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Foreword
Our Scientific Report is organised into four sections, each
available as a pdf file and downloadable from the project’s
website. Please be advised that the printed volumes describe
the state of our project in its 44th month. You should check
our website for later results and updates:
http://owsgip.itc.utwente.nl/projects/complex/

The first volume of our scientific report deals with a specific
challenge - that of integrating our models so closely to
stakeholder concerns that the result could, in some meaningful sense, be described as a ‘Model-Stakeholder Fusion’. It
contains a number of successful case-studies in integrative
research, together with reflections and guidance on best
practice.
The second volume describes the databases and modelling
tools that COMPLEX developed as part of its effort to develop ‘Advanced Techno-Economic Modelling Tools’. That
volume describes the tools, and shows the reader where to
find them and how they are best deployed.
The proof of the pudding, of course, is in the eating and the
third part of our report describes a selection of the casestudies we have undertaken to field-test these tools. In the
event, there was so much material we felt it wise to split it
into two sub-volumes. Volume 3a looks at human - environment interaction and the ecology/economy interface.
Volume 3b uses models and data to develop and evaluate
policy options
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Introduction
Volume 3 of our scientific report describes a sample of the
modelling exercises COMPLEX has undertaken. It is not an
exhaustive collection, though it is representative. Some casestudies have been withheld because openly distributing them
now would jeopardise their prospects of being published in
high-impact journals later. Others have been withheld because they use the same modelling infrastructure as casestudies included here, but apply it to a different region or
sector. We prefer to avoid some repetition.
Our aim here has been to give you a representative sample
of the types of case-study undertaken. The COMPLEX web
page contains a full list of our publications and reports. We
will continue to update it after project close-down, so please
check back for future developments.
Even with this reduced selection of case-studies, we have
found it necessary to split Volume 3 into two sub-volumes.
The whole is further subdivided into four sections, each of
which describes case-studies that use modelling tools and
databases developed by the COMPLEX team.
In Volume 3a, Section I deals with the impact of natural
systems (principally climatic systems) on human actions.
Section II deals with the impact of human actions on natural life-support systems.
Section III deals with the interface between ecology and
economy by identifying and describing selected ecosystem
services in a way designed to inform policy decisions.
In Volume 3b, Section IV explores a range of policy options, while Section V looks at the likely impacts of policies
across sectors and policy domains and discusses issues of
institutional and public receptivity.
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Section I: Natural Impacts on Human Activities
This section contains three short chapters all of which try to
measure the impact of climate on human activities. The first
two chapters deal with the topic of Climate Related Energies
(CREs), whose availability and yield are influenced by climatic variation on scales ranging from hours to decades and, of
course, by latitude and topography. We will return to this
topic in a later section (Section III), where we will use new
modelling infrastructure to solve the intermittency problems
these natural patterns create. In this section we focus primarily on describing the patterns themselves.
The third chapter deals with the impact of climate on migration. That data analysed describe the situation in Mexico,
though the methods could be generalized to other regions
and other natural impacts.

7

1. Spatio-temporal Variability of ClimateRelated Energy Penetration in Europe
François, B., B. Hingray, D. Raynaud, M. Borga and
J.D. Creutin
This chapter describes how the penetration analysis has been
done. We first describe the data base used and the considered modelling approach. We next discuss the mean interannual cycle for considered power sources and load. Then, we
describe the relation between penetration rate and CRE
equipment level. We then highlight the importance of accounting for low frequency penetration variability due to
teleconnection patterns such as the North Atlantic Oscillation. Eventually, we discuss how penetration rate increases
when adding RoR power to a solar PV/wind power mix, the
most studied energy mix.
Our study focuses on 12 regions spread all across the continent with different climates going from Nordic to Mediterranean areas (Fig. 1.1). They belong to eleven countries
namely Norway, Finland, UK, Belarus, Germany, France,
Italy, Romania, Spain (Andalucía and Galicia), Greece and
Tunisia. The analysis is based on energy production and energy demand data obtained at a daily time step from surface
meteorological variables available for 1980 to 2012 (33
years).
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Figure 1.1. Study area

Power Generation
Daily temperature and precipitation data comes from the
European Climate Assessment & Dataset (ECAD, Haylock
et al., 2008) with a 0.25° space resolution. Wind speed and
solar radiation data are pseudo-observations obtained from
climate simulations with the Weather Research and Forecasting Model when forced with large scale atmospheric fields
from the ERA-Interim atmospheric reanalysis (Vautard et al.,
2014). Unregulated runoffs are obtained via simulation, for
each grid cell of each region with a distributed version of the
GSM-Socont hydrological model (Schaefli et al. 2005). It
uses daily precipitation, temperature, and wind speed from
the aforementioned databases.
Observed electricity demand data are obtained from the
European Network of Transmission Systems Operators of
Electricity (ENTSOE, https://www.entsoe.eu/home/).
Data are however only available from 2006. Tunisia and
9

Belarus are not members of the ENTSOE network; and, to
our knowledge, there is no auxiliary database available for
these two countries. François et al. (2016a) reconstructed
electricity load time series (L) for all regions and for the
whole analysis period (back to 1980) with a climate-driven
demand model developed from regions and periods with
observations (using the air temperature only, it simulates an
increase in consumption when activating either heating or
cooling system as soon as air temperature reaches heating or
cooling thresholds). The same model is used for all regions.
Solar Photovoltaic (PV), wind and RoR power generation
are computed for each grid cell and are then summed for
each region. The data bases used for modelling power generation from each energy source are the aforementioned
weather variables. For the sake of simplicity, all grid cells
have the same power capacity. Solar power generation from
a photovoltaic generator (PPV) depends on global solar irradiance and air temperature. Daily wind power generation
(PW) is obtained from mean daily wind speed at 70 meter
altitude. The wind power curve used for converting wind
speed to wind power was obtained from the 3 hour time
step data available from the WRF model for each day. RoR
power (PRoR) is derived from the energy of falling water
along the river network. Model descriptions are given in
François et al. (2016a).
Energy Mix and Penetration Rate
Each region is considered as autonomous in a sense that the
regional demand can be only satisfied (or not) with the production obtained within the region from these three energy
sources: there is neither energy import/export with neighbouring regions nor storage capacity within the regions. Fur10

thermore, each region is considered as being a ‘copper plate’
grid, meaning that the energy can circulate within the regions
without loses. For each energy source and each region, we
explore equipment scenarios covering from 0 to 300 % of
the average energy load. For given equipment level, power
generation time series are obtained following the equation:
𝑝(𝑡, 𝛾) = 𝛾 〈

( )
( )〉

(1.1)

〈𝐿(𝑡)〉,

With P the energy generation from one energy source in a
given region (Wh), L the in situ energy load (Wh) and p the
scaled energy production (Wh). 〈t〉 is the temporal mean
operator. The factor γ (no dimension), further referred to
the average CRE production factor, corresponds to the level
of CRE equipment. This coefficient allows exploring scenarios of under- (respectively over-) mean production by defining the ratio between mean generation and mean load over
the considered period as:
(1.2)

〈𝑝(𝑡, 𝛾)〉 = 𝛾 〈𝐿(𝑡)〉.

The ratio γ equals 1 when the mean energy production fits
the mean energy load over the 1980-2012 time period. It is
greater than 1 when the mean inter-annual production exceeds the mean inter-annual load and conversely. For a given
region, an energy mix scenario can be generated using a
weighted sum of the three normalized power time series
obtained for each of the three energy sources, respectively:
𝑃𝑚𝑖𝑥(𝑡, 𝛾) = 𝛾[𝑠 𝑝 (𝑡) + 𝑠 𝑝 (𝑡) + 𝑠

𝑝

(𝑡)],

(1.3)

where Pmix is the energy generated from the energy mix
(Wh), pPV, pW and pRoR are the normalized time series of solar
(photovoltaic), wind and run-of-the river power (Wh), and
sPV, sW, sRoR the related sharing coefficients (no dimension).
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As we only consider these three different energy sources to
supply the energy load, the sum of the sharing coefficients
sPV, sW, sRoR equals 1.
The penetration rate over the 1980-2012 time period is defined as the percentage of the energy load that is instantaneously supplied without any storage or backup facilities. For a
given value of the average CRE generation factor γ, the penetration rate PE (%) is estimated from daily time series by:
𝑃𝐸(𝛾) = 1 −

∑(

[ ( )
∑

( )

( , ), ])

× 100,

(1.4)

where max[ ] is the maximum operator. In the following, the
penetration function will refer to the function PE(γ).
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Figure 1.2. Normalized inter-annual average cycle of CRE power

generation (solar- (red), wind- (black) and RoR hydro- (blue) power)
and load (green) in each studied region over the period 1980-2012;
The average cycles are computed on a calendar basis. For information
only, light shaded areas show the distance between the 25th and 75th
percentiles of the variable obtained for the 1980-2012 period for
each calendar day; the x-axis gives the initial letters of the months of
the year; the value of each variable on the y-axis is given in percentage of the average load.
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Space and Time Variability of CRE Generation and
Load
Figure 1.2 shows for all regions the mean inter-annual cycle
for the energy load and each CRE generation. Some key
features of the generation and load patterns are:
Solar power presents in all regions a similar seasonal
pattern with a high production period during the
summer. The patterns have larger amplitude in
Northern areas like Norway and Finland due to the
important daylight time changes along the years. The
envelope curves shown Fig 1.2 illustrate how the
time variability of solar power decreases with decreasing latitude.
As shown by several past studies over Europe (e.g.
von Bremen, 2010; Heide et al., 2010, 2011), the seasonal wind power pattern is anti-correlated with the
seasonal solar power pattern (Fig. 1.2). On average,
high wind power generation is observed during winter and low generation during summer. Wind power
seasonality is more important in Northern regions
than in Southern ones. Contrary to solar power,
wind power time variability is more homogeneous in
space.
Run-of-the river power seasonal patterns result from
precipitation seasonality and snow pack dynamics.
The latter is influenced by both the altitude and the
latitude. As a result, the spatial variability of the seasonal pattern is more pronounced for RoR power
than for wind and solar power. RoR seasonal patterns in regions with either high altitudes or located
at high latitudes show important production during
14

the snowmelt period from spring to early summer.
Conversely, the production is lower during winter,
when the main fraction of the precipitation is solid
and runoff is low. For other regions, where the hydrological regime is rainfall dominated, the RoR seasonal patterns follow more or less the rainfall seasonality, with, in this part of the world, higher values
during winter (e.g. France, Germany, and Spain). In
both regimes, the integrating effect of the hydrological cycle makes the RoR high frequency time variability smoother than for solar and wind power.
The shape of energy demand is different in Southern
and Northern areas; in Southern countries such as
Greece and Italy, the energy demand is higher in
summer because of cooling; for Northern countries,
such as Norway and Finland, the energy demand is
higher in winter because heating needs.
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Variability of the Penetration of Solar, Wind and RoR
Power

Figure 1.3. Evolution of the penetration rate PE (%) with the average CRE factor γ for Andalucía (left) and Germany (right). Penetration functions were computed overt the whole time period 19802012.

Figure 1.3 shows penetration functions defined by equation
(4) for Andalucía and Germany and for solar, wind and RoR
power. Note that γ factor axis can be seen as time dimension
when considering increasing equipment level during energy
transition process. Our main results are:
For low production factors, i.e. at the early transition
stage (γ ranging from 0 to 0.4), the daily power generation from all CREs never exceed the daily energy demand (not shown). In such a case, there is no waste of
energy and the penetration rate equals the factor γ.
When increasing the power capacity, i.e. increasing the γ
factor, the power generation can exceed the energy load
during some time periods. If no storage facility is available, the extra generation is next wasted or simply not
produced by shutting down the plants for security reasons. As a consequence, the penetration rate becomes
lower than the average CRE penetration.
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For very high values of γ, the penetration rate of a given
CRE reaches a plateau corresponding to the configuration where the generation is always higher than the load.
The penetration rate function can be significantly different for one energy source to another (Fig. 1.3). In Andalucía for instance, wind penetrates the least. This low
penetration rate cannot come from a low correlation
with the load only. Indeed in Andalucía, the three considered CREs are uncorrelated with the energy load (1, 1
and 8 % of explained variance respectively for solar,
wind and RoR hydro power). CRE penetration rates are
actually ordered regarding the time variability of the
CRE power generation; closer generation variability to
load variability, the higher the penetration rate (see
François et al. 2016a for details). In other words, the time
variability of the CRE generation looks like the main
driver of the penetration rate. This result is due to the
almost nil time variability of the energy load (see Fig.
1.2). It would not be valid anymore if the load were fluctuating with a similar magnitude to the CRE power. In
such a case, a high correlation would be required for
matching the demand.
The penetration rate also differs from one region to another. For instance, solar penetration is high in Andalucía but rather low in Germany. Again, this results from
higher solar power generation variability in Germany
than in Andalucía. For some regions, the relationship between penetration rate and generation time variability is
slightly modulated by the correlation between load and
generation, especially when the latter is significant.
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The Effect of Low-Frequency Fluctuation
In parallel research, we have also looked at low frequency
time variability; particularly the impact of the North Atlantic
Oscillation (NAO), which plays a role in the Northern Hemisphere comparable to that of El Niño in the south. This
analysis is described in detail in a manuscript currently under
review (François, in press). It provides valuable insights into
the relation between NAO and penetration rates.
NAO positive phase (noted as NAO+) corresponds to a
positive anomaly of sea level pressure over the Azores and a
negative anomaly over Iceland; NAO negative phase (noted
as NAO-) corresponds to the opposite pattern. Its influence
on the European climate and especially during winter season
(i.e. December, January, February and March, denoted as
DJFM, Figure 1) was widely established during the last two
decades (e.g. Hurell 1995; Hurrell and Van Loon 1997).
Strong NAO+ phases are associated with negative temperature anomalies across Southern Europe and positive temperature anomalies across Northern Europe. During NAO+
phases, precipitation is also affected with positive anomalies
across Northern Europe and Scandinavia, especially in winter, and negative anomalies across Southern and central Europe. The opposite pattern is observed during strong NAOphases. NAO teleconnection pattern also affects other
weather variables than temperature and precipitation.
We especially focused on winter season, the season most
influenced by the NAO teleconnection pattern. The considered monthly NAO index time series is provided by Hurrell
2003 from 1865 to 2015. This index is based on the difference of normalized sea level pressure between Ponta Delgada (Azores) and Stykkisholmur/Reykjavik (Iceland). The
effects of the NAO on the penetration rate of wind, solar
18

and run-of-the river for the same is illustrated in Fig. 1.4 for
Andalucía and Germany regions. In this Figure, we illustrated the penetration rate anomalies during winter season, i.e.
the deviation in penetration rates obtained for each winter
regarding the average penetration obtained for all winter
during 1980-2012 time period.

Figure 1.4. Evolution of DJFM penetration rates anomalies (%)
with the average CRE generation factor γ (grey curves). Grey curves
are obtained by subtracting average DJFM function to the DJFM
penetration functions. Strong high and low DJFM seasons are highlighted with red and blue colours, respectively. NAO events are considered strongly high (respectively strongly low) when index values are
higher than 10th percentile (respectively lower than 90th percentile) obtained for 1865-2015 time period.

