because of a mere political change without any considera-
tion of climate protection, can be traded. This has been called by environ-
mental groups trading with hot air. From the point of view of CO, levels in the
atmosphere, any reduction caused by whatever political measure counts.

6.5 Costs of Adaptation

Climate change is ongoing and will be accelerated in the near future despite all
measures taken by climate policy, as the reaction of the climate system is de-
layed by decades and centuries. Therefore, adaptation to climate change is a
must and will be costly and is in addition to climate change mitigation meas-
ures. It is very difficult to estimate adaptation costs. Hence, it is even more
difficult to find the minimum costs for a mix of mitigation and adaptation
measures. At the same time such a policy goal to find the minimum would be
based solely on economics of mostly the developed countries. It would disre-
gard the key ethical problem of global climate change: Suffer will mainly
those not having caused it to a large extent.

The recent report by Stern (2006) has facilitated the debate. Adaptation costs
to unabated climate change are so high that they would cause a major eco-
nomic crisis within the 21* century and mitigation costs are much less. Mas-
sive mitigation efforts are therefore needed. Although the Stern report did not
report new research results but assessed existing ones carefully with a focus on
economical consequences, its impact was very high, especially since a high
rank economist said it. It is now highly probable that mitigation measures
bring a strong economic dividend and — in view of the North-South conflict —
less conflict potential.

6.6 Mitigation of Climate Change as the
Prerequisite for Sustainable Development

As described in chapter 3, scenarios whose main ingredient is business as usual
will lead to a mean global warming going well beyond the experience of homo
sapiens and also going beyond adaptability of natural and probably managed
ecosystems. Therefore, sustainable development cannot be reached without
mitigation of climate change. It is easy to request a major reduction of green-
house gas emissions, but it is very difficult to negotiate international treaties
that lead to emission reductions, because not only companies shy away from it,
but also countries whose interests are dominated by fossil fuel production and
export or which feel pressure by major oil and coal companies, as clearly dem-
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onstrated by the behaviour of USA, Australia (until very recently) and Saudi
Arabia in the international negotiations (see also chapter 7).

Without a long-term goal how to reach the corridor of a sustainable develop-
ment climate change policy remains a piecemeal endeavour. We need clear
guardrails.

6.6.1 Guardrails

Guardrails guide our climate change policy. They have to originate from
boundaries given by the biosphere and the socio-economic sphere. As figure
6.2 explains, political measures taken can either keep us within the sustainabil-
ity corridor or bring us back. Examples for one or two measures in each sector
in figure 6.2 are:

Example 1 (green sector): Change of heating system using fuel-wood in a
forested area into a biomass power plant with district heating using wood and
agricultural residues and feeding in the electric current into the public grid.
This measure strongly reduces air pollution, reduces fossil fuel use for electric
power generation, brings the energy from residues into the energy supply sys-
tem and generates new income.

Example 2 (red sector): Avoidance of increasing the soils sealed when build-
ing new infrastructure by giving back the same area used for the new socio-
economic infrastructure from no longer used industrial sites to a natural suc-
cession of plant and animal communities, thereby enhancing biological diver-
sity, thus making ecosystem response to climate change more robust.

Example 3 (red sector): Obligatory energetic use of methane emanating from
coal mines, which would for example nearly eliminate one of the main meth-
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Figure 6.2: = How to reach a sustainable development path? (WBGU, 2003b)
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ane sources in Germany where coal mine methane is often not burnt when not
used (Details see chapter 13.2).

Guardrails have to guide the climate change policy measures. Besides the
biosphere driven tolerable climate window (figure 6.3) many other guardrails
derived from the sustainable development goal have to be taken into account,
for example enough electric energy per person per year (500 kWh) for a decent
chance to develop, i.e to reach higher education, get better health care, earn
more income. For details on how many guardrails have to be taken into ac-
count please refer to the internet address www.wbgu.de from where WBGU
(2003a, b) and all other reports since 1993 can be downloaded.
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Figures 6.3  The tolerable climate window

6.6.2 Geo-engineering?

If renewable energy is still more expensive than subsidized or non-subsidized
fossil fuels, even under an international emissions trading scheme like the one
within the Kyoto Protocol (see section 7.3), the difference in prize may stimu-
late the further use of fossil fuels, however, only if the emissions of green-
house gases are avoided at least in parts by sequestering carbon dioxide
through its deposition underground, preferably in used oil and gas reservoirs.
There could also be an incentive to manipulate the atmosphere, if the ecologi-
cal consequences of the “active climate management” would be known and
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were less expensive than reducing the main cause of global climate change, the
higher concentrations of long-lived greenhouse gases. Both types of measures
are known as geo-engineering.

While the first type has already been mentioned in section 6.2 and some pilot
projects are under way (see chapter 9.3), the latter would be a first active
change of atmospheric composition in order to off-set consequences of the
enhanced greenhouse effect. Recently Crutzen (2006) proposed a major re-
search activity to study the consequences of an artificial sulphuric acid aerosol
layer in the stratosphere mimicking the situation after a major explosive vol-
canic eruption, when for some years the Earth surface is on average cooler by
several tenths of a degree centigrade. The probability of agreeing after strongly
increased knowledge to such a manipulation of the atmosphere, which would
need to be a sustained effort over many decades and part of international law,
is extremely low.

6.7 A Sustainable Energy Path

In 2003 the German Global Change Advisory Council, asked to give advice
to the German government, published a potential energy path, which im-
plements many more guardrails than the one described in section 6.6.1
(WBGU, 2003a). As demonstrated in figure 6.4 it would lead to a sustain-
able energy system, because mankind could change from fossil fuels as the
main pillars of the energy supply to renewables, mainly direct solar radia-
tion, still always taking the cheapest energy source counted over the life
time of an installation, and not building on behavioural changes of man-
kind. Sequestration of carbon in former oil and gas deposits is needed for
some decades until about 2050 (see chapter 9). This sequestration could be
avoided if a more stringent efficiency increase and a more rapid phase out
of subsidies for fossil fuels in major countries were implemented (WBGU,
2003a). A detailed description of the current situation and future trends are
given in chapter 13.

As discussed earlier in section 6.5, adaptation costs without climate change
mitigation measures will run into the above 5 percent of the global economic
budget range and mitigation costs are much lower on average. Again in
2003, the German Global Change Advisory Council (WBGU, 2003b) has
shown for a subdivision into 11 regions that none would have to invest more
than 1.5 percent of GDP in a contraction and convergence scenario aiming at
equal emissions per capita in all regions to be reached in 2100, keeping all
the guardrails, some of which were described above in section 6.6.1. Figure
6.5 demonstrates that A1T remains the most attractive of all scenarios, also
as far as the smallest range in GDP contributions to climate change policy is
concerned.
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7 International Climate Policy Approaches

There is no other more global issue than rapid global climate change. Organ-
isms in the deep sea, polar bears and many human societies are threatened by
it. Obviously, there must be a global approach to climate policy. Although the
knowledge about the greenhouse effect of the atmosphere dates back into the
19" century and the potential concentration change of a major greenhouse gas,
namely CO,, was discussed in the late 19" century, it was only in the second
half of the 20™ century that observations of a CO, concentration change
emerged. Several years after the installation of measuring stations on the
slopes of a volcano (Mauna Loa) on Hawaii and the South Pole, both the
global upward trend and the annual cycle of CO, in the Northern Hemisphere
became clear. As the period from the early 1950 to the 1970s was one without
a mean global warming, mainly due to a strong rise in air turbidity related to
sulphur dioxide emissions largely from coal burning — as fossil fuel use grew
by more than 4 percent per year globally — the knowledge about the growing
CO; level did not reach many political decision makers. When did the global
political community first react to scientific findings?

7.1 First Policies, Measures and Instruments

The World Meteorological Organization (WMO), a specialized technical
agency of the United Nations, called all nations to the First World Climate
Conference in 1979 to Geneva, Switzerland. At this conference a World Cli-
mate Programme has been initiated, whose research part, the World Climate
Research Programme (WCRP) got the task to further the understanding of the
climate system, in order to answer the question whether there is a human influ-
ence on global climate. The International Council of Scientific Unions (ICSU),
now the International Council for Science (with the same acronym), which is a
non-governmental organisation, joined WMO in 1980 to launch the WCRP.

7.1.1 The Villach Conferences

In the early 1980s WMO and the United Nations Environment Programme
(UNEP) organized the Conferences in Villach in Austria. The third in 1985
issued for the first time a warning about future global climate change if the use
of fossil fuels would continue unabated. Their conclusion culminated in a
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statement that security related infrastructure would then no longer be adapted
to climate variability. In other words: known weather extremes would become
more frequent and new ones would emerge, as observed now for some parame-
ters like rain amount per event in many areas.

7.1.2  Intergovernmental Panel on Climate Change (IPCC)

As became obvious with the advent of general circulation models calculating
global warming near the surface due to an enhanced greenhouse effect in the
1980s in so-called equilibrium runs for doubled CO, concentration, an assess-
ment of knowledge on climate change as input information for political deci-
sion making was urgently needed. WMO und UNEP therefore formed an in-
tergovernmental body that should be able to give such an authoritative view.
The Intergovernmental Panel on Climate Change (IPCC) became right from
the beginning in November 1988 such an authoritative voice. Because it was
fortunately dominated by leading scientists, who were publishing already in
October 1990 the first full assessment report and a summary for policy makers,
that set the stage for the later Framework Convention on Climate Change
(FCCC). Since then IPCC became through its further regular assessments in
1995, 2001 and 2007 a shining example for proper assessments of knowledge
in a science area. As IPCC never intended to give political advice but mere
policy-relevant information it was difficult to entrain it into a political debate.
IPCC’s assessments are used by the Subsidiary Body on Scientific and Tech-
nological Advice (SBSTA) of the United Framework Convention on Climate
Change (UNFCCC) for political advice to the negotiators (see section 7.2).

Although geographical balance of authors and contributors is sought by IPCC
and governments can propose authors and reviewers of chapters IPCC has still
managed to attract leading scientists for all working groups. This is fundamen-
tal for an in-depth assessment. One of us (H. Grassl) has also been involved
deeply until 1995 in the two first assessments and has learned to loose pre-
occupations during the intense scientific debate in IPCC groups.

7.2 United Nations Framework Convention on
Climate Change

Fortunately, the Second World Climate Conference in 1990 requested in its
ministerial part a United Nations Convention on Climate Change to be ready for
the Earth Summit (United Nations Conference on Environment and Develop-
ment, UNCED) in Rio de Janeiro. Its official title at signature by 153 heads of
States in June 1992 became: United Nations Framework Convention on Climate
Change (UNFCCC), indicating that other legal instruments would be needed.
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UNFCCC has a central goal in its paragraph 2: The ultimate objective of this
Convention and any related legal instruments that the Conference of the Par-
ties may adopt is to achieve, in accordance with the relevant provisions of the
Convention, stabilization of greenhouse gas concentrations in the atmosphere
at a level that would prevent dangerous interference with the climate system.
Such a level should be achieved within a time-frame sufficient to allow ecosys-
tems to adapt naturally to climate change, to ensure that food production is
not threatened and to enable economic development to proceed in a sustain-
able manner.

Its implementation is the task of a century, because the time-scales of climate
system components reach centuries and even millennia and any clearly visible
impact of measures taken now on climate variables will only be seen after
several decades. The three side-conditions under which stabilization of green-
house gas concentrations in the atmosphere has to be reached are not yet fully
understood scientifically. Hence UNFCCC is a climate research promoter of
highest calibre.

The translation of the above conditions into the challenges ahead can be made
clear by the following questions:

1. At what temperature increase rate can forests no longer adapt? In other
words: Can boreal forests move within a century by several hundred
kilometers northward? West European forests could move in about
10,000 years from southern France to Northern Norway. Under Sce-
nario A2 the same move would be squeezed into about a century. Cer-
tainly A2 would lead to the collapse of forest ecosystems, at least to
such an extent that their services to us would be drastically dimin-
ished.

2. How strong must the precipitation belt shift be to generally endanger
food supply for mankind? What can be tolerated? More food in mid
and high latitudes while a serious food crisis leads to migration out of
enlarged semi-arid zones, already suffering from desertification now?

3. At which total costs (adaptation plus mitigation) caused by climate
change will sustainable economic development no longer be possible?
How would countries, where these costs reach much higher percent-
ages of the gross domestic product than in highly developed countries,
get the proper support from these?

7.3 From Rio to Kyoto

At the first Conference of the Parties (COP1) to UNFCCC in March/April
1995 in Berlin it became already clear that the anthropogenic climate change
issue had grown since the Rio conference when first detection of anthropo-
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genic climate change had been reported to be imminent in the scientific litera-
ture. Therefore, COP1 asked for a legal instrument to be ready at the end of
COP3. This instrument was later named the Kyoto Protocol.

7.3.1 Kyoto Protocol

When the UNFCCC had been ratified by enough countries in December 1993
to become enforced in March 1994 the only “vague” commitment concerning
reductions of greenhouse gas emissions by industrialized countries, the so-
called Annex 1 countries of UNFCCC, was the following: aim to return in
2000 to the CO, emission values of 1990. Hence at COP1 the Parties asked for
a further legal instrument to reduce emissions, because it was clear from cli-
mate model calculations that the soft goal of UNFCCC was far from real cli-
mate protection. At COP3 in Kyoto such a legal instrument was decided on
10 December 1997 (in reality just before noon on 11 December 1997 after a
night and morning session of the negotiating body), which — for the first time —
contained commitments of Annex 1 countries reaching on average 5.2 percent
reduction of greenhouse gas emissions (see table 7.1) until the end of the
commitment period 2008 to 2012 (averaging over 5 years was selected to
avoid interannual strong variability of emissions caused for example by mild
or strong winters). Besides the trend reversal of greenhouse gas emissions,
which grew nearly continuously since industrialization began, the Kyoto Pro-
tocol introduces several innovations into multilateral agreements: emissions
trading, joint implementation (JI), clean development mechanism (CDM) and
accounting for sinks.

The Kyoto Basket, i.e. the list of long-lived greenhouse gases to be counted for
emission reduction measures, together with the Greenhouse Warming Potential
(GWP) with respect to carbon dioxide, needed in the accounting procedure to
convert a unit mass of a gas into its CO, equivalent (see table 7.1). In table 7.1
greenhouse gases are ordered according to importance for the enhanced green-
house effect. Please note that short-lived anthropogenic greenhouse gases like
tropospheric ozone (Oj; ) are also important, but not part of the Kyoto Proto-
col. In addition chlorofluorocarbons (CFC), also strong long-lived greenhouse
gases, are regulated under the Montreal Protocol of the Vienna Convention to
Protect the Ozone Layer.

Table 7.1 The Kyoto Basket

Greenhouse Gas Chemical Symbol GWP (IPCC, 2007a)
(abbreviation) for a 100 year horizon
Carbon Dioxide CO, 1

Methane CH, 25
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Greenhouse Gas Chemical Symbol GWP (IPCC, 2007a)
(abbreviation) for a 100 year horizon
Nitrous Oxide N,O 298
Perfluorinated Hydrocarbons PFCs (CF,, C,Fs, ...) 7,390 — 12,200
Fluorinated Hydrocarbons HFCs 124 — 14,800
Sulphur Hexafluoride SF¢ 22,800

7.4 Climate Protection Goals in Europe and
Germany

The term “climate protection” is anthropocentric. We want to avoid rapid cli-
mate change to which nature, agriculture and industry cannot adapt, thereby
endangering the well-being of humankind. Here climate protection is under-
stood as the measures taken to dampen anthropogenic climate change. At
present the European Union and some of its member countries are leading
concerning climate protection goals but in parts also concerning emission
reduction measures. It is difficult to assess whether even the modest goals set
can be reached, because

1. the only international binding measures within the Kyoto Protocol are
only set for the 2008 to 2012 period,
2. most national goals are not binding,

negotiations for binding measures for the post-Kyoto period have only
started in 2005 and should lead — as stipulated within the Kyoto Proto-
col — to new measures until the 15" Conference of the Parties to
UNFCCC in 2009 in Copenhagen.

Overall, i.e. when summing up emission reductions and emission increases
since 1990, the Kyoto Protocol can be fulfilled, since many industrialized
countries with economies in transition, the former socialist countries under
the influence of the former Soviet Union and the Russian Federation itself,
have gone in parts through major economic recession; and many OECD
countries have taken some modest measures, decreasing their emission in-
crease rates and some — like Germany and the United Kingdom — reducing
emissions strongly due to both climate protection measures and restructuring
of industry.

The next subsection will give the climate protection policy in Germany in
more detail before the European approach will be presented briefly.
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7.4.1 Emission Reduction Goals and Measures in Germany

When the Physical and the Meteorological Societies in Germany issued in March
1987 a joint brochure entitled “Warning of Global Climate Change Caused by
Mankind”, to which one of us (H. Grassl) contributed, the political reaction was:
Firstly, the establishment of a “Scientific Climate Advisory Board” by the Fed-
eral Government, and secondly soon thereafter in 1988, the establishment of an
Enquéte Commission “Precautionary Measures to Protect the Earth’s Atmos-
phere” by the German Parliament. Enquéte Commissions are equally composed
of parliamentarians and scientists or outside experts, in the above case 13 mem-
bers from each group. The latter’s public relation activities brought the scientific
assessments of ozone depletion, tropical forest destruction and the enhanced
greenhouse effect to the attention of most German citizens already in 1989. Its
internal reporting led to a cabinet decision in June 1990 to reduce CO, emissions
in Germany by 25 percent until 2005 with reference to the 1987 emissions. The
goal has been reached with slightly above 20 percent only in parts, roughly half
of it by political measures, the other half by integration of the former German
Democratic Republic into the Federal Republic of Germany on 3 October 1990,
which led — for example — to the dismantling of several large, but inefficient and
polluting lignite burning power plants.

A further follow-up was the so-called feed-in law, allowing all electricity gen-
erating installations using renewable energy sources access to the electric grid
at fixed prices guaranteed for 20 years since January 1991. It brought wind
energy the breakthrough as a considerable part of the electric energy use by
growth rates of more than tenfold in ten years (~ 26 percent growth per year).

A similar breakthrough for solar energy (mainly photovoltaics) and electricity
from biomass resulted from the Renewable Energies Law of 2000 and its later
modifications. At present about 13 percent of electric energy in Germany stem
from renewable sources. The ranking is: wind energy, hydro power, biomass
power plants and photovoltaics.

The technical innovations stimulated by this support for renewable energies
has caused massive growth of export of renewable energy plants and technol-
ogy, making Germany the leading country in both wind and solar energy tech-
nology in 2006.

7.4.2 Emission Reduction Goals and Measures in the
European Union

The proactive role of the European Union in the climate policy debate is un-
disputed. However, in a world with groups of countries whose income depends
nearly totally or substantially on fossil fuel exports, the pressure on Europe to
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strongly lead also in measures is low. As the European Union is the only area
in the world where the economically stronger ones support the weaker ones
over decades, burden sharing is a must, exemplified in the EU-15 agreement
how to reach the Kyoto Protocol goal of minus 8 percent for the greenhouse
gas emissions due to the gases listed in the so-called Kyoto basket (see section
7.3). Firstly, the minus 8 percent goal is the highest within the Kyoto commit-
ments of industrialized countries, secondly, the burden sharing spans a wide
range from minus 27 percent for Luxemburg to plus 40 percent for an eco-
nomically weaker member like Portugal, which still should grow economically
faster than the average member country (see table 7.2 for details).

In order to reach these goals the EU took — as the first group of countries —
advantage of a new political instrument that will also be part of the Kyoto
Protocol, emissions trading. Since January 2005 a European Union-wide CO,
emissions trading scheme is in place, covering about 50 percent of all CO,
emissions (large emitters only). It was started before the Kyoto Protocol be-
came binding (16 February 2005). As often, when a new policy instrument is
started, it suffers from several deficiencies. Some of these are: distribution of
CO,-certificates free of charge to the emitting industries, weak incentives to
reduce emissions due to too high allowances for emissions, allowances set by
member countries often protecting energy-intensive industries.

Table 7.2 CO,-reduction commitments of EU-15 member states within the
Kyoto Protocol

Member State Target 2008-2012 under Kyoto Protocol and ‘EU
burden sharing’ (percent)
Austria -13.0
Belgium -1.5
Denmark -21.0
Finland 0
France 0
Germany -21.0
Greece -25.0
Ireland -13.0
Italy -6.5
Luxembourg -28.0
Netherlands -6.0
Portugal +27.0
Spain +15.0
Sweden +4.0
United Kingdom -12.5
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In late 2006 the second national emission reduction allocation plans of several
member countries, including Germany, have been criticized by the European
Commission, mostly covering the above weaknesses. Resubmitted plans now
show more stringent reductions for the coming years.

Until now greenhouse gas emissions by international ship and air traffic are
not included in the Kyoto Protocol. The EU plans to integrate international air
traffic into the CO, emission reduction policy.

7.4.3 Reduction Goals

From scientific calculations it became clear that the maximum tolerable mean
global warming of 2°C within the 21* century translates into at least halfing
global emissions until 2050, which again translates into 80 percent emission
reduction for industrialized countries until this date. Since the EU has set the
2°C goal, the Kyoto commitments can only be a start. At COP 12 of UNFCCC
in Nairobi in December 2006 negotiations have led to the following tentative
goals, only expressed under conditions of similar reactions by other parties:

— 40 percent for Germany until 2020
— 30 percent for the European Union until 2020

On 9 March 2007 the European Union Council decided to at least set the fol-
lowing binding targets until 2020: — 20 percent CO,-emissions, 20 percent
energy efficiency gain, 20 percent of primary energy from renewable sources.
The key questions, however, in view of the global challenge of climate change
are:

How can emerging countries be integrated into the Kyoto follow-on process,
as their development path is decisive for future emissions? What incentives are
needed that their energy supply system uses rapidly renewable energy re-
sources.

Answering these questions depends also strongly on the EU climate policies
and technological innovation in developed countries.

7.5 Sustainable Development Strategy (of the EU)

It is clear that the present structures of economies worldwide will not lead to a
sustainable development. We deplete non-renewable resources at high rates
without engaging to the extent necessary for their replacement by renewable
resources. Because rapid climate change can destroy all efforts to reach sus-
tainable development climate change mitigation is the most urgent measure to
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keep the corridor to sustainable development open. Climate change mitigation
encompasses not only CO, emission reduction, but many more long- and
short-lived greenhouse gases and its precursors must be reduced, for example
nitrogen oxides (NO + NO,) that — jointly with hydrocarbons — lead to tropo-
spheric ozone, whose climate change contribution is already at the same level
as accumulated methane. A sustainable development strategy — as adopted by
the EU — has to deal with ecologic, economic, social and cultural goals going
well beyond mere climate change mitigation and adaptation measures. It is a
continuous process searching for the best approach to remain in a sustainable
corridor by joint action of science, politics and society in regions, countries
and at the international level. As expressed in Schellnhuber (2001), it is a co-
evolution involving all actors from the beginning. We still have to learn this
joint action.



8 Evaluation of Climate Effects

8.1 The General Evaluation Problem

The reduction of negative climate change impacts which influence every hu-
man activity, in private life as well as in business, is indeed urgently needed.
For the improvement of the current situation a broad variety of options is
available, or will be developed to fill current gaps. However having such op-
tions defined another problem arises. In a concrete situation we have to choose
one of the options, and only one, for a definite solution. Which option is to be
selected? This is not a simple question and the decision making becomes a
complex task.

Let us look at various situations: Some of the solutions proposed by the sys-
tems analysis efforts may be of such a character that they lead in the right
direction especially if they have extra positive side effects unrelated to climate.
Such an example is the reduction of private transport in a city in favour of
public transport if it is available. This would result in reduced emissions of
carbon dioxide and other greenhouse gases, as well as toxic gases from the
combustion of fuel. Traffic noise pollution would be reduced. There would be
lower risks of traffic accidents as well as health benefits. Moreover reduced
use of fossil fuels lowers its overall consumption.

The above example is not typical of the decision making situation when reduc-
ing greenhouse gas burdens: In most cases a certain measure will result in
different effects which can be both positive and negative.

Some examples of decision problems related to climate change are given in
table 8.1. Details are discussed in the following chapters.

Table 8.1 Interdependence of climate related problem solutions

Problem solution in question | Possible effects

How can financial resources Most measures for climate protection cost money.
be invested most efficiently The more a technical solution costs the better nor-
for climate protection? mally the effect is. However the money spent could
also be used for other kinds of improvements which
may result in better climate protection. The best
solution has the highest benefit/cost ratio.
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Problem solution in question

Possible effects

The idea is behind CDM (Clean Development
Mechanism) on an international scale where expen-
sive measures in one country are substituted by
cheaper measures in other countries which result in
a larger climate effect for the same cost.

Is the reduction of climate gas
emissions more important than
the reduction of emissions of
cancer causing substances?

Climate gas reduction is influential on a global
scale. Cancer causing substances are important
factors for human health. Both cannot be compared
directly. A decision on the side effects for human
beings is necessary.

Under which conditions is the
substitution of fossil fuels by
biofuels efficient with respect
to climate?

Fuels can be produced from fossil or from renew-
able energy sources. Renewables are generally
preferred.

However they are produced by agriculture, and
become competitive with human nutrition. Need for
land may foster deforestation and stress biodiver-
sity. Production needs would influence input of
fertilizers and pesticides which may negatively
affect soil and groundwater, and cause air pollution.
The production of fertilizers and pesticides con-
sumes fossil fuel. Environmental effects of biofuel
production are to be considered.

Should waste be deposited
with or without pre-treatment?

Waste pre-treatment reduces the organic matter and
separates recyclable materials. Thus methane pro-
duction in the landfill is lowered. Virgin raw matter
as well as production efforts for production of
materials can be reduced, thus reducing climate gas
emissions in industrial production. Long term land-
fill effects of liquid leachates and emissions are
reduced.

But low methane emissions from landfill also
means that there is no possibility of collecting gas
in a gas recovery system and using it as an alterna-
tive energy source instead of fossil fuels.

Is the reduction of emissions
of nitrous oxide (N,O) from a
chemical process more
climatically effective than the
reduction of emissions of
COy?

Both substances are greenhouse gases. But their
GWP is different: the reduction potential of one unit
in NO is 298 times larger than one unit in CO,.
Such effects can be clearly calculated.

However, the steps to reduce both gases are differ-
ent and must be taken into consideration.
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Problem solution in question

Possible effects

Is it environmentally effective
to reduce greenhouse gas
emissions with the use of end
of pipe technologies?

End of pipe technologies, such as washers, biofil-
ters, or gas incineration are able to reduce direct
CO, emissions.

But this causes extra equipment and may be accom-
panied by higher energy input for the process which
cause indirect climate effects as well as other envi-
ronmental burdens. Sometimes only environmental
effects are transferred from one media to another
(e.g. from air to water).

Table 8.1 indicates that a clear decision for a certain option under discussion is
only possible if decision criteria are available which focus on climate effects,
and at the same time consider other environmental as well as economic and

social aspects.

This problem is not new, and it is not only true for climate protection. There-
fore a variety of evaluation procedures (or assessment tools) has been estab-
lished, which can be used for such decision tasks. They normally focus on
special items or specified groups. A general decision procedure which simulta-
neously covers all aspects of sustainability does not yet exist. However, cli-
mate effects play an important role in most of the procedures. A graphic repre-
sentation of some assessment tools is given in figure 8.1.

Social aspects

Socio-eco-efficiency analysis

Costs and environmental
(climate) effects

Eco-efficiency analysis

Costs

Cost efficiency analysis

Climate effects
Environmental effects

Life-cycle assessment

Material intensity

Material flux analysis

Material
Emissions balance
Economics Costs
Energy Energy budgets
Resources Mass budgets

System boundaries

Figure 8.1 Hierarchy of assessment tools (Gohlke, 2006)
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Obviously all methods are based on matter and energy budgets within certain
systems boundaries which are to be defined as a pre-condition for a sensible
evaluation process. Economic evaluation is based on costs only. Environ-
mental effects are solely considered in the life cycle assessment. Combinations
of economic as well as ecological factors may be assessed using methods such
as eco-efficiency or cost-efficiency analysis. The trio of economy, environ-
ment, and social aspects is evaluated by the socio-eco-efficiency analysis
(BASF, 2004). This method, as well as others of this kind, is relatively close to
the needs of a sustainability oriented evaluation criterion but focuses on se-
lected aspects of the item under consideration.

A more detailed description of some practical assessment tools is given in
table 8.2.