Results show that CRE penetration sensitivity to strong
NAO phases is neither constant nor linear with the level
of equipment γ.
For wind and RoR power, system vulnerability sharply
19

increases at the early transition stage with the most critical part of the transition management occurring between
40 and 80 % of equipment level γ (i.e. when penetration
rate anomalies experiences a peak; Fig. 1.4).
For solar PV power, these thresholds are less obvious. In
Andalucía for instance, the peaks roughly locate between
100 and 160 %, meaning an over equipment of solar PV
is required for decreasing system vulnerability to NAO
patterns.
For other regions such as Germany, the growth of penetration rate anomalies with the level of equipment highlights the need for other mechanisms than over equipment for limiting system vulnerability to low frequency
climate variability.
Such a result puts a whole new perspective on the energy
transition issue; things are not going to happen gradually and
abrupt vulnerability changes related with low frequency climate variability are more than likely. Although many studies
focus on 100 % renewable scenario (i.e. an average CRE
generation factor equal to 1), the most critical stage seems to
appear much sooner, i.e. between 40 and 80 % of CRE
equipment level. This suggests more intensive consideration
of this early stage is needed.
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Increasing Penetration with RoR Hydropower Integration
At the European scale, several past studies looked at the
potential advantages of combining solar and wind power.
Other renewable energies such as biomass and hydropower
were considered, either directly or not, as storage facilities
able to balance the mismatches between load, wind and solar
power generation. The literature shows that the optimal
share between wind and solar power varies according to the
time scale. For Europe and at a daily time scale, this is usually considered as a mix composed of 60 % of wind power
and 40 % of solar power. In this study, we integrated run-ofthe-river (RoR) power with solar and wind power.
We now focus on the 100 % generation scenario (i.e. considering an average CRE production factor equal to 1). Fig.
1.5 shows the penetration rate for each possible mix among
wind, solar and RoR hydro power in Galicia. It highlights
that in this region, the penetration rate increases when integrating RoR hydropower with solar and wind. The black
arrow in Fig. 1.5 goes from the optimal wind-solar power
mix to the optimal wind-solar-RoR power mix. The orientation of the arrows indicates whether RoR replaces more solar than wind power, or conversely. An angle between the
arrow and the horizontal axis (i.e. the axis showing a constant share of wind power) lower than 30°, means that RoR
hydro power substitutes more solar power than wind power
(and conversely when this angle is greater than 30°). For
instance, Fig. 1.5 shows for Galicia that the optimal integration of RoR hydro power would replace more wind than
solar power.
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Figure 1.5. CRE penetration rate (%) for all wind/solar/hydro

mix configurations in Galicia when a 100 % CRE production scenario is considered (the average CRE generation factor for the 19802012 period is 𝛾=1). The x-axis gives the share of solar power (sPV
[%]), the left axis gives the share of RoR power (s RoR [%]), and the
right axis gives the share of wind power (sW [%]). Red, black and
blue bullets correspond respectively to a 100% solar, 100% wind
and 100% hydro mix scenario. Horizontal grey lines show mix with
the same wind share. 60° increasing (resp. decreasing) grey lines
show mix with the same solar power share (resp. RoR power share).
The black square corresponds to an equal share of each energy
source. The white dot corresponds to the optimal mix, i.e. the mix
giving the highest penetration rate. The black arrow shows the shift
of the optimal CRE share and of the corresponding penetration rate
when replacing a fraction of solar and wind power by RoR hydro
power. It goes from the optimal wind-solar mix to the optimal windsolar-RoR mix. The orientation of the arrows indicates what RoR
replaces more wind than solar or conversely. For instance, a horizontal arrow indicates that RoR only replaces solar power (with no
change in the wind rate). Conversely, an angle of 60° between the arrow and the wind axis indicates that RoR only replaces wind power
(with no change in the solar rate).
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Conclusions
Our analysis for a number of European regions shows that
(Fig. 1.6):
When integrating RoR hydropower, the global penetration rate increases for all regions. The lowest penetration
increase is observed for Italy and Tunisia (+1 %) and the
highest for England and Germany (+8 %). An increasing
penetration rate actually appears to result from a tradeoff between i) decreasing the difference in time variability between generation and load, and ii) improving the
generation-load correlation (which often means limiting
the anti-correlation coming from either solar or RoR hydro power).
RoR hydropower integration modifies the relative weight
of wind and solar energies within the mix. In Belarus, the
solar power is almost left out of the mix (its contribution
goes from 45 to 5 % when integrating RoR). Wind power decreases significantly in Southern Europe (i.e. in
Greece, Galicia and Andalucía). Two regions with roughly the same optimal wind-solar share can also move to
two different optimal mixes when integrating hydropower. This is the case for France and Italy: RoR hydropower integration decreases wind power share by 25 % in
France and by 5% only in Italy.
The optimal share of RoR hydropower into the energy
mix differs from one region to another. It is always a
significant fraction of the energy mix, ranging from 35 %
(Norway and Italy) to 65 % (England and Belarus).
Such a high share of RoR hydropower may be not realistic in some areas, for both technical and economic reasons. However, our results show that i) it is worth inte-
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grating even a small amount of RoR hydropower into a
solar-wind mix since the penetration always increase and
ii) it is possible to optimize the RoR hydropower integration for each climate region by ‘replacing’ more solar or
wind power contribution.

Figure 1.6. CRE penetration rate (%) as a function of the
wind/solar/hydro mix for all 12 European regions. See Fig. 1.5
for caption details.
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2. Multiscale Analysis of the Complementarity
Between Small Run-of-the River and Solar
Power in Northern Italy
François, B., M. Borga, J.D. Creutin, B. Hingray, D. Raynaud,
J.F. Sauterleute
Integrating hydro-, solar- and wind-power in a modern portfolio of renewable energies, and balancing power use with
other critically important usages of water, brings new challenges to the hydrological community and new opportunities
for better understanding of fundamental hydrological processes. New questions arise concerning the dependence of
these climate-related energy sources on meteorological (precipitation, temperature, wind, solar radiance) as well as on
hydrological variables (river flows). Despite substantial work
on the space-time variability of each hydro-meteorological
variable individually (e.g. Tarroja et al., 2013 for the case of
solar power), advances on their joint analysis are still limited.
In this chapter we consider the question of the complementarity between run-of-the river (RoR) hydropower and solar
photovoltaic (PV) power for a scenario of 100% renewable
energy supply in a region of Northern Italy (Fig. 2.1). Solar
energy comes from the populated areas of the plain and is
more evenly distributed through the year around the seasonal modulation. Hydropower is from run-of-the-river production on small rivers (less than 1000 km2) under two different
hydrologic regimes. In Alpine snow dominated catchments
(i.e. Cadipietra and Anterselva) the spring snowmelt flood
yields
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Figure 2.1. Topographic map of the study region in Northern

Italy. The catchments of Aurino at Cadipietra (149.8 km2), Anterselva at Bagni di Salomone (82.4 km2), Posina at Stancari (116
km2) and Leno di Terragolo (173.2 km²) are shown by gray areas.
Along the climate transect from the Alpine crests to the Veneto
plain (dry and snowmelt dominated at high elevations and wet and
precipitation dominated at lower elevations), these four catchments
represent a benchmark of the opposite locations of small hydropower
plants in this region. Black pyramids: Location of solar irradiance
and temperature measurements in the Veneto plain area.

most of the power, while across the plain to the Piedmont
27

catchments (i.e. Leno and Posina) peaks of production are
obtained in spring and autumn due to rainfall. The spatial
extent of this transect is relevant for local stakeholders since
one administrative unit develops its own energy policy, optimizing the joint use of solar and hydropower (see C3-Alps
project http//www.c3alps.eu).
Hourly hydro-meteorological data base are provided by the
regional agencies from 2000 to 2010. RoR power, solar PV
power and energy load time series are obtained via a modelling framework described in François et al. (2016b). These
energy sources are on average available at different periods
(Fig. 2.2). They fluctuate more than the load at all temporal
scales and they have very distinct correlation coefficients
with the energy load (François et al. 2016b). Thus, it seems
useful to combine them in order to balance load and production with the lowest possible balancing costs, i.e. the
lowest variance of the load-production balance ∆ defined by
equation 2.1:
∆(𝑡) = 𝑃 (𝑡) − 𝐿(𝑡)
(2.1)
where Pmix is the power generation from the combined
system and L the energy load. RoR power generation comes
from the two considered hydro-climatic.
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Figure 2.2. Daily, weekly and yearly normalized cycles of electrici-

ty consumption (black), solar power generation (green) and run-ofthe-river power generation from the snow- (red) and rain-dominated
(blue) areas. (For illustration, all the cycles have been normalized to
their average value. Hence, the average value of the cycles equals 1).
The time step used for the daily cycle is hourly; for the weekly and
yearly cycles, the time step is daily. Note that the two figures below
are simply a re-plot of the figures above with a scale change of the
vertical axis: first one is for the daily cycle excluding solar and the
second one is for the yearly variation of the consumption only.

Power generation time series obtained for each production
mean (RoR and PV) are scaled to obtain a regional 100 %
scenario. To do this, PV and RoR power time series are divided by their average and multiplied by the load average.
The average production of the mix is thus equal to the average of the simulated electricity consumption of the study
area during the whole period 2000-2010 (i.e. 3.5 GWh per
hour on average). Mixed power generation scenarios are
obtained by coupling PV and RoR power generation using a
29

sharing coefficient between solar and RoR power, denoted
SPV (equation 2.2). SPV is equal to 1, when the total power
generation comes from PV systems, and inversely, SPV is
equal to 0, when the total generation comes from hydropower.
𝑃 (𝑡) = 𝑆 𝑃 (𝑡) + (1 − 𝑆 ) 𝑆 𝑃
𝑆 )𝑃
(𝑡)
…

(𝑡) + (1 −

(2.2)

with PPV the solar power generation, 𝑃
and 𝑃
are
the hydropower generated by RoR plants located on snowmelt and rainfall dominated regions. SH is the sharing coefficient between the two hydro-climatic areas (0<SH<1). When
SH=1, the hydropower generation comes only from the Alpine area and when SH=0, the hydropower generation comes
from the downstream area only.
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Figure 2.3. Effect of time step aggregation on the variability of the

balance between energy load a supply coming from different combinations of energy mix. The x- and y-axis represent the sharing coefficients SPV and SH respectively. The colour map gives the standard
deviation value of the energy balance (GWh) and is considered as a
proxy of the balancing costs.
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Conclusions:
The optimal mix between these production means
depends on the time resolution evolving from hourly
to monthly (Fig. 2.3). At hourly scale, the highest
balancing costs are obtained with a high share of solar power given its important diurnal cycle, and, on
the contrary, for larger temporal scales the highest
balancing costs are obtained with a low share of solar
power. In terms of RoR regime, the hourly variability
is similar for the two regimes, whereas at lower resolutions the RoR power coming from the snowmelt
dominated regime looks easier to manage in combination with solar power thanks to a lower fraction of
the residual energy balance.
The optimal PV share is located between 70 and 80
%, while RoR power generation should be mainly
composed of power coming from rain-fed catchments. Such mixes minimize both the balancing
costs at daily and monthly temporal scales and the
storage requirement.
Climate warming will decrease the solid/liquid precipitation ratio in the Alpine catchments, leading to
RoR power generation closer to the one of the Plain
catchments. Without modification of installed power
facilities, climate warming is thus expected to modify
the balancing costs of the system, increasing the
share of RoR power generation coming from rainfall
dominated regime, i.e. substituting a RoR production
less correlated to solar (François et al. 2016b). If the
rate of solar power equipment is high enough, this
would lead to better complementarity between RoR
and solar at daily and monthly temporal scales. Oth32

erwise, the balancing costs would be very sensitive to
the warming rate at all scales. Those costs would also
become mainly driven by the residual energy balance
fraction coming from RoR, making the storage and
transmission operations more difficult, or at least less
predictable. However, this discussion neglects other
possible impacts of higher temperatures on the load
pattern in particular, but also on cloud cover and
thus solar production.
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3. Boiling Phoenix or Shivering Boston?
Antonia I L Schwartz
Climate change is likely to have substantial influence on individuals’ livelihoods. The latest IPCC report1 has highlighted the risk of changing human migration patterns, such as, a
potentially dramatic increase in human displacement. The
complex, multi-causal nature of migration makes it extremely
difficult to forecast such changes in mobility. Research on
today’s climate driven behavioural decisions can increase the
confidence in quantitative projections. Addressing behavioural questions related to the migration process can also
potentially help us better understand and design climate
change adaptation strategies. Studying the impact of climate
on today’s migration decisions offers an excellent window of
opportunity to test important behavioural questions. It allows not only the testing of the influence of climate as a
push factor (i.e. as a threat to livelihoods), but also as a local
amenity that attracts people to certain locations or deters
them from others. The latter has broader implications as it
allows us to retrieve individual’s valuation of climate, which
is an important factor in the calculation of integrated assessment models.
The importance of climate as a pull factor of migration has
become increasingly recognised in migration studies.
Grounded in Lee’s2 seminal discussion on the determinants
of migration, researchers have been studying the influence of

R. K. Pachauri et al. “Climate Change 2014: Synthesis Report. Contribution of Working
Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change” (2014).
1

2

E. S. Lee. “A theory of migration”. Demography 3.1 (1966), pp. 47–57.
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locational amenities on migrants’ location decisions. Coming
from urban economic theory, during the late 1970s models
were developed explicitly including climate as a push- or
pull-factor of migration.3 Most studies have found empirical
evidence for a general attraction of migrants to friendlier,
more moderate climate (warmer winter months with nonextreme summer months). While earlier studies assumed
preference homogeneity over the location specific characteristics, recent work has relaxed this assumption by modelling
interactions between individual and location specific characteristics. These more complex models provide evidence that
preferences over climate vary both over the life cycle4 as well
as by education level5. Our study extends this research by
allowing explicitly for clinal6 heterogeneity in migrant preferences over destination climate. This extension is motivated
by findings of the human biology literature, which suggests

See for example G. Alperovich, J. Bergsman, and C. Ehemann. “An econometric model
of migration between US metropolitan areas”. Urban Studies 14.2 [1977], pp. 135–145; W.
M. Brown and D. M. Scott. “Human Capital Location Choice: Accounting for Amenities
and Thick Labour Markets”. Journal of Regional Science 52.5 [2012], pp. 787–808; P. Pellegrini
and A. S. Fotheringham. “lntermetropolitan migration and hierarchical destination choice:
A disaggregate analysis from the us public use microdata samples”. Environment and Planning
A 31.6 [1999], pp. 1093–1118; D. M. Scott, P. A. Coomes, and A. I. Izyumov. “The Location Choice of Employmentbased Immigrants among US Metro Areas*”. Journal of Regional
Science 45.1 [2005], pp. 113– 145; P. Sinha and M. L. Cropper. The value of climate amenities: Evidence from US migration decisions. Report. National Bureau of Economic Research, 2013
3

Q. Fan, H. A. Klaiber, and K. Fisher-Vanden. “Climate Change Impacts on US Migration
and Household Location Choice”. 2012 Annual Meeting, August 12-14, 2012, Seattle, Washington. Agricultural and Applied Economics Association, 2014; P. E. Graves. “Migration and
climate*”. Journal of regional Science 20.2 (1980), pp. 227–237
4

J. Kennan and J. R. Walker. “Modelling Individual Migration Decisions” (2012); Scott, Coomes,
and Izyumov, “The Location Choice of Employment based Immigrants among US Metro
Areas*”.
6 Clinal variation here is defined as the gradual change in population or species characteristics across the geographical or environmental distribution.
5
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that individuals’ climate preferences not only vary by demographic characteristics but also depending on the climatic
environment people are accustomed to. The human biology
literature has found substantial evidence for a strong relationship between climate and human morphology, categorised by ecogeographic rules7. Clinical tests have found evidence for variation in human biology in terms of human
body adaptation to local climate across geographical time
and space8. Considering these differences in human bodies,
individual preferences over climate are likely to differ by the
climate individuals are accustomed to.
Heterogeneous differences in climate preferences have been
widely ignored by the literature. The papers by Scott et al.9
and Fan et al.10 are rare exceptions. Scott at al. allow individual preferences of US immigrants to vary by nationalities.
Their findings suggest individuals’ preferences over destination climate differ by nationalities. An alternative study allowing for heterogeneous climate preferences was conducted
by Fan et al... In their study Fan et al. allowed for varying
preferences of US internal migrants by birth-place, categorised in US macro-regions: North-east, West, South, and
state California. The authors found that individuals through-

C. Bergmann.Über die Verhältnisse der Wärmeökonomie der Tiere zu ihrer Grösse. 1848; C. Ruff.
“Variation in human body size and shape”. Annual Review of Anthropology (2002), pp. 211–
232.
7

C. M. Beall, N. G. Jablonski, and A. T. Steegmann. “Human Adaptation to Climate:
Temperature, Ultraviolet Radiation, and Altitude”. Human Biology. John Wiley & Sons, Inc.,
2012, pp. 175–250.
8

Scott, Coomes, and Izyumov, “The Location Choice of Employmentbased Immigrants
among US Metro Areas*”.
9

Fan, Klaiber, and Fisher-Vanden, “Climate Change Impacts on US Migration and
Household Location Choice”.
10
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out the US experience discomfort from extreme heats.
However, the extent of discomfort differs by birth-place,
with people born in the western macro-region disliking extreme heat most. While both papers provide some first evidence for the existence of a relation between clinal preference heterogeneity and the location choice of migrants, the
relationship has not yet been examined in a satisfactory
manner. The geographic dimension used by Scott et al. (nations) and Fan et al. (macro-regions) comprise themselves a
large variety of regional climates and thus are inadequate
geographic units for estimating the impact of origin climate
on location choices.
Unlike previous studies, our study pays explicit attention to
the interrelation of origin and destination climate. We make
use of data compiled from various sources to create a novel
dataset comprising information on origin and destination
climate. The dataset consists of a migration survey of the
Mexican Migration Project (MMP)11 combined with information on US metropolitan statistical areas. The micro level
geographical information provided by the MMP for both the
origin as well as destination location of migrants reduces
measurement uncertainty in origin climates and thus allows
the examination of the influence of clinal variations in climate preferences on the location choice process. This approach is different from former studies, as heterogeneous
preferences over destination climates can be uniquely identified through differences in origin climate and thus modelled
as a consequence of clinal variations in human climate pref-

Mexican Migration Project. The Mexican Migartion Project 143, 1982 - 2013.
http://mmp.opr.princeton.edu. Accesssed: 2013-10-3. 2013.
11
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erences. To our knowledge, no other study has done so before.
Our findings confirm earlier research, with migrants preferring cities with moderate temperatures. Taking into account
origin climate, we find evidence for migrants to locate in
areas with similar average temperatures to their home climate but warmer summer temperatures. Throughout different specifications used in the estimation process temperature
differences consistently have a small but significant influence
on destination choice. The findings are robust to various
robustness checks. The results suggest that migrant’s preferences over destination climate differ by origin climate. As
such they provide some first evidence of the existence of
clinal variations in climate preferences. While the effect is
small compared to economic factors such as labour market
conditions, climate change will not only change the attractiveness of locations but also change destination choices of
migrants by changing climate at the origin and thus individual’s preferences over climate. Our findings suggest that the
more people are used to extreme climate, the less they value
living in a moderate climate. As a consequence, locations
that are currently perceived as less attractive due to their
extreme weather conditions might become more attractive in
the future as climate in origin communities deteriorates.
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Data and Variables
The data used in our study was collected from different
sources. The merging process required complex merges on
location identification codes, location names, as well as GPS
coordinates. GPS coordinates for the MSAs and communities were acquired through the Google Geocoding API. Several checks were employed to ensure correct merging between the different sources.
Mexican Migration Plan
The migration data employed in this study is the Mexican
Migration Project (MMP), a collaborative research project
based at the Princeton University and the University of
Guadalajara and run by Princeton University12. The MMP
provides a unique cross-sectional database collecting information on social as well as economic factors of Mexican-US
migration for several decades. It consists of annual household surveys conducted since the project inception in 1982
till 2012, covering 143 Mexican communities, with a total of
22,894 households surveyed in Mexico and 957 in the Untied States. Each year, households from a small number of
communities are interviewed with a new set of communities
surveyed in the following year. The resulting data is a crosssection with observations at different moments in time.
Given strict protection of individual identities, the MMP
grants access to community level information on the origin
location of Mexican households (lower regional level than
municipalities). Together with the information on the MSA
destination this micro-level geographical information allows

12

Mexican Migration Project, The Mexican Migartion Project 143, 1982 - 2013.
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identification of climate at origin and destination. The MMP
data builds the first dimension of the two dimensional
choice model, with location-specific information for the 321
Metropolitan areas (alternative-specific) building the second
dimension. The MMP provides detailed information on individual bilateral migration experiences for more than
150,000 Mexicans, including retrospective life-history migration information of household heads with information on
circular migration movements corresponding to 360,826
person-years.