Table 8.2 Selected environmental assessment tools

Assessment tool

Purpose of application

Example

Impact Assessment
(EIA)

impact potentials of a planned
facility or other activities

Environmental Actual ecological performance is | Auditing of a production

audit analysed, and targets are set for plant, including situation
future environmental perform- report and target defini-
ance on company levels tion

Environmental Analysis of the environmental Choosing a production

site for a chemical plant or
a landfill site

Life-Cycle Assess-
ment (LCA)

Comparison of the environmental
effects of the whole life cycle of
products, processes, services, or
other activities with the same
function; identification of im-
provement and optimisation
potentials

Comparison of beverage
bottle systems

Identification of key
process steps in climate
control

Comparison of the climate
change potential of differ-
ent substances

Comparison of climate
and health impacts

Risk Assessment

Estimation of impacts of an event
and its probability

Assessment of the risks of
landfill gas emissions
after destruction of a
landfill cover
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Assessment tool

Purpose of application

Example

Substance and
material flow man-
agement

(Bringezu, 2000;
Brunner, 2004)

Balancing of the material flows
in an observation unit (e.g. com-
pany, regional, national level)

Identification of flows of danger-
ous substances and of causes of
environmental problems in a
region

Control of flows according to
given criteria

Analysis of wood balance
in a region to find the best
use of it as a renewable
resource

Sustainable Process
Index Assessment
(Sandholzer, 2005)

Definition of the impacts of a
certain process in terms of the
area needed per process unit

Comparison of ethanol
production on the basis of
renewable or fossil energy
sources

Eco-efficiency
assessment

Combined assessment of the
impacts of a process, a technol-
ogy, or a service on ecological
(LCA) as well as economic
criteria

Definition of the best
waste management tech-
nology for a unit of waste,
including deposition, pre-
treatment, and waste
combustion for a region

Actually used for the estimation of climate effects of processes and services is
Life Cycle Assessment (LCA). It is therefore explained in more detail in the

following chapter.

8.2 Life Cycle Assessment for Climate Control

8.2.1

Background issues

Life Cycle Assessment (LCA) compiles the potential environmental aspects
throughout a product’s life, including raw material acquisition, production, use
of the produced good or service, and its disposal. Life cycle assessment is
often thus termed “from cradle to grave”. It serves:

. to compare environmental effects of different products

. to identify environmental key issues, such as climate effects

. to improve and to optimize products, the production thereof as well as

their use.
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The term “product” refers not only to a material, but includes also processes
and services.

The definition as well as the whole procedure are standardised by ISO 14040
norm group (CEN, 1999). This norm provides a framework and defines the
key methodological needs, to make LCAs comparable with each other, inde-
pendent of the institutions, or country, where the LCA analysis was performed.

There are several activities worldwide to improve the LCA methodology and
support its application:

. On the level of the United Nations Environmental Programme
(UNEP) a Life Cycle Initiative was established as a response to the
call from governments for a life cycle economy in the Malmé Decla-
ration (in 2000). It contributes to the 10-year framework of pro-
grammes to promote sustainable consumption and production patterns,
as requested at the World Summit on Sustainable Development
(WSSD) in Johannesburg (in 2002). This initiative develops and dis-
seminates practical tools for evaluating the opportunities, risks, and
trade-offs associated with products and services over their whole life
cycle (UNEP, 2007).

. The European Commission (EC) launched a simplified method which
condenses the basic methodology of ISO 14040 into an EXCEL calcu-
lation spreadsheet which already contains basic data on environmental
impacts. The aim is to enhance the application of LCA activities in
small enterprises for the environmental and climate related improve-
ment of their products or services (VHK, 2005; UNEP, 2007).

. The Society of Environmental Toxicology and Chemistry (SETAC)
provides an international infrastructure to support Life Cycle Assess-
ment groups in advancing science, practice, and application of LCA
and related approaches worldwide. The organization serves as a focal
point of a broad-based forum for the identification, resolution, and
communication of issues regarding LCAs, and facilitates, coordinates,
and provides guidance for the development and implementation of
LCAs in close cooperation with each other. Core tasks include plan-
ning and organizing LCA sessions and conferences (such as the An-
nual Meetings in Europe and North America and the LCA Case Stud-
ies Symposium), coordination of topical working groups, preparation
and global integration of LCA publications, and promotion of the
UNEP/SETAC Life Cycle Initiative (UNEP, 2007).

. Several countries such as Denmark and the Netherlands also have
more detailed guidelines prepared for internal use, including databases
for LCA activities. In Germany several calculation programmes are
available free of charge in LCA procedures (e.g. GEMIS, Oko-Institut,
2006).
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. One of the largest repositories of corporate greenhouse gas emissions
data in the world is the Carbon Disclosure Project (CDP) which as a
non-profit organisation is acting to facilitate a dialogue, supported by
quality information, from which a rational response to climate change
will emerge (CDP, 2007).

8.2.2 LCA Methodology

LCA after the general ISO framework consists of four phases (CEN, 1999):

. In the Goal and Scope Definition the purpose of the study and the
boundary conditions are defined.

. In the Life Cycle Inventory phase emission and resource data of the
process under study are gathered.

e In the Life Cycle Impact Assessment phase potential environmental
impacts of the emissions as well as resource consumption facts gath-
ered are analysed and quantified.

. In the Interpretation phase the results are interpreted by a group con-
sisting of the LCA team, the client, as well as of independent people
interested in the topic, and conclusions are drawn.

A more detailed description of the items to be worked out in the four phases
and the questions follows.

8.2.2.1 Step 1: Definition of goal and scope

In this first LCA phase the purpose and the boundary conditions of the study
are defined. Amongst the issues to be described the definition of the “func-
tional unit” which captures the functions of the study is most important, since
it provides the reference to which input and output are related. Some examples
of functional units for climate related studies are given in table 8.3.

Table 8.3 Examples of functional units for climate related studies
Example Typical functional unit
Comparison of transportation systems Transport of one ton of raw material over
a distance of one kilometer
Comparison of types of product One container carrying one ton of
containers for chemical substances material

Comparison of waste treatment practices | Treatment of a certain amount of waste,
e.g. one ton of municipal solid waste
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In principle, all processes from “cradle to grave” must be included in such a
study. But in practice all those processes which are identical for the products
compared and thus do not influence the result, such as production efforts for
machinery, can be eliminated from the scope of study.

The following example of the definition of the scope for a life cycle assess-
ment demonstrates an approach for biofuels — see table 8.4; of details the tech-
nologies see chapters 10 to 13. All technological measures dealing with manu-
facturing of machinery and infrastructure are excluded since these items are
the same for all processes. However, there is a choice whether or not to include
the production of the feedstock of the biofuel process, like agricultural inputs
or raw material for processing. This depends on the aim of the analysis.

Table 8.4 Items to be considered for biofuel production LCA (BR&D, 2005)

To be included

To be excluded

Origination of the raw material, such as
production, mining, or extraction.

Manufacture of machines and physical
infrastructure used in product or raw

material origination, manufacturing,

Manufacture or processing of the raw R ¢
P £ distribution, use, and disposal.

materials into the finished product.
Manufacture of machines used to
manufacture materials consumed in the
origination, manufacturing, distribution,
use, and disposal processes.

Manufacture of material inputs
consumed in origination, manufacturing,
or processing.

Transportation of raw materials and

finished products to points of use or sale. Operation of ancillary offices and

activities such as business travel, not
directly associated with the origination,
manufacturing, distribution, use, and
disposal of the product.

Product use, including combustion, if
applicable.

Disposal of waste products from
manufacture and use.

8.2.2.2

Step 2: Life-cycle inventory analysis

The inventory analysis involves data gathering and calculation procedures to quan-
tify inputs and outputs, i.e. resources and emissions. This is based on setting up
flowcharts of the system under study, which contain all details of the processes and
the interconnections of process steps. A definition may be necessary at this stage of
the work which mass and energy fluxes are important and which eventually can be
eliminated to reduce the complexity of the LCA. Indeed, a pre-condition for such a
definition is knowledge about the process effects. These may be a result of previ-
ous steps in a trial and error procedure, which is typical for LCA measures.

Data gathering can be a time consuming task. Potential data sources may be
primary data from process studies, or from literature, or expert judgement.
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Also public databases, such as the GEMIS database (Oko-Institut, 2006) can
be used, which offer inventory data for a large number of processes if, as is
often the case, actual primary data cannot be extracted.

The data have to be normalised to the functional unit.

8.2.2.3 Step 3: Life Cycle Impact Assessment

This step of the Life Cycle Assessment aims to evaluate the magnitude and the
significance of the potential environmental impacts of the system under study.
It involves three mandatory elements: Most important is the selection of 1)
impact categories, ii) indicators for these categories, and iii) models to quantify
the contribution of resources and emissions to it. This also may comprise a
ranking of the indicators. In the classification step, the inventory data have to
be assigned to the impact categories. Afterwards, in the characterization pro-
cedure, the contribution of the inventory data has to be quantified for the cho-
sen impacts.

In life cycle assessment practice the following impact categories with specific
indicators were established (see table 8.5). Table 8.5 also indicates some ex-
amples of substances which primarily influence these impact categories. Be-
sides impact categories given in table 8.5, which are used in the LCA after ISO
14040, other criteria are used for environmental analysis, e.g. energy and mate-
rial needs per unit of product, which may also have a direct or indirect effect
on climate.

Table 8.5 LCA impact categories and indicators

Impact Indicator | Description and climate Substances

category relevance

Global warming | CO, Contribution to global warming by | CO,, CHy,

potential, GWP its heat absorption capacity. Value | N,O, SFj,
depends on the time horizon HFCs, PFCs

considered. Typically a hundred
years time horizon is used. High
climate relevance.

Ozone depletion | R11 Contribution to the depletion of the | ODSs (see
potential, ODP (CCI3F) stratospheric ozone layer by chapter 9.),
persistent chlorine and bromine HCFCs

hydrocarbons. Global effects on
biosphere by UV radiation, effects
on human health. Also climatically
relevant.
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term effects. No environmental
effect, no climate effect.

Impact Indicator | Description and climate Substances
category relevance
Photochemical Ethylene Contribution to the formation of NMVOCs,
ozone formation oxidizing substances, e.g. ozone, CH,4
potential, PCOP mostly by reactions between NO,
(Summer smog and NMVOCs under the influence
potential) of UV-radiation in the troposphere.
Effects on human health and
ecosphere (e.g. damage of forests).
No direct, but indirect climate
effects.
Acidification SO, Contribution to the acidification of | SO,, NO,,
potential, AP an environment. Regional effects. | NHy, HF, HCI
No direct climate relevance, but
strong indirect relevance after
aerosol particle formation.
Nutrition PO,* Contribution to the production of | NO,, NHj3,
potential, NP biomass. Regional effects. No NH,
direct climate relevance.
Cancer potential | “Risk Contribution to cancer risk caused | Cd, Hg, Cry;
(short term and | units” by certain substances after a
long term) contact with it. Short and long

To define how much a process contributes to the impact categories, the effects
of all material and energy fluxes of the relevant process steps and their indi-
vidual impact have to be considered. The total of the impact category is given
as the sum of the effects of all substances “k” in all process steps.

In the case of the GWP of a process this is given by the following equation:

GWPtotal = Z (Bk * GWPIOO; k)

GWPyi:  total global warming potential

GWP g, individual GWP of the substance k for a
100 years’s time horizon

Br: mass of emission of substance k

An example for the calculation of the greenhouse gas potentials for two vari-
ants of a simple fictitious process is given in table 8.6 using individual GWPs
of the substances k (see table 7.1; IPCC, 2007a).
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Table 8.6 Greenhouse potential of two processes (fictitious numbers)

Substance k GWP, | Emission f (units/t) GWP.* By (CO,-eq./t)
Variant 1 | Variant 2 | Variant 1 | Variant 2

Nitrous oxide (N,0) 298 12 10 3,576 2,980
Methane (CHy) 25 15 12 375 300
Monochlormethane 13 0.8 1 104 13
(CH;5C))
Tetrachlormethane 1,400 0.045 0.060 63 84
(cCly)
Carbon dioxide (CO,) | 1 100 200 100 200
Sum 4,124.4 3,577

The process may be characterised by emissions of five substances (see both
columns 3 and 4 for the two variants of the process considered) with differ-
ent individual GWPs (see column 2). The resulting GWP value for each
substance is given in columns 5 and 6 for the variants 1 and 2, respectively.
The total GWPs will result if the values in columns 5 and 6 are summed up.
In the case given, variant 2 has a lower GWP compared to variant 1. Thus
variant 2 would be chosen if the decision is made only on the basis of GWP.

It should be mentioned that this result is not a simple one: If only emission
amounts were considered there would also have been preferences for variant 1,
since there are lower emission fluxes for monochlormethane (CH;Cl), tetra-
chlormethane (CCly), and carbon dioxide (CO,). Therefore, only a combined
approach leads to valide information.

8.2.24 Step 4: Interpretation

To reach conclusions and recommendations consistent with goal and scope of
the LCA an interpretation phase is necessary where the results of the inventory
analysis and the impact assessment are combined. This phase is comprised of
1) the identification of the significant issues, ii) the evaluation of completeness
of data, sensitivity, and consistency, as well as iii) conclusions and recommen-
dations.
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8.2.3 LCA case study: Comparison of climate effects of
integrated waste management systems

Examples for LCAs are given in the next chapters for certain defined indus-
trial, agricultural, energetic, and other processes. They focus on climate effects
of the process, mainly on the greenhouse gas potential, as “mass unit CO,-eq.
per mass unit of product”. As was explained the LCA methodology comprises
other environmental burdens as well, which have to be kept in mind for a com-
prehensive decision. Therefore the following example elucidates the method-
ology of a full LCA. All data are after Soyez (2001). The example refers to
waste management technologies which are described in detail in chapter 12.

8.2.3.1 Definition of goal and scope

The goal of the study is to find the best solution for the treatment of municipal
solid waste in respect of the impact categories. This implies

. Comparison of the impacts of different waste management options
. Identification of key factors and critical paths

. Assessment of the importance of political, economic and technical
background conditions

e  Assessment of the ecological benefits through material flow specific
waste management

. Identification of most effective improvement strategies and measures
. Systematic analysis of uncertainties
. Determination of best values in (technical) compromise situations.

The systems boundaries include the pre-treatment facilities and the landfill.
Waste collection is not considered. Credits are given to recovered materials
and energy resources. The consumption of materials and energy for the opera-
tion of the pre-treatment plants and the landfills are taken into account.

Since the technologies can be set up anywhere in the world, the analysis in
principle is independent of any particular country. However, for a concrete
solution, German conditions are used.

Reference point of the calculation is the specific contribution to the total
effects of waste management in Germany, i.e. to which percentage the waste
management system will contribute to the total national impact of every
category if the total amount of residual waste is treated by the considered
system.
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8.2.3.2 Technology description and functional unit

For waste treatment several technologies can be applied. Under EU conditions
a so-called pre-treatment is necessary before deposition of waste can take
place. In principle, all technologies after figure 8.2 can be applied.

..... S Production
Consu:nption

v

Municipal solid waste (MSW)

« Bic-organic fraction (food, garden waste...)
» High caloric fraction (plastics, packaging...)

« Inert fraction (ash, glass, metals) =

Recycling: B Recycling:
Metals, Metals,
plastics, Aty [ttt energy
energy - v )
. Mechanical- . Incineration
biological :

pre-treatment .

Deposition

Figure 8.2 Waste management pre-treatment technology options

In the study, special waste management processes after table 8.7 are included.
Technological details are described in chapter 12.

Table 8.7 Technologies included in the LCA

Technological option Assumptions and specialities
Landfill without pre- Technology considered for comparison only. Not at the
treatment accepted state of the art in EU.

No decomposition of organic matter before the landfill.
Capturing of landfill emissions and energy production
from landfill gas recovery.
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Technological option Assumptions and specialities
Mechanical biological High decomposition of organic matter by intensive
pre-treatment (MBP) processing (“rotting”) (e.g. 8 weeks with forced aeration)

and subsequent extensive decomposition. Recovery of the
metal fraction. Collection and cleaning of waste gas of
the pre-treatment by a biofilter system.

Combustion Conventional combustion plant with grate firing.

The principal function of all technologies is the treatment of waste. Therefore,
as the functional unit, the treatment of one ton of waste material is the yard-
stick.

8.2.3.3 Impact assessment results

The impact assessment is performed using the impact categories in table 8.5.
Figure 8.3 displays the results of the assessment given as contributions of
selected categories to the national (in this special case: German) emission
inventory. Negative values mean benefits for the environment and positive
values indicate an extra burden.

3
Landfill o
(I
28388
B
2 MBP
= Combustion
-3,00 -2,00 -1,00 0,00 1,00 2,00
Specific contribution to Germany's National Emission Inventory (percent)
m Global Warming Ozone depletion Summer smog
O Acidification ® Nutrition 8 Human Toxicity

Figure 8.3 LCA results of waste management technology options
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8.2.34 Interpretation and conclusions

Figure 8.3 indicates, in terms of the impact categories, the environmental bene-
fits and disadvantages of the waste management options. If a decision is to be
made only on the base of one category, a clear decision would be possible in
the case of summer smog potential as well as for climate impacts: Combustion
and MBP are preferable options. For climate impacts alone MBP would be the
best solution. Only direct deposition results in environmental burdens in every
impact category considered. The other options result in both burdens and bene-
fits. Therefore none of the waste treatment options is best in every criterion.

The Global Warming Potential (GWP) is mainly caused by CO, and CHy. The
burdens result from the energy consumption and the landfill gas emissions.
However, these burdens can be equalised by credits through recovery of waste
fractions for recycling or power production, so that MBP and combustion end
up with a climate benefit.

The ozone depletion (ODP) and the summer smog potentials (POCP) of the
landfill and the MBP are caused mainly by CFCs (CFC-11, CFC-12) and by
highly volatile chlorinated hydrocarbons which are emitted during pre-
treatment and in the landfill. The specific contributions of the burdens exceed
one percent. During combustion, these substances are almost completely de-
stroyed, so that no burdens result from them in this technology. On the other
hand, in the combustion facility, energy is recovered, which results in benefits.
For MBP benefits from material and energetic recovery prevail.

The acidification potential (AP) is caused by SO,, NO,, and ammonia emis-
sions, the nutrification potential (NP) by ammonia and NOy emissions. Both
burdens are comparatively low and are balanced through credits for material
and energy recovery.

The Human Toxicity Potential is predominated by the gaseous emissions of
heavy metals such as chrome, cadmium, and nickel. These metals are mobi-
lised to a high degree when the waste or waste fraction are combusted. This
option, as well as MBP option which includes the recovery of a RDF-fraction,
end up with higher burdens. In the landfill a certain percentage of heavy metals
can be considered to be stored over a period of several thousand years, depend-
ing on the buffer capacity and the creation of humus-like substances within in
the landfill. Therefore the landfill option has the lowest Human Toxicity Po-
tential.

This chapter explained only the methodology of LCA and its application for
climate control measures; details of the waste management processes consid-
ered as well as more examples of greenhouse gas effect evaluations for proc-
esses of various kinds are given in the following chapters.



9 Climate Effects and Mitigation Potentials
of Economic Sectors

Economic sectors comprise industrial manufacturing, agricultural production,
energy production, and waste management processes. Every such process
results not only in the products wanted, but also in by-products, wastes, and
emissions. Amongst the emissions, typically, greenhouse gases occur. Hence,
every process is climate relevant.

The climate effect of a single process is the result of the emission amount and
the specific GWP of the emissions and can be calculated as the product of
mass and individual GWPs (see table 8.6). It depends on the specific process
and the conditions of its application. Thus, the choice of the raw material, the
technology, the apparatus, the cleaning device, and others may influence the
climate impacts of the production process. An optimisation of the process with
reference to a decision criterion reflecting the climate effects is thus a neces-
sary precondition for the choice of the best technology (see chapter 8.1).

To get a first impression of the importance of the different production sectors
for climate change, a comparison of the total GHG fluxes in a country or in a
region seems useful. The current situation of climate gas emissions by the most
important six substances (Kyofo gases) as well as their contribution to the
sectors of the whole world’s economy and some selected regions (Germany,
EU, USA) is given in table 9.1.

Table 9.1 Kyoto gas emissions in selected regions
Country/region

Germany EU-15 (EC, | USA (EPA, | World

(UBA, 2007) 2007b) (IPCC,

2007) 2007c)
Reference year 2005 2005 2005 2000
Total emission 1,002 4,192 7,260 43,000
(Mio t CO,-¢q.)

Contribution of Kyoto
gases

Percent of total GHG emissions

CO,

87.1

83.1

83.9

71
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Contribution of Kyoto Percent of total GHG emissions
gases

CH,4 4.8 7.4 7.4 15
N,O 6.6 8.0 6.5 8
HFCs 0.9 1.3

PFCs 0.1 0.1 22 !
SF 0.5 0.2

Figure 9.1 represents to which extent the economic sectors contribute to the
total GHG emission of selected contries or regions and world’s mean values.
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Figure 9.1 GHG emissions economic sectors in selected economies

Obviously, in industrialized countries, the energy sector contributes to about
80 percent or more, followed by agriculture and industrial production with
around 5 to 10 percent each. Waste treatment with only one to three percent is
more or less marginal.
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Processes and Typical Emissions

Activities in climate improvements therefore should start with improvements
in the energy sector, but every percent of reduction also in the other sectors
counts. Therefore, a broad range of activities is necessary.

9.1 Processes and Typical Emissions

With respect to the emission types, CO,, N,O, CHy, and so called high global
warming potential gases (high GWP gases, such as PFCs and HFCs) dominate.
GWPs are given in table 7.1 (see chapter 7) for a 100-year time horizon.

In which process nitrous oxide, methane, or high GWP gases predominate is
given in table 9.2. CO, which is the most important emission (by more than
90 percent of total emission, see table 9.1) is not explicitly mentioned here,

since it is relevant in practically every process.

Table 9.2 Emissions of typical production processes

Methane Nitrous oxide High GWP Gases

Energy Coal mining; Biomass

production Natural gas and oil | combustion;
systems; Stationary | Stationary and
and mobile mobile
combustion; combustion
Biomass
combustion

Agriculture Livestock manure | Livestock
management; manure
Livestock enteric management;
fermentation; Rice | Agricultural
cultivation; soils; Agriculture
Agriculture residue | residue burning;
burning; Prescribed | Precsribed
burning of savanna; | burning of
Agricultural soils savanna

Waste Landfills; Waste Human sewage;

management | combustion; Waste
Mechanical- combustion
biological waste
treatment,
Composting;
Wastewater
treatment
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Methane Nitrous oxide High GWP Gases
Industrial Petrochemical Adipic and nitric | Substitutes for ozone
processes production; Silicon | acid production; | depleting substances
carbide production; | Caprolactam (HFCs, PFCs);
Iron and steel production; Production/manufacturing
production Solvent use; of HCFC-22 (HFC-23);
Fugitives from Primary aluminum (PFCs);
oil and natural Magnesium (SFy);
gas systems, Production of electrical
fugitives from equipment (SF¢) and
solid fuels semiconductors (PFCs,
SF¢, HFCs)

9.2 General Mitigation Potentials

Mitigation means reducing GHG emissions by technical means, of every sector
including industrial processes, agriculture, waste management, and energy.

A broad variety of measures is currently available; others are under intensive
research and will become practicable in the shorter or longer term. This in-
cludes organisational practices such as energy auditing, the application of
management systems, GHG inventory and reporting systems, or benchmark-
ing, which are similar for every process considered. Other practices are sector
oriented and refer to technologies or processes.

In table 9.3 a survey of such practices including an estimation to which extend
they would affect CO, reduction is given; the emissions reduction potential is
estimated for the year 2030. Details of special practices and measures are in-
cluded in the following chapters.

Table 9.3 Current and future mitigation practices and effects (Vattenfall,
2007)
Sector Mitigation practice Estimated effect
(Mio t CO;-eq./a)
Energy Carbon Capture and storage (CCS, see 9.4) 3,100
CO,-efficient fuel (use of natural gas instead of 400
coal)
Use of renewable energy (wind, solar, biomass) 1,500
Reduced demand (increased end use efficiency) 3,700
Industry Improved electric motor drive systems 1,200
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Sector Mitigation practice Estimated effect
(Mio t CO;-eq./a)
Smelt reduction in steel making 200
Increased industrial energy efficiency 400
Substitution of fossil fuels in industry 300
Feedstock substitution in cement and clinker 700
production
Transport | Fuel efficient vehicles (vehicle body 1,500
improvement, hybridization)
Fuel switch (biofuel, flexi-fuel) 400
Demand reduction (reduced travelling distance, 400
public transport, intelligent traffic management)
Building Lighting (energy efficient lamps) 400
sector Effective white goods (e.g. refrigerator, washing 200
machine)
Reduced stand-by losses 200
Water heating and air conditioning (use of 500
efficient compressors, heat pumps)
Improved building insulation (wall, window, roof) | 1,700
Forestry Reduced deforestation 3,300
Increased forestation 3,500
Agri- Reduced flooding of rice fields (dry cultivation, 100
culture slow release fertilizers)
Improved animal handling 200
Shift in fertilizers (optimized application, 700
nitrification inhibition)
Waste Recycling 300
manage- Capturing and use of landfill gas 400
ment

Though only the figures given in table 9.3 are rough estimates it becomes
evident that considerable effects can be achieved after application of the miti-
gation activities. The sum amounts nearly 27,000 Mio t CO,-eq. (to be reached

in 2030).

Some of the practices in table 9.3 are available at low or even no cost, but in
general increased capital investment or operating costs must be considered for
mitigation activities. Therefore the input of money affects the mitigation re-
sults which can be achieved in practice.
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The estimated overall mitigation potential on a global scale in dependence of
the cut-off rate for marginal abatement costs (“‘carbon price”) is presented in
figure 9.2.
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Figure 9.2 Global mitigation potential for carbon price categories (IPCC,
2007¢)

Figure 9.2 indicates that a global mitigation potential of about 6,000 Mio t
CO,-eq./a is available without extra costs. For mitigation in the range of 9,000
to 31,000 Mio t CO,-eq. a carbon price between 20 and 100 US$ per ton CO,-
eq. is expected depending on the scenario considered. This is two-thirds of the
recent total of world’s GHG emissions (43,000 Mio t CO,-eq./a — see table
9.1). Its application therefore would reduce the GHG emissions to an accept-
able low level.

The term “carbon price” is sometimes represented by the shadow price of an
additional unit of CO, emitted or by the rate of carbon tax or the price of emis-
sion permit allowances (IPCC, 2007d). For a company it is more profitable to
invest into technology instead of paying the carbon tax. As an example, ac-
cording to figure 9.2, at a carbon price of 20 US$/t CO,-eq. an average abate-
ment effect between 9,000 and 17,000 Mio t CO,-eq./a can be expected in the
long run on a global scale.
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9.3 Mitigation Potential by Carbon Capture and
Storage (CCS)

The largest mitigation potential among the known technologies is addressed to
Carbon Capture and Storage (CCS) which is not sector specific. The abatement
potential is estimated to be 3,100 Mio t CO,/a (Vattenfall, 2007).

CCS comprises 1) the generation of a gas stream with a high concentration of
CO, and capture it from industry, energy related and other sources, ii) its
transportation to a storage location, and iii) long-term isolation from the at-
mosphere either in suitable geological formations, such as oil and gas fields,
inminable coal beds and deep saline formations, or in the oceans, e.g. by direct
release into the ocean water column or onto the deep seafloor.

CCS may be applied for fossil CO, emissions, but also for CO, emissions from
renewable sources, which would result in an extra benefit for climate. It can be
applied to large point sources, i.e. with capacities of more than 0.1 Mio t CO,
per year. These include fossil fuel or biomass energy facilities, major CO,-
emitting industries, natural gas production, or synthetic fuel plants. World-
wide, such large stationary emit nearly 13,500 Mio t CO,-eq. per year (see
table 9.4), which is about one third of world’s total GHG emissions.

Table 9.4 Point CO, emission sources (IPCC, 2005)

Process Number of sources Emissions

(Mio t CO,-eq./year)
Fossil fuel
Power 4,942 10,539
Cement production 1,175 932
Refineries 638 798
Iron and steel industry 269 646
Petrochemical industry 470 379
Oil and gas processing Not available 50
Other sources 90 33
Biomass
Bioethanol and bioenergy 303 91
Total 7,887 13,466
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Net reduction of emissions through CCS depends mainly on the fraction of
CO,; captured. Available technologies capture up to 95 percent of the CO,
processed in a plant. However, there are losses in the overall efficiency of the
process due to extra requirements of energy, transport and storage, which re-
sult in increased CO, emissions for the same amount of end product. A power
plant with a CCS system needs 10 to 40 percent more energy compared to a
reference plant without CCS. Therefore the final result is reduced CO, emis-
sions of about 80 to 90 percent, depending on the type of the capture system
(see Figure 9.3).

Plant with CCS %

Carbon doixide produced

m CO, emitted CO, captured

Figure 9.3 Net CO, emission after CCS application

In most cases, storage is not possible on the site of the production facility, so
that transportation is necessary. Pipeline transport is preferred for a distance up
to 1,000 km. For amounts smaller than a range of few Mio t CO, annually or
for larger distances overseas the use of ships is commercially attractive. For
both options approved technology and infrastructure exist. Pipeline transport
of CO, is practiced e.g. in the USA where more than 40 Mio t CO, annually
are transported in a pipeline system which is more than 2,500 km in total.
Shipping is comparable with sea transportation of liquefied petroleum gas.

Storage of CO, in geological formations uses many of the same technologies
that are applied by the gas and oil industry. Combinations of CCS and en-
hanced oil recovery (EOR) from boreholes are applied and result in enhanced
revenues. Total storage capacity is in the range of 2,000 Gt CO,. Fractions
retained in geological reservoirs are estimated to very likely exceed 99 percent
in appropriately selected and managed plants in a hundred years period; the
same amount is likely to be retained after 1000 years.
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In oceans CO, is stored either by injection and dissolving the gas into the wa-
ter column below 1,000 m via a pipeline or ships, or by depositing via a fixed
pipeline or an offshore platform at depths lower than 3,000 m. CO, in this
environment is denser than water so that long term storage is possible. Storage
capacity is in the range of thousands of Gigatons. Technological and environ-
mental impacts are currently being researched.

Energy and economic models indicate that CCS will mainly contribute to CO,
emission reduction in the electricity sector as a component of a clean fossil
fuel strategy. Estimations come up with an increase of the electric generation
cost by about 0.01 to 0.05 US$ per kWh. A significant level of CCS is ex-
pected provided CO, prices reach 25 to 30 USS$ per ton of CO,. Real costs will
also depend on the legal or regulatory framework which is just developed on
an international scale, e.g. in EU (EC, 2008).

CCS technologies were first proposed in the 1990’s as an atmospherically
viable option. Currently several research and demonstration plants are in op-
eration. ELSAM (CASTOR) started the operation of a demonstration power
plant with a tail end capture for about 2.5 MW thermal load. Vattenfall (EN-
CAP) decided on building a demonstration plant for integrated capture in the
case of a coal fired oxyfuel-boiler technology with about 30 MW (Span, 2006).
The European Commission decided to support the construction of up to 12
demonstration facilities. As an example, in a 60,000 t CO, storage research
project named CO2SINK in Ketzin (Germany) long time storage in a 800 m
deep sandstone rock is studied by geo-physical and geo-chemical monitoring
systems (BMWi, 2007).

Several industrial-scale storage projects are in operation, which are an offshore
saline formation in Norway, an oil recovery project in Canada, and an opera-
tion in a gas field in Algeria. For power production, RWE (RWE, 2006) gave
notice of commercial operation of a 450 MW plant with CO, capture for 2014.
The economics of the plant will depend solely on the price of emission certifi-
cates. More than EUR 20 per ton CO, avoided is required. BP will start com-
mercial operation of a natural gas fired 350 MW power plant in 2009. The
project mainly aims at CO, production for enhanced oil recovery, power is a
“by-product”. Investment is about EUR 500 Mio. A return of about 40 Mio
barrels of oil is planned (Span, 2006).



10 Climate Impacts and Emission Mitigation
of Industrial Production

10.1 Relevance and Trends of Industrial Sector
Emissions

World’s industrial sector emissions of GHGs, which comprise CO, from en-
ergy and from non-energy use of fossil fuels and renewable fuel sources, as
well as non-CO, GHG emissions, amounts 7,200 Mio t CO,-eq. and 12,000
Mio for direct and for total emissions including indirect emissions, respec-
tively. A specification after sources is given in table 10.1.

Table 10.1 Industrial GHG sources and amounts (world’s totals) (IPCC, 2007¢)

GHG source Amount Specifications
Mio t CO,-eq.
(reference year)
Energy-related CO, 9,900 (2004) In 1971 the value was 6,000 Mio t CO,-

eq., which is equivalent to a 40 percent
growth.

Industrial sector’s share of global
energy use was 37 percent in 2004

Share of developed nations, transition
economies and developing nations was
35, 11 and 53 percent, respectively.

CO, from non-energy
use of fossil and non-
fossil fuels

1,700 (2000)

NOH-C02

430 (2004)

Includes CHy, N,O, PFCs and HFCs

Not more than 4 percent of world’s GHG emissions are directly process re-
lated. In the EU industrial production contributes by about 10; in the U.S. by
about 5 percent. This is a relatively small position compared to the energy
related processes (see figure 9.1). Nevertheless, GHG emission reduction is
important also for the industry.
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Emissions considered in industry are released as by-products of the reactions
which take place in the industrial processes, when raw material is transformed
from one state to another in the end product. In addition to that, the industrial
processes are also characterized by energy consuming process steps such as
heating or cooling for best process conditions, or electrical energy for smelting
processes (as in the case of aluminum production), or stirrer power for stirring
of the process fluids (as in the case of bioprocesses, liquid-liquid reactions or
solvents), and others. Such energy related emissions are considered independ-
ent of the process and are not part of the process emission balance.

On the other hand there is a large difference in the GHG potentials of different
technologies. Reduction measures are especially important for the industries with
largest emissions. A survey of the situation in the USA where industrial proc-
esses in 2005 emitted more than 330 Mio t of CO,-eq. is given in table 10.2.

Table 10.2 Total emissions from selected industrial processes in the U.S. indus-
try, 2005, (Mio t CO,-eq.) (EPA, 2007b)

Process CO, CH; | N,0 HFCs, All
PFCs, SF,

Substitution of Ozone 123.3 123.3

Depleting Substances

Iron and steel production 45.2 1.0 46.2

Cement manufacture 459 459

Ammonia manufacture and 16.3 16.3

urea application

Nitric acid production 15.7 15.7
HCFC-22 production 16.5 16.5
Electrical transmission and 13.2 13.2
distribution

Lime manufacture 13.7 13.7
Aluminum production 4.2 3.0 7.2
Limestone and dolomite use | 7.4 7.4
Adipic acid production 6.0 6.0
Semiconductor manufacture 43 4.3
Petrochemical production 29 1.1 4.0
Soda ash manufacture and 4.2 4.2
consumption

Magnesium production and 2.7 2.7
processing

Titanium dioxide production | 1.9 1.9
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Among the traditional industrial branches iron and steel production as well as
cement manufacture are main emittents. 50 percent reduction happened be-
tween 1990 and 2005. A much larger part is emitted by the so called new proc-
esses for the replacement of ozone depleting substances (ODSs) by HFCs and
PFCs. By 2020, ODS substitutes are expected to account for 60 percent of all
industrial emissions. Substantial increases of GHG emissions are projected
from HCFC production and electric power systems with growth rates of about
60 and 80 percent, respectively. Semiconductor manufacturing will show al-
most doubled emissions, despite the adoption of mitigation measures (WWF,
2006). Current emissions and mitigation potentials will be considered in chap-
ter 10.2.

In the majority of all industrial processes CO, is emitted. Some typical GHGs
other than CO, emitted from selected industrial processes which were dis-
played already in table 9.2 are given in detail in table 10.3.

Table 10.3 Industrial processes and typical non-CO,-emissions (EPA, 2006)

Product Emitted GHGs
Adipic and nitric acid N,O

Substitutes for ozone depleting substances | HFCs, PFCs
HCFC-22 HFCs

Electric power systems SFg

Primary aluminum PFCs
Semiconductor HFCs, PFCs, SF¢
Magnesium SFs

Other miscellaneous industrial products CH,4, N,O

Table 10.4 displays specific emissions of CH, and N,O and the resulting total
specific greenhouse gas potentials for selected industrial processes.

Table 10.4 N,O and CH, emissions (Schon, 1993) and GHG potentials of se-
lected processes

Product Emissions (kg per ton of product) Total GWP
(t CO,-eq./t)
N,O CH,4
Ammonia 10.1 0.25

Nitric acid 3.1-6.2 0.92-1.85
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Product Emissions (kg per ton of product) Total GWP
(t CO,-eq./t)

N,O CH,4

Adipic acid 333 99

Methanol 9.1 0.23

Oxo-synthesis 3 0.07

products

Acetic acid 9 0.23

Gases other than CO,, CH,; and N,O influence the overall climate effects of
industrial processes as well, especially the anthropogenic (man-made) chlorin-
ated and fluorinated hydrocarbons, namely hydrofluorocarbons (HFCs) and
perfluorocarbons (PFCs), but also sulphur hexafluoride (SFs). They are sum-
marized under the term High Global Warming Potential Gases (high GWPs).
They are used as substitutes for a group of so called ozone depleting sub-
stances (ODSs) which have been phased-out in industrialized countries under
the Montreal Protocol on Substances that Deplete the Ozone Layer. This usage
is growing rapidly. From a current value of nearly 300 Mio t CO,-eq. a rise to
about 700 Mio t is envisaged by 2020. But only the substance group is to be
characterized as an interim substitute in many applications, for they will also
be phased-out under the provisions of the Copenhagen Amendments to the
Montreal Protocol.

In some ODSs replacement applications, such as solvent cleaning or aerosol
applications, the substitutes are emitted immediately, whereas in others the
substitutes are replacing ODSs’ in equipment such as refrigerators or air condi-
tioning applications, and are only slowly released.

Moreover, they are employed and emitted by important industrial processes,
such as aluminum and HCFC-22 production, semiconductor manufacture, and
magnesium metal production and processing. They are also generated through
electric power transmission and distribution facilities (see table 10.5).

Table 10.5 High GWPs and their current industrial use (EPA, 2006)

Chemical Use

Hydrofluorocarbons (HFCs)

Several HFCs Foam blowing agent and refrigerant, fire suppressant, propellant in
metered dosed inhalers and aerosols, plasma etching and
semiconductor production
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Chemical Use

Perfluorocarbons (PFCs)

CF,, C,F¢ Byproduct of aluminum production, plasma etching and cleaning
in semiconductor production and low temperature refrigerants

C;Fy Low-temperature refrigerant and fire suppressant. Used in plasma
cleaning in semiconductor production

Sulfur Hexafluoride (SFg)

SF¢ Cover gas in magnesium production and casting, dielectric gas and
insulator in electric power equipment, fire suppression discharge
agent in military systems, atmospheric and subterranean tracer gas,
sound insulation, process flow rate measurement, medical
applications, and formerly an aerosol propellant. Used for plasma
etching in semiconductor production

Hydrofluoroethers (HEFs)

C4FyOCH; Cleaning solvent and heat transfer fluid

In addition to such greenhouse gases which directly influence climate factors,
many industrial processes generate indirect greenhouse gases which occur
when chemical transformations involving the chemical substance produce
greenhouse gases. Another indirect effect occurs when the gas considered
influences other climate relevant processes such as lifetime of atmospheric
GHGs.

The most important indirect industrial greenhouse gases are NOy, carbon mon-
oxide (CO) and non-methane volatile organic carbon compounds (NMVOCs).
They are produced in chemical and allied product manufacturing, metal proc-
essing, during storage and transport, as well as by health services, cooling
tower operation, fugitive dusts, various incomplete combustion processes, and
accidental or catastrophic releases.

10.2 Conseqgences of Climate Change for Industry

By the emissions discussed industry actively influences the climate change. On
the other hand, industry itself is influenced passively by climate effects. One
main factor could be the situation of infrastructure which may be influenced or
even destroyed by weather events such as snow, floods, or low water levels in
rivers, which make shipping of goods untenable. Low water supply or higher
water temperatures make process cooling and environmental activities more
difficult.
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Moreover, industrial activities would be affected through the impact of govern-
ment policies pertaining to climate change, such as carbon taxes which in-
crease the material and energy costs. They could also be affected through a
changed consumer behavior. An example is clothing, the choice of which de-
pends on the temperature, and more warm-weather clothing might be ordered
in cold climates, and vica versa. Climatic impacts on natural resources may
influence manufacturing that depends on that type of resource, e.g. food and
renewable material processing, which depend on the agricultural yields which
may change through climate factors.

This aspect of climate influence on industrial processes is not yet fully clari-
fied, however considered of growing concern.

10.3 Climate Impacts and Emission Mitigation of
Selected Industrial Processes

10.3.1 Production of Iron and Steel

World raw steel production was 1,200 Mio t in 2006 (USGS, 2007). Markets
are growing very fast, especially in China, where annual production has
reached about 420 Mio t in 2006. On a global scale steel production GHG
emissions are estimated to be 1,500 to 1,600 Mio t CO,-eq., including emis-
sions from coke manufacture and indirect emissions due to power consump-
tion. This is equal to 6 to 7 percent of world’s anthropogenic GHG emissions.
Chinese steel production accounts for more than 10 percent of countrywide
GHG missions.

Iron and steel production is climate relevant for two reasons: First, it is an
energy intensive process and thus uses large amounts of fossil energy sources,
which result in CO, emissions. In addition, during the different process steps,
non energetic production related emissions of direct climate gases such as CO,
and CH, occur. Moreover other pollutants with direct greenhouse gas effects
are emitted (see table 10.6).

Table 10.6 Emission of selected pollutants in steel production (BREF, 2002)

Pollutant Amount
(g/t liquid steel)
PAH 200

voC 90
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Pollutant Amount
(g/t liquid steel)
CO 14,900
NO, 1,000
SO, 930

The following details of steel production elucidate the sources of emissions:

Iron is produced by reducing iron oxide from iron ore using metallurgical
coke in a blast furnace. Iron is introduced in the form of raw iron ore, pel-
lets, briquettes, or sinter material. The result of this first production step is
an impure pig iron. It is the raw material for steel production by specialised
steel making furnaces, and for the production of iron products in foundries.
During pig iron production CO, and CH, are emitted.

Metallurgical coke which is needed as a reducing agent is produced by
heating coking coal in a coke oven in a low oxygen environment. This
process is a non-energetic one. Thus, its emissions are considered in the
greenhouse balance of steel production. During the process, volatile com-
pounds of the coking coal are driven off as a coke oven gas. When applied
in the blast furnace, the metallurgical coke is oxidized. The result is re-
duced iron and CO,.

When volatile compounds resulting from metallurgical coke production
condensate tar products are generated. Coal tar is the raw material for the
production of anodes for electrolytic processes, such as primary aluminum
production, and for several other coal tar products. During the processes,
CO, and CHy are emitted. The relation between these two is about 50:1.

The majority of the CO, emissions in the iron and steel production come
from the production of pig iron (using metallurgical coke). Smaller
amounts originate from the removal of carbon during the steel production.
Carbon is also stored in the products, i.e. iron (about 4 percent carbon) and
steel (about 0.4 percent carbon).

Methane which is produced during the processes for coal coke, sinter, and
pig iron, is mostly emitted via leaks in the production, only partly through
the emission stacks of the plants. Thus a treatment of methane is difficult.
The emission factors are 0.5 g CHy/kg produced coal coke, 0.9 for pig iron,
and 0.5 for sinter.

Resulting total GHG emissions in steel production are characterised by a high
variability depending on the production technology applied. The differences
are based on the production route used, fuel mix and production energy effi-
ciency, carbon intensity of the fuel mix, as well as electricity carbon intensity.
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Compared to an average emission value of world steel production EU and
USA both reach only 50, and Japan only 25 percent, however Russia and
China up to 350 percent due to out-date-technology. This fact indicates a high
improvement potential by modernisation of plants. In Germany, long term
improvement activities of steel making technology resulted in a reduction from
2.5t COy-eq. pert of pig iron in 1960 to a value of 1.34 in 2007 (Amelung,
2007). After technology assessment studies a value between 0.5 and 1.5 seems
possible. However economic constraints will lower this potential.

Technological improvements refer to reduction of carbon dioxide emissions by
CCS (see chapter 9.4), energy efficiency improvements, as well as fuel switch-
ing. Energy related measures include enhancing continuous production to
reduce heat loss, recovery of waste energy and process gas, or preheating in
case of the use of scrap metal. Switching to alternative fuels such as oil and
gas could reduce specific CO, emissions. Other recent options are the use of
pre-treated waste components, such as recycled plastics or refuse derived fuel
(RDF) (see chapter 12.6). Moreover renewable charcoal is a traditional alterna-
tive to coke. By use of hydrogen iron ore could be reduced with much lower
CO, emissions.

Long term total mitigation potential is estimated in the range of 0.32 and 0.76 t
CO;-eq./t steel.

10.3.2 Cement and lime manufacture

10.3.2.1 Cement manufacture

Cement is a finely ground grey powder of inorganic non-metallic nature. After
mixing with water it forms a paste which sets and hardens due to the formation
of silicate hydrates from cement constituents. Cement is a critical element of
the construction industry. World cement production in 2006 was about 2,500
Mio t (USGS, 2007). It is produced in nearly 40 countries all over the world.
The production is growing heavily due to the global economic development,
e.g. in China in 2006 a capacity of 1.1 billion t was achieved (USGS, 2007).
No shortage of the raw material is envisaged, for limestone is abundant all
over the world.

The cement industry strongly contributes to the global CO, emissions with an
amount of 5 percent. In the USA, cement is one of the largest sources of indus-
trial CO, emissions (see table 10.2). At the current cement production of 94
Mio t of portland cement and 6 Mio t of masonry cement a total of 45.9 Mio t
CO;-eq. is emitted.

Comparable with steel production, climate relevant emissions originate from
direct energy consumed in making cement, as well as from the chemical proc-
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esses during the reaction. An amount of 60 to 130 kg fuel oil and 110 kWh of
electrical energy per ton of cement are used. 50 percent of the greenhouse gas
emissions are due to the chemical process, and 40 percent to burning fuels. The
remainder splits into transport and electricity needs.

Specific production processes are as follows: In the first process the raw mate-
rial which is limestone (calcium carbonate CaCQO;) is heated at a temperature
of about 1,300°C in a cement kiln (“calcination”). This results in lime (calcium
oxide Ca0) and CO,. The amount of CO, released is directly proportional to
the lime-stone input. In the next step, as an intermediate product, the so-called
clinker is produced through the combination of lime with silica-containing
material. An average of 0.525 t CO, is emitted per ton of clinker produced.
The clinker is cooled and then mixed with small amounts of gypsum, which
results in portland cement. Masonry cement for construction needs is produced
by the addition of more lime. This results in additional CO, emissions.

Also methane is emitted, but in very small amounts, which are in the range of
0.01 percent of the CO, emissions.

The reduction of CO, emissions is a first priority in the cement industry. In a
Cement Sustainability Initiative a standard ruling for the cement production
process and measures to reduce emissions were prepared (CSI, 2005).

One important measure to reduce the climate gas emissions is the substitution
of traditional fossil fuels by industrial wastes, which is also one of the most
efficient practices of disposing waste components. On the other hand waste
components not only substitute energy but also raw material so that a double
effect is achieved as long as quality requirements of the target product are
met.

A survey of secondary fuels which include such components as used plastics
insulation, shredded plastics, paper fractions, and municipal solid waste as well
as refuse derived (“secondary”) fuels (RDF; see chapter 12.6) is given in table
10.7.

Table 10.7 Secondary fuel use in cement production (UBA, 2007)

Secondary fuel source CO, emission factor Biogenic mass
(kg/ TJ) fraction (percent)

Recycled tyres 97.32 27

Recycled oil 78.69 0

Commercial waste — paper 64.88 91

Commercial waste — plastic 83.07 0

Commercial waste — packaging 56.85 40
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Secondary fuel source CO, emission factor Biogenic mass
(kg/ TJ) fraction (percent)
Textile waste 63.29 70
Commercial waste — other 68.13 52
Animal meals and fats 74.87 100
Processed municipal waste 59.85 55
Waste wood (wood scraps) 95.06 100
Solvents (waste) 71.13 0
Carpet waste 80.42 36.5
Bleaching clay 82.26 0
Sewage sludge 95.11 100
Oil sludge 84.02 0

German cement industry annually applies about 2.8 Mio t of such secondary
fuels. Similar activities can be observed in other countries such as Japan and
India for the use of waste material, agricultural wastes, sewage sludge and a
wide range of organic liquids and solvents. On the level of single companies or
cement plants the usage of waste components in an amount of more than three
quarters of the fuel was reported (ICCP, 2007¢).

In some cases, extra climate benefits are achieved from reduced CO, emission
per energy unit which is due to the biogenic organic carbon content (see table
10.7) which is considered climate neutral (see chapter 12). In the case of refuse
derived fuel (RDF) from municipal solid waste (MSW) about 60 percent is of
biogenic origin.

As another climate control option considerable amounts of foundry sand,
which is a by-product of steel making, can be used in cement production in
place of cement clinkers. One ton of cement clinker can be replaced by one ton
of foundry sand, and this relationship defines the pertinent CO, emission re-
duction. In Germany, in 2004, 5.11 Mio t of cement clinker were replaced by
foundry sand. This is also a waste reducing activity (UBA, 2007).

The total long term mitigation effect is estimated between 0.65 and 0.89 t CO,-
eq./t cement (IPPC, 2007c¢).

10.3.2.2 Lime manufacture

The term lime refers to a broad variety of chemical substances, which includes
high-calcium quicklime (calcium oxide, CaO), hydrated lime (calcium hydro-
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xide, Ca(OH),, dolomite quicklime (CaO*MgO), and dolomite hydrate (e.g.
Ca(OH),*Mg(OH),).

Lime is not only used in the cement production, but is also a manufactured
product, which has many industrial, chemical, and environmental applications,
mainly in steel making, as a purifier in metallurgical furnaces, in cleaning
(desulfurisation) of flue gas (FGD) from coal-fired electric power plants, in
construction, in water purification, or as raw material in glass manufacturing
and magnesium production from dolomite.

World annual lime production amounted to about 130 Mio t in 2006 (USGS,
2007), with China and USA as main producers, which produced 25 and 21.2
Mio t, respectively, followed by Russia (8.5), Japan (8.9), and Germany (6.8
Mio t). Lime ranks high among the most important chemicals, in the U.S.
industry it was historically fifth in total production of all chemicals.

The main technological step — in analogy to the cement production — is the
calcination, where CaO is produced and CO, is emitted to the atmosphere.
Theoretical process emissions are 0.785 t CO, per ton of calcium oxide and
1.092 t CO,/t magnesium oxide produced. In efficient lime kilns about
60 percent of the emissions are due to the chemical processes. In Europe they
are estimated at 0.750 t CO,/t lime. The value can be up to 2-3fold, e.g. in
small vertical kilns in Thailand. Emissions from fuel depend on the kiln type,
energy efficiency and fuel mix and are 0.2 to 0.45 t CO,/t lime (IPPC, 2007).

More efficient and better managed kilns are a pre-condition of emission reduc-
tions. Further reductions are possible by switching to low-fossil carbon fuels as
in case of cement. For small scale facilities the use of solar energy seems
promising.

A major reduction is possible by recovering of CO, for use in sugar refining
and for the production of precipitated calcium carbonate (PCC), which is ap-
plied as special filler in premium-quality coated and uncoated papers. In the
U.S. industry in 2004 1.125 Mio t CO, were used in this way which is equal to
about 7 percent of the total U.S. CO, emission in the lime industry. 90 percent
of the CO, input in the U.S. sugar refining and PCC production were from this
source.

10.3.3 Ammonia manufacture and urea application

Ammonia and urea are nitrogen fertilizers for application in agriculture to
improve plant yields. Annual world ammonia production in 2006 was about
122 Mio t (USGS, 2007).

At present, feed-stocks of ammonia production are natural gas, but also petroleum
coke. In the case of production from natural gas, there are five main process steps,
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including a primary and a secondary reforming and a shift reforming process, by
which CO, is removed from the process. During the following ammonia synthe-
sis, NHj; is formed by a catalytic process from H, and N,.

CO,, together with process impurities, is a constituent of the waste gas. It is
washed out by a scrubber from which it is released into the atmosphere during
regeneration of the scrubber solution. A part of the CO, is used as a raw mate-
rial in the production of urea (CO(NH,),) together with ammonia. The carbon
in the urea is released into the environment after application of the urea fertil-
izer in agriculture. Hence, the whole amount of CO, produced in the ammonia
synthesis is finally emitted into the atmosphere. For greenhouse gas budgets
these CO, emissions are allocated to ammonia or urea production according to
the amount of both fertilizers.

The emission factor is 1.2 t CO,-eq. per t of NH; in the case of natural gas
feedstock. For each ton of urea 0.73 t CO,-eq. are emitted. The long term miti-
gation effect is about 0.5 CO,-eq./t (IPPC, 2007¢).

10.3.4 Aluminum production

Aluminum is a light weight metal with high corrosion resistance and high heat
and electric conductivity. Its annual global production in 2005 was about 31.2
Mio t (USGS, 2007) with highest capacities in China (7.2 Mio t), Russia (3.7),
Canada (2.8), and the USA (2.5). Production is expected to grow at a rate of 3
percent per year during the next decade.

In quantity and value aluminum is the second in the range of metals after steel
and is important in all segments of the economy. Uses include transportation
(aircraft, automobiles, bicycles), construction (windows, doors), packaging
(cans, foil), and consumer durables for daily life, such as kitchen ware and
material. By the so-called eloxation a thin surface cover is generated which
improves the primarily high corrosion resistance and makes aluminum even
better applicable in the construction sector.

In nature, aluminum occurs as a low soluble oxide and as a silicate. The pro-
duction of primary aluminum from the ores (especially bauxite) is very energy
consuming (via electrolytical processes), so that a reduction of the power input
seems to be the best choice of process and climate improvements. However
latest worldwide efforts to reduce electricity needs in primary aluminum pro-
duction were without result due to the fact that the production is currently
optimised, and the energy need is close to the theoretical minimum (by a factor
of 2) (Schén, 2004).

The best option to reduce power input for total aluminum production is recy-
cling, since the energy need for recycled aluminum is only 8.5 percent of the
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primary production for Western European or German energy mix, respectively.
Sources for recycled aluminum include automobiles, windows and doors.
However, recycling of aluminum cans has the highest profile. In the USA in
2006 aluminum recovered from purchased scrap was about 3 Mio t, of which
64 percent came from manufacturing scrap and 36 from discarded aluminum
products (old scrap). Aluminum from old scrap was equivalent to 16 percent of
apparent consumption (USGS, 2007). For details of aluminum recycling ef-
fects on CO, emissions see chapter 12.

In additions to the energy aspect also process related emissions of CO, and
PFCs occur, especially perfluormethane (CF,) and perfluoroethane (C,Fg),
both characterised by very high global warming potentials (see table 7.1).

The emission of CO, occurs during the aluminum smelting process, when
aluminum oxide from the ores is reduced (Hall-Heroult reduction process)
through electrolysis in reduction cells. The cells contain a molten bath of cryo-
lite (Na3AlF¢) which is of natural or synthetic origin. For the cathode in the
electrolytic process a carbon lining is used. As anode, also carbon containing
material is applied. Carbon is oxidised during the process and emitted into the
atmosphere as CO,.

The amount of CO, released is approximately 1.5 t/t aluminum produced. In
another technology (so-called Soderberg cell) 1.8 t/t are released. A technol-
ogy shift from this cell would reduce the emissions by 20 percent.

Aluminum production industry in addition to CO, is a source of PFC emis-
sions. The reason is the so-called anode effect by which the voltage in the
electrolysis bath rapidly increases due to reduced levels of the smelting bath.
Then reactions of carbon and fluorine of the molten cryolite bath take place,
and fugitive emissions of CF, and C,F¢ occur. Their magnitude depends on the
process conditions and can be massively reduced if anode effects are mini-
mised by better control technologies. In the U.S. aluminum industry PFC
emissions declined by a factor of 6.6 in the last 15 years. The relation of CO,
emissions to PFC emissions currently is about 1:0.7 compared to 1:2.6 in 1990.
Further drastic reduction is expected by use of an inert anode type that would
eliminate CO, and PFC emissions from the smelting process. Commercially
viable results are expected by 2020.

Current climate efficient measures mostly rely on enhanced recycling of scrap
aluminum.