Figure 3.1: Sample Migration Flows.
Note: The saturation of the lines between the
origin community and the US metropolitan area
the size of the flow. Note: The saturation of
between the Mexican origin community and
metropolitan area varies by the size of the flow.

Mexican
varies by
the lines
the US

The final sample comprises 18,002 individuals with complete
information on 29,882 movements between Mexico and the
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US. These movements consist of 2,080 unique combinations
of Mexican communities and MSAs. Figure 1 shows a map
of observed migration movements from the Mexican sample
communities and the corresponding US destinations. Darker
coloured lines imply a larger percentage share of migrants
migrating in this particular direction. The figure displays a
clear preference for California (63 % of all first movements
and 65 % of all migration) and Texas, both being historical
Mexican migrant destinations. The graphic further emphasises the geographical distribution of both Mexican origin
and US destination locations.
MSA Location-Specific Data and Variables
The most appropriate geographical unit for the empirical
analysis are communities for Mexico and metropolitan
statistical areas for the US. A higher regional level (e.g.
municipalities for Mexico and States for the US) would cause
climate to vary substantially within the unit of geographical
area, reducing the precision of the climate estimates.13 In
addition, metropolitan areas present useful geographic units
of local economic characteristics, providing uniform
measures of for example local labour and housing market
conditions. Treating place characteristics of states such as
California as uniform is inadequate, given the vast variation
in within-state topography, climate, industrial structure, and
human capital. Besides, census statistics of the year 2000
estimate that 95 % of all foreign-born individuals living
legally in the US reside in metropolitan areas14.
Maps with the location of Mexican communities and US MSAs are provided in the
Appendix.
13

J. Wilson and A. Singer. Immigrants in 2010 Metropolitan America: A decade of change. Metropolitan Policy Program, Brookings Institution, 2011.
14
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Further controls added to the regression are population size,
the foreign population share, the population share of the
Mexican and Latino-Hispanic community, the unemployment rate, as well as the Consumer Price Index (CPI).
Population size of the destination will capture some of the
benefits of larger cities that come along with urban
agglomeration, such as public services including as public
transport. Controlling for the population share of the
Mexican and the Latino-Hispanic community15 will capture
possible migrant network effects. The population share of
foreigners is also included to control for immigration and
integration policies of the local government as well as
tolerance of the local population towards foreigners. We
further control for unemployment at destination to proxy
competition from natives and other migrants for jobs in
locations with higher unemployment levels. CPI is added to
capture differences in living costs between alternative
locations.
The economic and demographic data on the 321 MSAs was
collected form different sources. CPI and unemployment
statistics for each MSA were collected from the US Bureau
of Labour Statistics16. Unemployment rates stem from the
Local Area Unemployment Statistics and the US Census.
Information on the population size and national as well as
ethnic compositions of MSAs was originally collected by the
US Census and retrieved for this study from the US National

Origin classification based on the US Bureau of the Census, Population Estimates Program (2015) (U.S. Bureau of the Census, Population Estimates Program (PEP). State &
County Quick Facts. Feb. 2015).
15

U.S. Bureau of Labour Statistics. Local Area Unemployment
http://www.bls.gov/lau/home.htm. Accessed: 2014-02-15. 2014.
16

Statistics.
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Historical Geographic Information System database
(NHGIS) provided by the Minnesota Population Center17.
Climate Data and Variables
The historical climate data is based on the CRU TS3.21
dataset produced by the Climatic Research Unit (CRU) at
the University of East Anglia18. The CRU time-series dataset
provides monthly, homogenised, high-resolution grids
(0.5x0.5 degree19) created from historical climate
observations of more than 4000 weather stations. We
combined the climate data with the Mexican communities
based on geometric distances. Because US MSAs are
substantially larger than our Mexican communities, we
calculated the climate variables for the MSAs by interacting
the climate grid with MSA polygons of the year 2000. We
then calculated the arithmetic averages of our climate
variables based on the polygons.
All climate variables used in the regression are constructed
as thirty-year arithmetic means prior to the year of
immigration. The list of climate regressors consists of
average, minimum and maximum annual temperatures,
different definitions of summer and winter temperatures,
different measures of precipitation, percentage cloud cover,
vapour pressure, and annual standard deviation of
temperature. We will shortly give an overview on historical

Minnesota Population Center. National Historical Geographic Information System:
Version 2.0. Accessed: 2014-03-07. 2011.
17

I. Jones P.D.; Harris. Climatic Research Unit (CRU) Time-Series (TS) Version 3.21 of
High Resolution Gridded Data of Month-by-month Variation in Climate (Jan. 1901- Dec.
2013): CRU TS3.21. Accessed = 2014-01-27. 2014.
19 This grid corresponds approximately to a geographic area of about 56x52km 2 to
56x42km2.
18
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climate normals for both the US and Mexican sample
locations, followed by a description of observed calculated
average differences between the two countries.
US Climate
Figure 3.2 maps average temperature for the entire period
1940-2010. Historical average temperatures for the 321 US
metropolitan areas range from 4 to 25 degree Celsius (°C).
The overall US average is around 14°C. The range in
historical extreme temperatures extends from an average
daily maximum temperature of 32°C in Yuma MSA (AZ) to
an average minimum temperature of minus 4°C in the
north-eastern Salt Lake City-Ogden MSA (UT). Figure 3
plots historical average precipitation for the entire period.
The historical average is 81.5 mm precipitation per month.
Tacoma MSA (WA) historically has the highest monthly
precipitation. Yuma MSA (AZ) has the fewest rain days (9
days) with the lowest average monthly precipitation (6mm).
Mexican Climate
Historical average temperatures for Mexico lie around 20°C.
The lowest historical average temperature observed is 1°C
for the central Mexican municipality Jilotepec in state
México (2,452m above sea level). The hottest Mexican
community in the sample is located in the municipality
Huitzuco de los Figueroa (958 m above sea level) in the
southern state Guerrero with an average temperature of
28°C. Historical maximum temperatures range from 21 to
35°C. Average monthly precipitation for the sample
communities is 73.4mm. The municipality Jalpa de Méndez
in state Tabasco has the community with the highest average
monthly precipitation of 259.4mm (on average 12 rain days
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per month) and wettest month with more than 500ml

Figure 3.2. Historical Average Temperature 1940-2010
Note: Average temperature is measured in x10°C. Data from
CRU TS3.21, Climatic Research Unit, East Anglia University

average precipitation. Vapour pressure normals range from
maximum 6 (Nuevo Casas Grandes, Chihuahua) to 28
Hectopascal (Quetzalapa, Guerrero).
Findings
We find Mexicans settle in less populous cities. This could
possibly be explained by more favourable labour markets for
migrants in smaller cities. A large Mexican community
attracts further migrants from Mexico, suggesting that
migrant networks play an important role in the location
decision. Previous immigrants often provide rich
information sources for new migrants, essentially reducing
search costs involved in the migration decision. In contrast,
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a large population share of individuals with a Latin American
or Hispanic background reduces the appeal of a location for
Mexicans. One explanation of this negative relationship
could be higher competition in immigrant labour markets.
Other immigrants from Latin American or Spanish speaking
countries may compete for the same jobs, thus reducing the
employability of Mexicans at the destination. As expected,
locations with higher relative unemployment are also less
attractive for Mexican immigrants. Regions with higher
living costs, proxied by the consumer price index, are less
attractive for immigrants inter alia.

Figure 3.3. Historical Average Temperature 1940-2010 Note:
Average precipitation is measured in x10mm. Data from CRU
TS3.21, Climatic Research Unit, University of East Anglia.

Our estimation of the impact of US destination climate on
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location choices is comparable to the findings of other
studies, such as Fan et al. (2014)20 and Sinha and Cropper
(2013)21. On average, Mexican immigrants settle in cities
with modest temperatures, experiencing discomfort from
warmer temperatures (at a decreasing rate). They prefer areas
with inter alia more precipitation and less percentage cloud
cover. Testing our hypothesis of preference heterogeneity
we find that Mexican immigrants prefer to settle in cities
with relatively colder annual average temperatures, but with
warmer summer and winter temperatures. Moreover,
Mexicans prefer to settle in areas with all year round
precipitation but dislike places with higher frequencies of
extreme precipitation levels above 100 mm. US destinations
with higher than origin levels of maximum precipitation are
unpopular. Mexicans dislike locations with higher humidity
as well as larger annual temperatures variations than their
origin community22. Allowing the impact of preferences to
differ by climatic regions we find that Mexican migrants
from colder regions have stronger preferences over
temperatures than Mexicans immigrating to the US from
hotter regions. Climate preferences over precipitation levels
are not statistically different between the two sub-samples.
While the impact of economic factors on the location choice
of Mexican immigrants is undoubtedly larger, the results
provide further support for the existence of clinal variation
in climate preferences.
Fan, Klaiber, and Fisher-Vanden, “Climate Change Impacts on US Migration and
Household Location Choice”.
20

Sinha and Cropper, The value of climate amenities: Evidence from us migration decisions.
22 High temperatures in combination with high vapour pressure result in higher humanperceived equivalent temperatures due to reduced body perspiration.
21
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Conclusions
Using a newly constructed dataset, we test the hypothesis of
a relationship between clinal heterogeneity in climate
preferences and residential location choice. We estimate
different specifications of McFadden Residential Choice
Model using a dataset on Mexican migration to the US,
explicitly modelling heterogeneous climate preferences. The
universal choice set of the model consists of 321
Metropolitan Statistical Ares in the US. We control for
expected individual income at destination, migration costs,
existence of migrant networks, as well as further economic
and demographic characteristics of each destination. Based
on different model specifications, we find that origin climate
influences migrants’ preferences over destination climate.
We find Mexican immigrants to prefer migrating to areas
with similar average temperatures but warmer summers
compared to their home locations. As further robustness
check, we reran two model specifications dividing the
sample into two sub-samples consisting of migrants from
warm and cold climatic origin areas in Mexico. We find the
temperature parameters to be statistically different between
the two sub-samples. Moreover, Mexicans from colder
regions in the sample have stronger preferences over
destination climate. If running a fully interactive model of
climate variables the interaction term of mean temperatures
is statistically significant.
The measured effect of origin climate on migrants’ location
decisions is comparatively small. Immigrants’ location
decisions are primarily influenced by economic considerations such as the conditions of the local labour market.
However, with climate change and deteriorating climate
conditions in certain regions the findings suggest that
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migrants may become less picky about the climate at their
new home. Our findings suggest that the more people are
accustomed to extreme climate, the less they value living in a
moderate climate. As a consequence, locations that are
currently perceived as less attractive due to their extreme
weather conditions, might become more attractive to future
immigrants.
The findings highlight several lines of future research. It is
important to replicate this study on a global scale to allow
for generalisation of the results and to improve
measurement of the effect size of heterogeneous preferences
by increasing the diversity in origin and destination climate
in the sample and thus in the preference set. In addition,
further research is required on unbundling the relation
between individual characteristics and climate preferences.
Clinal variation in climate preferences may be more
pronounced for certain demographic groups, such as elderly
people. These differences could again imply significantly
different preferences over destination climate among those
sub-populations. The third line of research is the extent to
which climate change will influence the location choice of
migrants given the clinal variation in migrants’ climate
preferences. A further research area that appears of interest
is the question of how soon migrants’ climate preferences
adapt to the new destination climate. In order to address
these research questions the collection of detailed climate
related migration data is crucial, as most migration databases
do not provide detailed information on origins of migrants
that allow to identify heterogeneous effects. Furthermore,
the complexity of the estimation technique makes
regressions with even greater sets of destination locations
infeasible. Further research in location choice estimation
50

techniques is necessary to extend the research conducted in
this paper on a global scale.
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Section II: Human Impacts on Natural Systems
This section deals with the impact of institutions on energy
use and carbon emissions. We offer two case-studies by way
of illustration, each dealing with an institutional setting that
is explicitly committed to reducing carbon emissions.
Chapter 4 goes up a level in the administrative hierarchy to
look at patterns of energy use and CO2 emissions in two
nation-states, the Netherlands and the UK.
Chapter 5 looks at the impact of aid on carbon emissions in
the Global South.
Taken individually each of these case-studies provides valuable policy insights. Taken collectively, however, they also
illustrate the range of scales over which studies of this sort
can be designed and mounted.
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4. Drivers of Changing Patterns of Energy Use in UK
and Netherlands
Jinxue Hu, Saeed Moghayer and Evgueni Poliakov
The European Union, as a party to the United Nations
Framework Convention on Climate Change (UNFCCC),
annually reports on greenhouse gas (GHG) inventories on
the domestic emissions taking place within the member state
territories. The main objective of the UNFCCC is to stabilize GHG concentrations in the atmosphere at an acceptable
level reducing human-induced climate change effects. The
Netherlands’ 2013 annual submission (RIVM, 2013) of its
greenhouse gas emissions inventory in accordance with the
guidelines provided by the UNFCCC, the Kyoto Protocol
(KP) and the European Union’s Greenhouse Gas Monitoring Mechanism, shows that the total greenhouse gas emissions in the Netherlands in 2011 decreased by approximately
9 percent compared to 1990. This decrease is mainly explained by a decrease in fuel combustion in the energy sector.
In the framework of KP and UNFCCC the UK also agreed
to an emissions reduction target of -12.5 percent on 1990
levels, to be achieved during the first commitment period of
the Protocol, which runs from 2008 to 2012. In the UK the
total emissions of direct greenhouse gases have decreased by
26 percent between 1990 and 2012 (DECC, 2013). This decline is explained mainly by a decrease in emissions from the
energy sector – particularly from power stations. In 2012,
the UK CO2 emissions were reported 19.7 percent below
the 1990 level.
Several studies have applied decomposition analysis to explain the determinant factors driving GHG emission and
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energy use trends. Examples are Diakoulaki et al. (2007),
Kojima and Bacon (2009), and Battacharyya and Matsumura
(2010). A decomposition analysis allows for the estimation
of the extent that technological and behavioural drivers affect the change of energy use or CO2 emissions in a given
period. The two decomposition methods that are mainly
used to analyse the determinant drivers are Index Decomposition Analysis (IDA) and Structural Decomposition Analysis (SDA). In an SDA approach the economic input-output
model is used which is based on input-output coefficients
and final demand per sector. Therefore, SDA can assess
both the technological effects and the final demand effect,
i.e. the effect associated to the change in final demand for
products from each sector. In addition, an input-output
model includes indirect demand effects or the so-called Leontief effects (Miler and Blair, 1985). These are spill-over
effects of demand emerging when an increase in a direct
demand of one sector leads to an increase in the demand for
inputs from other sectors, which can be interpreted as a
technological effect of the changes in the intermediate input
structure or an indirect effect in the SDA analysis. An IDA
model, however, is merely assessing the impact of direct
effects but has lower data requirements.
In this paper we present one of the first SDA analysis of key
determinant factors and their effects on the observed CO2
emission and energy use trends in the UK and the Netherlands. For this we are applying an environmentally extended
input-output model (EE-IO) to quantify the energy use and
air emission indicators from national economic sectors to
meet the final demand of the final consumers over the period 2000 to 2007. We conduct a sector level analysis to allocate the changes of the indicators to different economic sec55

tors to identify the most significant sources of variation by
taking all the direct and indirect (spill-over) effects into account.
SDA techniques have been applied to many environmental
issues focusing on explaining the changes in total as well as
sectoral energy requirements and emission. Examples are
Alcántara and Duarte (2004), Liu et al. (2010) and Cellura et
al. (2012). Most of these are solely on production sectors
(Alcántara and Duarte, 2004), focused on exports for instance in the case of China which is a net exporter of energy
(Liu et al. (2010) or only look at the energy content for
household consumption (Cellura et al., 2012). This paper
extends the SDA techniques to conduct the analysis by both
the sectors and final consumer simultaneously and will produce one of the first SDA results for all heterogeneous final
consumers. The main result of this paper is to provide insight into the extent the drivers have contributed to the
change in final energy use and CO2 emissions, differentiated
by final consumers and sectors. We will identify the final
consumers, sectors or a combination of both that are the
most relevant for targeting climate mitigation policies. The
results indeed show different main drivers for the heterogeneous final consumers and these are different for the Netherlands and the UK due to different climate mitigation paths.
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Methods and Approach
Our study involves applying an SDA to an input-output
model of energy use and CO2 emissions with detailed production sectors and heterogeneous final consumers. In this
paper we analyse the patterns behind the evolution of energy
use and CO2 emissions of the Dutch and UK economy between 2000 and 2007. In what follows, we propose a structural decomposition context applied to the input-output
system. Table 4.1 illustrates a simplified structure of the data
for a two-sector economy, extended by an environmental
extended account related to an indicator (e.g. energy use
indicator E) which is coupled to the model:
Table 4.1. Input-output table used in structural decomposition analysis
Monetary
accounts

Auxiliary
account
Indicator

Sector
1

Sector
2

Final
demand

Output

Sector 1

z11

z12

y1

x1

e1

Sector 2

z21

z22

y2

x2

e2

Source: Hoekstra and van der Bergh (2003)
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The input-output model in SDA is based on the technical
coefficients

zij

Aij

xj

and final demand

yj
per sector (Cellura et al., 2012). The matrix of technological
coefficients in an n -sector economy is:

A [Aij ]n

(4.1)
The standard matrix representation of an input-output model then reads as

X
X

where

n

(I A)

1

Y,

(4.2)

(x j )

is the vector of production (output) in all
(y j )
is the vector of final demand ( j 1, 2,..., n

Y
sectors,
), and I is the identity matrix. The energy use E can be
expressed as follows, assuming that all the determinant factors are independent from each other (Cellura et al., 2012):

E
E

int

E int (I A) Y,

int
j

(e )

(4.3)

where
is the energy intensity vector (i.e. energy
use per unit of output) with

ej

58

mj
xj

for j 1,..., n .

By following the approach proposed by Sun (1998), from
equation 4.2 we derive

E

int
Eeffect

Leffect

Yeffect .

(4.4)

int

Here Eeffect captures the Energy Intensity effect or direct
effect that is the effect that a change in the energy use per
unit of monetary output has on energy consumption. An
improvement of energy efficiency in the economic sectors
int
results to Eeffect 0 . The component Leffect captures the socalled Leontief effect or spill-over effect, that analyses the
impact on the energy consumption due to a change in the
use of monetary input per unit of output in the economy.
Leffect 0 corresponds to a reduction in the use of monetary
input per unit of output. The term Yeffect is defined as the
final demand effect, which describes the effect of a shift in
for instance final household consumption of energy intensive products.
There are different approaches in decomposition analysis
which can be followed when performing SDA. Following
Hoekstra et al. (2003) the main choices in the SDA set-up,
which result in different SDA approaches, are (1) time period: which mainly depends on data availability, however, in
most SDA studies a time period of three to ten years is considered; (2) type of indicator: based on the aim of SDA application the indicators can be one of the following forms:
absolute , intensity, or elasticity; and (3) form of the indicator: SDA can adopt of the following mathematical forms:
Additive: decompose the change in indicator (I) in the period t=0 and t=1 into a number of determinant factors (DE’s)
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in an additive form:

I1 I 0

DE int

Residual (4.5)
Multiplicative: decompose the change in indicator (I) in the
period t=0 and t=1 into a number of determinant factors
(DEs) in a multiplicative form:
I1
I0

DE int DE ltf

DE ltf

DE fd

... DE fd

DE pdn Residual

(4.6)
where int denotes the intensity (direct) effect, ltf the Leontief
or spill-over effect, fd the final demand (indirect) effect, and
pdn the production effect (only in the multiplicative form).
The other characteristic of each of the different SDA approaches is the index. The index is a certain weight assigned
to each determinant factor. In Hoekstra et al. (2003) all SDA
(and IDA) index approaches are reviewed. The main index
properties of different index approaches are (1) Complete in
which SDA has no residual; (2) Time reversal in which the
time reversal of the time period yields the reciprocal results;
and (3) Zero-value robustness if zero values in the dataset
would not create a problem as the indices use logarithms.
The two main approaches are non-parametric method (such
as refined Divisia index and parametric methods such as
Laspeyres (zero-value robust), Marshall-Edgeworth (time
reversal and zero-value robust), Paasche indices (zero-value
robust).
In this chapter we use the complete SDA of the indicators,
energy use and CO2 emissions, in the absolute and additive
form. We follow Dietzenbacher and Los (1998 and 2000)
and their model of complete decomposition analysis without
residual terms. It combines the two main approaches,
Laspeyres and the Paasche indices. The mathematical formu60

lae and their full derivations are presented in Hoekstra et al.
(2003).
We propose to add a dimension on the heterogeneous final
consumers to the complete SDA in order to analyse the
drivers in more detail. In Eqns. (4.2) and (4.3) the variables
Y and E will be replaced by Yk and Ek where

k {household, government, investment, export, inventories}

represents the heterogeneous final consumers. In Eqn. (4.4)
effect
int,effect
effect
the variables E
, L , and Y
are replaced by
effect
Ekint,effect , Leffect
k
, and Yk
respectively. This study will additionally compare the SDA results between the final consumers.

Data
In the analysis two data sources have been used; (1) inputoutput tables from WIOD (Timmer et al, 2015) with 35 sectors for the years 2000 and 2007 in constant prices; and (2)
sectoral final energy use and CO2 emissions from Eurostat.
The energy use for inland transport included the energy use
related to private transport by households and thus overestimates the energy use of the productive sector of inland
transport. Therefore the energy use of private transport was
subtracted. We assumed that private transport energy use
would equal energy use by cars (as opposed to light and
heavy goods vehicles, buses and motorcycles). The Dutch
data for energy use related to car transport came from the
Dutch National Bureau of Statistics (Centraal Bureau voor
de Statistiek) and Transport en Logistiek Nederland (2009)
while the UK data came from the ECUK (Energy Consumption in the UK) data tables from the DECC (Depart61

ment of Energy and Climate Change). In contrast to the
energy data, the CO2 emissions data for the inland transport
sector did not include private transport, as private transport
was already separated in the Eurostat database.
Results and Discussion
In the structural decomposition analysis, the change in sectoral energy use is decomposed into three determinant factors: the intensity, Leontief, and final demand effects. The
intensity effect refers to the effect of solely the change in
energy intensity on energy use, given that the production
structure and final demand remain unchanged. A positive
intensity effect would mean that the energy use in that sector
went up due to an increase in the energy intensity of the
same sector. The Leontief or structural effect relates to the
effect of solely the change in production structure, assuming
the same levels of the energy intensity and final demand.
The production structure of a sector consists of inputs from
other sectors as well as the production factors, labour and
capital. More inputs from other sectors could lead to more
energy use in other sectors. Therefore the Leontief effect
refers to spill-over or indirect effects on energy use. A positive value would indicate that other sectors are using more
inputs from this sector. Finally, the final demand effect
shows the effect of solely the change in final demand under
the same conditions related to energy intensity and production structure. A positive value can be interpreted as both
the direct and indirect additional energy use required by the
sectors to meet the increased level of final demand.
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Table 4.2. Sectoral energy use, CO2 emissions, energy intensity
and CO2 intensity in 2000 and 2007

2000

2007

2000-2007
% change

NL
UK

1,417
3,598

1,546
3,481

9%
-3%

Energy intensity in
MJ/USD
NL

1.91

1.84

-3%

159
453

167
460

5%
2%

0.21
0.17

0.20
0.14

-7%
-16%

Energy use in PJ

CO2 emissions in
Mt
NL
UK
CO2 emission intensity in kg/USD
NL
UK
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15%
10%
5%
0%
-5%
-10%
-15%

9%

5%
-3%

2%
Final demand
Leontief
Intensity
Total

Figure 4.1. Drivers of changed energy use and CO2 emissions in
the Netherlands and the UK, in percentage of 2000 levels

In the Netherlands the overall energy and CO2 intensity
went down respectively with 3% and 7%, compared to 2000
levels. However, the absolute energy use and CO2 emissions
increased by 9% and 5% respectively.
The 9% increase in energy use and 5% increase in CO2 emissions are decomposed into three effects using the SDA. The
three effects or drivers are shown in the figure above. The
results show that at the aggregate level the improved energy
and CO2 intensity result in lower energy use and CO2 emissions. However, this positive effect is fully offset by an increase in the final demand leading in fact to a net increase.
The overall energy and CO2 intensity in the UK decreased
dramatically with -20 percent and -16% respectively compared to the levels in 2000. In contrast to the Netherlands,
the absolute sectoral energy use went down albeit very modestly – with 117PJ or 3% of the total sectoral energy use. We
can conclude that, similar to the Netherlands, the effect of
increased final demand is repetitively to the extent that offsets any other positive effects. Likewise, the effect of changes in production structure is limited. However, the positive
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effect of improved energy intensity in the UK is sufficiently
large to result in an overall net decrease in total energy use.
The determinant drivers differentiated by final consumer for
the Netherlands are presented in the two tables above. The
energy use and CO2 emissions follow a similar trend. However, CO2 emissions show more positive results as the emission intensity has decreased more sharply compared to the
energy use. This indicates a shift towards the use of more
renewable energy sources. Especially the products consumed
by households benefit from this. The energy content consumed by households went up 3% while the carbon content
remained unchanged. We can conclude that policies stimulating the exploitation of renewable energy sources have in
particular reduced the carbon content of domestic households.
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Table 4.3. Drivers of changed energy use by final consumer in the
Netherlands, in percentage of energy use in 2000

Final
Intensity Leontief demand Total

NL

Households 1%

0%

2%

3%

Government 0%

1%

2%

3%

Investments 0%

0%

0%

0%

Exports
-4%
Changes in
inventories 0%

0%

6%

3%

0%

0%

0%

Total

1%

11%

9%

-3%

Table 4.4. Drivers of changed CO2 emissions by final consumer
in the Netherlands, in percentage of CO2 emissions in 2000

NL

Final
Intensity Leontief demand Total

Households -1%

0%

1%

0%

Government 0%

1%

2%

2%

Investments 0%

0%

0%

0%

Exports
-4%
Changes in
inventories 0%

1%

6%

3%

0%

0%

0%

Total

1%

9%

5%
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-5%

Table 4.5. Determinant drivers by sector and final consumer in the
Netherlands, in TJ, cut from tables A1 to A3 with all 35 sectors
DetermiSectors
nant driver
Intensity
effect

Leontief
effect

Final
demand
effect

Households

Government

Investments

Exports

-1

-1

29

-0

-0

13

2

1

52

1

8

2

0

0

-1

1

12

1

1

2

12

1

1

10

34

29

Agriculture
-4
Food,
Beverages and
Tobacco -3
Total
intensity
effect
8
Total
Leontief
effect
Chemical
Products
Inland
Transpor
t
Air
Transpor
t
Total
final
demand
effect

-

-

-

48

4

-

-

90

Changes
in inventories

Total

-0

34

0

17

-0

41

-

-

-

0

12

1

50

1

13

-0

4

2

158

The improved energy intensity has reduced the energy content by 3 percent (-41PJ). All the energy reduction can be
attributed to exported goods. The total reduced energy content in exported goods amounts to four percent of the total
energy use. This means that in the Netherlands, the main
technological improvements in energy intensity do not penetrate well the domestic market but rather contribute to the
foreign market. The effect is totally driven by a reduction of
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energy content in agricultural and food exports (-29PJ and 13PJ). The reason for this is the installation of many Combined Heat and Power (CHP) plants in the horticultural industry in the period from 2005 to 2009 (CBS, PBL, Wageningen UR, 2015). The horticultural sector is responsible
for most of the energy consumption in agriculture and this
resulted in a drastic decrease in demand for heat and electricity.
The final demand effect has fully offset the positive effect of
improved energy intensity (11% or 158PJ). Most of the increase in energy content comes from exports (90PJ) and
more than half of it is due to an increase in the export of
chemicals. Also households (34PJ) and the government
(29PJ) have contributed to the large final demand effect.
About two third of the total increase in the household energy demand was linked to land and air transport services. The
increase in air transport services could be explained by the
rise of low cost carriers that makes flights more accessible to
a wider range of consumers. We can conclude that climate
mitigation policies can be offset by increased (foreign) final
demand and could have been stimulated by developments in
sectors such as air transport.
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Table 4.6. Drivers of changed energy use by final consumer in the
UK, in percentage of energy use in 2000

UK

Final
Intensity Leontief demand Total

Households

-2%

-2%

2%

-2%

Government -4%

1%

3%

0%

Investments -1%

-1%

1%

-1%

Exports
-3%
Changes in
inventories 0%

-1%

4%

-1%

0%

0%

0%

Total

-2%

10%

-3%

-11%

Table 4.7. Drivers of changed CO2 emissions by final consumer in
the UK, in percentage of CO2 emissions in 2000

UK

Final
Intensity Leontief demand Total

Households

1%

-5%

3%

0%

Government -1%

0%

2%

1%

Investments 0%

-1%

2%

0%

Exports
-2%
Changes in
inventories 0%

-2%

4%

1%

0%

0%

0%

Total

-7%

11%

2%

-2%

The determinant drivers of energy use and CO2 emissions in
the UK by final consumers are shown in the two tables
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above. The drivers for energy use and CO2 results show
different results. The energy intensity was the largest contributor to energy savings while the Leontief effect led to the
largest CO2 reductions. This effect is especially the case for
energy content consumed by the households and government. The reason for this could be that many sectors reduce
their demand for energy (energy intensity effect) and the
sectors providing the energy will therefore emit less (CO2
emissions Leontief effect). Moreover, the total sectoral energy use decreased with 3 percent while total CO2 emissions
increased with 2 percent. This observation seems counterintuitive. An explanation for could lie in the energy mix. In
this period the share of carbon-intensive petroleum has increased at the cost of the share of gas. However, more attention could be given to this contradictory observation for a
more thorough understanding.
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5. Aiding the Climate?
Sambit Bhattacharyya and Maurizio Intartaglia
To what extent should the emerging market economies be
emitting greenhouse gases so that the twin objectives of sustainable development and reducing global greenhouse gas
emissions could be achieved? Indeed these twin objectives
are enshrined in many of the official documents on climate
change commissioned and authored by multilateral institutions. For example, the Clean Development Mechanism
(CDM)23 defined in the Kyoto Protocol also emphasises the
importance of these twin objectives (IPCC, 2007). In particular, the CDM aims to: (1) assist developing countries in
achieving sustainable development while preventing catastrophic climate change, and (2) help industrialised countries
reach their greenhouse gas emissions target.
At the operational level, states around the world have aimed
to address these challenges by making use of both bilateral
and multilateral institutional mechanisms. In particular,
countries have used the mechanism of international transfers
especially in the field of energy to achieve the twin objectives
of emissions reduction and sustainable development. Policymakers have been using these policy tools for at least three
decades now yet the effects are not very well known. To the
best of our knowledge, there is hardly any systematic quantitative research on the effect of environmental aid on emissions in the aid recipient countries. In this paper, we seek to
explore this very question: Do we notice a perceptible dif-

23 The CDM is a mechanism intended to produce emission reduction units
through certified projects which then could be traded in emissions trading schemes (ETS).
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ference in the level of emissions in the aid recipient countries as a result of energy related aid going back to the 1960s?
A cursory look at the global aggregates reveals that both
foreign aid commitment and disbursement for the energy
sector (especially electricity generation) have exploded over
the last decade. For example, per capita aid disbursement for
power generation over the 2000s have grown by 4 percent
on average every year whereas the annualised growth rate of
aid commitment in power generation for the same period is
approximately 5 percent. Carbon dioxide (CO2) emissions
however have increased at an annualised rate of 2.5 percent
over the same period. Emissions of sulphur dioxide (SO2)
have declined since the mid-1990s largely due to the introduction and subsequent adoption of unleaded fuels for
transport. Figs. 5.1–4 present smoothed plots of emissions
and climate aid.
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Figure 5.1. Global CO2 Emission per capita since 1961

Notes: Natural log of global CO2 emission per person covering the
period 1961-2011. CO2 emission measured in metric ton
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Figure 5.2. Global SO2 Emissions per capita since 1961
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Notes: Natural log of global SO2 emission per person covering the
period 1961-2005. SO2 emission measured in gigagram.
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Figure 5.3. Foreign Aid Disbursement for Power Generation per
capita from Renewable and Non-Renewable Sources since 1973

Notes: Aid disbursement per person is defined as ln(1 +Aid/Person)
covering the period 1973-2010. Aid disbursement measured in 2009 constant US dollars.
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Figure 5.4. Foreign Aid Commitment for Power Generation per
capita from Renewable and Non-Renewable Sources since 1961

Notes: Aid commitment per person is defined as covering the period
1961-2011. Aid commitment measured in 2009 constant US dollars.