10.3.5 Carbon Dioxide Use

CO, is used for food processing, in chemical production, for beverages, refrig-
eration, as a greenhouse fertilizer, or in the petroleum industry for enhanced oil
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recovery (EOR). In the case of EOR, CO, is injected into the underground to
rise the reservoir pressure, so that additional oil can be extracted (see also
chapter 9.4).

CO, is a by-product of many industrial processes (e.g. ammonia production,
fossil fuel combustion, bioethanol production, lime processing), but also ema-
nates during extraction of crude oil and natural gas of which it is a naturally
occurring constituent. Other feed-stocks of CO, are natural CO, reservoirs.

The methodology for the accounting of CO, used in industry is not yet fully
available. Typically the following assumptions are made: In the case of en-
hanced oil recovery the CO, applied is assumed to remain sequestered in the
reservoirs (see chapter 9.3; CCS). For all other CO, uses it is assumed to be
released into the atmosphere during or after the process.

Fossil fuel burning related CO, is not considered in this chapter.

Under these conditions 1.2 Mio t CO,-eq. are emitted in the USA. This is less
than one percent of the total greenhouse gas emissions there.

10.3.6 Semiconductor manufacture

Semiconductors are produced using different long-lived fluorinated gases
during plasma etching (patterning) and plasma enhanced chemical vapour
deposition (PECVD). About one hundred process steps requiring fluorinated
gases are used to produce the semiconductor products such as devices or chips
from silicon wafers.

Plasma etching is applied to provide pathways for conducting substances
which connect the circuit components of the semiconductors. Plasma-
generated fluorine atoms are used. These atoms chemically react with exposed
dielectric films. During this process certain portions of the film are selectively
removed. Some residual undissociated fluorinated gases remain. They together
with removed material are partly emitted as waste gas, and are partly treated in
emission abatement systems.

PECVD chambers are periodically cleaned by using fluorinated gases, which
in plasma, are converted to fluorine atoms. They move away the residual mate-
rial from chamber walls, electrodes and hardware. Residues and reaction prod-
ucts, e.g. CF,, are emitted.

For these purposes, depending of the specifity of the products, mainly the
following gases are used: Trifluoromethane (HFC-23, CHF;), perfluoro-
methane (CFy), perfluoroethane (C,Fs), nitrogen trifluoride (NF5), and sulphur
hexafluoride (SFg), moreover perfluoropropane (C;Fg), and perfluorocyclobu-
tane (c-C4Fg).
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About 500 t of these substances were applied in the U.S. semiconductor indus-
try in 2004. This seems to be a relative low amount. But these gases are highly
potent greenhouse gases (see table 7.1), and thus end up as about 4.7 Mio ton
CO,-eq. The numbers increased during the last 15 years, due to the growth of
the industry and the higher complexity of the semiconductors, which needs
more PFCs. But there has been a declining growth rate of PFCs in recent years
due to process optimisation and abatement technologies. The decline in growth
was about one-third during the last 5 years.

10.3.7 Nitric and adipic acid production

Both nitric and adipic acid are feedstocks or components in a variety of com-
mercial products’ manufacture. The processes are the major emittents in indus-
try of N,O.

10.3.7.1 Nitric acid

Nitric acid (HNO;) is an anorganic compound. It is used primarily to make
synthetic commercial fertilizer, but is also a major component in the produc-
tion of adipic acid and explosives. The usage as a fertilizer will arise world-
wide but will decline in Western Europe, due to the concerns about nitrates in
groundwater supply.

Nitric acid is produced by the catalytic oxidation of ammonia, where N,O is
formed as a by-product and released from reactor vents into the atmosphere.
Currently there is no control measures aimed at eliminating N,O from the
process, whereas the waste gas stream may be cleaned of other pollutants such
as nitrogen dioxide (NO,).

10.3.7.2  Adipic acid

Adipic acid is a white, crystalline solid. Chemically it is also called hex-
anedioic acid (hexane-1,6-dioxic acid), which is a C6 straight-chain dicarbox-
ylic acid. It is only slightly soluble in water but very soluble in alcohol and
acetone.

The annual world production was about 3.8 Mio t in 2003 (EPA, 2005b). One-
third is produced in the USA. It accounts for 90 percent of commercial nylon
production which is further processed into fibers for applications in carpeting,
automobile tire cord, and clothing. Furthermore adipic acid is used for plasti-
cizers and lubricants components, and for making polyester polyols for poly-
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urethane systems. Food grade adipic acid is used as a gelling aid, acidulant,
leavening and buffering agent. Its derivates are used in making flavoring
agents, internal plasticizers, pesticides, dyes, textile treatment agents, fungi-
cides, and pharmaceuticals.

Commercial adipic acid is mostly produced from cyclohexane through a two-
stage oxidation process. The first involves the catalytic reaction of cyclohex-
ane with oxygen to produce a mixture of cyclohexanol and cyclohexanone.
Afterwards, adipic acid is formed by another catalytic reaction of the mixture
with nitric acid and air.

Due to the use of nitric acid in this process, N,O is generated at a rate of 0.333 t
per ton of adipic acid. It is emitted by the waste gas stream. In modern plants the
waste gas is treated by an abatement system which destroys pollutants by catalytic
or by thermal reactions, with an efficiency of 95 and 98 percent, respectively. Due
to the installation of these technologies in most plants, the N,O emissions from
adipic acid production have been reduced by two-thirds since 1990. In 2000 the
total emissions by adipic acid production were about 50 Mio t of N,O. Despite
positive effects in reducing specific emissions by abatement technologies, a rise
of the emissions by about one-third to about 67 Mio is envisaged due to rising
worldwide production capacities. The current total emissions caused by adipic
acid in the U.S. industry is about 5.7 Mio ton CO,-eq.



11 Climate Effects of Agricultural Processes

11.1 Overview on Agriculture and Climate
Interaction

The agricultural production system is strongly influenced by several climate
factors. Therefore it passively suffers or benefits from climate change. On the
other hand it actively influences climate change due to two separate aspects:
During most of its production steps greenhouse gases are emitted, which ad-
versely influences the climate. However, agriculture is the producer of renew-
able crops which replace fossil fuels and supply industry with renewable raw
material. This contributes to heavily reduced climate impacts mostly of energy
and traffic sectors. To define the net effect of agriculture on climate factors, a
complex analysis is necessary.

The following figures illustrate the agricultural emissions of GHGs on a global
scale: Agricultural activities accounted for 10-12 percent of total anthropo-
genic GHG emission in 2005, which is about 5,100 to 6,100 Mio t CO,-eq./a.
The number indicates higher emissions compared to industry. In the case of the
USA where nearly 540 Mio t CO,-eq. are emitted, the value is 7.4 percent of
the total national greenhouse gas emissions compared to only 4.6 percent from
industry (without energy sector) (2005; EPA, 2007b).

Primary greenhouse gases from agriculture are methane (CH,) and nitrous
oxide (N,0O). CH,4 contributes 3,300 Miot CO,-eq./a and N,O about 2,800
Mio t CO,-eq./a, which is equivalent to about 50 and 60 percent of global
anthropogenic emissions by these substances, respectively.

Methane is emitted from enteric fermentation of domestic animals, especially
beef and dairy cattle, which are the largest emitters of CH4 due to their rumi-
nant digestion system. Rice cultivation is 11 percent on global average. It
dominates in the group of developing countries where it accounts for more
than 90 percent of the world total. Rice production emissions are of minor
importance in developed countries due to lower production numbers as well as
different cultivation methods. Also burning of biomass (12 percent) is mostly
due to such activities in the developing rather than in the developed countries.
Another 7 percent originate from the management of manure from livestock.

N,O is predominantly released by agricultural soil management activities. In
the case of the USA it accounts for more than five percent of total national
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emissions or three-quarters of the total national N,O emissions. Other sources
of N,O are manure management in animal breeding and agricultural residue
burning. It is to be mentioned that in the case of residual burning CO, emis-
sions are not counted as climatically relevant, since the assumption is made
that carbon released from biomass burning into the environment as CO, will be
reabsorbed in the following seasons. Only methane, N,O, CO and NO,, are
considered in the budget of biomass burning.

How much its five main GHG sources contribute to the total of modern agri-
culture emissions through CH4 and N,O in the global mean as well as in a
highly developed agriculture (in the case of the USA) is given in table 11.1 in
relative numbers. For the USA the percentage is based on a national total of
about 540 Mio t CO,-eq. in 2005 (EPA, 2007b).

Table 11.1 GHG emissions in agriculture (Global and U.S. agriculture, 2005;

percent)
GHG source U.S. agriculture World
(EPA, 2007b) (IPPC, 2007¢)
CH, N,O N,O and CH,4
Enteric fermentation of livestock | 20.9 0 32
Manure management 7.7 1.8 7
Rice cultivation 1.3 0 11
Agricultural residues burning 0.2 0.1 12
Agricultural soil management 0 68.1 38

The recent figures in non-CO, GHG emissions are a consequence of a strong
increase observed during the last two decades when the average emission in-
creased by about 60 Mio t CO,-eq. annually (from 1990 to 2005). Nearly 90
percent were due to biomass burning, enteric fermentation and soil nitrogen
emissions. A decrease was seen in the developed countries. Of future non-CO,
emissions estimates are about 8,300 Mio t CO,-eq. by 2030 (IPCC, 2007¢).

As was mentioned, emissions by agriculture are the one side of the medal by
which it has high climate impacts. On the other hand agriculture is highly
sensitive to climate variability and weather extremes such as severe droughts,
floods and storms, which are critical to farm productivity. Climate variability
and change also modify the risks of fires, pest and pathogen outbreak,
negatively affecting food, fiber and forestry (IPCC, 2007c). Table 11.2
connects climate change and agricultural productivity (EPA, 2007c¢).
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Table 11.2 Effect of climate change factors on agriculture

Climate factor | Effects Influence
Average Lengthen the growing season in regions with a +
temperature relatively cool spring and fall

increase

Adversely affect crops in regions where summer -
heat already limits production

Increase soil evaporation rates -

Increase the chances of severe droughts -

Change in Changes in rainfall affects soil erosion rates and soil -
rainfall amount | moisture
and pattern o o . .

d patterns Precipitation will increase in high latitudes +

Precipitation will decrease in most subtropical land -
regions

Number of extreme precipitations will increase -

Rising atmo- Increasing atmospheric CO, levels can act as a +
spheric concen- | fertilizer and enhance the growth of some crops such
trations of CO, as wheat, rice and soybeans

Pollution levels | Higher levels of ground level ozone limit the growth -
such as tropo- of crops
spheric ozone

Change in cli- Changes in the frequency and severity of heat waves, -
matic variabi- drought, floods and hurricanes, are foreseen by

lity and extreme | global climate models

events

Factors given in table 11.2 must not be considered separately. Positive effects
by one factor may be offset by others. While food production may benefit from
a warmer climate or an elevated CO, level, high levels in ozone concentration
in atmosphere and lower precipitation may reduce yields. Moreover, regional
effects must be considered which cannot be forecasted by global models. In
general, after recent studies it is expected that agriculture in industrialised
regions will be less vulnerable to climate change than in developing countries.

In North American rain fed agriculture the climate change will likely increase
yields by 5 to 20 percent over the next decades, with high spatial variability.
Special problems are foreseen in the tropics where agriculture may have little
ability to adapt. In certain regions the changes in climate, water supply and soil
moisture could make it less feasible to continue crop production. However,
agriculture sector’s ability to cope with and adapt to climate variability and
change will depend not only on changing climate conditions. Adaptation
through future changes in technology, management practices, in food and
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renewable crop demand, in water availability, and soil quality will be crucial
(EPA, 2007¢c).

Though agricultural emissions are not more than 10 to 12 percent of world
totals, mitigation in this sector is studied intensively. It concentrates on the 1)
reduction of emissions, ii) enhancing of removals as well as iii) avoiding or
displacing of emissions (IPCC, 2007c). They have to be applied in complex.
The total mitigation potential on a global scale was estimated to 4,500 to 6,000
Mio t CO,-eq. annually if there were no economic constraints. Of this numbers
about 90 percent were due to soil carbon sequestration and nine and two per-
cent by methane and nitrous oxide mitigation options, respectively. If con-
straints by carbon prices would be in the range up to 20 US$, a mitigation
potential of about 1,500 Mio to CO,-eq. in 2030 was calculated by models.

The following chapters deal with the emission situation and the mitigation
options for selected agricultural activities.

11.2 Greenhouse Gas Emissions by Livestock

Livestock GHG emissions equate to 1,725 Mio t CO,-eq. annually on a global
scale. This is dominated by methane from ruminants such as cattle and sheep,
which accounts for nearly one-third of global anthropogenic emissions of this
gas and is the largest methane source globally. In the case of the U.S. livestock
total CH, emissions in 2005 were about 112 Mio t CO,-eq. (EPA, 2007b),
mostly from beef and dairy cattle (by 95 percent). This is more than the total of
the emissions from iron and steel and cement industry. In Germany lifestock
methane emissions are close to one (0.87) Mio t CH, (UBA, 2007) which is
more than 20 Mio t CO,-eq. and equates to two percent of the total national
GHG emissions.

The background of methane production by ruminant livestock is as follows:
Nutrients from the food consumed by the animals are decomposed in their diges-
tion systems. During this complex process which partly takes place in an oxygen
free atmosphere, anaerobic bacteria produce methane as one of the end-products.
As methane producers ruminants like cattle, sheep, goats, and camels dominate.
In their rumen which is a type of a fore-stomach, bacteria break down the feed so
that it can be absorbed and afterwards metabolized by the following intestinal
organs. Ruminants are thus able to digest coarse plant material, such as grass,
and other green crops containing high cellulose. Methane produced is exhaled by
the animals.

The amount of methane generated primarily depends on the type of the diges-
tive system of the animal. Other factors are amount and composition of the
feed consumed. Energy rich feed results in more methane.
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Cattle naturally emit between 150 and 250 liters of methane per day (40 to 65
kg per head per year). Under an energy rich feeeding regime, higher values
may occur. The CH4 emission factors of dairy cows in Germany are in the
range of 95 kg per head and year with an increase between 1990 and 2005
from 77 to 117.5 (UBA, 2007).

Other kinds of livestock have considerably lower individual emission rates, as
given in table 11.3.

Table 11.3 Emission rates of livestock other than cattle (EPA, 2006)

Animal Emission rate
(kg methane per head per year)
Horses 18
Sheep 8§-10.5
Goats 5-6.5
Pigs 1.3
Poultry 0.09

Mitigation proposals imply improved feeding practices and use of specific
dietary additives. Better feeding practices include measures such as optimiza-
tion of protein intake, adding oils or oilseeds, or improving pasture quality
especially in low developed agricultures. The use of additives aims at sup-
pressing or avoiding methane generation during the digestion process. For
many of the proposed agents a clear benefit was not proven and side effects
were observed. In some cases the agents were banned. Vaccination against
certain methanogenic bacteria was studied. In the case of sheep it was esti-
mated that a reduction of methane emissions by 20 percent could be achieved.
In the case of Australia where the tests were made, livestock GHG emissions
by sheep and cattle amount 14 percent of the country’s total GHG emissions.
A reduction by 0.3 Miot CO,-eq. annually was predicted (CSIRO, 2001).
However a commercial vaccine is not yet on the market (IPCC, 2007c¢).

11.3 Climate Effect of Manure Management and
Biogas
11.3.1 Manure management

Manure from animal livestock generally contains residual carbon, nitrogen
and other substances. During its storage in or outside the stall as well as its
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application methane and nitrous substances such as N,O, ammonia, and ni-
trogen gas are emitted. The extent depends on a range of factors which in-
clude animal category, feed composition, but also the manure management
type such as liquid or solid handling. Methane is produced from manure in
an amount which depends on the concentration of organic residues in the
manure. Of nitrogen a portion is excreted into the manure as a consequence
of protein digestion and is converted to N,O by bacterial processes of nitrifi-
cation and denitrification (for details see chapter 11.4). After measurements
by Schon (1993) per cubic meter of cattle manure about 1,300 g methane and
30 gram nitrous oxide were deliberated. Both CH,4 and N,O contribute to the
climate effects of agriculture. In U.S. agriculture, this type of emissions
amounts to a total of about 41.3 and 9.5 Mio t CO,-eq. for CH4 and N,O,
respectively (EPA, 2007b) or about 10 percent of the total emissions in agri-
culture.

There is a range of technologies applied to prevent such emissions, including
separation of solid components of manure, aeration, anaerobic biogas fermen-
tation of manure or coverage with straw. As is indicated by figure 11.1 the best
results are achieved through biogas fermentation where emission is 60 percent
lower compared to untreated manure. The coverage with straw results in even
higher emissions.
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Figure 11.1  Relative GHG from selected manure treatment technologies
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11.3.2 Biogas production

The microbial processes which naturally take place during metabolizing of
manure components can be used in a controlled conversion in a technical proc-
ess to produce biogas. A combination of positive effects results: Climate re-
lated emissions of CH, are partly or fully prevented. The quality of the manure
and its applicability as a fertilizer are improved. Easily degradable odor pro-
ducing substances and aggressive organics are metabolized and therefore no
longer emitted in large amounts. Thus air pollution is reduced and the fertiliz-
ing effect is improved.

It is an even more important benefit that biogas is a renewable energy source
which can replace fossil fuels for the generation of electrical power and heat
since it causes extra climate benefits by avoidance of fossil fuel burning GHG
emissions. Effects are summarized and quantified in table 11.4.

Table 11.4 Climate related effects of biogas production (FVB, 2006)

Consequences of biogas Quantitative or qualitative effects
production in agriculture

De-centralized renewable energy | Calorific value (biogas with 60 percent
supply methane): 6 kWh/m®

Power potential: 1.8-2 kWhg/m® biogas

Mineral oil equivalent: 0.62 I/m’ biogas

Performance: 1-1.5 m*/animal and day

Biogas from manure of four cattle units equals
to the energy need of one household

Reduced climate burdens by Installed capacity of 1 kW, avoids 7,000 kg
climate-neutral energy supply CO,-eq./a

Methane emissions by 1,500 kg CO,-eq. per
cattle unit and year are prevented

Use of treated manure as fertilizer | Amount of nitrogen is equivalent to 20 kg N per
cattle unit per year

Odor emissions during application of fertilizer
are reduced

Improved sanitary and environmental situation at higher supply security

Regional economy improved by use of internal resources, empowerment of less
developed regions
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The principle technology of biogas production is already in widespread use in
developed and developing regions of the world. In rural regions biogas is a
traditional de-central energy source for cooking or heating which is often ap-
plied in families or households only on the basis of the manure of a low num-
ber of cattle applying a relative simple technology. In opposition, the modern
biogas strategy aims at producing electricity on the scale of several hundreds
kW up to the MW capacity applying a combined heat and power process. A
diversity of substrates is used, including manure, organic waste of agricultural
or industrial origin, and renewable crops. This type has been established in
recent years, e.g. in Germany, where more than 3,700 biogas plants are in
operation. The installed electrical capacity is 1,300 MW.

The efficiency of an agricultural biogas process depends on several factors
amongst which the type of the raw material and the technological layout are
most important. With reference to the raw material the organic content per
mass unit is decisive for the biogas yield. Of manure, organic waste and re-
newable energy crops examples are given in figure 11.2.

Fat seperating residues |

Waste edible oil

Grass

Pig manure |

Chicken faeces
Vegetable waste

Cattle manure

0 0,5 1 1,5 2
Biogas yield (m*kg d.m.)

Figure 11.2  Biogas yield of manure and renewable crops

Obviously best results will be achieved if a high proportion of fat residues is
fermented. Only cattle manure results in a poor gas yield which is due to the
utilization of energy rich substances during rumen digestion already.

A variety of technologies is applied dependent of the type of the substrate and
the end usages of generated biogas and processed residues as well as cost and
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maintenance factors. It necessarily includes equipment for the preparation of
the substrate, the conversion in a closed reactor under a mostly oxygen-free
atmosphere, as well as the collection and cleaning of the biogas and the condi-
tioning of the residues. The resulting biogas has to be transformed into power
in an electrical generator. Only the electricity yield is 30 percent. The larger
part will be lost as heat if not a combined heat and power (CHP) process takes
place which is typical for modern sustainable solutions.

An example of a layout of such a biogas plant is displayed in figure 11.3. The
plant is supplied by manure from 1,500 dairy cattles as well as an annual
amount of 1,000 t of renewable crops such as maize. The electrical efficiency
is 250 kW in a combined heat and power process. Heat energy is partly utilized
for drying processes in a nearby factory. A special reactor design type is used
in this facility where the gas is collected and stored under a plastic cover which
is blown up by the gas pressure and afterwards transported to the power gen-
erator.

Figure 11.3  Biogas reactor with plastic cover for gas storage (Markert, 2008)

11.3.3 Case study: Agricultural biogas production in a
sports and recreation center

The following case study deals with the establishment of an agricultural biogas
plant in a regional sports and recreation centre in South Africa which is for
around 5,000 people. The idea behind the establishment of a biogas plant was
the intended shift from a fossil fuels based energy supply toward a renewable
one operating on the basis of the potentials in respect to agricultural resources,
efficiency improvement options, and skills and manpower. Currently the centre
is run by electricity from the grid, and coal and gasoline. Electricity is applied
for room heating through geysers, lightening, and operation of electrical de-
vices. Coal is for water heating and cooking purposes, and gasoline for trans-
portation. The total actual energy need is summarized in figure 11.4.
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Figure 11.4  Profile of energy need in a recreation centre

The institution operates an animal farm and agricultural crop production and
has a waste water treatment plant. All residues including manure, feed resi-
dues, sewage sludge, are at present mostly disposed on a landfill. They are
very well suitable as biogas sources. The range of such substrates includes
about 650 t/a cattle and pig manure, 6,000 t/a sewage sludge and kitchen left-
over. Moreover 1,500 t and 370 t corn silage and pressed grain, respectively,
not used for human nutrition, are available for biogas production. The GHG
emission potential of both cattle and pig manure would be about 1,800t
CO,-eq. annually if left untreated.

For the implementation of a biogas plant and the use of the resulting gas there
are several options:

In a basic scenario all available substrates are used directly for the biogas
production. Biogas then is utilized by combined heat and power (CHP) pro-
duction. The scenario can, through variants of the economic conditions (such
as cost reduction for construction, and usage of multiple generators) and addi-
tion of substrates such as extra crops or substrates from external animal farm-
ing, be changed. A cut down version of a biogas plant without block heater is
taken into account as a second scenario with the thought of reducing total
construction costs of the plant itself, since the main costs of building the plant
are around the installation and maintenance of the block heater. In this case
biogas would be an alternative to using coal for running the steam generator or
produce warm water for room heating. This would avoid GHG emissions from
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coal burning and have a positive affect on environmental values regarding to
smoke and ash fallout. Using biogas as a direct fuel for vehicles is a third
scenario and is becoming an international trend. A precondition is that the gas
must first be purified and compressed, for which a variety of equipment is
available on the market and already in use. A supply into the natural gas net is
also possible and is becoming economically reasonable.

The results of the calculations indicate that a biogas plant consisting of two
reactors and a capacity of 2,000 m’ is technically feasible under the given
substrate supply potential. The electrical efficiency is 250 kW; also 750 kW
heat is produced. An amount of 9,000 m® nitrogen rich residues can be irri-
gated as a fertilizer in agriculture.

Amongst the variants the use of biogas as a substitute for gasoline and the
preparation of warm water for room heating are both economically reasonable
at recent fuel costs. In the first case an amount of 1,400 1 gasoline which is
equivalent to 15,000 km driving distance is substituted. In the second case the
total room heating expense can be covered. The GHG avoidance potential for
coal and electricity substitution amount 1,000 and 3,000 t CO,-eq./a, respec-
tively, and would be 1,800 t more if the prevention of emission occurring from
untreated manure would be taken into account.

11.4 Rice Cultivation

Rice is the most important cereal for the world’s nutrition with an annual pro-
duction capacity of about 620 Mio t (FAO, 2005). 95 percent is cultivated in
China, India, and South East Asia. However the largest part is for consumption
(subsistence farming) in the countries where it is produced. Only five percent
of the world’s rice production enter the world market. The most important
exporters are Thailand, the USA, and some European countries, especially
Italy, Spain, and France.

Rice cultivation heavily contributes to climate change by emissions of methane
during the cultivation. Total methane emissions on a global scale are estimated
30 to 50 Mio t CH, annually which is equal to 750 to 1,250 Mio t CO,-eq./a. In
the U.S. agriculture rice cultivation emissions amount 400 Mio t CO,-eq. or
1.3 percent of the country’s total greenhouse gas emissions from agriculture.

Methane emissions are characteristic of the so-called wet system which applies to
about 75 percent of the total rice production. Preconditions for the wet cultivation
method are sufficient amounts of water as well as a warm and humid climate.
Seedlings are positioned in flooded fields, for a first crop. In many countries after
the first crop is harvested a second crop from the regrowth of the stubbles, so
called ratoon, is possible. The specific methane emissions factors after field ex-
periments in rice paddies are, averaged over a broad variety, between 210 and 780
kg methane per hectare and season for first and second crops, respectively.
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The methane emission mechanism is as follows: In flooded systems organic
material is decomposed by microbial activities in the soil and in the floodwa-
ter. After the oxygen is exhausted, anaerobic degradation results in the produc-
tion of methane. The more organic matter is available to decompose the more
methane is produced. However, the largest portion, about 60 to 90 percent, is
oxidized by aerobic methanotrophic bacteria in the soil and thus is metabolized
to CO, which is emitted to the atmosphere. Only are transported minor
amounts of methane to the surface of the cultivation area and are emitted into
the atmosphere: Some parts bubble through the water or are transported to the
surface by diffusion. Some methane is transported through the rice plants and
is emitted directly from the soil into the atmosphere. This path stands for about
90 percent of the methane which is transported to the surface. Another part is
dissolved in the water and leaves the cultivation area by flushing when water is
exchanged and is emitted afterwards.

The net emission of methane in the wet system depends on the rice water man-
agement applied which therefore implies the most effective mitigation poten-
tials. Most is emitted from shallow systems. Deep water rice with a water
depth of more than one meter is characterized by much lower emissions, due to
the fact that the lower stems and roots of the plants are dead so that the move-
ment of the methane through the plants is inhibited. If the field is drained peri-
odically and the soil is dried sufficiently, methane is no longer produced and
thus not emitted. Fertilizer practices also influence the methane production,
especially the application of organic fertilizers which enhance the amount of
decomposible matter. Some fertilizers such as nitrate and sulfate fertilizers
inhibit the methane production.

Emission potentials are different between primary and secondary crops with
secondary crop emissions nearly fourfold the value of primary.

As another established system the dry cultivation is operated without flooding
the rice fields. No massive methane emissions occur. A shift to the dry system
is therefore seen as a big chance to reduce the greenhouse effects of rice plan-
tation. However this would need changes in technology and agricultural struc-
tures which only can be realized over a long term and is an expensive process.
In some regions with high rainfall the dry system cannot be established at all.
Changes in the traditional wet cultivation seem a more realistic mitigation
approach in the shorter term.

11.5 Agricultural Soils

Agricultural soil contributes to the greenhouse effect, mostly due to nitrous gas
(N,O) emissions. A minor, but positive, effect is caused by methane consump-
tion in soils.
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N,O is emitted from every type of soil as a result of naturally occurring micro-
bial nitrification and denitrification. Both are parts of the natural nitrogen cy-
cle. Nitrification is the aerobic microbial oxidation of ammonium (NH4) which
is a result of the decomposition of organic matter in soil, into nitrate (NO;).
Denitrification takes place under anaerobic conditions. Microorganisms then
reduce nitrate to nitrogen gas (N,). N,O is an intermediate during both nitrifi-
cation and denitrification, where the process of denitrification is well under-
stood and is known to predominate.

The amount of N,O produced during these processes depends on agricultural
activities and the amount of nitrogen available in the soil. The predominant
factor in enhancing the nitrogen level is the application of fertilizers, such as
mineral nitrogen or organic fertilizer from livestock manure, compost, the
working of plant residues into the soil, or the direct application of sewage
sludge. Also nitrogen fixing crops, such as leguminoses, contribute to the
N-level in soils. Indirect N,O emissions from agriculture come from leaching
and surface run-off from fertilized areas.