Even though there has been some degree of co-movement
between emissions and environmental aid it is problematic
to interpret this association as causal. What we plot are global trends which ignore variations within and across countries.
A third latent factor could also be responsible for the comovement which hardly makes this perceived association
causal. Furthermore, there is no obvious theoretical antecedent when it comes to the effect of environmental aid on
emissions. On the one hand policymakers in donor countries
would expect results in terms of reduced emissions through
better targeting of the energy infrastructure in the recipient
countries. On the other hand environmental aid could very
well be off target and spent on projects that have little discernible impact on emissions. Therefore, the lack of strong
evidence either way makes this policy design a prime candi74

date for empirical audit. A more detailed and systematic
modelling is necessary to understand the co-movement in
the raw time series data.
In this paper we aim to systematically explore the effect of
energy related aid on CO2 and SO2 emissions. In particular,
we analyse the effect of an energy related aid shock on emissions using a panel data model. We exploit a global panel
dataset covering up to 131 countries over the period 1961 to
2011. Note that our aid data is sourced from AidData.org.
This dataset is an improvement over the Creditor Reporting
System (CRS) maintained by the OECD’s Development
Assistance Committee (DAC) and offers far wider country
coverage. Furthermore, our dataset also allows us to distinguish between renewable and non-renewable sources of
power generation, and energy supply infrastructure. We estimate a parsimonious model using fixed effects, Arellano
and Bond, and Anderson and Hsiao estimators and do not
find any evidence of a systematic effect of energy related aid
on emissions. Some would argue that the effect of aid is
perhaps conditional on country specific fundamentals such
as nature of policy or quality of institutions. We are unable
to distinguish the average effect from zero even after interacting the aid variable with the rule of law index, corruption,
degree of democracy, private property rights, government
effectiveness, and openness to trade.
The zero effect could be driven by potential heterogeneity
across very low income and relatively advanced economies.
It is entirely plausible that relatively advanced economies are
far more efficient in adopting greener technologies for power generation whereas the very low income economies are
rather slack. If this is indeed the case then one would expect
to see opposing effects across the two samples. To our sur75

prise we observe no such evidence of non-linearity in the
relationship and the average effect stays zero.
We also test any potential heterogeneity across continents by
dividing the sample into Asia, Europe and Central Asia
(ECA), Latin America and the Caribbean (LAC), and Middle
East and North Africa (MENA). With the exception of ECA
the average effect remains zero across all other continents.
We notice some evidence of emission reduction as a result
of environmental aid in ECA. Our results are robust to the
inclusion of country fixed effects, country specific trends,
time varying common shocks, GDP per capita, and GDP
per capita squared as controls. The exclusion of outliers and
the inclusion of additional covariates such as trade openness,
urbanisation, human capital, investments, population density, and per capita energy use do not alter our fundamental
result of zero average effect.
Empirically identifying the causal effect of environmental aid
on emissions is challenging because potential biases from
simultaneous and reverse causation. This challenge is not
specific to the macro environmental economics literature but
in fact part of a broader challenge associated with the aid
and development literature. We follow the empirical methodology of Clemens et al. (2012) to tackle identification challenges. Clemens et al. (2012) argue that it may take time for
most aid disbursement to have an impact on other macroeconomic variables as they are generally lumpy and work
through multiple channels. Therefore, they show that transparent methods of lagging and differencing the data are superior to using poor quality instrumental variables which
tends to magnify the problem of reverse causation. Following Clemens et al. (2012) we use five year averages as observations and use lags in the model. The model is estimated
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using the Anderson and Hsiao method along with fixed effects and Arellano and Bond dynamic panel data estimation
methods. Clemens et al. (2012) present Anderson and Hsiao
estimates as their preferred results.
Methods
We use a panel dataset covering up to 131 countries observed over the period 1961 to 2011.24 A panel dataset has
both cross-section (131 countries) and time series (19612011) dimensions. To estimate the direct effects of environmental aid on emissions, we use the log-linear fitting
method to parameterize a rate equation. We then use those
estimated parameters to draw conclusions about the impact
of foreign aid on emissions. These methods are described in
detail in Bhattacharyya et al. (2016) and Clements et al.
(2012).
Our main focus of enquiry is the effect of energy related aid
on emissions. Therefore, our parameter of interest is
(see
model in Bhattacharyya et al., 2016) which represents the
average marginal effect (or elasticity) of environmental aid
on emissions. A negative and statistically significant coefficient would imply that environmental aid is effective in lowering the levels of CO2 and SO2 emissions. Alternatively, a
positive and statistically significant coefficient would imply
that a higher level of environmental aid is associated with
adverse emissions outcome. Finally, another potential possi24

Due to data limitations, not all specifications cover 131 countries. In most specifications, the panel is unbalanced. The sample size is
somewhat truncated for SO2 emissions and covers the time period 19612005. Missing data is the only reason behind excluding a country-year
from the sample.
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bility is that the average marginal effect cannot be distinguished from zero which would imply that environmental
transfers have very little discernible effect on emissions in
the aid recipient countries.
We include GDP per capita and GDP per capita squared to
account for a potential inverted U shaped relationship between the level of income and emissions commonly known
as Environmental Kuznets Curve (EKC). Shafik and Bandyopadhyay (1992) and Panayotou (1993) were the first to detect such empirical relationship. They provide evidence that
while economic growth is detrimental to the environment at
early stages of development the relationship between environmental quality and economic growth reverses beyond a
threshold level of development.
Our key dependent variables are CO2 and SO2 emissions.
The CO2 emissions data is sourced from the World Development Indicators (WDI) database of the World Bank and is
measured in metric tons. This data is collected by the Carbon Dioxide Information Analysis Centre of the Environmental Sciences Division, Oak Ridge National Laboratory of
the United States located in Tennessee. Atmospheric CO2 is
a key contributor to climate change and global temperature
rise. Combustion of fossil fuels is the predominant source of
CO2 emissions.
The SO2 emissions data is sourced from Smith et al. (2010)
who provide estimates of global and country-level emissions
over the period 1850 to 2005. The dataset has been developed by using calibrated country-level inventories information compiled from a number of sources. Note that
Smith et al. (2010) reports SO2 emissions in gigagrams rather
than kilotons. To facilitate uniformity of measurement

78

across the two emissions variables we multiply SO2 emissions by 1000 to convert it into metric tons.
Unlike CO2, SO2 is a local pollutant. SO2 emissions mainly
come from the combustion of coal and petroleum. Emission
levels of SO2 peaked in 1991 and since then it experienced a
steady decline. The decline in coal fired power stations in
Europe and the adoption of unleaded fuels for car may have
contributed to this decline.
Environment quality is a multidimensional concept. Therefore there is some merit in using a composite measure of
environmental quality as opposed to emissions of individual
pollutants. One such measure is the Environmental Performance Index developed by Emerson et al. (2010). This index
is based on a large number of variables ranging from the
percentage of population with access to drinking water to
CO2 emissions by the industrial sector. However, poor data
coverage is a major limitation of this dataset. Similarly, one
could also consider indices of other forms of environmental
degradation. For example, one could consider the measures
of water quality, land degradation and deforestation. However these variables are restricted to a limited number of
countries and time periods. In contrast, the CO2 and SO2
emissions data are available for a large number of countries
and time periods. They are also very widely used. It is
worthwhile noting that we focus on emissions instead of
concentration of CO2 and SO2 because the former closely
track economic activity rather than the latter.
Rates of emission vary considerably across countries. For
example, CO2 emission ranges from 13.9 tons per capita in
Chad over the period 1991 – 1995 to approximately 60 gigatons per capita in Qatar over the period 1996 – 2000. In
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contrast, SO2 emission ranges from 0.2 tons per capita in
Botswana over the period 1976 – 1980 to 403 tons per capita
in Zambia over the period 1961 – 1965.
Our key independent variable is energy related aid. This data
is sourced from the AidData.org, research release 2.1. This
dataset is compiled by Tierney et al. (2011). The Tierney et al.
(2011) database distinguishes between development finance
as loans from governments or agencies from transfers. The
AidData.org project is run by the Bingham Young University, the College of William and Mary, and the Development
Gateway. It emerged out of two earlier projects on the Accessible Information on Development Activities and Project-Level Aid. Both projects compiled project level aid data.
The bulk of the data in AidData.org comes from the Creditor Reporting System (CRS), which collects annual data from
22 member countries dating back to 1973. In addition to
CRS, AidData.org also includes data from other official
sources. For instance, it records bilateral donations from
non-OECD donors to non-DAC recipients as well as donations from multilateral organisations. In line with CRS, AidData.org adopts a five digit classification system of projects.
The classification system identifies the sector, the activity
code, and the purpose of each project. A major advantage of
the dataset is that it distinguishes between aid commitment
and aid disbursement. The 2.1 research release that we use
covers a large number of countries over the period 1947 to
2011.25
AidData.org records aid commitment and disbursement for
a large variety of projects. We limit our attention to aid for

25
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We only use data from 1960 because the CO2 emissions data starts at 1960.

environmental projects. In particular, we focus on: (i) power
generation projects from renewable sources, (ii) power generation projects from non-renewable sources and (iii) energy
generation and supply projects. The energy generation and
supply projects include power generation from renewables
and non-renewables, energy policy and administrative management, energy transmission, energy education, and energy
research.26
A zero value for the aid variable would imply that the donors did not commit or disburse any money. A quick scrutiny of the raw data reveals that Palau received the highest
amount of energy related international financial assistance
over the period 1996 – 2000 (USD 554 in 2009 constant
prices) closely followed by Iceland 1966-1970 (USD 502 in
2009 constant prices) and Bahrain 1976-1980 (USD 432 in
2009 constant prices).
Other variables used in the study are: GDP per capita, law
and order index, corruption, democracy scores, trade openness index, trade share, private property rights, government
effectiveness. Table 5.1 reports summary statistics on key
variables.

26 Note that power generation from renewables and non-renewables correspond to the purpose codes 23020 and 23030. The energy generation and supply corresponds to the following purpose codes: 23000, 23005, 23010, 23020, 23030, 23040, 23050,
23061, 23062, 23063, 23064, 23065, 23066, 23067, 23067, 23068, 23069, 23070, 23081 and
23082.
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Table 5.1. Summary Statistics

Variables

Mean

Std.
Dev.

CO2

-0.132

1.505

-4.825
0.177
0.075
0.200
0.231
1.353
1.063
1.106
1.761
7.278

1.452
0.545
0.263
0.642
0.577
1.234
1.159
1.172
1.161
1.169

SO2
Aid(ren+nonren) disb.
Aid(ren) disb.
Aid(nonren) disb.
Aid(energy) disb.
Aid(ren+nonren) comm.
Aid(ren) comm.
Aid(nonren) comm.
Aid(energy) comm.
GDP

Min
4.273
8.538
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
4.816

Max
4.103
-0.913
6.315
2.549
6.315
6.315
6.590
5.719
6.590
7.007
10.879

Notes:. CO2 and SO2 emission are the key dependent variables. Aid(ren+nonren) is aid for
power generation from both renewable and non-renewable sources. Aid (ren) is aid for power
generation from renewable sources only. Aid(noren) is aid for power generation from nonrenewable Sources only. Aid(energy) is aid for energy generation and supply. Disb. and comm.
indicate disbursement and commitment, respectively. All variables are measured as logs of per
capita terms. The analysis on CO2 (SO2) emission covers the years between 1961 and 2011
(1961 and 2005).

There are econometric challenges associated with parameterising the model. These challenges are unobserved heterogeneity, non-stationarity of the variables, reverse causation,
simultaneity bias, and bias due to the dynamic nature of the
model. Bhattacharyya et al. (2016) discusses how these challenges can be tackled.
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Evidence
Climate Aid and Emissions: Baseline Results
Table 5.2 conducts an empirical audit of the effects of climate aid on emissions. The key independent variable here is
the aid for power generation using both renewable and nonrenewable resources. We first concentrate on the effect of
aid disbursement in panel A. In column 1 we estimate equation 1 using the fixed effect estimator. We find that 1 percentage point increase in aid for power generation using
either renewable or non-renewable resources reduce per
capita CO2 emissions by 0.03 percent. To put this into perspective, a 0.03 percent decline in per capita CO2 emission is
equivalent to Qatar’s emission over the period 1996 – 2000
declining from 60 gigatons per person to 59.8 gigatons per
person. Even though the coefficient on aid is significant, we
cannot be confident that it is precisely estimated. The estimate could very well be driven by omitted factors or reverse
causation. In column 2, we replace the contemporaneous aid
variable by lagged aid. The average effect of lagged aid on
per capita CO2 emission becomes indistinguishable from
zero. In column 3 we estimate the model using the Anderson and Hsiao instrumental variable method and the null
effect result remains. Note that this is also the preferred
method of Clemens et al. (2012).
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Since we are estimating a dynamic model with a lagged dependent variable, there is merit in pursuing the Arellano and
Bond estimation method. We do exactly that in column 4
without much difference in outcome. The average effect of
lagged aid on per capita CO2 emission cannot be distinguished from zero.
In columns 5 – 8 we repeat these estimates to explain variation in another important pollutant SO2. Irrespective of the
estimator used, we are unable to distinguish the average effect of aid disbursement for power generation using renewables and non-renewables from zero. In panel B we verify
whether the effect is any different with aid commitment as
the key independent variable as opposed to actual aid disbursement. It is plausible even though unlikely that aid
commitments might affect expectations and preferences of
policymakers in aid recipient countries incentivising them to
implement emission reduction plans. We find that aid commitments have very little discernible impact on per capita
emissions.
It is possible that by aggregating aid for power generation in
renewable and non-renewable sources we are weakening
statistical power. Perhaps there is heterogeneity in the data.
At least in theory, increasing the share of power generation
using renewable resources could rapidly reduce emissions. In
contrast upgrading existing non-renewable resource based
power plants or building new power plants may not have the
desired emissions reducing effect. Therefore we divide the
aid data for power generation into renewables and nonrenewables in Table 5.3 columns 1, 2, 4, and 5. The effect
stays insignificantly different from zero.
In columns 3 and 6 we explore any potential impact of aid in
energy generation and supply. Energy generation and supply
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is a broad measure of climate aid which includes power generation, energy policy and administration, energy transmission infrastructure, energy awareness education, and energy
research. To our surprise we do not find any effect of such
aid on per capita emissions after controlling for country specific and global factors.
The Role of Institutions and Policy
The effectiveness of aid could be conditional on the country
specific initial conditions. Countries that have good policy
and good institutions could be in a far better position to
respond to aid than others. Emissions respond better to aid
in these locations because efficient policy and institutions
channel the funds effectively to the appropriate projects
reducing waste and administrative obstacles. If this is indeed
the case then we would expect to see non-linear effects of
institutional quality on emissions.
We test the role of policy and institutions by introducing
interaction terms. In particular, we interact the aid for power
generation variable with the rule of law index, corruption,
democracy scores, private property rights, government effectiveness, and Sachs and Warner trade openness index. We do
not find any evidence of non-linearity in the data. The average effect of climate aid on CO2 and SO2 emissions is zero
regardless of the quality of institutions. Results are reported
in Bhattacharyya et al. (2016).
Is there a Rich and Poor Divide?
Upgrading to a new energy infrastructure or building a new
power plant is not costless. On the contrary these ventures
are often expensive and require additional resources on top
of the aid money. Richer nations could afford these ventures
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and therefore they are far more effective in upgrading their
energy infrastructure or building new power plants. They
could also tap into a relatively skilled labour force to work
on energy related projects. All this taken together could contribute positively towards reducing per capita emissions.
If the hypothesis outlined above is indeed true then we
would expect to see heterogeneity in the data along income
lines. However, we do not find any evidence that the level of
income influences the effectiveness of climate aid.
The Role of Geography
Certain geographic locations could possess an advantage
over others when it comes to implementing emission reduction policies. Cleaning up the energy sector, upgrading to a
new energy infrastructure, and building new power plants
require significant investments. It also requires importation
of capital goods and skills. Therefore, proximity to these
inputs matter. If a country is located in the same neighbourhood where green technology is advancing then it is likely to
be part of the same network. The countries are more likely
to utilise their climate aid money effectively.
We test this hypothesis by estimating our canonical model
separately for Asia, Europe and Central Asia (ECA), Latin
America and the Caribbean (LAC), and Middle East and
North Africa (MENA). We find that ECA countries are far
more effective in reducing their CO2 emissions using aid.
Numerically, we find that 1 percentage point increase in aid
for power generation would reduce CO2 emissions by 0.31
percent. This amounts to approximately 0.3 ton reduction in
per capita emission in an average ECA country.
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Conclusions
Climate change and global temperature rise are significant
challenges for our generation. In a globalised world of free
trade and migration (to a lesser extent), global governance of
climate change mitigation is challenging. It is relatively inexpensive for industrial production to cross borders and move
to cheaper locations. Indeed, starting from the 1980s the
world has noticed a significant dislocation of industries from
the industrialised nations to the emerging markets significantly increasing the latter’s share of greenhouse gas emissions. Coupled with the global challenge of reducing greenhouse gas emissions the abovementioned migration of polluting industries brings in a key question of distributive justice in a Rawlsian sense27.
The recent climate change conference COP21 held in Paris
in December 2015 calls for greenhouse gas emissions to a
level consistent with an average global temperature rise of 2
degrees (possibly 1.5 degrees) above pre-industrial average
temperature. A significant reduction in greenhouse gas emissions would be required in order to achieve this target. Nations and multilateral organisations have used a plethora of
policy tools to achieve emissions reduction. One such policy
is energy related international transfers. The idea is to assist
aid recipient countries to clean up existing energy infrastructure, build new greener power plants, and switch from fossil
fuel based energy mix to a renewables based energy mix.
Undoubtedly this is a worthy cause and donor countries
have devoted significant amount of resources to support this

27 Note that Rawls (1971) explicitly refrained from applying his principles of
justice beyond the confines of a territorial state. Relevance of Rawlsian principles to global
governance were discussed in later interpretations elsewhere (see Pogge, 1989).
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venture. Yet we know very little about the potential outcome
of this policy.
In this paper we perform an empirical audit of this policy by
systematically exploring the effect of energy related aid on
CO2 and SO2 emissions. Using a global panel dataset covering up to 131 countries over the period 1961 to 2011 and
estimating a parsimonious model using fixed effects, Arellano and Bond, and Anderson and Hsiao estimators we do not
find any evidence of a systematic effect of energy related aid
on emissions. To our surprise, we also find that the noneffect is not conditional on institutional quality or level of
income. Countries located in ECA do better than others in
utilising climate aid to reduce CO2 emissions. Our results are
robust to the inclusion of country fixed effects, country specific trends, time varying common shocks, GDP per capita,
and GDP per capita squared as controls. The exclusion of
outliers and the inclusion of additional covariates such as
trade openness, urbanisation, human capital, investments,
population density, per capita energy use, and the share of
adult population do not alter our fundamental result of zero
average effect.
Reverse causation is a significant methodological challenge
in scientific studies of this nature. The level of emissions
might dictate environmental aid flows rather than causality
running in the opposite direction. We address reverse causation and simultaneity challenges by using five year averages
and lags. An alternative approach is to use the instrumental
variable (IV) method. However, Clemens et al. (2012)
demonstrates that using lags is a much cleaner and transparent way of dealing with reverse causation as opposed to
searching for an appropriate instrument. Furthermore, they
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also show that the paucity of strong and valid instruments
permeates the aid and economic growth literature.
We make the following contributions. First, it performs a
much needed econometric audit of the policy of environmental aid. Climate change is a major challenge of our generation and it is extremely important that some of the existing macro policies are thoroughly scrutinised using scientific
means. To our surprise, we did not find any other study asking the obvious question: what impact energy related aid has
on emissions? Second, by bringing this scientific result to the
academy and the policymakers our paper opens the way for
much needed future scientific scrutiny of policies in this
arena.
Our scientific result calls into question the merit of climate
aid as a policy tool to achieve the emission reduction objectives outlined in the Kyoto Protocol and beyond. It exposes
that aid of this nature has been fairly ineffective in the past.
Therefore, policymakers would need to be more circumspect
while applying aid as a policy tool to address climate change.
At the very least our result calls for more scientific scrutiny
of energy related aid.
Future scientific scrutiny of environmental aid might take
several directions. It may very well be the case that aid is
effective in specific sectors under specific institutional and
regulatory environment. Therefore one would need to engage in more micro and disaggregated studies on how aid
performs under heterogeneous regulatory environments. Is
there a case for harmonizing regulatory environments? How
much of that process would compromise the role of local
knowledge?
Environmental aid might also have a spatial dimension. In93

frastructure investments such as gas pipelines and energy
grids could yield substantial positive spill overs, economies
of scale, and agglomeration effects in terms of a low carbon
economy of the future. Future studies could also potentially
investigate the role of energy infrastructure on emissions,
productivity and economic diversification. In summary, the
current study demonstrates the importance of scientifically
analysing environmental aid as a key policy tool to tackle
climate change. In doing so, it calls for more detailed scientific scrutiny in this area.
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Section III: The Ecology/Economy Interface
This section presents a collection of case studies intended to
evaluate actual or potential ecosystem services in the context
of carbon emission.
As in the previous section we work on a range of scales
from the local through national and supra-national.
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6. Linking Heterogeneous Models Across the Web
Getachew F. Belete, Alexey Voinov, Tatyana Bulavskaya and
Leila Niamir, Kishore Dhavala
Climate change mitigation requires actions to be taken at
various spatial scales - from individual-household level to
province, country, regional, and global levels. These actions
depend not only on the specific context of the scale chosen
but also on the particular locations and cultural, historical
and political settings in those locations. There may be a
number of these climate change mitigation actions for specific households, countries, and regions each with their own
possible consequences and implications. Selecting the ‘best’
ones is always difficult and associated with much uncertainty
and unclear metrics about what is optimal. In many cases
there is a need to carefully assess a variety of different hypothetical combinations of parameters and forcing functions,
representing various climatic trends and mitigation or adaptation opportunities. These we call ‘scenarios’ which need to
be analysed at different spatial and temporal scales.
Models are commonly used to analyse a system and its possible future states (Voinov, 2008). There are scores of computer models that may be of relevance for climate change
mitigation and which can simulate various aspects of relevant complex socio-economic systems with various levels of
detail. However, it is virtually impossible to find a single
model that can provide for all alternative climate mitigation
scenarios at all required levels of complexity, from household to global levels. Therefore the challenge is to link the
existing fragmented knowledge and models using some
methods of integration (Arnold, 2013) instead of developing
new models from scratch for each new problem. By linking
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the ‘appropriate’ component models in a system-of-systems
complementarity can be found in these models (Janssen et
al., 2011) and compensation for the limitations of one model
by what other models may offer (Stoorvogel, 1995). Such
integration bears the promise of better coverage and detail at
multiple scales.
However model integration is not a simple process and
comes with several challenges that need to be addressed.
First is the need to identify, access, understand and be able
to run individual models that can be used to simulate the
system under investigation. This means that we need to
translate research goals into system modelling exercises and
then map this overall modelling effort onto a relevant combination of subsystems and sub-models that can be useful.
In a way this is like cutting a big picture into a jigsaw puzzle,
making some of the pieces similar to what is held in some
library or repository. When doing that it is also necessary to
keep in mind that many models are poorly documented
(Grimm et al., 2014), and often described in research papers
which may not present the full capabilities of the models.
Often much information about a model is stored in modellers’ memories (Bonet et al., 2014) and does not get properly
documented. Even when it is written up it tends to follow
different terminology, semantics, or units, which makes automated search for models using search engines time consuming and frustrating. Besides, models may require configuration, parameterization and pre-processing of input data.
These stages are very crucial but historically are the most
poorly documented part of modelling process. The second
challenge of integration is to provide the actual interoperability between independently built models at the different
levels that are needed to enable them in concert. A generic
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blueprint of interoperability for all kinds of integration is
challenging since there is a wide diversity of research settings
among integration projects (Arnold, 2013). The integration
process needs to consider the technical, semantic, and dataset aspects of interoperability. Synchronization of these
models also depends upon the chosen time steps, which can
be also optimized (Belete and Voinov, 2015).
In addition, there is a need to determine how to validate
results and how to present them to the users. Unlike the
conventional modelling processes when there is full control
over the model and modifications can be made if required,
integrated modelling deals with a semi-closed system when
we may have little or no access to components. An error or
an undocumented feature in one of the components can
easily propagate through the whole system generating output
that will be difficult to interpret and debug.
Here the focus is on specific aspects of model integration
that pertain to the pre-integration and actual module coupling steps. The specific context of this study comes from
linking climate-energy-economy models to investigate different climate change mitigation actions. The model space is
taken from the EU FP7 project called COMPLEX, which is
dedicated to research on alternative policy options for transition of Europe towards a low carbon society by 2050. The
project consists of 17 partner institutes and universities
across 11 countries in Europe. The COMPLEX model suite
consists of a number of models that focus on climate, hydrology, power market simulation, land use, macroeconomics, house-hold energy consumption preferences,
etc. The spatial coverage of the models ranges from global
level to province/household level, with temporal resolutions
that go from weeks to decades. One of the objectives of the
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project is to develop a framework (by integrating knowledge
and models) that could be used to explore alternative pathways of transition to a low carbon economy.
This paper describes the integration process that was developed, starting with the pre-integration assessment, then
framework design, and then implementation. Section 2 discusses the pre-integration assessment process as performed
by the project members, and the high-level conceptualization
of the integrated system that was developed. Formulation of
the detailed design of interaction between models is presented in Section 3. Section 4 describes how interoperability is
established using web services, and it also describes the architecture and implementation of the integrated system. Section 5 discusses the lessons learned from the integration
process and how it can be applied in other similar projects.
The last section provides some conclusions.
The Pre-integration Assessment Process - Identifying
the Models and Possible Linkages
The pre-integration assessment process
The pre-integration assessment is the first phase of integration which identifies the participating models and decides
whether linking these models can provide scientifically valid
output (Gregersen et al., 2007; Peckham, 2014; Voinov and
Shugart, 2013). Basically, the assessment process is dictated
by the research objectives. So far it is thought unlikely that
the process can be fully automated: There is as yet too much
uncertainty about what exactly models do and how they are
relevant to the project goals. This stage is commonly conducted in the form of discussions among stakeholders model owners, developers, and model users who have an
interest in the integration output. What can be strived for is
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some sort of computer-aided design, where software tools
can assist in informing stakeholders about the candidate
models and linkage mechanisms, leaving the final decision to
the actual system designers.
In this case the participants were the COMPLEX project
partners, and the discussion was framed mainly about the
models brought by them. The pre-integration assessment
was conducted with the aim of addressing one of the objectives of the project, i.e. to develop a framework that enables
the performance of climate change mitigation analysis at
regional, country, and individual levels.
We started the pre-integration assessment was started by
conducting a one-day model integration workshop, that involved all model owners, with the aim of describing their
models and identifying the possible linkages to other models
available that could enable the building of a system-ofsystems for climate change mitigation analysis. All the models available in the project are presented in Fig. 6.1. The
model owners were asked to describe what their model does,
the temporal and spatial scales at which the model operates,
input-output data, the tools used to develop the model, etc.
From these descriptions, model owners get the opportunity
to explore potential data sources which could provide data
to their models. The need for ‘better’ input data is the driving factor for linking a model with another model. Ultimately the data exchange between models gives the chance to
develop a system-of-systems which with greater scope than
the individual models. By the end of the workshop we were
able to identify a number of ambitious possible linkages between the models.
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Figure 6.1. Models available in the COMPLEX project

Drawing on this workshop and our general objective of
building a system-of-systems that simulates climate change
mitigation actions - we formulated a high-level system requirement that we would like to address by using the envisaged integrated system. The system requirement was stated
as ‘To explore the effects of implementing policy scenarios
in EU27 countries’. For example, if we plan to reduce emission of greenhouse gases by 20% by the year 2020; 40% by
2030; 80% by 2050, what will be the effect of such policy on
different sectors and which sectors will be affected most?’
After setting this bench mark, a number of smaller size preintegration assessment meetings were conducted that focused on specific and already identified linkages. The information gathered from the meetings helped us to prioritize
the identified linkages based on the level of relevance to the
system we would like to build, feasibility, and the resources
at hand. We would like to point out that the prioritization
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and selection of models was not clear cut, it required compromise among the factors mentioned.
From available models it was found that both GCAM and
EXIOMOD simulate the global economy and can enable
integrated assessment to be undertaken. The policy scenarios
most promising for exploration can easily be implemented in
GCAM as one of its simulation inputs. On the other hand,
EXIOMOD can simulate how the different sectors react to
inputs to the economy. Thus GCAM and EXIOMOD can
enable the analysis of the effect of a policy scenario on different sectors of the economy. In addition we noticed that
since the two models operate at the country/regional level,
linking these models with household/province level model –
AbEMM - could provide the opportunity to model the system at different scales. Due to this these three models were
selected for the first phase of integration. More detailed description about these models is given in the following sections.
In addition, we also identified models, which can be ‘hardlinked’ by creating automated data exchange, and models
which can be ‘soft-linked’ using file-based manual data exchange. The hard-linked type of integration can be classified
into (1) bi-directional and iterative data exchange - between
models which make intermediate output accessible at the
end of each time steps, (2) one directional data exchange –
between models that release output only after the final time
step. Following these discussions, three models were identified for the ‘hard-linking’ type of integration, but we noticed
that the final decision whether to continue integration or not
requires more detailed information and further analysis.
After identifying the participating models the next step of
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the pre-integration assessment was high level conceptualization of the integrated system and exploration of the possible
input-output data exchange pattern between the models.
Spatial and temporal scales of input-output were also the
important areas of discussions. These discussions identified
that establishing automated data exchange between models
required addressing the following challenges.
Firstly, there is a mismatch between the spatial scales of
models. We had two models that operate at the global level
but they represent the world using different numbers of regions/countries. A third model we had operates at the province/household level. It was agreed that the two models that
operate at the global level can exchange input-output by
aggregating and disaggregating data based on the corresponding spatial scales. To link the province level model to
one of the global level models we agreed to modify the global level model to produce province level data for two selected case study areas.
Moreover, one of the global level models operates on a five
year time step. In addition it releases its output only after the
final time step so that only one directional data flow can be
established with this model. However, the other global level
model and the province level model operate on an annual
basis. We agreed that for these two models input-output
would be exchanged at the end of each year.
The three models have been developed using different programming languages, that is, C++, NetLogo, and GAMS.
Establishing automated data exchange between such models
requires language interoperability mechanisms between the
models. It was decided to develop code on top of each
model so that technical interoperability among them would
be possible.
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One of the models uses a proprietary database which cannot
be shared with users who are not members of that specific
organization. The model owners agreed that they can present only the relevant portion of the database as binary files
(also called ‘work files’ or ‘scratch files’).
Despite these challenges, from the information gathered in
the high-level conceptualization of the integrated system, we
thought that integration of the three models could be undertaken with the resources at hand, and we decided to continue with integration. More detailed description of each of
these models is given in Section 2.2, 2.3, and 2.4. In this paper we focus on the ‘hard-link’ type of integration in which
the authors are deeply involved.
Generally the process of the pre-integration assessment can
be represented using the steps indicated in Fig. 6.2. It is an
iterative, highly collaborative process, which requires active
participation of all members.