In U.S. agriculture N,O from soil was 365 Mio t of CO,-eq. per year in 2005
(EPA, 2007Db). Its contribution to the overall agricultural greenhouse gas emis-
sions is about 68 percent (without CO,). This emission is about 75 percent of
the nitrous gases in the national GHG balance of the United States, or 5 per-
cent of the total national GHG emissions (in 2005; EPA, 2007b). In EU-15
direct soil emissions are 29 percent of the total N,O emissions (EC, 2007). For
German agriculture N,O from soil management activities comes up with about
55 percent of total agricultural GHG emissions (without CO;). A share of
about 30 percent can be allocated to the use of fertilizers in the soil. 25 percent
consist of indirect emissions resulting from leaching. 15 percent are due to
spreading of farm manure or are from cultivated organic soils. The remaining
third results from grazing, legumes, crop residues and from deposition of reac-
tive N species which cause indirect GHG emissions (UBA, 2007).

A small positive effect of soil activities on climate results from consumption of
atmospheric methane that is oxidised by methanotrophic bacteria which exist
in soil. After European measurements CH, consumption is between 1.5 and
2.5 kg per hectare per year for farmland and grassland, respectively (UBA,
2007). In Germany soil is estimated a sink of 0.6 Mio t CO,-eq., or about one
percent of total agricultural GHG emissions (without CO,).
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12.1 Background

Municipal solid waste is the end product of the life cycle of all solid material
consumed. Its management is a big environmental challenge facing all coun-
tries since it influences material use and the depletion of natural resources, as
well as the need for landfill space, and health problems. The direct impacts on
climate are relatively small (less than 5 percent — see figure 9.1).

Greenhouse gas emissions occur at every step of the life cycle of material
which is finally transformed into waste. This comprises the extraction and
processing of the raw materials, the production of goods and services, the
transportation of the raw materials and of the products to markets and to con-
sumers, as well as the waste management after a product or a material becomes
a waste. Waste management decisions can influence each of these steps.
Strategies such as green design (EU, 2005) are important measures to reduce
negative climate impact.

Different strategies were established, which may be, according to their poten-
tial to reduce climate impact, ranked as follows (see also figure 8.3):

1. Waste avoidance and source reduction

2. Reuse and recycling of waste, including composting

3. Waste pre-treatment before deposition, including waste stabilisation
by biological methods and waste combustion

4. Ecologically sound disposal of residual waste in landfills.

All waste management activities provide opportunities for reducing GHG
emissions. Waste avoidance and source reduction as well as recycling are often
the most advantageous practices in waste management. Which degree of re-
duction is achieved depends on the individual circumstances, amongst which
the composition of waste dominates. Moreover, the specific technology ap-
plied influences the calculation. Therefore only a material and energy specific
comparison of all options exactly defines where the benefits are biggest. An
example for such a decision making process using LCA is given in chapter 8.3.

In the following chapter, typical climate effects of some waste management
activities are considered. They may help to decide what should be planned and
realised in a concrete situation.
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Some examples may give a first rough indication of the possible effects on
various economic levels — see table 12.1. For more detailed calculations see

chapter 12.7.

Table 12.1

Waste management action effects

Action level

Measure and climate effect

Company

Recycling of 50 t of paper and 4 t of aluminum per year
instead of deposition reduces the GHG emissions by about
350 t CO,-eq. (EPA, 2006).

Re-use of carbon dioxide from composting of 1,000 t of green
waste substitutes 150 t of technically produced CO, used as a
fertilizer in a greenhouse (EPA, 2006).

Reducing of plastics by 38 t and avoidance of 266 t metal
saves 613 t CO,-eq. in embedded energy (Reckitt, 2007).

Replacing plastic blister packs with recycled and recyclable
cardboard packaging saves 680 t plastic packing, equal to
2,430 t CO,-eq. per year in embedded energy (Reckitt, 2007).

Community

Increase of the recycling rate from 30 to 40 percent at an
average waste generation of one kg per person per day in a
community of 30,000 and disposal at a landfill without a gas
collection system results in a reduction of GHG emissions by
10,000 t CO,-eq./a (EPA, 2006).

In a town of 50,000 with a waste mass of 30,000 t per year the
installation of a landfill gas recovery system reduces
emissions by 22,000 t CO,-eq./a (EPA, 2006).

By recycling all of one family home’s waste newsprint,
cardboard, glass, metal, and organics, carbon dioxide
emissions can be reduced by about 500 kg CO,-eq. annually
(EPA, 2006).

City (1 Mio)

Waste management in a mass burn combustor unit instead of
deposition on a landfill without gas collection reduces GHG
emissions by about 450,000 t CO,-eq. (EPA, 2006).

Nation

On the national level in the USA an increase of the average
recycling rate from 30 to 35 percent reduces GHG equivalent
to 10 Mio t CO,-eq./a (EPA, 2006).

Current U.S. recycling efforts reduce greenhouse gas
emissions by 49.9 Mio t CO,-eq./a which is equivalent to the
annual GHG emissions from 39.6 million passenger cars
(UNFCCC, 2007).

In Germany a shift from deposition of all MSW waste to
combustion reduces total national GHG emissions by 0.4
percent (see also figure 8.4).
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12.2 Source Reduction and Waste Recycling

12.2.1 Background and preconditions

Source reduction and waste recycling are two important options to improve
waste management which is second in the range after waste avoidance.

In the case of “source reduction”, less material is used to produce a product.
This is achieved by practices like “green design” or “ecological design”. Such
activities are targets of the EU strategy for an improved resource management
(EU, 2005). It is also possible to source reduce one type of material by a sub-
stitute which consists of another type of material with lower GHG emissions.

In the case of recycling the material is used in place of a virgin input in the
manufacturing process, instead of being disposed and managed as waste. The
material after its first use is recovered and prepared for a second use in the
same field of application. Examples are the paper recycling or the use of re-
tread tires. In a “closed loop” recycling the material is used to produce new
material of the same kind, for example newspapers which are recycled into
new newspapers. However, most of the material is recycled into a broader
variety of manufactured products. This type of recycling is named as “open
loop”.

Benefits of recycling due to GHG emission reduction are calculated as the
difference between GHG emissions when manufacturing from recycled or
unhandled virgin material only.

New fields of application of waste components may also be opened for recy-
cling if a suitable physical, chemical, or biological treatment of the original
waste is applied. An example is the granulation of used tires or of plastic waste
for a second use as a filling material in construction.

A third kind of recycling is oriented towards the processing of wastes into
basic chemicals and their use in production processes. Examples are the gasifi-
cation of plastics components for the production of methanol or the use of
scrap metals from old cars in steel manufacture.

For basic information on these waste management activities and their influence
on climate first a typical waste composition should be considered, which com-
prises the waste components most likely to have the greatest impact in GHGs.
Such a list is given in table 12.2 in the case of the USA and comprises two-
thirds of the waste which can be considered most important from the aspect of
quantity generated, the potential contribution to methane production if depos-
ited in a landfill as well as with respect to the difference of energy and material
use for manufacturing from virgin or from recycled material.
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Table 12.2 Most decisive components of MSW (USA, 2004) (EPA, 2006)

Material Mass percent
Corrugated cardboard 13.0
Yard trimmings 12.0
Food discards 11.2
Newspapers 6.5
Glass 55
Dimensional lumber 34
Magazines/Third class mail 33
Office paper 32
High density polyethylene (HDPE) 1.6
Low density polyethylene (LDPE) 1.3
Steel cans 1.1
PET 0.8
Aluminum cans 0.7
Textbooks 0.5
Phonebooks 0.3

12.2.2 GHG effects of source reduction and recycling

By means of source reduction or recycling such GHG emissions are avoided
which are caused by making the material and managing the post-consumer
waste. Manufacturing from recycled material requires less energy, so that
lower GHG emissions occur compared to manufacturing from virgin material.
If waste cannot be avoided, source reduction is the most favourable GHG
emissions avoidance method; for most materials it results in the lowest GHG
values.

12.2.2.1 Source reduction effects

To estimate GHG effects of source reduction, the quality of the material to be
source reduced must be known. Effects will be greatest if a product consists
only of 100 percent virgin substances. However, in practice, a certain propor-
tion of the material input is from recycled substances. Therefore, the effects
will be smaller.
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The current mix of virgin and recycled inputs in the manufacture of selected
poducts is given in figure 12.1.
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Figure 12.1 Current mix of recycled and virgin inputs of selected products
(EPA, 2006¢)

As figure 12.1 indicates, for corrugated cardboard, approximately two-thirds
consist of recycled material. The portion of recycled paper in new paper prod-
ucts is in the wide range of between 10 and 50 percent. It strongly depends on
the quality needs of the target product. Thus, the choice of the paper quality for
a certain application also strongly influences GHG effects. In the case of alu-
minum or steel cans, nearly half of the raw material used is recycled. The por-
tion of recycled plastics is relatively low.

Greenhouse gas effects by source reduction are given in figure 12.2 for selected
materials for the two cases discussed: In “source reduction (virgin)” material was
prepared only of virgin material. In “source reduction (mix)” the current mix of
virgin and of recycled material is considered. As a third column the case of recy-
cling instead of source reduction is presented — for details see later.
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Figure 12.2  GHG effects of source reduction and recycling (EPA, 2006c¢)

Obviously, credits by source reduction using virgin material are always higher
than for mixed inputs. The difference depends on production emissions. In the
case of aluminum for which the emission reduction is highest amongst the
materials displayed in figure 12.2 GHG effect of source reduction of 100 per-
cent virgin material is about twice the value of mixed material due to high
energy input into aluminum production (see also chapter 10.2.4.). In practical
cases source reduction of aluminum will result in about 8 t CO,-eq. per ton of
material. Other important source reduction effects result with copper and spe-
cific paper grades. Source reduction activities therefore should first focus on
these materials.

12.2.2.2  Waste material recycling effects

Material that is recycled after first use is then substituted for 100 percent virgin
inputs in the production of new products. Emissions are lower in the case of
using recycled inputs rather than virgin inputs, which results in credits.

For the calculation of the credits loss rates during the whole process of collec-
tion of waste material, its processing, and for remanufacturing have to be con-
sidered: 100 percent recycling is not possible. Less than one mass unit of new
material is made from one mass unit of the recovered material. Table 12.3
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displays typical loss rates for recovered material. Depending on material data
are based on closed- and open-loop recycling.

Table 12.3 Loss rates for recovered material (EPA, 2006)

Material Recovered Product Loss rate

material made

retained in (t/t of

the recovery recycled

stage inputs) t product kg lost per

(percent) pert ton of

recovered recovered
material

Steel cans 100 0.98 0.98 20
Aluminum cans 100 0.93 0.93 70
Corrugated cardboard | 100 0.93 0.93 70
Newspaper 95 0.94 0.90 100
Glass 90 0.98 0.88 120
Dimensional lumber 88 0.91 0.80 200
Medium-density 88 0.91 0.80 200
fibreboard
HDPE 90 0.86 0.78 220
LDPE 90 0.86 0.78 220
PET 90 0.86 0.78 220
Phonebooks 95 0.71 0.68 320
Magazines/Third 95 0.71 0.67 330
class mail
Textbooks 95 0.69 0.66 340
Office paper 91 0.66 0.60 400

Calculations of climate effects of recycling based on these assumptions are
shown in figure 12.2 in terms of the reduction of greenhouse gas emissions.
The numbers characterize the improvement of emissions due to a waste gen-
eration reference point which is defined as the situation when the material has
already undergone the acquisition of the raw material and the manufacturing
phase. For more GHG reduction dates from selected material see table 12.14.
Figure 12.2 indicates that for all the materials considered a reduction of green-
house gas emissions would occur if a source reduction or a recycling takes
place. Again, as was true in the case of source reduction, the greatest potential
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for emission reduction applies in the case of aluminum cans and several paper
grades. Thus, if such measures are intended, they should start with these mate-
rials, depending on the concrete waste management situation.

Emission reductions caused by recycling activities are due to several factors,
which contribute to total GHG reductions, namely the process energy, trans-
portation energy as well as process emissions which are not energy related.
Figure 12.3 represents recycled input credits for selected materials.
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Figure 12.3  Effect of recycling process steps on emission reduction (EPA,
2006¢)

In most cases the credits for the reduction of the process energy related emis-
sions dominate. In the case of aluminum this amounts about 11 t CO,-eq. per
ton of recycled material used instead of virgin material. For aluminum also
emissions from the process itself are a relevant factor. In the case of paper and
products made from it positive recycling effects are also due to forest carbon
sequestration which amounts up to 2 t CO,-eq. per ton of wood (EPA, 2006).

12.2.3 Case study: GHG effects of the German packaging
material recycling system DSD

As a result of the European Packaging Directive manufacturers and distribu-
tors of packaging are obliged to take back and reuse, recover or recycle the
packaging they have put onto the market. But it is not necessary to do it them-
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selves. In Germany they may be exempted from their obligations by participat-
ing in a system which collects sales packaging from consumers on a nation-
wide scale. Participation in such a system must be indicated by marking the
packaging in question, and evidence of participation must be submitted to the
competent authorities on demand (Hagengut, 2002).

In Germany a private organisation named DSD (Duales System Deutschland
AG) was founded in 1990 by the business community for the retail trade, the
consumer goods industry and the packaging industry. It operates as a non-
profit organisation. A nationwide collection system for sales packaging was set
up. Services are provided to almost 100 percent of households. The system is
financed by the trade mark ,,Griiner Punkt (Green Dot)”.

Under this system manufacturers apply for DSD and pay for corporation a fee
to place their symbol of DSD, the Green Dot, on their packages. DSD collects
and recycles the packages, instead of the producers of the packaging material
which are responsible for it by law. The Green Dot shows the consumer that
the package can be put into separate bins or sacks which exist in most house-
holds for collection purposes. In 2000, according to mass flow verification,
nearly 5.67 Mio t of used sales packaging were collected. 96.5 percent were
forwarded for recycling (Hagengut, 2002). In 2006 approximately 0.6 Mio t of
plastic sales packaging were successfully recycled into regranulates, and thus
made into new plastic products. The total GHG emission reduction was an
estimated equivalent of 1.7 Mio t CO, (DSD, 2007).

The material collected is treated in sorting plants of which currently about 250
exist in Germany. The treatment involves a variety of different steps, such as
dry mechanical pre-sorting, wet mechanical preparation, and plastic process-
ing. What results is about 80 percent of secondary raw material and a residue
consisting of wood, textiles, and stones. The composition and the material
budget are given in table 12.4.

Table 12.4 Secondary material and residues after DSD (2002)

Component Percentage
Tinplate 23.5
Beverage cartons 5.0

Paper fibres 8.0
Aluminum 4.0
Polyethylene granulate 13.0
Polystyrene granulate 35

PET 1.5
Poly-olefine agglomerates 23.0
Residues (wood, textiles, minerals) 18.5
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Options other than the DSD Green Dot System are under discussion for the col-
lection and treatment of light weight packaging amongst which only the Red Dot
system involves the collection of large plastic packaging (see table 12.5).

Table 12.5 Differences in waste management options for packaging material
(DSD, 2002b)

System | Collection Recycling / Disposal

Green Collecting of lightweight Automatic sorting of lightweight

Dot packaging in a kerbside system | packaging fraction by materials (so-
within easy reach of called SORTEC technology) with
households; residual waste in subsequent re-processing of all
grey bins materials; 100 percent high quality

mechanical recycling; 100 percent
combustion of residual waste

Red Dot | Reduced collection of Mechanical recycling of plastics;
lightweight packaging (only for | residual waste combusted
large plastic packaging) via
container bring system; residual
waste and small plastic
packaging in grey bins

Com- Collecting of lightweight Combustion with 50 percent energy use

bustion | packaging together with for electricity, steam, district heating;
residual waste via grey residual | scrap reprocessing from slag
waste bin

The total climate impacts of these systems may be calculated as the difference
between

. expense in energy and material for the establishment of the system,
the collection and the treatment of packaging material

. benefits from avoided process and energy needs for the material col-
lected.

The budgeting of these items results according to table 12.6 (DSD, 2002b),
which displays GHG effects and other eco-balancing characteristics.

Table 12.6 Results of environmental balancing for 2 Mio t lightweight packaging
Environmental Unit Green Dot | Red Dot Waste
Indicator combustion
Greenhouse effect Mio t COy-eq. | -1.7 0.11 0.61
Acidification potential | 10° t SO,-eq. -12 2.1 -0.25
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Environmental Unit Green Dot | Red Dot Waste
Indicator combustion
Nutrition potential t POs-eq. -1,400 -320 -92

Energy need PJ -49 -30 -25

The results indicate that collecting and treatment of packaging waste by the
DSD system is not a burden on the environment at all. With respect to green-
house effects the application of the Green Dot system reduces the CO, burdens
by nearly 2 Mio t CO,-eq. compared to a system without collection of packag-
ing material. Also with other environmental indicators, such as acidification,
nutrition, and energy, positive environmental effects may be achieved.

The conclusion is that the more packaging waste is collected the better. Careful
waste separation at home means a tangible contribution from each private
individual to resource economy and to climate protection.

12.3 Composting

12.3.1 Composting process characters

Composting is a technology for the treatment of organic residues using aerobic
bioprocesses. Organic material, which consists of sugar, starch, cellulose,
hemi-cellulose, and a lignin like fraction, is fully or partly decomposed by
different kinds of micro-organisms which act in a complicated metabolic
pathway. The result of the composting process is compost. It mainly consists
of those organic waste components which are not or only partly used by the
microbial metabolism, as well as of components which are formed in the
longer term during the so-called maturation processes.

The compost is used as fertilizer in agriculture. Benefits arise from the nutrient
content of the compost, like salts of potassium, phosphorus, and nitrate. But it
is even more important that the organic matter in the compost, such as humus
like substances, improve the concentration of organic matter in the soil and its
structure, and preserve soil fertility over a long period.

Sources of compost are wastes from agriculture such as crop residues, wastes
from gardening, yard trimmings, as well as source separated kitchen waste. In
Germany a capacity of about 4 Mio t of separately collected biowaste is treated
and processed into compost every year.

The technology of composting comprises different methods such as open
windrow systems as the simplest, and closed reactors as the most sophisticated
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technology. Composting reactors are characterized with high process intensity
due to a good aeration capacity, by which anaerobic processes are largely pre-
vented. This is also a pre-condition for good compost quality.

Besides industrial composting in centralised facilities of capacities up to
100,000 t a year, home composting of garden residues takes place, mostly in
open heaps (see figure 12.4).

12.3.2 GHG sources in composting

Composting may result in emissions from various sources, such as

. biogenic processes during composting,

. process gas cleaning and process control,

. collection and transportation of the raw material and the compost,
. the application of compost in agriculture.

Main gas components to be considered are CO,, CHy4, N,O, and NH3. A quali-
tative review of the emissions includes the following emission types:

. Emissions from the process itself mainly consist of carbon dioxide
which is the result of the aerobic decomposition. Depending on the
type of raw material, the duration of the composting process, as well
as other bioprocess characteristics, different amounts of CO, are
emitted per ton of composted raw material. Because CO, in this case
is biogenic in origin, this emission is not counted in greenhouse gas
inventories. Nevertheless capturing of emitted CO, and its use instead
of carbon dioxide from fossil sources will improve the anthropogenic
greenhouse gas balance (see chapter 12.3.4).

e In a well-managed composting process, CO, is the only process gas.
If aeration in the compost heap is poor, or the material is too wet, an
anaerobic situation may occur, which is accompanied by methane de-
velopment and the liberation of emissions of odor. Emission factors
of methane are different for biowastes from households and from
green wastes. The values are 2.5 and 3.36 kg methane per ton of bio-
waste treated, respectively (UBA, 2007).

. Nitrous oxide (N,O) has to be taken into account. It results from the
oxidation of ammonia which is another by-product of the composting
process. Emission factors are different for biowaste from households
and green wastes. The values are 83 and 60.3 g N,O per ton of bio-
waste after experimental results in Germany. The total N,O emissions
from composting in Germany are about 0.25 Mio t CO,-eq. or 0.02
percent of total GHG emissions (in 2004; UBA, 2007).
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Another source of N,O are biofilters which are a component of com-
posting facilities and aim to reduce or eliminate odors. They are ap-
plied also in other processes where organic emissions occur. N,O in
this case is the result of microbial conversion of ammonia. Therefore
biofilters may act as climate gas sources if ammonia is not eliminated
from the waste gas stream before entering the filter. As an example
data of an experimental biofilter (in the case of MBP technology —
see chapter 12.6.2) are displayed in table 12.7: N,O concentration is
raised from 19 to 130 g, measured as a specific amount per ton of
waste. Such effects can be avoided if ammonia is eliminated from the
waste gas stream by use of an acid washer and scrubber.

Table 12.7 Nitrogen balance in a biofilter (g/t biowaste) (Soyez, 2001)

Substance Raw gas Clean gas after biofilter
input

N,O 19 130

NO 1 190

NH; 500 200

Norg 100 100

Percolation 0 <1-10

Closed reactor,
mature compost

Closed reactor, raw
compost

Open windrow,
mature compost

Open windrow , raw
compost

Home composting,
open heap

il

o

50 100 150 200

GHG emission potential (kg CO,-eq./t)

Figure 12.4 GHG emissions by composting technologies (after Knappe, 2004)
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Besides direct process related emissions other technological steps contribute to
GHG emissions. During collection of biowaste and its transportation to the
composting facility, as well as during turning of compost and aeration, CO,
and methane emissions take place.

The overall greenhouse gas emissions, both antropogen and natural, amount up
to about 150 kg CO,-eq. per ton of waste treated (see figure 12.4), depending
on the technology and the type of the compost produced.

Obviously the emission values are quite similar for the technologies compared,
with highest values for mature compost the production of which normally
comprises an extra maturation step. Home composting represents the lowest
value, since practically no energy consumption in transportation and handling
is necessary. Thus home composting from climate perspective would be a
favourable composting option if processed properly.

Additionally a third factor which is the application of compost as a soil fertil-
izer has to be taken into account. However though it results in GHG emission,
it isn’t counted in GHG balances due to its biological origin.

A specification of the contribution of the steps of processing and application is
given in figure 12.5.
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Figure 12.5 GHG emissions of composting steps (after Knappe, 2004)
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Waste collection and mechanical treatment as a step of the composting process
contribute by only 10 percent, the main process phase by not more than 25
percent. Largest effect is by agricultural application. If matured compost is
produced this value is cut in half. However, in this case, the production effort
is higher, so that the benefits are equalized and the total GHG effect is nearly
unchanged. More than 40 percent is not counted in the GHG balance which is
due to its biological origin.

12.3.3 Carbon sequestration by compost application

Compost is applied in agriculture to improve soil fertility by means of the
supply of mineral fertilizers, such as potassium, phosphorus, and nitrogen.
Moreover, the input of compost strongly influences the soil carbon storage
which is also an important factor of soil fertility. This is due to the fact that
composting partly results in the increased formation of stable carbon com-
pounds, i.e. humus-like substances and aggregates. These are made of complex
compounds that render them resistant to microbial attack.

The input of organic matter is especially important in such a case where an
intensive cultivation of soil results in its degradation, since decomposition
rates and removal of carbon by the crops are not well balanced by inputs. By
adding compost an input of new organic matter takes place, so that the soil
carbon level is restored. In this case compost nitrogen stimulates soil produc-
tivity which results in the higher volume of crop residues. Other compost com-
ponents may have a multiplier effect, by which carbon mass accumulation is
even higher than the direct carbon input by the organic compost mass.

The type of organic matter which is produced by composting can be stored in
soil over many decades. Its decomposition rate has been estimated to be
around 30 to 40 percent during the first year, and a decreasing rate later on.
Field application of compost therefore is a temporary sink in carbon dioxide
and results in a real net improvement of the overall greenhouse gas balance.
The storage effect of soil carbon sequestration is in the range of about 0.054
(Smith, 2001) to 0.24 t CO,-eq. per ton of compost applied (EPA, 2006). Tak-
ing into account a total of CO, emissions of about 0.150 t/t (see figure 12.4), in
the case of a sequestration of 0.24 t/t there is a benefit for the total GHG bal-
ance of about 0.090 t CO,-eq. per ton of compost applied.

On an EU level the use of compost from the biodegradable fraction of munici-
pal waste is estimated to have a storing potential of 1.4 Mio t CO,-eq. per year
if the whole putriscible fraction of MSW is composted in all Member States
(EC, 2004).

By application of compost, there are also other climate related benefits under
discussion even if they are not easily measurable, such as i) improved worka-
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bility of soils, which reduces the energy needs for machinery, ii) reduced ero-
sion, which keeps more organic matter in the surface layer followed by higher
crops, iii) improved water retention, which means less energy for irrigation,
and iv) suppressive power against pests followed by reduction of pesticide
related climate impacts (EUNOMIA, 2005).

12.3.4 Use of composting CO, as greenhouse fertilizer

If compost born CO, could be applied in production processes instead of fossil
derived carbon dioxide, a net reduction of the GHG balance would be possible.
As was mentioned a total of about 150 kg CO, is emitted per ton of compost
raw material. Thus in a facility with a capacity of 100,000 t annually, about
15,000 t of carbon dioxide are produced. In Germany CO, from composting
totals about one Mio t of carbon dioxide, which could be used instead of fossil
derived CO; in industrial or related processes.

A sensible use of compost born carbon dioxide is its application in green-
houses where crops are fertilized by CO, which improves the yields by about
30-40 percent through a CO, input of 100 t per hectare annually. Convention-
ally CO, is from gas burners or is industrially produced. If compost CO, was
used by a medium sized composting facility, an area of about 150 hectares
could be fully supplied. As another advantage the residues from the green-
house crop can be applied as raw material in the composting process. More-
over, renewable heat energy, produced by the composting process supports
climatization of the greenhouse, hence avoiding climate gas emissions from
fossil fuels (Soyez, 1990b). It is another advantage of such a combination that
excess heat from the greenhouse could be used to support the composting
process start, hence reducing energy needs.

12.4 Climate Effects of Waste Deposition in Landfills

Waste deposition in landfills is the final step in the waste management hierar-
chy.

The climatic effects from landfills mainly result from

. landfill gas emissions, especially methane, as a result of microbial
decaying of putriscible matter in the waste deposited in the landfill,

. waste transportation and processing on the landfill site,

. carbon sequestration in the landfill body by forming stable carbon
structures.
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12.4.1 Climate Effects by landfill gas emissions

Landfill gas (LFG) in the year 2000 contributed to global methane emissions
of about 13 percent with a total amount of 818 Mio t of CO,-eq. per year
(EPA, 2007g). It is third in the range of human induced methane sources.
Nearly half of the total emissions stem from four countries: the USA, China,
Russia, and Mexico (see table 12.8). More than a quarter of the world’s total
(26 percent) LFG emissions are emitted in the USA.

Table 12.8 Landfill methane emissions by the 10 most relevant countries in
2000 and estimations for 2020, in Mio t CO,-eq./a (EPA, 2005)

Country Reference year

2000 2020
USA 199.3 145.2
Russia 51.1 453
China 44.6 49.7
Mexico 31.0 39.2
Ukraine 25.2 37.4
Canada 22.8 335
Poland 17.0 17.0
Brazil 15.6 19.0
Australia 14.8 22.0
Germany 14.4 4.4

The global growth of landfill gas emissions is estimated to nearly 20 percent
between 2005 and 2020, mostly due to the raising amounts of waste to be
deposited under poor landfill management conditions in emerging countries
and China, whereas in industrialized countries LFG emissions will decline due
to strict regulations to reduce methane emissions. Examples of such regula-
tions are the U.S. Landfill Rule (by 1999), or the EU Landfill Directive (by
2002). They principally include waste management improvements, such as

e  waste reduction, re-use and recycling, e.g. the reduction of the or-
ganic content of waste by source separation of organics (see chapter
12.1),

. pre-treatment of the waste to reduce the organic content prior to
deposition, e.g. by waste combustion or mechanical-biological pre-
treatment (see chapter 12.6),
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e the collection of landfill gas and use of its energy content in energy
recovery systems for electricity production and in district heating.

The following examples illustrate the situation in Germany where require-
ments for landfills were imposed in 2001 by the Ordinance on Waste Storage
and on Landfills (BMU, 2001). No further deposition will be permitted if
waste has an organic content (measured as loss by incineration) of more than 5
percent. Hence, no waste with significant potential for methane formation will
be deposited. For conformity with pertinent requirements MSW has to be pre-
treated via thermal (combustion) or mechanical-biological processes. By this
pre-treatment a reduction of the waste mass to be deposited is envisaged at 60
to 70 percent. Landfill gas in future will mostly originate from older landfills.
As this tapers off, landfill methane emissions will decrease extensively and
will reach less than 10 percent of the value of 1990 in year 2012 (UBA, 2007)
or 10 Mio t less in 2020 compared to 2000 (see table 12.8).

12.4.1.1  Overview on landfill gas generation

The processes of landfill gas generation and emission are as follows: Organic
compounds of waste such as paper, food discharges, or yard trimmings are
decomposed just after being deposited in the landfill body. Initially they are
metabolized by aerobic micro-organisms. This process lasts as long as oxygen
is available in the waste mass, normally some months. After its depletion,
anaerobic processes start which like the biogas process result in the landfill
gas.

The typical dry composition of the low-energy content gas is 57 percent meth-
ane, 42 percent carbon dioxide, 0.5 percent nitrogen, 0.2 percent hydrogen, and
0.2 percent oxygen. In addition, a significant number of other compounds are
found in trace quantities, especially NMVOCs by one percent at maximum.
These include alkanes, aromatics, chlorocarbons, oxygenated compounds,
other hydrocarbons, and sulfur dioxide. Some of these substances are climate
relevant with a very high GHG potential (see table 7.1).

The gas generation starts about one to two years after waste disposal in the
landfill and continues in significant amounts for some decades, depending on
the composition of the waste. The magnitude of methane generation depends
on the quantity, the type and the moisture content of the waste and the design
and management practices on the landfill site.

The more organics which are contained in the waste the higher is the produc-
tion of methane and thus the contribution of the waste to the greenhouse gas
effect. Plastics, though organic in origin, are mostly not degraded by biopro-
cesses, with the exception of bioplastics. Metals do not directly contribute to
the GHG emissions.
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Some figures of landfill gas production by solid waste components which
contain organics are given in table 12.9.

Table 12.9 Methane yield for solid waste components (EPA, 2006)

Waste component Average measured | GHG effect
methane yield (t CO;-eq./wet ton)
(kg dry mass)

Corrugated cardboard 152.3 1.969

Magazines/Third class mail 84.4 1.978

Newspaper 74.2 0.950

Office paper 217.3 4.426

Food discards 300.7 1.228

Grass 144.3 0.785

Leaves 30.5 0.609

Branches 62.6 0.623

Mixed municipal solid waste 92.0 1.049

Also other important factors with relevance to climate are influenced by the
organic content, such as the production of leachates, and landfill settlings,
which may cause instabilities of the landfill body.

12.4.1.2  Landfill gas recovery

A main factor in reducing methane emissions from the landfill body is to col-
lect the landfill gas before it is released into the atmosphere. For this reason
landfill gas recovery systems are applied: LFG is extracted from the landfill
body using a series of wells. A vacuum system directs the collected gas to a
point where it is processed.

Several types of processing are possible. In the case of a flare only the gas is
burned so that its energy content is lost. Alternatively the gas can be used
beneficially; this includes the use of the gas as fuel in energy recovery facili-
ties, such as internal combustion engines, gas turbines, micro-turbines, steam
boilers, or other facilities that use gas for power production. By this means up
to an average of 70 percent of the gas generated can be captured and trans-
formed into electricity and heat.

Besides direct avoidance of greenhouse gas emissions, LFG recovery prevents
greenhouse gas emissions caused by the fossil fuel which would be needed for
production of the equivalent of electricity and heat.
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Some examples may illustrate the application of landfill gas recovery systems
and its effects in the case of the USA, and of Mexico as a developing country:

. In the USA the national landfill gas budget accounts for 24 percent
of all anthropogenic methane emissions; annual total was 126 Mio t
CO;-eq. by 2006 (EPA, 2008a). The emissions stem from 1,800 op-
erational landfills. From 1990 to 2005 landfill gas emissions de-
creased by 18 percent. This downward trend is the result of in-
creased gas collection and combustion intensity. In 2007, 435 land-
fill gas projects were active which had a capacity of 1,325 MW.
These projects provided over 10.5 billion kWh of electricity, and
delivered to corporate and government users landfill gas with an en-
ergy equivalent to powering roughly 800,000 homes and heating
more than half a million homes each year (EPA, 2008). About
1,530 landfills with a capacity of 1,290 MW are candidates for
landfill gas programmes coming into power in the next few years
(EPA, 2007d). A recent example supported by EPA was a set of 22
landfill gas projects operated by a landfill company in New Eng-
land. These projects will generate in excess of 110 MW of renew-
able energy (or equivalent). They remove from the atmosphere over
0.6 Mio t CO;-eq. each year which is equivalent to planting in ex-
cess of 1.1 million acres of trees and offset the need for almost
21,000 rail cars of coal (EPA, 2008).

. In developing countries national as well as international pro-
grammes support the establishment of landfill gas recovery systems
to reduce methane emission and use the energy for power produc-
tion or household lightening. The following example is from Mex-
ico, where landfills contribute to 10 percent of the total human-
influenced greenhouse gas emissions. It demonstrates the possible
effects (Simeprodeso, 2007): Beginning in 2001 in the city of Mon-
terrey with nearly 4 million inhabitants, where over 4,500 t of mu-
nicipal solid waste are disposed per day in the Simeprodeso landfill,
methane from the landfill was harnessed for energy recovery while
reducing methane emissions. A joint venture between government
and business interests, which in part was funded by an US$ 5 Mio
grant from the Global Environmental Facility, launched a project
for transforming LFG into electricity. The energy is fed into the lo-
cal net to help drive the public transit system by day, and light city
streets by night, and to provide power for over 15,000 homes. It is
planned to enhance the capacity of the existing power station, so
that 80 percent of the municipal government’s electricity needs will
be met. Moreover, as the Simeprodeso landfill continues to expand,
LFG generation is estimated to increase to fuel a 25 MW facility for
completion by 2016.
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12.4.1.3  Effects of landfill management

One-quarter of methane generated in the landfill cannot be captured by gas
recovery systems due to low concentration of methane and resulting poor
economy or is diffusely emitted during or after finishing the gas collection. A
portion thereof can be oxidized in a landfill surface layer with a methane oxi-
dizing substrate, such as compost or residues from mechanical-biological
waste treatment. By this means the residual methane emissions can be reduced
by about 60 percent in the case of the deposition of MSW.

In the case of deposition of waste pre-treated by the MBP technology (see
chapter 12.6) emission characteristic is different: Emission potential is 10 to 45
Nm?/ton of waste dry matter which equals about one-tenth of untreated waste.
Methane production already starts after one month rather than one to two years
in the case of untreated waste, and long lasting emissions at high concentration
do not take place. Methane oxidation potential of a specially constructed land-
fill cover exhibits the landfill gas emission into the atmosphere. Hence practi-
cally no emissions will occur from the landfill after deposition of MBP pre-
treated waste.

12.4.2 Carbon storage by solid waste deposition

Organic waste components, such as yard trimmings, food discards, and paper
are not completely decomposed by the microbial processes, especially by an-
aerobic bacteria. Thus residues of organics which under normal natural condi-
tions would be decomposed over time in the photosynthetic cycle remain in the
landfill. Therefore the amount of carbon stored in the landfill body is consid-
ered to be an anthropogenic sink of carbon which reduces the burden of CO,
emissions.

The amount of plastics which remain in the landfill also means storage of
carbon. However, it is not counted as a sink, since it is of fossil origin.

Table 12.9 indicates the carbon storage efficiency of some selected organic
residues in landfills.

Table 12.9 Carbon storage potential of waste components

Waste component Amount of carbon stored
(t CO,-eq./wet ton)

Corrugated cardboard 0.81

Magazines/Third class mail 1.06
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Waste component Amount of carbon stored
(t CO,z-eq./wet ton)
Newspaper 1.32
Office paper 0.15
Food discards 0.07
Grass 0.44
Leaves 1.43
Branches 0.77
Mixed MSW 0.37

However it is to be mentioned that an even better climate effect would be pos-
sible if the material was recycled instead of its deposition in a landfill (see
figure 12.2).

12.5 Climate Effects of Waste Combustion

12.5.1 Technological background — Waste to Energy (WtE)

Combustion of waste is a traditional method of the treatment of waste prior to
deposition. It results in a reduction of waste to be deposited by about 70 to 80
percent. Only the residues of the process, such as ash and slag, in an amount of
about 20 to 30 percent, would have to be deposited if not used as construction
material under certain environmental constraints. At present another target of
waste combustion comes into the focus of technology development and econ-
omy: Instead of waste minimisation the energy recovery approach dominates
whereby the energy content of the waste is used for the production of power
and heat. Such combustion facilities are defined as waste-to-energy (WtE)
plants.

The amount of waste incinerated recently was about 130 Mio t per year which
is equivalent to an energy amount of more than 1 EJ assuming the energy con-
tent of 9 GJ/t waste. Since the global waste amount is estimated to contain 8 EJ
(in 2002) and 13 EJ in 2030, a big potential for energy generation by combus-
tion is envisaged (IPCC, 2007c¢).

WHE facilities comprise mass burners, modular plants, and refuse derived fuel
(RDF) incinerators:
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. Mass burners generate electricity and/or steam by combustion of
mixed municipal solid waste which has an average heating value of 4
to 6 GJ per ton. The capacity of a single facility is in the range of sev-
eral hundreds of kilotons per year. In Germany about 60 mass burners
with a total capacity of 15 Mio t of municipal solid waste exist. In the
USA about 70 facilities process about 34 Mio t annually.

. Modular WtE plants are similar to mass burners, using municipal solid
waste (MSW), but are lower in capacity. They normally are pre-
fabricated units and established on site, so that they are more flexible
in application.

. RDF facilities are specially tailored to the treatment of a fuel which is
derived from MSW by special processing. This includes separation
steps to remove material with low or no heating value, as well as
waste components containing fast decaying organics which potentially
produce odors. One process option is MBP (see chapter 12.6). The re-
sulting fraction is of high calorific value, typically in the range of 15
GJ/t. It is more uniform than MSW and can be stored up to one year.

12.5.2 Climate effects by MSW combustion

Combustion is a chemical process where components are oxidized by delibera-
tion of reaction energy in the form of heat. In the case of waste combustion,
oxygen normally is supplied by air which in the process is transferred into a
waste gas. It contains the combustion products such as CO,, N,O and other
oxidation products, as well as non combusted gaseous residues from the origi-
nal waste. The typical amount of waste gas produced is about 5,700 Nm® per
ton of waste (BREF, 2006).

Climate effects by waste combustion result from both

. direct emissions of CO,, N,O, pollutants, and indirect emissions
. avoiding greenhouse gases by energy and material recovery

Net greenhouse gas emissions result from the addition of these effects.

12.5.2.1 CO,, N,0 and pollutant emissions

During combustion nearly all carbon substances of the waste are transferred
into CO,. The specific climate effect of CO, from combustion is about 0.7 t
CO;-eq./t MSW. CO, from the biogenic carbon in the waste, which is about
60 percent (see table 10.7), is not counted as a greenhouse gas. Only N,O con-
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tributes to about two percent. In the USA where about 34 Mio t of MSW were
combusted in 2005, a total of 21.3 Mio t CO,-eq. was emitted from which 20.9
and 0.4 were from CO, and N,O, respectively.

Besides CO, a broad variety of pollutants are emitted. Some of them are cli-
mate relevant, others are indirect climate gases. A selection of such substances
is given in table 12.10.

Table 12.10 Emissions caused by waste combustion

Pollutant Emission load
(mg/m® waste gas)

Anorganic substances

SO, 6.72

NO, 111

CO 25.4

NH; 54
Organic substances

Dichlormethane 0.014
Hexachlorbenzene 0.000010
Polychlorated biphenyls 0.000015
Trichlormethane 0.000900

Other indirect emissions occur from supporting processes such as fuel supply
in the case of poor heating value of the waste combusted, and natural gas in an
amount of 11 m® per ton of waste for waste gas treatment, as well as for trans-
port operations in the facility.

12.5.2.2  Beneficial climate effects by recovery

Recovery activities refer to electricity and steam production as well as material
recovery.

Electricity production is a result of the combustion in facilities with energy
recovery such as WtE and RDF facilities. The benefits on climate of this proc-
ess result from the fact that CO, emissions which would otherwise be provided
by an electricity utility power plant which burns fossil fuels are avoided.

To which extent climate impacts can be reduced depends on the GHG impacts
of the energy substituted. A more generalised GHG avoidance number will
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result if the average mix of fuels in a regional or a national economy is consid-
ered, which value depends on the proportion of power sources (see 13.1.1). In
the case of Germany or the USA it amounts to 0.0549 and 0.0794 t CO,-eq.
per GJ, respectively. In this case for every ton of waste which is combusted for
power production instead of the mix given GHG impacts of 0.8 to 1.2t
CO;-eq. are avoided.

Avoidance of GHG emissions at material production also takes place, since
most MSW combustion facilities recover ferrous and non-ferrous metals and
glass. Benefits of recovery of recyclable material can be estimated after the
concrete amounts separated and the emission factors given in chapter 12.2.
They are similar to effects by MBP technology which is discussed in more
detail in chapter 12.6.

12.6 Climate Effects of Mechanical-biological Waste
Pre-treatment

12.6.1 Technological background

Mechanical-biological waste pre-treatment (MBP) technology is a very recent
option in waste management. The first facilities started operation in the mid-
1990s. MBP comprises the processing or conversion of waste from human
settlements, and waste that can be managed like waste from human settle-
ments, with biodegradable organic components, via a combination of mechani-
cal and other physical processes (e.g. cutting or crushing, sorting) with bio-
logical processes (“rotting” or “decomposition”, fermentation), on which

. biologically stabilized waste is produced for deposition or prior to
thermal treatment,

e  thermally valuable components or substitute fuels (refuse derived fu-
els, RDF) are obtained for recovery, or

. biogas is generated for energy recovery (BMU, 2001).

The technology is now being widely implemented in Europe, especially in
Germany and Austria. In Germany, in 2006 about 3.8 Mio t of residual waste
were operated in 46 MBP facilities. The total treatment in Europe was about
13 Mio t. In developing and emerging countries, such as China, Vietnam, and
Brazil, MBP projects were built to improve the waste management situation
(Nelles, 2007).

The typical process is characterized by mechanical separation steps to produce
i) the RDF fraction which typically amounts to about 40 percent of the original
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waste. ii) 35 percent by mass of a fine fraction is produced which is rich in
organics, but has a low heating value. After separation, this fraction is biologi-
cally treated to reduce the organic content to a low value so that MBP treated
waste can be deposited at low risk of emissions (Soyez, 2001). The residual
organics must not exceed a certain level for the respiration activity (AT,<5
mg/g) or alternatively gas formation in a laboratory test (GB,; <20 1/kg). The
upper thermal value of the waste deposited must be lower than 6,000 kJ per kg.
Thus an energy rich fraction is separated.

A typical process scheme is given in figure 12.6.

Fe-metals
. Non-ferrous metals
Input Mechanical Glass (optional)
material: \ processing &
?:gg\‘;%) material flow High calorific
separation fraction (RDF)

55%
organic-rich
material

Biological Treatment
S Process losses

l_Anaerobic stage (optionally max.
| (optional) 10% as biogas)
4

pre-treated waste for deposition

Figure 12.6  Process schema of RDF production by MBP (Soyez, 2001)

Two types of processes for the biological treatment or combinations thereof
can be applied according to the MBP technology: aerobic and anaerobic proc-
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esses. In the case of aerobic processes the organic residues are oxidized. This
is similar to composting. However the product is not “compost” because its
quality is poor due to heavy metals and toxic substances. The energy content
of the waste in this case is lost. In case the biological treatment is executed by
an anaerobic process, methane will be produced and transformed into electric-
ity to cover the needs of the process itself or for energy marketing. Waste heat
can be used for district heating or for technical processes such as drying.

As another important aspect, in MBP facilities a material recovery takes place.
Especially ferrous and non-ferrous metals are recovered by about four and one
percent, respectively. Optionally a recovery of glass is possible and is applied
depending on the market needs. The recovery of these materials avoids climate
impacts in the production processes and is thus considered as a climate benefit
of waste pre-treatment.

There are MBP variants established which only produce RDF and recyclable
materials such as metals and glass, and no waste for deposition. The plant type
may be directly combined with a combustion unit to produce energy, or it
produces an RDF fraction for marketing in the energy sector as well as for
cement or methanol production. A MBP facility situated in Dresden (Ger-
many) is shown in figure Figure 12.7.

Figure 12.7  Total view of an industrial scale MBP facility in Germany



164 Climate Effects of Waste Management

The output flow of such a process is characterized by about two-thirds of the
fractions for industrial re-use; only 4 percent are deposited, relevant to 100
percent input, not including process losses (see table 12.11).

Table 12.11  Output flow composition of MBP technology (Soyez, 2002)

Output fraction Percent of total input
Fraction for industrial re-use

RDF (calorific value 15-18 MJ/kg) 53
Ferrous metals 4
Non-ferrous metals 1
Batteries 0.05
White glass 5
Brown glass 0.5
Green glass 0.5
Minerals 4
Others

Fine grain and dust (to be deposited) 4

12.6.2 Climate effects by MBP technology

Climate effects caused by MBP technology can be addressed to several sources
— see table 12.12.

Table 12.12  Climate impacts by MBP technology

Technological step | Climate impact source Assessment of effects
MBP processing Energy need of processes Marginal, but negative
such as ventilation and
transportation

Recovery of metals and glass | High CO, avoidance potential

Emissions of process gases Emission data:

Allocation values by law
(BMU, 2001):

N,O <100 g/t, TOC <S55 gt,
Typical values (Doedens,
2007):

N,O =6 g/t, TOC = 34 g/t
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Technological step

Climate impact source

Assessment of effects

Biogas production in an
anaerobic process
technology

100 m’/t waste

Deposition of pre-
treated waste

Emissions from landfill

Negative due to GHG
emissions, but improved
compared to deposition of
waste without treatment

Use of RDF fraction | Emissions by combustion in | Positive mostly due to native
a WtE-facility organic biomass content, but
also due to substitution of
fossil fuel for energy
production
12.6.2.1 Climate effects of material recovery

The ecological assessment for the most climate relevant LCA impact catego-
ries (see also chapter 8) of material recovery of iron, non-ferrous metals, and
plastics, as well as of the RDF use in cement kilns is given in figure 12.8 as
specific contribution to the national (German) GHG inventory. The calculation
is based on the following typical range of parameters:

The amount of metals in the residual waste varies between 2.5 and 10
mass percent. The share of ferrous metals is 75 percent or higher. Af-
ter crushing and homogenisation about 95 percent of the ferrous met-
als are recovered by magnetic separators.

The share of non-ferrous metals is 0.6 to 2.6 mass percent. It contains
30 to 50 percent of aluminum. The efficiency of separation is as high
as 98 percent in case of an eddy current separator.

In the case of anaerobic processing of organic residues in the MBP
plant a gas yield of 25 to 125 m?*t MBP-Input is assumed. The gas
produced has a methane content of 60 percent.

The percentage of plastics within the residual waste is between 7 and
15 mass percent. Plastic consists of polyethylene only, of which
80 percent is recovered, and 70 percent of the recovered plastic is re-
cyclable.

The high calorific fraction has a heating value of 15,000 kJ per kg. It
consists of plastics, paper, and packaging material. It is used as a sec-
ondary fuel in a cement kiln.
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Figure 12.8  Results of a complex LCA of MBP recovery options (Soyez, 2001)

According to figure 12.8 in most of the criteria environmental benefits (i.e.
negative values in the figure) result even if one considers the additional im-
pacts for the separation and recovery processes.

Climate effects of all options are beneficial. Best results will be by material
recycling of plastics provided a high value end use of the recycled plastics is
guaranteed. The benefits of ferrous metals recovery are as high as those of
using the RDF fraction in a cement kiln, and the power production from bio-
gas. The improvement potential of the aluminum recovery is of minor rele-
vance compared to the other recovery options.

The benefits in the impact categories result from the substitution of primary
materials and energy resources which otherwise would have to be produced
and used with the corresponding environmental impacts. But the recycling
oriented residual waste treatment strategy requires a market which is open for
the recovered resources and a material management which ensures that the
recovered materials comply with the requirements of the recycling industry. It
is, for example, very important to use the waste heat of RDF incineration and
the biogas burning processes, otherwise the ecological benefit is very small.
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12.6.2.2  Optimising the climate impacts of the MBP technology

As was shown in figure 12.6, MPB technology in addition to the recycling
material including the RDF fraction leads to a product which after biological
treatment is to be deposited. For suitable information on climate effects of
MPB as a whole, the effect of the deposited material on the landfill has to be
taken into account. A better pre-treatment comes up with lower organic resi-
dues and thus with lower landfill gas emissions. On the other hand, longer
treatment requires higher energy input, e.g. for aeration, which as a conse-
quence leads to enhanced greenhouse gas emissions in this process step. This
is a typical technological compromise situation (see chapter 8) for which the
best solution has to be found.

Figure 12.9 displays GHG emissions by energy consumption as well as landfill
methane emission with the process duration. The sum of both curves shows a
minimum which defines the best decomposition duration. Obviously it is not
useful to stabilise the waste to the maximum degree as the overall result gets
worse with longer process duration due to a higher total energy input. As de-
pendent on the methane oxidation capacity of the landfill cover the minimum
GHG value and therefore best process duration is between 16 and 28 hours.
For 95 percent methane oxidation in the landfill layer 18 weeks is the best
option.
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Figure 12.9 GWP as dependent on process duration (Soyez, 2001)
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12.6.2.3  Climate effects of MBP waste gas treatment

Waste raw gas from the biological treatment process of a MBP facility con-
tains a broad variety of climate relevant substances i) from constituents of the
waste as well as ii) from substances which are caused by the biological proc-
ess. The total emission potential of organic substances (TOC, total organic
content) in the raw gas is about 1 kg per ton of waste, whereas nitrogen com-
pounds amount about 0.1 kg/t wet waste. To comply with the law emissions
must be reduced by gas cleaning. There are several techniques to reduce the
emissions such as biofilters and Regenerative Thermal Oxidation (RTO) which
both are broadly applied in state-of-the-art MBPs. Only is the RTO technology
able to reduce the residual organic load in waste gas to the level of the alloca-
tion values (see table 12.12).

In the RTO technology the waste gas is oxidized by co-combustion of natural
gas or liquid gas. As a result, most of the organic components are destroyed.
The residual specific load of organics in the waste gas is far less than 55 g per
ton of waste product. However the combustion of the gas is combined with
emissions of CO, as well as with methane emissions in the gas processing
chain, which have to be considered in the total budget. Incineration in the RTO
technology furthermore results is N,O emissions.

Evaluating the net effect under climate respect the benefits as well as the
drawbacks have to be considered. An example is given in table 12.13 for two
technological options applied in two RTO facilities. In one facility natural gas
is used, in the other case, LFG from a nearby landfill.

Table 12.13 Comparison of GHG effects of RTO variants (Zeschmar-Lahl,

2000)
RTO process step GHG effect (kg CO,-eq./t)
Facility 1 Facility 2

Natural gas pre-processing 0.21 0.0015
CO, from natural gas incineration 6.17 0.44
Power consumption 34 34
CO, from mineralization of organics 0.62 0.62
Effects of N,O deliberation 1.9 1.9
Mineralization of HFCs -8.67 -8.67
Oxidation of methane -4.45 -4.45
Benefits of landfill gas oxidation 0 -69.2
Total -0.82 -75.95
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By application of landfill gas instead of natural gas huge benefits result for the
process. About 76 kg CO,-eq. are saved per ton of waste treated compared to
facility 1, where the net benefit is less than one kg. This is close to the break-
even-point where no positive climate effect is achieved by application of the
RTO process. Such a case may occur, for example, if the amount of HFCs is
by about 10 percent less, e.g. as a long term result of phasing-out of these
substances under the provisions of the Copenhagen Amendments to the Mont-
real Protocol (see chaper 10).

As a message from this it can be drawn that a technology able to reduce emis-
sions of certain components must be totally budgeted to be sure that a net benefit
can be achieved even under changing process conditions in the long term.

12.7 WARM - a Tool for GHG Evaluation of Waste
Management Strategies

WARM (WAste Reduction Model) was created by the U.S. Environmental Pro-
tection Agency (EPA) to support solid waste managers and organizations in plan-
ning waste management strategies under climate aspect. It is available in a web
based calculator format and as a Microsoft EXCEL spreadsheet (EPA, 2005a).

WARM calculates GHG emissions for waste management practices, including
source reduction, recycling, combustion, composting and deposition. In every
calculation case a baseline and an alternative option are compared. The GHG
emission factors were calculated following the LCA methodology (see chap-
ter 8). A wide range of materials is considered (see table 12.14). For an expla-
nation why recycling some materials reduces GHG emissions more than
source reduction (e.g. aluminium) see EPA (2008b).

Table 12.14 GHG emission data of waste components used in the WARM model
(EPA, 2005a)

Material GHG emissions of materials
(t CO,-eq./t)

source recycled | deposited | combusted | composted
reduced

Aluminum cans -8.97 -14.93 0.04 0.06

Steel cans -3.21 -1.79 0.04 -1.53

Copper wire -7.55 -5.08 0.04 0.06

Glass -0.58 -0.28 0.04 0.05

HDPE -1.81 -1.41 0.04 0.90




170 Climate Effects of Waste Management

Material GHG emissions of materials
(t COy-eq./t)
source | recycled | deposited | combusted | composted
reduced
LDPE -2.29 -1.71 0.04 0.90
PET -2.12 -1.55 0.04 1.07
Corrugated cardboard | -2.63 -2.74 0.59 -0.66
Magazines/third-class | -4.30 -2.70 -0.23 -0.48
mail
Newspaper -4.06 -3.49 -0.80 -0.75
Office paper -3.64 -2.48 2.27 -0.63
Phonebooks -5.23 -3.34 -0.80 -0.75
Textbooks -4.82 -2.74 2.27 -0.63
Dimensional lumber | -2.02 -2.45 -0.39 -0.79
Medium density -2.23 -2.47 -0.39 -0.79
fiberboard (MDF)
Food scraps 0.84 -0.18 -0.20
Yard trimmings -0.15 -0.22 -0.20
Grass 0.03 -0.22 -0.20
Leaves -0.10 -0.22 -0.20
Branches -0.39 -0.22 -0.20
Mixed paper, broad -3.17 0.52 -0.66
Mixed paper, -3.17 0.42 -0.66
residential
Mixed paper, office -3.06 0.64 -0.60
Mixed metals -7.27 0.04 -0.47
Mixed plastics -1.51 0.04 0.97
Mixed recyclables -2.87 0.28 -0.62
Mixed organics 0.33 -0.20 -0.20
Mixed MSW 0.58 -0.13
Carpet -4.10 -7.36 0.04 0.37
Personal computers -58.07 -2.46 0.04 -0.20
Clay bricks -0.29 0.04
Aggregate -0.01 0.04
Fly ash -0.87 0.04




WARM - a Tool for GHG Evaluation of Waste Management Strategies 171

To use the model it is necessary to define the waste management practices to
be compared and to gather the waste management data, such as type and
amount of waste components at the existing waste management practice as
well as in prospective alternative scenarios. For all technological elements of
waste management processes WARM proposes certain values (see table 12.15)
which may be changed if necessary to adapt to a specific situation.

Table 12.15 WARM standard technological items
Waste Program standard Possible choices by user
management
practice
Benefits of source | Current mix of virgin and 100 percent unhandled
reduction recycled inputs (see figure material (represents an upper
12.1) limit of possible effects)
Landfill gas U.S. national average based on | Landfill gas recovery
recovery the emission proportions of No landfill gas
landﬁlls. with landfill gas Recovery of energy
control in 2000 Flare only
Landfill gas efficiency after Current or predicted
national average: 75 percent efficiency
Waste Estimated distances from the Actual distance
transportation curb to the landfill or waste
distances treatment facility, as
combustion, recycling or
composting: 20 miles

WARM calculation example

As a calculation example a waste is considered which consists of aluminum
and steel cans, glass, plastics (HTPE, PET), corrugated cardboard, as well as
three types of organic matter, such as yard trimmings, grass, and leaves. The
composition of the waste is given in table 12.17 for six scenarios. The total
mass processed is 800 t.

The greenhouse gas effects were calculated under the following assumptions:

. The waste is deposited in a landfill which is equipped with a landfill
gas recovery system for electricity production. Landfill gas collection
efficiency is 75 percent.

. Greenhouse gas emissions of deposition, recycling, combustion,
composting, and source reduction are calculated on the basis of table
12.14 (EPA, 2005a).