Figure 6.2. Steps of the pre-integration assessment process within a
collection of models
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Global Change Assessment Model (GCAM 4.0)
Based on the pre-integration assessment, GCAM (Edmonds
et al., 1997; Kim et al., 2006; Wise et al., 2009) was one of the
models selected for integration. GCAM is an integrated assessment model which can be used to investigate the effect
of a climate policy on the energy market. GCAM is a partial
equilibrium model since it tries to optimize some selected
sectors, which are related to energy, emissions, and impacts
of implementing different technologies. The model is calibrated to run simulations up to the year 2100. This is because to perform the simulations the model requires exogenous inputs such as population growth, labour force participation, labour force productivity, and GDP. Currently these
exogenous parameters are based on median UN forecasts
through to the year 2100. Once the exogenous parameters
are provided and the policy target is set, then the model can
predict service demands, greenhouse gas emission by region
and sector, climate indicators such as CO2 concentration
and temperature, policy costs, land use, etc. The service demands are linked to energy service demand, energy price,
and performance of associated alternative energy conversion
technologies.
GCAM operates with 5-year time step, and spatially it represents the world as a collection of 31 regions. GCAM is developed using C++ and it also uses extensive XML based
configuration files. The model stores its output on Berkley
XML Database, and it also writes a range of model output
data as a CSV file. To manipulate the model output, a Java
based application is provided. The application displays model output as various graphs, and also allows query and export
of data.
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EXtended Input-Output MODel (EXIOMOD)
EXIOMOD is a Computable General Equilibrium (CGE)
model, which was developed to predict how an economy
might react to changes in policy, technology or other external factors. The model considers the global economy as 44
countries and the 'Rest of World' region, and accounts for
164 industrial sectors per country. CGE models use the idea
of aggregate agents, and households, firms, and government
are the main agents involved in CGE models (Ashley et al.,
2007). Due to this the CGE model represents the behaviour
of the whole population group as a single household, or of
the whole industrial sector as a single firm. These agents
interact through the provision of goods, services, and tax,
and as a result of these instructions the emergent behaviour
of agents will determine the price of goods and services. The
model equations are based on the assumptions of costminimizing behaviour of producers through producers attempt to produce output at least cost; of average cost pricing
where businesses firms set the unit price of a product relatively close to the average cost needed to produce it; and
that household demands are based on optimizing behaviour
- they try to ‘maximize’ utility under constraints of income
and market prices.
EXIOMOD was developed using the GAMS programming
language. EXIOMOD uses an underlying database, called
EXIOBASE, to define simulation inputs like countries/regions, currencies, types of industries, categories of
products, and other lookup values. The model writes its
output into its database and some text files. Currently EXIOMOD operates from year 2007 to 2050 with yearly time
steps.
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Agent-based Energy Market Model (AbEMM)
The AbEMM was developed to investigate non-marginal
changes in the energy market. Households consume energy
for electricity, heating, transport, and food. A household can
get energy either from low-carbon or fossil fuel based
sources. Low carbon energy can be derived from hydro,
solar, wind, biomass, and nuclear sources. The AbEMM
model simulates household behavioural changes with respect
to green and grey energy demand (Niamir and Filatova,
2015b). It assumes ‘agents’ that represent heterogeneous
households in terms of preferences, awareness of climate
change, and socio-economic characteristics. External factors
such as changes in income and saving, technology diffusion,
and energy consumption are expected to cause behavioural
changes in households. The model is scoped to focus on
household energy consumption for electricity and heating,
while energy demands for other needs (e.g. transport, food)
are not included (Moghayer, et al., 2015).

Formalising data exchange patterns between the models
Following the pre-integration assessment process, the next
step was to formulate the detailed data exchange patterns
between the models. We followed a top-down approach of
system design – we started at the highest level and then we
went through to the details. This includes: deciding the direction of data flow from one model to the next model, how
to manage differences in spatial scales between the models,
the time steps in which the models exchange data, and how
the data mediation should be performed. This process was
followed regardless of the technology we are going to use to
realize the data exchange, which is discussed in the next sec108

tion. Formulating the data exchange at a conceptual level
helped to avoid us being constrained by implementation
issues, for example, how to make these models interoperable, how to build reusable data mediation modules. This
approach gave us the opportunity to evaluate design options
without framing them with certain specific ‘implementation’
method.
Linking GCAM to EXIOMOD
From the pre-integration assessment we identified that linking GCAM and EXIOMOD could enable the simulation of
how the climate mitigation policy scenarios affect different
sectors of the economy. However, since the current version
of GCAM releases its output only at the end of the last time
step the communication between the two models can only
be one directional. Then, to decide the direction of data flow
we considered the following information about the models.

For GCAM, Population and GDP are exogenous variables which it expects from other data sources. Even
though EXIOMOD can provide GDP predictions,
GCAM already gets GDP and population predictions of
each region from Shared Socioeconomic Pathways
(SSP2) scenarios database of IIASA. Due to this the data
flow from EXIOMOD to GCAM is not a priority for
exploration.
For EXIOMOD, the electricity generation mix is an
exogenous variable. For the base year this variable is set
using data from EXIOBASE database. To run scenarios
in EXIOMOD we need to make assumptions about how
this variable would develop. It would depend on a specific project and policies that are modelled. So we can
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make an interpolation between the current value in EXIOBASE and the target value. On the other hand,
GCAM is a specialized energy model which represents
energy technologies and markets very well. So using the
energy mix from GCAM is less ad-hoc and takes technical restrictions into account. Also, GCAM will produce
a different electricity generation mix for different scenarios, which is not done using the existing approach. Besides, due to detailed data on costs of electricity generation technologies GCAM can make a better prediction
of change in electricity price when there is a shift to
more expensive technologies (renewables).
Based on this thinking, we identified that the data flow between the two models should be from GCAM to EXIOMOD. The conceptual design of the linking of GCAM and
EXIOMOD is represented as shown in Fig. 6.3.

Figure 6.3. Linking GCAM and EXIOMOD

Following the identification of the variables involved in the
data exchange of the two models, we also identified that the
two models represent the data items in different ways. The
units used by the two models are shown in Table 6.1. The
data produced by GCAM should be mediated before they

110

are passed to EXIOMOD. The data mediation task requires
conversion both in unit and spatial scales of the dataset.
Table 6.1. Comparison of units for data mediation between
GCAM and EXIOMOD

1
2

Quantities involved in
data exchange
Electricity generation
by different technologies
Electricity prices

Unit used by
GCAM
EJ (Exa Joule)

Million 2014
USD/GJ
(GJ – Giga
Joule)

Unit used by
EXIOMOD
Non-dimensional
shares, sum up to
1
Relative price to
the base scenario

As mentioned earlier, GCAM uses 31 regions/countries to
represent the world while EXIOMOD represent the world
as 44 regions/countries. With this setting the data mediation
requires direct matching between regions, aggregation, and
disaggregation of data between regions/countries of the two
models. We found that the data disaggregation process to
lower spatial scales requires additional data which is not
readily available. To avoid the need for additional data, the
regionalization of EXIOMOD was modified from 44 regions to 20 regions (Fig. 6.4). This helps to restrict the spatial aspect of data mediation task to direct matching and
aggregation.
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Figure 6.4. Map that shows classification of regions in (a)
GCAM, (b) EXIOMOD

The next step was to formulate how the data of the two selected variables will be mediated. For the variable ‘Electricity
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generation by different technologies’ the data conversion
begins with mapping of data between regions of the two
models. For regions that are at a higher spatial scale data
aggregation was done by summing of values. It is also necessary to note that ‘Electricity generation by different technologies’ data consists of electricity generated using various
technologies, such as biomass, wind, coal, gas, hydro, oil,
geothermal, refined liquids, and solar. GCAM expresses this
data in terms of Exa Joules while EXIOMOD represents it
in terms of the percentage of each category. Because of this,
we compute the share of electricity produced by each category from the amount of energy produced by each technology before the data are ready to be passed to EXIOMOD.
Electricity generation share of category ‘A’
=
∑

where the subscript 'i' represents types of energy categories
With regard to ‘Electricity prices’ data, GCAM expresses it
in Million 2014 USD/GJ, and in EXIOMOD it is expressed
in relative prices, in which the relative price of the base scenario is 1. The data mediation of ‘Electricity prices’ data
from GCAM to EXIOMOD is done using the following
steps. For regions that exist in both models the first step is
match the data directly. For regions that do not match directly we aggregated areas, and to aggregate electricity price
data we used a weighted average. The next step is to find the
relative price values for each region, and this is done by dividing the regional price value with the value of the base
scenario.
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Linking EXIOMOD to AbEMM
We identified that AbEMM can produce the percentage of
green and grey energy demand of households, which can be
used by EXIOMOD. Similarly EXIOMOD can produce
household savings, income, and amount of energy consumption, which can be used by AbEMM (Niamir and Filatova,
2015a). Therefore the linking of EXIOMOD to AbEMM is
a two-way data exchange communication (Fig. 6.5).

Figure 6.5. Conceptual linkage of EXIOMOD to AbEMM

Currently both models operate on yearly time steps. Spatially
the AbEMM is designed to function at province level: Overijssel province in Netherlands and Navarra district in Spain.
In EXIOMOD these two regions are treated as part of the
corresponding hosting countries. To link the two models we
assumed that household income, saving, and energy consumption data produced by EXIOMOD at national level, in
five quantile groups, needs to be disaggregated to province
level so that it can be used as input by AbEMM. To do this,
it is assumed that income distribution (share of income received by five income quintile groups), the saving rate (share
of income that goes to savings) and the share of income that
households in each income quintile spend on electricity are
the same in Overijssel as in the Netherlands.
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We also required the AbEMM to calculate the share of green
and grey energy consumption data at provincial level, which
we have to scale up to country level data so that it can be
used by EXIOMOD. Here also it is assumed that the share
of green and grey energy consumption at national level is the
same as at province level.
However, if we have household income, saving, and energy
consumption data at the province level then data disaggregation should be performed in order to mediate country level
data to province level instead of making assumptions. Such
assumptions may not work to disaggregate effectively data of
countries with a larger size and heterogeneity than Netherlands.
Simulating Climate-Energy-Economy
Model integration is an iterative and incremental process
(Holzworth and Huth, 2011; Holzworth et al., 2014). As a
first cycle of integration we agreed that the one-way communication between GCAM and EXIOMOD, and the bidirectional data exchange between EXIOMOD and
AbEMM (Fig. 6.6) enables the exploration of how an emission reduction policy scenario will affect different sectors of
the economy, and also if such a policy has any effect on
household energy consumption trends of green and grey
electricity. In general the linking of these models helped to
minimize ad-hoc input-data producing processes, and to
model the climate-energy-economy system across different
spatial scales.
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Figure 6.6. Conceptual design of the climate-energy-economy model space

Web services for interacting heterogeneous models
Once we have decided which models and how we want to
integrate then we need to come up with the techniques and
technology to enable the interactions. The models selected
for integration were developed using very different tools and
programming languages - C++, NetLogo, and GAMS. This
shows that we need an interoperability mechanism that enables these heterogeneous models to talk to each other.
Models developed using different tools can interoperate if
additional code is provided to set their inputs, run the model, and expose outputs (Goodall et al., 2013; Peckham et al.,
2013). A ‘wrapper’ is a thin layer of code that enables the
passage of input parameters, running of the model, and the
reading of its output. Wrappers can be developed using different programming languages. We need to set clear requirements for wrappers which we are to develop.
Developing wrappers will be more convenient if, depending
on the specific context of the model, we are free to choose
among different programing languages. For example, if we
can develop a wrapper for one of them using Java and one
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for the second model using Python then we are providing
flexible wrapping options.
The wrapper we built around a model should consider
reusability in linking the model with different models.
A wrapper that enables remote access of models (to keep
models at different locations) will have better chance of
involving more models and data sources in the integrated system. Such types of wrapper can improve the accessibility and reusability of models by a wider community.
If the wrapper can make available metadata of model in
machine readable format then online searches for models, semantic mediation, and data conversion can be better facilitated.
To meet our requirements the wrapping technique should be
web enabled and platform independent. Web service is a
platform independent technology in which an application
will make it member functions accessible over the web (Erl,
2008; Erl et al., 2009). We found that web services are a good
option for the development of wrappers. This gives us the
opportunity to establish automated data exchange between
heterogeneous systems which could be located anywhere on
the Internet. In addition, metadata information of models
can be made available as service descriptions of web services, which are commonly accessible for search engines.
This can improve the discovery and reuse of models significantly.
In the modelling domain web services have been used to
make environmental models interoperable (Granell et al.,
2010), to integrate ecological forecasting models (Dubois et
al., 2013), to link a hydrological model with a climate model
(Goodall et al., 2013), etc. This shows that web services can
117

be applied to link wide ranges of models.
Wrapper web services were developed for the models considered above. The wrapper for GCAM was developed on
top of the DLL file of the model as a C#-based web service
that manipulates GCAM. The wrapper has also functions
that can update input XML files and that fetch output data
from the database. Similarly, the wrapper for EXIOMOD
was built on top of GAMS.NET API. The API enables one
to run GAMS-based models and to customize GAMS settings. The wrapper web service consists of functions to set
simulation inputs, run model, and query model output. The
wrapper web service for AbEMM was developed using Java.
This is because NetLogo provides Java-based library files
(NetLogo.jar), and using this library the wrapper web service
can manipulate the underlying model. In general these wrappers can be used to run the models as stand-alone web services-based models and also to establish automated data
exchange between them.

Figure 6.7. Architecture of the integrated climate-energy-economy system
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On top of wrapper web services, an integration layer (Fig.
6.7) is developed which manipulates web service-based
models. The semantic mediation and dataset conversion
functionalities are also built as part of this integration layer.
Users can interact with the system using a user interface.
As we can see in Fig. 6.8 the user can select the type of scenarios and the end year (between 2008 and 2050), and then
run the simulation. During simulation the communication
between models is orchestrated as follows. GCAM runs the
simulation with a time-step of five years until the year 2050.
It produces output for each 5 years i.e. 2010, 2015, etc. EXIOMOD reads input data from both its database and the
output of GCAM, and will produce simulation output for
every year, i.e. starting from year 2008 until 2050. Since the
communication between EXIOMOD and AbEMM is bidirectional, at the end of each simulation period the models
exchange data. Finally, some simulation outputs from the
models will be displayed on the GUI, and the complete
model output can be accessed from the output files of the
corresponding models.

Figure 6.8. User interface of the integrated system
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Results and Discussion
As a proof of concept of our approach we implemented two
global level scenarios on GCAM and simulated using the
integrated system. The first scenario is ‘business as usual’, a
base or reference scenario in which no specific policy is imposed on the system, and the second case is when a targeted
emission reduction policy scenario, which is shown in Table
6.2, is implemented in the system. For the sake of conciseness we will present the results we get for EU12 and EU15
countries.
Table 6.2. Targeted emission reduction policy scenario for different regions and
countries to be simulated using the integrated system.

Name of country (region)
Australia

Targeted indicator
Base year 2000: 25% reduction by
2020
New Zealand
Base year 2005: 30% reduction by
2030.
Canada
Base year 2005: 17% reduction by
2020; 30% by 2030.
China
Peaks CO2 emissions in year 2030
European Free Trade Asso- Base year 1990: 30% reduction by
ciation: Iceland, Switzerland 2020; 35-40% by 2025; 50% by
and Norway
2030
EU-27
Base year 1990: 20% reduction by
2020; 40% by 2030; 80% by 2050
Japan
Base year 1990: 25% reduction by
2020.
Base year 2005: 25.4% by 2030
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Mexico
Russia
South Korea
USA

Base year 2000: 50% by 2050
Base year 1990: 15-25% by 2020 ;
70-75% by 2030
Base year Business As Usual: 37%
by 2030
Base year 2005: 17% reduction by
2020; 42% by 2030; and 83% by
2050

‘Electricity generation by different technologies’ and ‘Electricity Prices’ are the two variables which are passed from
GCAM to EXIOMOD. To keep the state of the system
transparent consider these two variables at an intermediate
stage. ‘Renewable Electricity Production’ (which is subset of
‘Electricity generation by different technologies’) and ‘Electricity Prices’ data of EU12 and EU15 countries for the base
and policy scenarios is shown in Fig 6.9 (a) and (b). As we
can see in the figures, with the targeted policy scenarios both
renewable electricity production and electricity prices will
increase. The increase in prices could be associated with the
increase in the cost of production of electricity.
Running the simulation using the integrated system produces
data for more than 164 variables (which represents sectors).
To demonstrate the effect of the simulated emission reduction policies we selected three variables: ‘Household consumption of electricity’, ‘Employment in green electricity
sector’, ‘Import of mining products’ (including oil and gas).
The results of the simulations for the selected variables are
presented one after the other.
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Figure 6.9. (a) Renewable electricity production of EU12 and

EU15 countries, (b) Electricity prices of EU12 and EU15 countries for both base scenarios and targeted policy scenarios.

The trend in Household electricity consumption is shown in
Figs. 6.10 (a) and (b) each consisting of three graphs: (1)
Consumption predicted using a standalone system – household consumption of electricity prediction without integration, i.e. when EXIOMOD does not receive data from
GCAM, (2) Consumption predicted using the integrated
system with reference scenarios – when the integrated sys122

tem ran with reference or business as usual scenarios, (3)
Consumption predicted using the integrated system with
targeted policy scenarios. The graphs show that implementing those policy scenarios will result in a reduction of household electricity consumption which is associated with the
increase in electricity prices shown in Fig 6.9(b).

Figure 6.10. Household electricity consumption prediction: using

standalone system, with integrated system using base scenarios, and
using integrated system with targeted policy scenarios for (a) EU12
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countries, and (b) EU15 countries.

Employment in the green electricity sector was the second
variable we selected in order to demonstrate the benefit of
building a system-of-systems. As shown in Fig. 6.11 implementing those emission reduction scenarios will increase the
employment in the green electricity sector for both EU12
and EU15 countries, which is associated with an increase in
renewable electricity production (Fig 6.9(a)).

Figure 6.11. Employment in green electricity of (a) EU12 countries, and (b) EU15 countries.
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The third variable we selected was ‘Import of mining products’ which also includes oil and gas. As shown in Fig. 6.12
the import of mining products in the standalone system, the
integrated system with reference scenarios, and also for the
integrated system with policy scenarios have curves very
close together. This could be due to two main reasons: (1)
the models being used do not use separate variable to represent the imports of oil and gas which could be affected by
increase in green electricity production. Keeping oil and gas
together with other mining products will have its effect on
the model output. (2) In the EU27 countries most of the
imported oil and gas goes into refineries and for heating of
houses.