. Benefits of recycling are calculated as compared with the current mix
of recycled and virgin matter in manufacturing (see figure 12.1).
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The following scenarios (see table 12.16, 2™ column) were studied under the
specification of a waste composition based on table 12.17:

Table 12.16  Description of scenarios and resulting GHG reduction

Scenario Description Resulting GHG
reduction (t CO,-¢q.)
0 Reference scenario: whole waste deposited 0
1 Recycling of 50 percent of the waste 1,128
components, without organic green matter
2 Same as 1, but total composting of the organic | 1,165
matter
3 Same as 2, but 50 percent of the plastics and 1,134
the corrugated cardboard combusted
4 Same as 3, but no recycling, 100 percent 783
combusted
5 Same as 2, but no combustion, 100 percent 1,484
recycling
6 Same as 2, but 25 percent of aluminum and 1,764

steel cans as well as glass deposited, and 25
percent source reduced

Table 12.17 Waste composition and mass balances of the scenarios (in t)

Waste Waste | Scenario
material | mass
0 1 2 3 4 5 6
Recyc- | Compo- | Combu- | Combu- | Recyc- | Source
ling sting stion stion ling reduced
Alumini- | 100 50 25
um cans
Steel cans | 60 30 15
Glass 40 20 10
HDPE 100 50 50 100 100
PET 100 50 50 100 100
Corruga- | 100 50 50 100 100
ted
cardboard
Yard 100 100
trimmings
Grass 100 100
Leaves 100 100
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The results are given in figure 12.10.
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Figure 12.10 GHG reduction by waste management scenarios

Figure 12.10 indicates that each waste scenario other than deposition on the
landfill (reference scenario) considerably improves the greenhouse gas bal-
ance.

The recycling of 50 percent of metals, glass, and plastics results in 1,128 t
CO,-eq. reduction (Scenario 1). In this scenario, organics are deposited. If
organics are fully composted (Scenario 2), another small improvement in the
CO; budget will occur (1,165). If 50 percent of the plastics are combusted
instead of deposited (Scenario 3), nearly no effect will result as compared with
scenario 1. Obviously, in this case, the GHG emissions resulting from landfill
or from combustion are nearly the same.

However, if a fraction of 50 percent of plastics is combusted instead of its
recycling (Scenario 4), the result will be much worse (783), since GHG reduc-
tions caused by recycling no longer exist. The considerable contribution of
recycling to GHG reduction would become even more evident if a 100 percent
recycling is considered (Scenario 5). In this case, a high reduction in GHG
emissions occurs (1,484). An even more positive effect (1,764) would be
achieved if a portion of the metal and glass fractions is source reduced (Sce-
nario 6). In the case considered, 50 percent are recycled, but 25 percent are
deposited, and the other 25 percent source reduced.
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The world’s current annual primary energy use is about 470 EJ whereof 86.8
percent are fossil and 13.2 percent are renewable in origin (see table 13.1). The
renewables comprise an about 83 percent share of biomass.

Table 13.1 Current global primary energy sources (IPCC, 2007c)

Fossil Renewable
Energy | Oil | Coal | Gas | Nuclear | Bio- | Hydro | Geo- Solar | Wind
source mass thermal
El/a 165 | 116.5 | 95.3 |29.9 49.6 | 10.1 0.9 0.8 0.7
Percent | 352 |249 |203 |64 106 |22 0.2 0.1 0.1

Of final consumer energy 45 percent is used for low temperature heat such as
cooking, water and space heating, and drying; 10 percent for industrial process
heat; 15 percent for electric motors, lighting, and electronics; as well as
30 percent for transport. Around one half of the total is consumed by the de-
veloped countries which comprise one billion people. Another billion in the
poorest countries consume less than 4 percent. In all regions of the world as
well as all sectors of energy use, demand has grown in recent years. Only an
increase by two percent was recorded between 2000 and 2002. Two-thirds
more energy need is anticipated for 2030 compared to the year 2004 if no
action to change energy use patterns is taken (IPCC, 2007¢).

There are two consequences seen: 1) Rising demand implies a resource prob-
lem since current energy sources are mostly of fossil origin and therefore of
limited availability. However ii) the impacts of greenhouse gas emissions from
burning of fossil energy sources are of even larger importance since — as was
shown in figure 9.1 — energy related GHG emissions are most important con-
tributers to world’s total GHG balance. Fossil energy use is therefore the main
reason for climate change. Improved energy efficiency (i.e. energy use per
GNP), the switch to other energy sources especially of renewable origin, as
well as changed energy use patterns are urgently necessary and are high rank-
ing in the political agenda as well as in industry and the other production
spheres.
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The following chapters specify the GHG emissions from fossil fuel, its extrac-
tion and its use, and the implications of a shift towards renewable energy. For
basic considerations on the potential and the status of renewable energy see
also chapters 6.4.1. and 6.4.2. Examples of improved energy efficiency meas-
ures are discussed in all other chapters.

13.1 GHG emission overview

Direct GHG emissions from fossil energy related activities are mainly caused
by the direct greenhouse gases CO,, CH4 and N,O. The majority come from
fossil fuel combustion with CO, as the primary gas emitted in an amount of
about 27,100 Mio t CO,-eq. per year on a global scale, of which 39.1, 23.2 and
37.6 percent are from coal, oil and gas, respectively (IPCC, 2007c). The total
amount of CO, which was emitted during the last 150 years is estimated to be
about 1,100,000 Mio t!

The contribution of the national economies is very diverse in total, structure, and
in per capita numbers, which is documented by the following selected data:

. The United States contribute by about 22 percent to the global energy
related CO, emissions. Energy related activities accounted for over 85
percent of the country’s total emissions (in 2005), where CO, emis-
sions account for nearly 82 percent compared to only 4 percent of
non-CO,-emissions. 98, 38, and 11 percent of the nation’s CO,, CH,4
and N,O emissions, respectively, are included in this number. U.S.
power plant GHG emissions total 2,650 Mio t CO,-eq. (EPA, 2007b).

. Africa's fossil-fuel CO, emissions are low in both absolute and per
capita terms. They were below 900 Mio ton of CO,-eq. in 2002. Per
capita emissions are only about 5 percent of the comparable value for
North America. Fuels account for 15.6 percent. The emissions are
mostly due to the activities of only a few countries, amongst them
South Africa which accounts for 40 percent of the continental total.
Another 44 percent share is from Egypt, Algeria, Nigeria, Libya, and
Morocco, combined. Power in South Africa largely depends on coal
burning.

. In Asia from 1971 to 1995 an eightfold increase in coal burning for
electricity generation in the industrialising countries occured. The
trend continues, and India and China will be responsible for 75 per-
cent of the increased global coal consumption. By 2025, nearly
60 percent of all coal will be burned in Asia-Pacific. As a conse-
quence, the region’s CO, emissions are predicted to double (WWF,
2006). In Thailand the total consumption of fossil fuels is about 232
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Mio t CO;-eq. annually (in 2002). The consumption more than dou-
bles every 10 years.

In addition to emissions which are directly related to the use of fuels, green-
house gases are released by energy related activities such as mining and pro-
duction, transmission, storage, and distribution. These emissions mostly origi-
nate from fugitive methane from natural gas and petroleum systems, and coal
mining. During these processes, CO, as a direct greenhouse gas, as well as the
indirect greenhouse gases such as CO, NO,, NMVOCs, and SO, are emitted,
but in smaller quantities.

Emissions can be allocated to end use sectors, such as transportation, industry,
residential and commercial. Figure 13.1 displays GHG emissions by these
sectors with specific contributions of both combustion and electricity related
emissions. The industrial end use sector includes activities such as manufactur-
ing, construction, mining, and agriculture. Manufacturing is the largest con-
sumer of energy. Six industries, comprising petroleum refineries, chemicals,
primary metals, paper, food, and non-metallic mineral products, represent the
majority of energy use. In the United States, this sector accounts for 28 percent
of CO, emissions from total energy use. A share of one-half results from direct
consumption of fossil fuels for steam and process heat, whereas the other half
is used for electricity for motors, electrical furnaces, and lighting — see again
figure 13.1, second column.
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Figure 13.1 GHG emissions from fossil fuel combustion by end use sectors in
the USA (in 2005; EPA, 2007b)
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13.2 GHG Emissions by Extraction of Fossil Fuels

Extraction technologies refer to mining of coal and extraction of gas and oil.
Greenhouse effects predominantly occur through methane emissions.

13.2.1 Methane emissions by oil and natural gas extraction

Production, processing, transmission, and distribution of oil and natural gas are
the second largest anthropogenic methane source globally. About 88 billion m®
are released annually. In Russia and Ukraine, in 2000 an equivalent of 69.1
and 16.4 Mio t CO,, respectively, was set free. In the U.S. oil industry by pe-
troleum systems in 2005 methane emissions were about 28 Miot CO,-eq.
(EPA, 2007b).

In petroleum systems methane emissions are primarily associated with crude
oil production, transportation, and refining operations. Methane is released as
fugitive emissions, vented emissions, from operational upsets, and from fuel
combustion. Production field operations account for over 97 percent, from
which vented emissions are 90 percent. Most dominant are offshore oil plat-
forms, field storage tanks, and natural gas powered pneumatic devices.

Methane losses from natural gas systems account for 15 percent of total
worldwide methane emissions. Emissions vary greatly from facility to facility
and are largely dependent on operation and maintenance procedures and
equipment conditions. Primary contributors are normal operations, mainte-
nance, and system upsets. In field production which is the initial stage of the
natural gas system, one-third of the total emissions are released. Fugitive and
the emissions from pneumatic devices are major sources. During the process-
ing, where a pipeline quality gas is produced, further 12 percent of the emis-
sions occur, mostly fugitive. Methane emissions from transmission and storage
account for another third of the emissions. The distribution system, through
which the natural gas is transported to the end user, also accounts for one-third
of the emissions.

Considerable reduction is possible through upgrading of technologies or
equipment and by improved management and operational procedures. Exam-
ples are low-emission regulator valves, operational procedures to reduce vent-
ing, leak detection, and more precise measurement.

An example of possible effects of such measures is an emission detection pro-
gram at Cherkasytransgas, one of six Ukrainian gas system subsidiaries. After
running measurement studies it was determined, that 3 Mio m’/a natural gas
were leaking from only two compressor station sites. After repairing, leakage
of two-thirds of this amount was prevented. The programme continues to per-
manently monitor and improve all compressor stations (Mandra, 2004).



GHG Emissions by Extraction of Fossil Fuels 179

13.2.2 Methane emissions from coal mines

Coal mining releases methane by underground and surface mining as well as
by coal handling (post mining) activities. Since methane can create an explo-
sive mixture with oxygen it must be removed for safety reasons by large-scale
ventilation systems. They move massive quantities of air through the mines.
Only the gas contains methane in very low concentration. Underground mining
is the most important source of fugitive mine methane by far with about
70 percent of all coal mining related emissions. Methane is also produced from
degasification systems (gas drainage systems) that employ wells to recover
methane.

The background of methane from coal is as follows: Methane in coal was pro-
duced when vegetation was converted during the coalification process in ear-
lier periods of Earth’s history. It was stored under high pressure within coal
seams and surrounding rock. It is liberated when mined. The quantity of the
methane emitted depends on the carbon content in the coal (coal rank) and the
coal depth. Coals such as anthracite have the highest carbon content and re-
lease most methane. Lignite is lowest in methane deliberation. Specific meth-
ane emissions range from about 0.7 to over 310 m® per ton, e.g. in the U.S.
mining industry.

Globally, coal mine methane accounts for 8 percent of total methane emissions
resulting from human activities. In 2000, worldwide emissions totaled
380 Mio t CO,-eq. By 2020, the world’s coal mines are expected to produce
annual emissions of 450 Mio t CO,-eq./a.

More than 90 percent of the world’s methane from coal mines is from only
11 countries. Amongst them China (40 percent) and USA (14 percent) as
the biggest coal producers, together are emitting more than 50 percent of the
world’s total. Other significant emittents include Russia and Ukraine
(7 percent each), Northern Korea (6 percent) and Australia (4 percent).
India, Germany, Kazakhstan, South Africa, and the United Kingdom con-
tribute 2 to 3 percent each. In some countries, such as Mexico and Vietnam,
emissions of methane from mines are low on a national level, but some of
their coal mines produce substantial volumes (EPA, 2007¢), and are worthy
of note therefore.

For decades methane in coal mines was considered a burden and a costly
safety hazard. But recent projects have proven that it can provide many bene-
fits to the mine and the environment. A variety of uses is possible. The optimal
use at a given location is dependent on the quality of the methane containing
gas, the availability of end-use options and the project economy. Possible uses
include natural gas pipeline injection, electric power production, district heat-
ing, co-firing in boilers, mine heating, coal drying, vehicle fuel, flaring, and
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manufacturing or industrial uses such as feedstock for carbon black, methanol,
and dimethyl ether production. Low concentration methane can be oxidized
and the resulting thermal energy can be used to produce heat, electricity, and
refrigeration.

The following examples will give an overview of the situation in the most
important countries and initiatives to reduce mining methane emissions.

e In China it is estimated that there are more than 26,000 coal mines,
mostly (90 percent) underground, which produce about 1.4 billiont of
coal (2003). 50 percent of the large mines are emitting gas; they account
for nearly 50 percent of coal production and about 86 percent of coal
mine methane emissions. By 2004 over 200 mines were equipped with
methane drainage systems. Over 1.5 billion m® of methane had been re-
covered with approximately 40 percent of drained gas utilized. The gas is
used for town gas, power generation, industrial applications, and vehicle
fuel (EPA, 2007f).

e An example of a successful Chinese project is the Jincheng Anthracite
Mining Group which produces anthracite coal at several highly gassing
mines. They started methane capturing in 1995. The gas was used to fuel
a 1.6 MW power station. Capacity was increased to 4 MW in 2002. The
effect on GHG emissions is estimated to be about 40,000 t CO,-eq. per
year. As a next step a 120 MW power station using the latest technology
will be established, which by 2008 will serve the total power needs of the
mine as well as 90,000 households and commercial and industrial con-
sumers in the area. The project will save emissions of 7 Mio t CO;-eq.
annually.

e U.S. mining industry accounts for about 10 percent of man-made
methane emissions. In 2003 4.9 billion m® were liberated from which
one-quarter was recovered and used. GHG effects from U.S. coal min-
ing methane declined by 170 Mio t CO;-eq. from 1990 to 2005. About
15 projects are in operation at active mines, and more than 20 in aban-
doned mines. The gas is used for mine heating, pipeline injection and
power generation. Gas sales generate about US$ 90 Mio in revenues
annually.

e  For further improvement of the situation on an international level a non-
profit organization “Methane to Markets initiative” was established in re-
cent years. All important coal producing countries and regions are mem-
bers, including USA, EU, and China. It aims to improve awareness of
emission reduction opportunities and the value of the recovered methane
as well as to implement projects worldwide. A data submission form for
project feasibility studies (EPA, 2007¢) as well as a summary of methane
technologies for mitigation and utilisation was prepared to support deci-
sion making processes (EPA, 2007¢).



Climate Effects of Fossil Fuel Use 181

13.3 Climate Effects of Fossil Fuel Use

Fossil fuel is used in every sector of the economy, amongst which power pro-
duction, industry related fuel use, and transportation are the most important
and therefore will be discussed in the following chapters.

13.3.1 Climate effects of fuel use in power production

Power is produced from a variety of fuels using diverse technologies. The
concrete situation in a country’s energy sector depends on factors such as the
available energy basis and established industrial facilities, but also public opin-
ion or legislation.

As an example of the energy basis the current fuel mix in the U.S., German,
and South African power industry is displayed in figure 13.2. Coal dominates
the electricity production in each of the countries however South Africa with a
share of more than 90 percent depends largely on only this type of fossil
sources.
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Figure 13.2  Power production energy mix in selected countries

In accordance with the composition of the fuel mix the mean emission equiva-
lent, i.e. GHG emissions per energy unit, varies in different countries. E.g. in
Germany the value is 514 g CO,-eq./kWh compared to South Africa’s 900 g,
which is nearly twice (Soyez, 2008).

The reason is that specific emissions to a large share depend on the type of fuel
used. In the case of nuclear power and renewable resources considerably lower
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GHG amounts per unit of electricity produced are emitted as compared with
fossil fuels (see chapter 13.4). However also emit fossil fuel types different
amounts of GHGs due to their carbon content and the fraction of carbon that is
oxidized during combustion. Theoretical emission values are given in figure
13.3. The amount of carbon not oxidised due to inefficiencies during the com-
bustion process is less than three percent in modern coal power stations, one
percent for petroleum and half a percent for natural gas.
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Figure 13.3  Specific CO, emissions from fossil fuel use

Besides direct CO, emissions also CH4 and N,O must be considered. Methane
emissions are 1.5 kg/TJ for solid, 3.5 kg/TJ for liquid, and 0.3 kg/TJ for gaseous
fuels. N,O emissions after several technologies are given in table 13.2.

Table 13.2 Technological N,O emission factors from large combustion plants

(UBA, 2007)
Fuel Combustion technology N,O emission GHG effect
factor (kg/TJ) (t CO-eq./TJ)
Hard coal Fluidized bed 20 5.96
Hard coal Other combustion methods | 4 1.19
Lignite Fludized bed 8 2.38
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Fuel Combustion technology N,O emission GHG effect
factor (kg/TJ) (t COz-eq./TJ)
Lignite Dry-dust combustion 32 0.95
Lignite Other combustion methods | 3.5 1.04
Liquid fuels 1 0.3
Gaseous fuels 0.5 0.15

An improvement of the GHG emission situation would therefore be possible
by a change of the energy basis. For such a shift the term “fuel switching” is
common. Actually best results can be achieved by switching from fossil to
renewable resources which have very slow GHG emissions (for values see
table 13.4). However also in the case of a change from coal and oil to natural
gas the emissions are considerably reduced; e.g. from lignite to gas cut in half.
The “fossil fuel switching” is therefore a very important measure to reduce
GHG emissions. This option currently is seen as the most effective possible
short term measure to slow down the climate change rate.

As another option of fuel switching the co-firing of MSW seems promising
even though the specific GHG emissions are highest compared to lignite (see
figure 13.3). The reason is that only a part is of fossil origin which has to be
considered GHG relevant. The other portion is of renewable origin and thus
climate neutral (see chapter 13.5). The fossil based GHG emissions are similar
to natural gas, since the fossil portion of waste mostly consists of plastics
which have a chemical composition comparable with natural gas. Use of waste
is therefore sometimes seen as an attractive option for low carbon power pro-
duction.

In addition to fuel switching upgrading of technology and equipment as well as
improved management and operational procedures imply a large potential for
emission reduction in the energy sector. The following example illustrates this
fact in the case of lignite fired power stations: For the most dirty 30 plants
worldwide values up to 1,350 g CO,-eq./kWh were measured after full balanc-
ing of all processes of electricity production (WWF, 2006). This is 3.5 times
the value given in figure 13.3. One concrete measure to improve the efficiency
is the use of waste heat from thermal electricity generation plants in industry or
for buildings and district heating.

Highest effects can be achieved by combined measures. As an example, in the
case of the power industry in the EU during 1990-2004, only emissions in-
creased by about 6 percent during 1990-2004 whereas 40 percent more elec-
tricity was generated. This means that emissions were no longer in line with
energy generation. The improved relationship between the actual emission
reduction and the increased power generation can be explained by 1) fuel
switching from coal and lignite to natural gas which resulted in 18 percent
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reduction in specific GHG emissions, and ii) 12 percent reduction by improved
thermal efficiency of electricity and heat production (EC, 2007).

In the case of one German supplier a specific value of 12 g CO,-eq./kWh com-
pared to the German average of 514 g CO,-eq./kWh was established by use of
renewables and combined heat and power production (cogeneration) where
waste heat was used for buildings and district heating (Schénau, 2007).

13.3.2 Climate effects of transportation

In terms of emission levels, aircraft, road, and railway transportation are very
important climate impact sources. However there are considerable differences
in the climate impacts of the types of transportation: One ton of CO, emissions
allows for a travel distance of 3,000; 7,000; and 17,000 km by aircraft, car, and
train transportation, respectively. Train transportation of goods is characterised
by the lowest climate impacts with 29 g CO,-eq. per ton and km compared to
158 for road haulage and 31 for shipping (under German conditions; Allianz,
2003). Moreover, in the case of aircraft transportation, not only CO, emissions
count. There is an extra climate burden by water vapour and pollutants at great
heights.

Some details of road and aircraft transportation are discussed below.

13.3.2.1 Road transportation

Total actual emissions from passenger cars are affected by the number of cars
in use and the average annual mileage, the average specific fuel consumption,
driving styles and auxiliary installations.

Worldwide, 600 million cars are driven, 75 percent of which in developed
countries. Transport CO, emissions in the EU grew by 32 percent between
1990 and 2004. The share of transport in CO, emissions was 21 percent by
1990; by 2004 this had grown to 28 percent. Emissions from passenger cars
and vans account for approximately half of this (T&E, 2006). In Germany road
emissions contributed about 15 percent to the total national emissions which
was an amount of 150 Miot COy-eq. in 2005 (UBA, 2007). In California
60 percent of the total GHG emissions are caused by road traffic (Sand, 2005).

Emissions are caused by direct CO, emissions from gasoline and diesel fuel as
well as greenhouse gases other than CO,, including CHy4, N,O, and the indirect
greenhouse gases NO,, CO, NMVOCs, NH3, and SO,.

CO; emissions. The emission value for CO, can be calculated from the amount
of fuel used applying a factor of 3.175 kg CO, per kg fuel (or 2.4 kg per liter
fuel at a specific weight of gasoline of 0.742 kg/l). For gasoline driven cars
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and a current mean fuel consumption of 8.5 1, there specific emissions of 200 g
CO, per km result. A value of 50 percent less is possible for new cars taking
into accout a consumption of 3 to 4 1 because of advanced standards of engine
development. To reach such a goal there were several measures planned by
policy as well as by the car producers:

In 1996, the EU approved a “Community Strategy to reduce CO, emissions
from passenger cars*. The objective was to reduce the average CO, emis-
sions of new passenger cars in the EU to 120 g/km by 2005, or 2010 at the
latest. This target represents a 35 percent reduction over 1995 levels and
corresponds to a fuel consumption figure of 5 and 4.5 liters per 100 km for
petrol and diesel cars, respectively, as measured on the official European
Driving Cycle. This objective was to be reached through technical measures,
consumer information, and fiscal initiatives. In addition to reduced specific
fuel consumption (liter per km) the supplementing of fossil fuels by biofuels
is seen as the most favourable measure to reduce emissions in traffic-related
CO, emissions (see chapter 13.5). A recent EC initiative which is under
controverse discussion calls for 110 g per km including a 10 g/km credit of
biofuels (EC, 2008).

In 1998 the European Automobile Manufacturers Association (ACEA) commit-
ted the EU to reducing average CO, emissions from their new car sales in the EU
to 140 g per km, by 2008. This is equivalent to 6.0 and 5.3 liters per 100 km for
petrol cars and diesel cars, respectively, and means a reduction of 25 percent
over 1995 levels. A similar commitment was made by the Japan (JAMA) and the
Korean (KAMA) Automobile Manufacturers Associations for their EU sales to
achieve this figure in 2009. These aims were not yet achieved.

The specific fuel consumption measured according to Directive 93/116/EC
does not include fuel used for powering electric equipment such as headlights,
electrically warmed seats, or air conditioners, for which an extra fuel consump-
tion between 10 and 15 percent (Kageson, 2005) must be taken into account to
establish a real figure of consumption.

Other emissions. Emissions of CH,, N,O, NO,, CO, NH;, NMVOC, and SO,
decreased sharply in recent years due to improved fuel quality, use of catalytic
converters and engine improvements resulting from more stringent emissions
laws. N,O and NO, emissions are closely related to fuel characteristics, air/fuel
mixes, combustion temperatures, as well as usage of pollutant control equip-
ment.

N,O emissions result primarily from incomplete reduction of NO to N2 in
3-way catalytic converters, which aim to control NO,, CO, and hydrocarbon
emissions. Older values for N,O and NHj; are in the range of 10 to 43 mg/km
and 10 to 30 for gasoline after EURO-4 and EURO-1, respectively. Values for
diesel fuel are much lower, 8 and 1 mg/km, respectively. CO emissions are
affected by combustion efficiency and post-combustion emission control
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equipment. They are highest when air-fuel mixes have less oxygen than re-
quired for 100 percent combustion, e.g. in idle, low speed, and cold start con-
ditions. Methane and NMVOC emissions depend on the CH, content of the
motor fuel, the amount of uncombusted hydrocarbons, and the efficiency of
post-combustion converters.

The value of all emissions strongly depends on individual driving behaviour.
With reference to CO,, a lower consumption is possible by speed reduction,
e.g. to a mean value of not more than 100 km per hour on longer distances.
Furthermore, short distance driving of only a few kilometers should be avoided
(see chapter 14).

13.3.2.2  Aircraft transportation

Air transport emissions cause 6 percent of the GHG emissions worldwide or
12 percent of the world’s transport sector. Five percent growth in total aircraft
transportation (in km) is estimated per year.

Air transportation affects climate for several reasons: Carbon dioxide emis-
sions from kerosine depend on fuel consumption. As a positive result, specific
emissions were reduced by about 20 percent in the last decade. However, total
emissions have been increasing continually as a result of increasing air trans-
port. CO, emissions are expected to double in the years from 1990 to 2015 and
to multiply threefold by 2050.

In addition to CO,, water vapor and nitrogen oxides as well as, secondarily,
hydrocarbons such as NMVOCs, particulates, CO, nitrous oxide, and sulphur
dioxide are of considerable significance. Emission factors are given in table
13.3.

Table 13.3 Emission factors for civil aircraft transports (UBA, 2007)
Component Specific emission
g/kg kerosin kg/TJ
CO, 3,299.7 74,265
NO, 17.4 390
CcoO 17.4 390
NMVOC 2.60 59
SO, 0.2 4.7
N,O 0.1 1.5
CH,4 0.04 1
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A third factor must be considered which is that the impact effects on climate
from aircraft are different from those caused by ground transportation. Focus-
ing on CO, emissions alone is not sufficient. Due to the emission of water
vapour condensation trails and cirrus clouds are formed in the higher atmos-
phere, which influence regional climate (see chapter 2). This fact is especially
important if flight height is more than 10,000 m.

Summing up the climate impact which is expressed by a so-called Radiative
Forcing Index (RFI) is estimated to be two- to fourfold of CO, emissions.
Considering this value which is under current scientific discussion, the contri-
bution of aircraft transportation is about 10 percent of the total climate im-
pacts. Adverse effects such as cooling by the formation of clouds from SO,
aerosols seem possible but will not compensate for the warming effects.

Actual improvements seem possible mostly through further reduced fuel con-
sumption. In the case of Lufthansa a current value of 4.4 1 per 100 km and
person will be reduced to 3.0 | in the coming years by new aircraft. Further-
more, improved organizational measures such as European Single Sky which
will become a reality in 2020 or direct flight instead of air corridors which
together are expected to reduce GHG emissions by 8 to 12 percent are pro-
posed (Noack, 2007). However other environmental as well as health issues
have to be taken into account.

A shift to less GHG emitting fuels is a future option which is already under
discussion, e.g. by EADS for its Airbus 380 version for which an alternative
liquid quality fuel made from natural gas was recently tested. Current prob-
lems in case of biofuels are lower energy per mass ratio of fuel, limited avail-
ability in sufficient commercial quantities, and safety constraints. The com-
pany announced to study viable 2™ generation biofuels when they become
available (EADS, 2008). In Brazil a 100 percent bioethanol fuel (E100) has
been marketed for use in small aircraft since 2004 (Szwarc, 2004).

13.4 Climate Effects of Other Non-biomass Energy
Sources

Energy sources other than coal, oil and gas comprise nuclear power and re-
newable energy sources such as wind, hydropower, geothermal energy, wave
energy, solar radiation and biomass. Their shares of primary energy sources
were given in table 13.1. Amongst them biomass related energy is discussed in
more detail in chapter 13.5. The following refers mainly to the non-fossil-fuel
but non-biomass energies.

Specific carbon dioxide emission factors of such energy sources are theoreti-
cally 0 g CO,-eq./kWh, for they do not result in direct emissions. However,
indirect emissions from life cycle activities such as construction, material in-
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put, and maintenance may not be negligible in most cases. A climate-related
advantage of non-fossil fuel based energy sources therefore cannot be postu-
lated in general. This is demonstrated by some numbers of GHG emissions
given in table 13.4.

Table 13.4 CO, emission factors for non-fossil energy sources

Energy source Emission (g CO,-eq./kWh)
(Fritsche, 2007) 1999 Future perspective
(Marheineke, 1999) | (Marheineke, 1999)
Nuclear power 8-120 18-20 18-19
Wind power 23-24 17-28
Photovoltaic 101 193-336 129-131
Hydropower 40 10-17

From this the following conclusions can be drawn:

e  For nuclear power stations, indirect GHG emissions are estimated by
8 to 120 g CO,-eq./kWh,,. The number depends on concrete condi-
tions. A global mean value is below 40 CO,-eq./kWh,, which is in the
range of renewable sources (IPCC, 2007c). For German nuclear
power stations a mean value of 32 g CO,-eq./kWh is estimated com-
pared to Russia and USA with 65 and 62 g CO,-eq./kWh, respec-
tively. This is more than the emissions of a highly efficient modern
local power station for electricity production from natural gas using
waste heat for district heating which is emitting 49 g CO,-eq./kWh
(Fritsche, 2007).

e  For photovoltaic cells indirect GHG emissions of about 100 to 350 g
CO,-eq./kWh were established due to the very high production.
Moreover real costs of CO, avoidance have to be considered. In case
of photovoltaics costs are estimated at about EUR 1,000 per ton of
CO, avoided as compared with EUR 40 to 45 for power stations and
20 to 30 for waste to energy plants.

. Geothermal energy is also not CO, neutral, since small quantities of
CO, are normally released from the geological formations tapped for
this energy form.

e  For hydropower stations emissions from the water reservoir must be
taken into account. In the reservoir, the organic matter is decomposed
under anaerobic conditions, which results in methane production. The
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productivity depends on local climate conditions; it is much higher in
warmer regions, but in general it is considered a serious problem.
Several Brazilian hydro-reservoirs were studied using LCA (see
chapter 8). For most projects LCA has shown low overall net GHG
emissions (IPCC, 2007c). As an extremely negative example in Bra-
zil, the GHG emissions from the Curua-Una-Dam were measured 3.5
times that of electricity produced from oil (Graham-Rowe, 2005).

13.5 Climate Effects of Biomass Derived Fuels

Fossil fuels can be substituted by biogenic fuels, which may be derived from
agriculture and forestry as biomass directly, or via the waste route from wasted
material of biogenic origin. For principal routes see figure 13.4.
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Figure 13.4  Principal pathways from biogenic material into the energy system
(after Oko-Institut, 2005)

The combustion of biomass, biomass-derived fuels, or biogenic wastes which
are used directly or as bioethanol, biodiesel, and biogas results in greenhouse
gas emissions. But these are not addressed to climate change. As emissions are
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from biogenic material (and if the materials are grown on a sustainable basis),
those emissions are considered to close the loop of the natural carbon cycle:
They originate from atmospheric carbon dioxide from which they were taken
by photosynthesis. CO, from biogenic sources will under natural conditions
return to the atmosphere in the same quantity. Only if there are metabolites
other than CO,, such as methane, N,O, NO,, etc. then these substances are
considered climate relevant and their greenhouse gas effects must be balanced.

Though positive effects of biofuels are of primary importance due to the reduc-
tion of greenhouse gas emissions, at the same time the reduction of the de-
mands of fossil material sources is meaningful, and hence, the enhancement of
the lifetime of this scarce and expensive resource. Moreover, biofuels support
the development of agriculture in rural region, broaden the activity field of
farmers, and opens new markets for products such as sugar. In many cases,
residues from agriculture as well as from industry can be used as raw material
sources of biofuels thus also contributing to reduce negative environmental
effects of poor waste management.

However the intended positive effects will not fully occur in every case, and
negative effects also have to be considered: Some biofuels are not grown envi-
ronmental-friendly because they need pesticides and fertilizers which besides
production efforts may cause water and air pollution. Impacts on biodiversity
are of concern in the case of monocultures for renewable crops. In the interna-
tional context, the main environmental risks are likely to be those concerning
any large expansion in biofuel feedstock production, particularly in Brazil for
sugar cane and in South East Asia for palm oil plantations. Growing demand
for palm oil may be effectively contributing to clearance of rainforest in coun-
tries like Malaysia and Indonesia (Bauen, 2005). Moreover, energy is needed
to grow the plants and to produce the biofuels from the crop. CO, is emitted
out of the soil (see chapter 10.4); after the use of nitrogen fertilizers consider-
able emissions of N,O occur.

Facing the world’s rising food prices and recent shortages in nutritional crops,
as another factor of concern the competition of energy and nutritional crops
must be considered and balanced in such a way that primary needs are covered
first. From a sustainability aspect these facts speak for a detailed complex
analysis of all environmental, social and economical consequences of biofuels
to prevent negative total effects.

13.5.1 Biofuels — facts and definitions

As figure 13.4 displays energy from biogenic resources may be applied as
direct heating material, as a transport fuel or as a source of electricity in power
stations. The following chapter deals with biofuels in the transport sector.
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Types of biofuels are presented in table 13.5.

Table 13.5 Biofuel types and market products

Basic definitions

Biofuel Solid, liquid or gaseous fuel produced from plant or animal organic
matter (biomass)

Biomass Biodegradable fraction of products, waste and residues from agri-
culture including vegetal and animal substances, forestry and
related industries, as well the biodegradable fraction of industrial
and municipal solid waste

Synthetic Synthetic hydrocarbons or mixtures of it produced from biomass,
biofuels e.g. SynGas produced via gasification of forestry biomass, or
SynDiesel

2" generation | Biofuels such as bioethanol and biodiesel derived from lingo-
biofuels cellulosic biomass by chemical or biological processes, especially
by Fischer-Tropsch synthesis via gasification of biomass

Liquid biofuels

Bioethanol Ethanol produced from biomass and/or from the biodegradable
fraction of waste, for use as biofuel. Most ethanol used for fuel is
being blended into gasoline at concentrations of 5 to 10 percent.
Fuel specification: E”x” contains x percent ethanol and (100-x)
percent petrol, e.g. E5 and E85 with 5 and 85 percent of ethanol,
respectively. E100 is non-blended bioethanol

Biodiesel A methyl-ester produced from vegetable oil, animal oil, or recy-
cled fats and oils of diesel quality, for use as biofuel. Specifica-
tion: B”y” contains y percent biodiesel and (100-y) percent pe-
troleum-based diesel, e.g. BS, B30, and B100 (non-blended
biodiesel)

Biomethanol Methanol produced from biomass, for use as biofuel

Bio-ETBE Ethyl-Tertio-Butyl-Ether, produced from bioethanol, used as fuel
additive to increase the octane rating and reduce knocking

Bio-MTBE Methyl-Tertio-Butyl-Ether, produced from bio-methanol, used as
fuel additive to increase the octane rating and reduce knocking

BtL Biomass to Liquid (2™ generation biofuels)

Pure vegetable | Oil produced from oil plants through pressing, extraction or com-
oil parable procedures, chemically unmodified. Usable as biofuel if
compatible with the type of engine involved and the corresponding
emission requirements

Gaseous biofuels

Bio-DME Dimethylether produced from biomass for use as biofuel
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Gaseous biofuels

Biogas A fuel gas produced from biomass and/or the biodegradable
fraction of waste (in technical equipment, such as agricultural
biogas plants which process manure; MBP technology; or as
landfill gas), used as a fuel for power stations. Can be purified to
natural gas quality

Bio-hydrogen | Hydrogen produced from biomass and/or the biodegradable
fraction of waste for use as biofuel

Biofuels of the first generation are already being applied and will be more
intensively introduced into the markets by 2010. Afterwards biofuels of the
second generation will come into application from 2010 to 2020 as a result of

intensive research which is already at the stage of demonstration projects (see
table 13.6).

Table 13.6 Renewable fuels applicability timescale in the UK (Bauen, 2005)

Commercial Biofuel Raw material sources
applicability

Bioethanol Starch and sugar crops: wheat grain,
sugar beet, sugar cane, sorghum, corn

To 2010 Biodiesel Oil crops and wastes: rapeseed,
sunflower, soybean, palm oil, jatropha,
waste vegetable oil, waste animal fat

Biogas Organic waste from agriculture (animal
farming), wet energy crops

Biodiesel, bioethanol Same as in the period up to 2010
and biogas

2010-2020 Bioethanol Lignocellulose biomass: straw, wood,
biodegradable municipal solid waste

Fischer-Tropsch diesel

Hydrogen Electrolysis of water using renewable
electricity. Biomass feed-stocks
(lignocellulose wastes, wet feed-stocks)

There is already considerable biofuel production capacity. It develops very
progressively; growth rates of more than 10 percent per year are envisaged.

Bioethanol is the world’s main biofuel which was produced in a quantity of
around 36.5 Mio t in 2006 (BMELYV, 2008). This represents two percent of
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global petrol use. Two countries, the USA and Brazil, produce more than
three-quarters of world’s total (see figure 13.5.).
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Figure 13.5  Main ethanol production countries 2006 (BMELYV, 2008)

Biodiesel is by about 80 percent of the world’s production from the EU (6.07
Mio t/a in 2006), with Germany the main producer with about 5.08 Mio t in
2007 (Bockey, 2007), equivant to 16 percent of the country’s total diesel mar-
ket, followed by Spain, France and Italy. The USA and Malaysia produced
0.83 and 0.60 Mio t/a, respectively (BMELV, 2008). Malaysia is the main
producer of oils seeds for biodiesel production.

13.5.2 Current policies promoting biofuels

Most biofuels are still more costly than fossil fuels and thus production has to
be encouraged e.g. by financial and organisational support. On the other hand
measures are necessary to control negative environmental and social conse-
quences such as shortage of nutritional crops, change in agricultural structures,
or eradication of primeval forests.

Some examples of measures implemented in several countries are as follows:

. Most stimulating for biofuels was the Brazil Prodlcool bioethanol
programme, launched after the energy crisis of 1973. An extra aim
was to use surplus sugar production. Sugar cane is the main source
of bioethanol in Brazil. About two-thirds of the sugar cane biomass
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is processed into bioethanol. The commercial capacity is 400 facili-
ties which currently produce a total of about 14 Mio t/a. This is now
second largest national production in the world after decades in
front-runner position. The costs of the ethanol production are in the
range of 250 US$/m’ which is less than half the costs of bioethanol
in Europe (450 to 500 EUR/m”). In Brazil currently all petrol is sold
with an ethanol component of 20 to 26 percent (E25). One-half of
the cars, a total of 14 Mio, are fuelled by E85 (see figure 13.6).
Also pure ethanol (E100) is in use. Ethanol is 50 percent of the total
national fuel market. A large share is exported. Refering to Bio-
diesel Brazil's current demand is 800 million liters. In 2008 the
country imposed a two percent binding blend of biodiesel into regu-
lar diesel (B2). This is planned to go up to five percent (BS) in
2013.

Figure 13.6  Ethanol fuelled test car in Brazil in the 1980™

. The United States is now the world’s largest bioethanol producer.
Raw material is corn. A series of tax measures and incentives were
followed by an exponential rise in production. In 2004 the Volumetric
Ethanol Excise Tax Credit (VEETC) extended the existing tax incen-
tives until 2010. In 2005, as part of a new energy bill, a Renewable
Fuels Standard (RFS) was introduced, with a target rising production
from 4 billion gallons in 2006 to 7.5 by 2012. EPA required a 3.71
percent blend of biofuels in 2007. The Energy Independence and Se-
curity Act which came into force in decembre 2007 includes a RFS
calling for at least 36 billion gallons of ethanol to be used nationwide
by 2022. Included is a national fuel economy standard of 35 miles per
gallon by 2020, which will increase fuel economy standards by
40 percent. This will support the commercialization of bioethanol
from cellulosic feedstocks such as native grasses, crop residues, for-
estry waste, and many other materials. The combination of domesti-
cally produced corn- and cellulose-based ethanol will replace a sig-
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nificant portion of fossil fuel based gasoline. Domestic oil use will be
reduced by 5 million barrels per day by 2030. This will save fuel
costs of about US$ 160 billion annually by 2030 and reduce GHG
emissions by 320 Mio t CO,-eq. annually (U.S., 2007).

. EU commission in its Climate action and renewable energy package
issued on January 23, 2008, sets a mandatory EU target of 20 percent
renewable energy by 2020 including a 10 percent biofuels target (EU,
2008). This target is subject to production being sustainable, 2™ gen-
eration biofuels becoming commercially available and the Fuel Qual-
ity Directive being amended accordingly to allow for adequate levels
of blending. The Commission, after assessment of the impact of
achieving this goal, concluded that it would need significant addi-
tional funds but result in a massive reduction of EU dependence on
oil imports, generate employment and reduce GHG emissions by 35
percent. No renewable crops will be accepted in areas with a high
carbon stock or a high biodiversity value.

. An enhanced contribution of renewables to the EU’s total energy
needs in the near future and the further development of the bioenergy
market are very ambitious targets from an economic aspect, where
investments into the technology of nearly EUR 165 billion are fore-
seen, and assuming that enough high yield cropland is available for
energy crops instead of nutritional needs. Good agricultural practices
including balancing of humus is necessary. In addition, future climate
impacts on crops must be considered. Research provided evidence
that the distribution of biofuel crops will increase in northern Europe
and decrease in countries such as Spain, Portugal, southern France
and Greece, due to increased drought. Mediterranean oil and solid
biofuel crops will extend further north due to warmer summers. This
shift will have dramatic consequences after 2080. The breeding of
temperature and drought resistant plants is thus urgently necessary
(Gill, 2006).

. In Germany biofuels in 2007 contributed 3.4 percent of total fuels,
from which about 83 percent were biodiesel, and 8 and 10 percent
were bioethanol and pure plant oil, respectively. A share of 16 per-
cent of the total German diesel market originated from biodiesel. By
Biokrafistoffquotengesetz (BMU, 2006) the share of biofuels in 2007
was fixed at 4.4 and 1.2 percent for diesel fuel and gasoline, respec-
tively. In the case of gasoline, growth rate has to be 0.8 percent with a
target biofuel amount of 3.6 percent in total by 2010. In addition, a to-
tal quota was defined for biofuels which will be 6.75 percent in 2010,
and a linear growth of 8 percent by 2015. Regulation by EU Climate
Action defines the 2020 target as 20 percent. All numbers are energy
related, not mass related. In a Roadmap Biokrafistoffe (BMU, 2007)
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between the Automotive Industry and the German government it was
agreed to promote and implement biofuels into transportation energy
strategies, according to German and EU quota regulations. New fuel
qualities with higher blends of biofuels will be defined, 2™ generation
biofuels will be promoted by R&D, demonstration facilities, as well
as implementation activities, and international proposals will be pre-
pared for a sustainable plantation of renewable crops. However the
increasing fuel tax will propably reduce marketing chances for this
type of fuel.

e A number of non EU member countries have set targets for the in-
corporation of biofuels into conventional fuel. Amongst the meas-
ures, there are mandatory or fixed mixing percentages (e.g. Brazil,
25 percent mandatory; Canada: 3.5 percent target for 2010; in On-
tario 5 percent for 2007), tax credits or incentives to biofuel pro-
ducers or reduced fuel taxes (India: purchasing policy, 5 percent oil
from indigenous plants in 2006, rising to 20 percent in 2020), or tax
credits for vehicles (Brazil and Thailand: for cars run on biofuels;
Thailand supports the development of a “Green vehicle”) (EC,
2006).

13.5.3 Budgeting of climate consequences of biofuels

Ecological budgeting of bioethanol and biodiesel covers a wide range of GHG
emissions according to the specific conditions on site. Figure 13.7 represents
the results of a literature survey (Bauen, 2005). The difference between biofu-
els and fossil based petrol or diesel is displayed. Maximum and minimum
values are given; GHG emissions of actual cases would lie between the two
extremes.

In general the results elucidate that the GHG emissions range is between nega-
tive values and more than 100 percent improvement. Negative values indicate
that more GHG emissions would occur compared to fossil fuel production. A
value of more than 100 percent means that not only the GHG emissions from
fossil fuels are compensated but a bonus results from benefits of by-products
such as renewable energy generated during fuel production. In some cases
there is more energy transformed into power than into resulting biofuel.

13.5.3.1 Climate impacts of bioethanol

For bioethanol, in figure 13.7 five variants of feed-stocks are shown with re-
sults ranging from minus 30 to 110 percent. The worst case is corn. Grain and
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sugar beet follow. Sugar cane and wood are best suited. The positive results
using wood as a feedstock are for the gasification of wood and the transforma-
tion of the resulting process gas into ethanol by a Fischer-Tropsch synthesis
(2™ generation biofuels — see table 13.5). On average about 60 percent as com-
pared with fossil-fuel generated CO, emissions would result if bioethanol is
applied.
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Figure 13.7 GHG effects of biofuel production (Bauen, 2005)

Bioethanol production from corn as a feed-stock is connected with high inputs
of agrochemicals and pesticides, but also with high power needs for the pro-
duction. Wheat and sugar beet are in the medium range.

Sugar cane is the basic feed-stock for the Brazilian Prodlcool bioethanol pro-
gramme. This is due to favourable cultivation conditions which pre-dominate
in the Brazilian climate where a large part of solar radiation is transformed into
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plant biomass and hence into the energy source of bioethanol production. An
energy output of bioethanol of about 85.5 GJ/ha from energy input of nearly
32.7 GJ per hectare (see figure 13.8) was reported in 1990. This is an energy
input/energy output ratio of 2.6:1. Recently a much better ratio of 8.3 was
documented for Brazil (Szwarc, 2004).
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Figure 13.8  Energy budget of bioethanol in Brazil (in GJ/ha) (Soyez, 1990)

The LCA after a “well-to-wheel” approach indicates that even the GHG efforts
for the long distance transport from South America to Europe do not compen-
sate for the positive effects.

A more detailed analysis of the GHG emissions of the bioethanol production
from wheat is given in table 13.7. It contains every process step and a range of
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concrete GHG emission values as well as the key variables which influence the

process result.

Table 13.7

Emission sources in bioethanol production (Bauen, 2005)

Source of emission Emission Key variables
kg CO;-eq./t
bioethanol
minimal | maximal
Feedstock-production
Land use change 0 >1,000 Type of vegetation replaced (only
significant where deforestation or
vegetation changes occur)
Fertilizer manufacture | 0 450 Type of fertilizer, fertilizing
regime, crop yield, co-products
Emissions from soil 0 100 Soil conditions, climate, fertilizer
applied, co-products
Fossil fuel used for 60 180 Tillage methods, tractor efficiency,
cultivation co-products
Fossil fuel used for 10 100 Farm equipment, energy used for
drying and storage drying, co-products
Transportation and processing
Fossil fuel for 20 50 Distance from farm, mode of
transportation transport
0, if renewable fuels are used
Transportation of 20 80 Distance from farm to process,
product (Bioethanol) mode of transport
Processing
Fossil fuel used for 50 250 Type of crusher, moisture content,
processing such as fuel used to power crusher, co-
crushing, cleaning, products
drying
Hydrolysis, =700 550 Type of process, export of heat
fermentation, and/or electricity
distillation
Total range -540 >2,900
Unleaded gasoline 3,135
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The resulting GHG emissions range from -540 to more than 2,900 kg CO,-
eq./t bioethanol produced. Extremes are unlikely but possible. Typical values
for bioethanol from wheat under British conditions are given in figure 13.9.
They sum up to about 1.250 kg CO,-eq./t which is about 40 percent the value
of gasoline.
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Figure 13.9  Typical GHG emissions for bioethanol from wheat (Bauen, 2005)

13.5.3.2  Climate impacts of biodiesel

With biodiesel the improvements relative to fossil fuel even in the worse case
are in the range of more than 50 percent (see figure 13.7). The best result, with
effects of more than 100 percent, would be reached if biodiesel was produced
from wood as a feedstock, via the Fischer-Tropsch synthesis, where by-
products of the process, such as electricity and heat, are considered.

For rapeseed as a feedstock of biodiesel (as RME) the life cycle assessment
comes down with benefits for the greenhouse gas balance. Under German
conditions, in the case of a 100,000 t plant, the benefit in GWP is 162 g
CO;-¢eq. per kWh compared to fossil diesel (BMELYV, 2008).

Figure 13.10 displays the distance related effect of the use of biodiesel instead of
fossil based diesel. In the case of the greenhouse gas potential the emissions of
about 6 litres of diesel are avoided by application of RME at a distance of 100
km driven. In absolute numbers this amounts about 2.2 kg CO,-eq./1 RME (not
shown in the figure). This means a clear climate related advantage for biodiesel.
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Figure 13.10 LCA of Biodiesel (RME) compared to fossil diesel (IFEU, 2003)

However nutrition and acidification potentials come up with disadvantages for
biodiesel. With photochemical ozone formation no clear advantage can be
seen. Therefore, considering all effects, a simple decision pro biodiesel is not
possible. Only would biodiesel be the preferred solution if climate effects
alone are considered important.

13.5.4 Consequences for biofuels application

A hundred percent reduction of greenhouse gas emissions will not be possible
if biofuels of the first generation are applied. Better results would occur if,
besides biofuel production, also power production during a combined process
is envisaged. Thus instead of the simple replacement of fuels combined tech-
nological developments are to be supported.

If a replacement is envisioned in a first approach, it will be best to focus on such
feed-stocks which result in a more than 50 percent emission reduction through-
out the total supply chain. In future 80 percent reduction should be envisaged as
the target. Moreover, the production of biofuels should also fulfill criteria con-
cerning the origin, the production chain, and social aspects, especially when
imported from less developed countries (EEB, 2005), as well as a full LCA.

Only with 2™ generation biofuels is a mostly greenhouse gas free fuel-supply
possible which also does not need fossil fuel inputs (Picard, 2006).



14 Individual Activities to Reduce Climate
Impacts

Information contained in the previous chapters may have given an insight into the
climate change problems and of the approaches to reduce climate impacts in indus-
try, energy production, waste management, or agriculture. It is the task of the man-
agers in the companies, the scientists and the engineers, the waste managers, or the
farmers to start activities to improve the situation in their field of responsibility.

However the impacts of climate on production and related processes represent
only one part of the total problem. Another part is the involvement of indivi-
duals according to their life style and their behaviour as a consumer. The fol-
lowing chapter deals with two aspects: The one is to clarify to which extent
production processes and individual consumption are related to a product’s
total climate impact during the life time from cradle to grave. The other is the
affect on the individual behaviour of people in daily life.

14.1 Climate Impacts of Production and
Consumption of Goods

An analysis of the total product life time “from cradle to grave” comes up with a
surprising result: Consumers in many cases contribute to a much larger share to
GHG emissions compared to production. This is elucidated by the following
example which deals with GHG effects of household products (see figure 14.1).
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Figure 14.1 Influence of production and consumption of household products on
GHG emissions (Reckitt, 2007)



204 Individual Activities to Reduce Climate Impacts

Obviously the influence on climate of consumers is much larger than of manu-
facturing. In the case presented this is 50 to 70 percent compared to 3 to 7
percent. Even considering this as an extreme example it makes clear that beha-
viour of people is generally of great importance. A climate oriented individual
life style is a key goal in tackling climate change.

14.2 Climate Impacts of Modern City Life Style

The life style in a city is characterized by activities such as public and private
traffic; building and infrastructure; water, waste water and waste management;
energy consumption; individual consumption of the people, and others. These
activities are accompanied by climate impacts. The extent of these activities
and thus the climate impact will depend on the economic, social, and ecologi-
cal situation.

An example of typical everyday life greenhouse gas emissions in a small city
in an industralized country is given in figure 14.2.
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Figure 14.2 GHG emissions in a small German city (after Brohmann, 2002)
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The largest contributors to climate impacts are the consumption of every day
goods which is dominated by food and individual transportation. Electricity
and heat consumption are at a relatively high level. Climate impacts of house
building and infrastructure are marginal only.

In the case presented in figure 14.2 some measures were realized to reduce
greenhouse gas emissions (see table 14.1).

Table 14.1 Results of a GHG reduction project in a German city (Brohmann,

2002)
Field of Activity Improvement
activity (Percent)
Individual Implementation of an improved public traffic 22
traffic programme
Room Changed energy standard; application of wood as | 92
heating fuel, and solar heating

Electricity Application of photovoltaic electricity production | 77

Implementation of a power saving programme 1
Buildings Use of wood as construction material 39
Renovation of existing buildings instead of 88

demolition and new construction

The best effects at a high starting level were achieved by the reduction of indi-
vidual transportation through an improved public traffic concept in the city.
Measures in room heating and electricity also resulted in large improvements,
but from a much lower starting point. The large effects in buildings resulted in
only small improvements due to the low starting level of GHG emissions in
this sector.

14.3 Climate Oriented Individual Behaviour

Only recently policy makers have recognised the need to integrate thinking
about climate change into all areas of public policy making, not only on the
national and international levels, but on a regional or even individual level
which meets the typical situation of everybody. The following two examples
describe activities in the USA and the EU. In many other countries and regions
similar proposals were made.
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U.S. environmental protection agency EPA proposes a few simple things each
of us can do for the reduction of climate burdens which focus on four main
topics containing Reduce, re-use, recycle, Reduce fossil fuel consumption;
Tune up Your home and Get involved in public and at work (EPA, 2007).
Some examples are presented in table 14.2.

The European Commission in 2006 launched a campaign “You Control Cli-
mate Change” (EU, 2006b). The campaign aims to help interested individuals
make a contribution to the fight against climate change. Small changes to the
daily routine are envisaged by which significant reductions in greenhouse gas
emissions and climate impacts will be possible if practised by many. This can
be done by very simple everyday actions addressing the people under the slo-
gan “Turn down, Switch off, Recycle, Walk*. Table 14.2 displays a set of
personal climate control actions and quantifies possible impact reduction. A
calculation programme named “carbon-calculator” provides detailed
background information and automatically checks the effects of personal
activities (EC, 2006a).

Table 14.2 Personal climate control activities (EC, 2006)

Activity kg CO;-eq./a

Turn down

Insulate your home 630

Programme thermostat temperature low at night or when out of the | 440
house

Replace your old single-glazed windows with double-glazed ones | 350

Reduce the temperature of your home by just 1°C 300

When replacing your old, buy a fridgefreezer with European Grade | 210
A+ (with automatic defrost cycles)

Place your fridge in a cool environment 150

Let hot food cool down before putting it in the fridge 6
Switch off

Switch to green electricity 520

Go solar. Install a solar thermal system in your home to help 400

provide your hot water (EPA, 2007)

Switch off your air conditioner when you're not in the house in 300
summertime (Example: 5 hours switched off)
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Activity kg CO,-eq./a
Air dry clothes naturally instead of using a tumble dryer 280
Switch off lights in hallways and rooms of your house when you 270
don’t need them (Example: Five 60W lights)

Replace ordinary light bulbs in lamps with low energy ones 250
(Example: 5 lamps 5 hours a day)
Install a low-flow showerhead 230
Use the washing machine only when it's full 45
Plug voltage transformers into a socket with a switch (Example: 4 | 35
transformers)
When replacing your old television buy an eco-labelled one 30
Boil just enough water for your hot drink 25
Make sure to turn off or fix dripping taps 20
Turn off the tap while brushing your teeth 3
Recycle

Use recycling systems provided by your waste management 500
company. (Example: Recycling all of your home’s waste
newsprint, cardboard, glass, metal, and organics) (EPA, 2007)
Buying bottled beverages: buy big bottles instead of the equivalent | 9
amount of small ones (Example: one 1,5 1 bottle instead of three
0,51)
Use a reusable bag each time you go shopping 8
Consider whether a document or e-mail must really be printed 7
Recycle your waste (Example: recycle 1 kg of aluminium, see 6
table 12.2)

Walk
Think about giving your car a day off. Consider transportation 800
alternatives such as mass transit, carpooling, bicycling, and
telecommunicating (Example: Leaving your car at home two days
a week) (EPA, 2007)

Walk
When replacing your old car with a new one, consider the fuel 660
need
Skip flights (Example: Per year 2 flights of 1.5 hours distance) 270
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Activity kg CO,-eq./a
Walk

Replace your short car journeys with biking 240

Apply smart driving: Plan your journey, start your car moving 200

without pressing down the throttle, shift to a higher gear as soon as
possible (at 2000-2500 rpm), keep the speed steady, and look
ahead to avoid sudden breaking and accelerating. Turn off the
engine even at short stops!

Make sure you have correct tyre pressure in your car 140

Travel by train instead of travelling by car on your own (Example: | 110
1000 km per year)

Change to low viscosity motor oil 45

Reduce speed (Example: from 110 to 90 km/h for 10 percent of 35
driving distance)
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