Figure 6.12. Import of mining products of EU27 countries.

In general linking these standalone systems has offered the
opportunity to minimize ad-hoc input data producing and
also the flexibility in implementing targeted scenarios. In
addition, it enables the exploration of the effect of scenarios
in a different temporal and spatial context than the
standalone models. This is because each individual model
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can be set to a number of different system states and the
linking of such a model with another model (which itself has
several system states) will increase the number of system
states significantly. For example, in the integrated system the
two variables from GCAM (‘Electricity generation by different technologies’ and ‘Electricity Prices’) can possibly affect
all 164 variables of EXIOMOD. Stoorvogel (1995) pointed
that by linking standalone models they were in a position to
evaluate ‘infinite number of scenarios’, which we can consider as an important ‘by-product’ of integration.
The integration methodology we described here can be applied to interdisciplinary study that requires integration of
computer-based models. The steps we followed in preintegration assessment and in conceptualizing the integrated
system can be replicated by other similar groups. We observed that identifying the appropriate models and formulating the interaction between them is difficult and time consuming. This is mainly because model owners only know
about their models, and creating common understanding
about participating models requires several discussions. We
observed that, besides having clearly defined integration
objectives, a list of scenarios together with the corresponding indicator variables (to be tested by the integrated system)
can help to keep pre-integration assessment discussions focused and incremental.
We also observed that the technical aspect of integration can
be standardized and reused. In our specific case wrapping
models with web services was the standard for technical
interoperability. The web service based wrapper developed
to link a model with a specific model can be reused for other
cases also. Since the wrappers we developed are platform
independent they can also be reused with non-web service
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based integration frameworks. In addition, wrapper classes
developed to encapsulate NetLogo and GAMS based models can be easily customized in wrapping new models. Any
NetLogo or GAMS based models can be incorporated into
our system without reinventing the wrappers. It requires
only modification of the model name, input-output variable
names, and the path in which the base models resides.
However, this case study demonstrates that semantic mediation and dataset conversion tasks are needed to build case
specific functionalities. If we link GCAM with another model there is less probability of reusing the specific inputoutput variable mappings and dataset conversion functionalities mentioned above. This is because differences are more
likely to happen due to the combination of input-output
variables to be exchanged with the newly introduced model,
the units used in those variables, and the spatial and temporal scales. This makes the building of generic semantic
mediation and dataset conversion functionalities difficult.
On the other hand, we also observed that some generic
functionalities that can handle part of semantic mediation
and dataset conversion can be built. For example, standardized unit conversion functionality for SI and derived units
can be provided using available units ontologies. Similarly,
automatic re-gridding functionality by CSDMS (Peckham et
al., 2013; Syvitski et al., 2004), ESMF (DeLuca et al., 2012; da
Silva et al., 2003; Hill et al., 2004), etc. are good examples of
an effort to standardize data mediation.
The web service based approach enables us to incorporate
new models, modification of existing models, or removal of
a member model without disturbing the existing integrated
system. This is because integration using web services creates loosely-coupled systems and member component has
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no knowledge about the existence of the other components.
Communication between component models is through the
integration layer. This offers us the opportunity to create an
extendable model integration platform, which can evolve
through time.
Conclusion
We have demonstrated how models which are functioning at
different global, regional, country, and province /household
level can be linked together so as to function as a system-ofsystems. By linking the three models we are able create a
framework that could help to investigation of the climate,
energy, and economy aspects of climate change which would
otherwise be difficult to do using stand-alone model components. Also demonstrated was that the web service based
approach can be used to link heterogeneous models which
are developed using quite different modelling languages.
This approach can be applied in other similar projects which
need to link models which operate at different temporal and
spatial scales.
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7. The Value of Carbon Sequestration and Nutrient
Recycling in Forests
Ing-Marie Gren
Forests provide a multitude of marketed and non-marketed
ecosystem services, where timber outputs provide a marketed service, and biodiversity, pollutant sequestration, and
recreational opportunities are examples of non-marketed
services. Forest recreational opportunities and biodiversity
have been subjected to valuation in monetary terms in several studies, but there are only a few estimates of other ecosystem services, such as carbon sequestration and nutrient recycling (see survey in (Pearce, 2001)). The benefits of carbon
sequestration and nutrient recycling emerge from their ability
to regulate the carbon content in the atmosphere and nutrient leaching at a lower cost than other measures, such as
reductions in fossil fuels. Valuation of carbon sequestration
for combatting climate change has been carried out at the
regional EU and global scale (Lubowski et al., 2006; Michetti
& Rosa, 2011; Gren & Carlsson, 2013). However, afforestation (plantation of forest on arable land), which is the least
expensive measure for carbon sequestration (Aklilu & Gren,
2015), also implies a reduction in nutrient leaching. Unbalanced nutrient loads can lead to eutrophication of water, as
well as increased frequency of harmful algal blooms, sea bottom areas without biological life, toxic cyanobacteria, and decreases in water transparency and populations of commercial
fish species (Gilbert, 2007; Heisler et al., 2008). There is a
complementarity between carbon and nutrient transformations in boreal forests (Boberg et al., 2014), which implies
that increases in carbon sequestration reduce nutrient leaching from soil. The purpose of this study is to calculate values
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of forest carbon sequestration and nutrient recycling in the
Stockholm-Mälar region in southeast Sweden. The choice of
these services and region is based on the existence of actual
targets for carbon and nutrient emissions, and of numerical
models allowing for the calculations (Gren, 2010; Gren et al.,
2015).
To the best of our knowledge, there are no published studies
that calculate the value of a forest’s ecosystem services in
terms of carbon and nutrient sequestration. On the other
hand, there is a relatively large body of literature calculating
the value of especially carbon sequestration (Lubowski et al.,
2006; Michetti & Rosa, 2011; Gren & Carlsson, 2013). There
are also a relatively large number of studies on the value of
nutrient sequestration by wetlands and coastal ecosystems
(Gosselink et al., 1972; Breux et al., 1995; Byström, 2000;
Gren, 2013), but not on forest ecosystem nutrient sequestration. Similar to these studies, we apply the so-called replacement cost method for calculating values. The basis for this
method is the existence of environmental targets, and the
value of a new technology is then measured as the decrease
in total costs associated with achieving these targets when
the technology is included as a measure. It has then been
shown that inclusion of forest carbon sequestration can reduce the total cost of achieving the global target of a maximum of 550 ppmv (parts per million by volume) by 40%
(Tavoni & Sohngen, 2007; Anger & Sathaye, 2008) and the EU
2020 climate target of reducing emissions to 20% from the
1990 emission level in 2020 by 30% (Michetti & Rosa, 2011).
However, pollutant sequestration may have a cost disadvantage when considering uncertainty. Uncertainty arises
from stochastic weather conditions, which affect biomass
growth, and thereby carbon sequestration and the release of
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carbon and nutrients from soil. This, in turn, implies uncertainty in reaching stipulated targets, which constitutes a cost
associated with this risk. Such costs have been calculated,
where cost per unit pollutant sequestration is increased by a risk
discount (Gren & Carslsson, 2013; Byström et al., 2000; Kurkalova, 2005; Kim & McCarl, 2009). The calculation of this is, in
turn, based on the so-called safety-first principle, which has a
long tradition in economics (Tesler, 1955). It is then assumed that decision makers are risk averse against nonattainment of stipulated environmental targets, and the risk
discount is determined by this risk aversion and the variability in sequestration. As shown by (Gren & Carlsson, 2013)
and (Gren et al., 2012), the value of forest carbon sequestration in the EU 2020 climate policy is reduced and can approach zero for high levels of the risk aversion.
The current study calculates the value of forest pollutant
sequestration with and without uncertainty when we apply
the safety-first principle. To this end, we construct a dynamic optimization model with uncertainty, which, in addition to
pollutant sequestration, includes abatement measures reducing emissions from fossil fuels and nutrient leaching. A dynamic model is needed because of the focus on future climate and nutrient targets, as well as consideration of depreciation in investment in renewable technologies and nutrient
cleaning facilities, and development over time of carbon
sequestration in afforested land. In our view, the main contribution of this study is the calculation of values of forest
sequestration of several pollutants. Another is the consideration
of uncertainty, and a third is the calculation of values of forest
nutrient recycling, which have been made mainly for wetlands in other studies.
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The Replacement Cost Method.

The value of the services of land use in terms of carbon and
nutrient sequestration is determined by their cost in relation
to the costs of other abatement measures in a cost effective
achievement of certain emission targets. The higher the cost
of other abatement measures, the larger is the value of the ecosystem service. This simple principle for determining value is
illustrated in Fig. 7.1 for carbon sequestration.

Figure 7.1. Illustration of the calculation of the value of land use

as a carbon sink in a cost effectiveness framework. SEK: Swedish
crown; KT: carbon emission reduction target.

The horizontal axis illustrates carbon emission reductions,
and KT is the target to be achieved. The vertical axis shows
the cleaning cost for different emission reduction levels. The
curve C illustrates the minimum costs for achieving different
emission reduction targets when the carbon sink provided by
forests is not included as an abatement option in the cleaning program, and CK illustrates the minimum costs when the
carbon sink is included. Each point on C and CK respectively
reflects the allocation of all abatement measures that reach
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the target at minimum cost.
The value of carbon sequestration at the target KT is now
determined by the difference in total minimum costs with and
without carbon sequestration, which corresponds to the distance C-CK in Fig. 7.1. The value of the carbon sink is then
determined by its construction cost and the abatement costs
of other measures. The larger the difference between the
abatement costs of other measures and that of the carbon
sink, the higher the value of the carbon sink. This is, in turn,
determined by the stringency in the carbon target since the
costs of all abatement measures increase at higher emission
reduction levels.
The value of land use for nutrient sequestration is calculated
in the same way as for carbon sequestration. However, the
value of both these sequestration options depends on
whether carbon and nutrient targets are managed separately or
simultaneously. When managed separately without consideration of the other pollutant target, the full cost of land use
will be borne by the reduction in the pollutant in question.
Under simultaneous management, land use measures will
have a cost advantage compared with measures affecting
only one pollutant and will therefore be implemented to a
larger extent than under separate target management.
Although simple in principle, the calculation of cost effective
solutions with and without carbon sequestration and nutrient recycling can be quite involved when considering the
dynamics in investment renewable energy sources and forests, and the uncertainty in carbon sequestration and nutrient recycling. For detailed description of the numerical model see Gren (2015): Investment in renewable energy is subject to depreciation over time, and that in forest to appreciation since carbon sequestration and nutrient recycling can be
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increasing over time. Uncertainty is treated in a safety-first
setting with probabilistic constraints on the future carbon
and nutrient targets. This means that the targets are expressed as the achievement of minimum reductions at minimum probabilities. These targets are then transformed into
deterministic equivalents where decision makers’ risk aversion and variance in emission reduction call for extra emission reduction in order to ensure the achievement of a certain target.
Data Retrieval
The conceptual approach presented in Section 2 shows that
we need data on pollutant emissions from all sources under
business as usual (BAU), abatement capacities and impacts
on targets of different measures, cost functions for all
measures, depreciation rates of investment in cleaning technologies, growth rates of pollutant sinks, variance in pollutant sink, risk aversion, and discount rate. All data are obtained from two existing cost minimizing models of the
Stockholm-Mälar region. One is a dynamic model for
achieving 80% reduction in carbon emission from the 1990
emission level by 2050 (Gren et al., 2015) and the other is a
static model for achieving nutrient targets in the coastal area
of the region (Gren, 2010). Detailed documentations of the
data retrieval are found in (Gren, 2010; Gren et al., 2015). In
the following, we therefore give a brief summary of these
data items.
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Carbon Emission and Nutrient Leaching
The Stockholm-Stockholm-Mälar region covers an area of
approximately 34,000 km2. Two thirds of the area, or 22,000
km2, is covered by forests and 6400 km2 by arable land. The
region contains the capital of Sweden, Stockholm, and 50%
of the total Swedish population of 9.5 million people. Sweden and hence the Stockholm-Mälar region is guided by two
international commitments; the EU climate policy (European
Commission, 2015) and the Baltic Sea Section Plan (BSAP)
(Helcom, 2014). According to the EU 2050 climate policy, the
CO2e emissions should be reduced by 80% from the emission level in 1990, to be reached by 2050, and the BSAP
envisages different reductions for the marine basins of the
Baltic Sea. The Stockholm-Mälar region is located at the
coastal zone of the marine basins with the highest target
stringency, i.e., the Baltic Proper, where the requirements are
23% nitrogen and 61% phosphorus reductions.
When calculating leaching of nitrogen and phosphorus to
the Baltic Proper, retention of nutrients during the transport
from the emission sources located upstream in the drainage
basins are deducted since they do not reach the sea. All
sources located at the coastal waters, mainly sewage treatment plants and industry, have direct discharges into the
Baltic Proper. The numerical model includes 36 drainage
basins in the Stockholm-Mälar region with retention rates,
i.e., the share of nutrient emission that does not reach the
sea, ranging between 0 and 0.9 (Gren, 2010). A minor part
of the nitrogen deposition originates from air-borne emissions
from fossil fuel combustion in the Stockholm-Mälar region
(Table 7.1).
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Table 7.1. Carbon dioxide equivalent (CO2e) emissions, and nitrogen (N) and phosphorus (P) leaching from different sources in the
Stockholm-Mälar region into the Baltic Proper.
N,
ton a

P, ton

Forest land

773

19

Arable land

1825

156

Sewage
plants

5613

94

treatment

a

CO2e Emission ,
kton b

840

82

5451

Industry

23

1527

Energy production

70

4688

Total
Targets c,d

Sequestration

3531

Transport

Other CO2e sources

CO2e
kton b

1677
8386

269

14183

6457

105

3438

3531

[9]; [10]; Targets for N and P are 77% of N and 39% of P loads in 2008 but without
target
year
[24];
d Target for CO2e is 20% of 1990 emission to be reached by 2050 [23].
a

b

c

Arable land and sewage treatment plants are the largest
sources of nutrients, and transport and energy production
are the major sources of CO2e emission. Existing forest carbon sequestration corresponds to 25% of total emission.
Abatement Measures and Costs
In addition to afforestation, we include reductions in the use
of fossil fuel, replacement of fossil fuel driven cars with electrics cars, and investment in solar and wind power for reducing carbon emissions. These measures also affect the emission of nitrogen oxides and associated deposition in the Baltic Proper. Measures reducing nutrient leaching include in-
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vestment in sewage treatment plants, cultivation of catch
crops, and reductions in the use of fertilizers. All of these
measures reduce both nitrogen and phosphorus. Afforestation affects all three pollutants. The basis for choosing these
measures is that they turned out to be relatively inexpensive
for combatting CO2e emissions and nutrient loads into the
Baltic Sea in the Mälar-region (Gren, 2010; Gren et al., 2015).
Our estimates of the value of the forest as a pollutant sink
are then likely to be conservative.
The effects of afforestation on pollutants are calculated as
the difference in the carbon and nutrient sink per unit area
of forest and arable land. Given the relatively short period
until 2050, afforestation requires fast-growing tree varieties
to provide carbon sequestration. According to (SEPA,
2014), the sink coefficient for forest land is 1.81 ton
CO2e/ha and −0.73 ton CO2e/ha for arable land, which
gives a net effect of 2.54 ton CO2e/ha afforestation. This
effect is assumed to be the same for all drainage basins, obtained after 20 years, and with a constant growth rate during
the years.
The cost of afforestation consists of the opportunity cost of
land, i.e., differences in annual profit between agriculture and
forestry. This information is obtained from a supply curve of
arable land, which shows the profits foregone for transferring arable land into other uses (Gren et al., 2015). In a similar vein, costs of fossil fuel reductions are calculated as associated decreases in consumer surplus, which are obtained
from demand functions of different fossil fuel products (heating oil, coal, gasoline, and diesel).
Data on investment cost functions for wind and solar power
are found in (Munnich Vass, 2015), who estimated quadratic
cost functions for these energy sources for the whole of
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Sweden. The cost of electric cars is assumed to be constant
per 10 km and correspond to the difference in driving costs
between gasoline and diesel cars. This cost depends on the
type of car and the distance driven per year; the longer the
distance, the lower the difference in driving cost. We evaluate the cost for the average distance in Sweden (Gren et al.,
2015). It is also assumed that the rates are calculated from
assumptions of technical life lengths of 40 years for wind
and solar power, and 25 years for electric cars. With respect
to capacity constraints, assumptions are imposed on the replacement of fossil fuel with renewable energy, and of the
existing car fleet with electric cars.
Concerning measures reducing nutrient deposition into the
Baltic Proper, considerable investments in sewage treatment
plants have already been made, and we therefore assume that
further cleaning is carried out by implementing tertiary
cleaning programmes. The average investment costs of tertiary cleaning at sewage treatment plants are obtained from
(Gren, 2010) and converted into 2011 prices. It is more difficult to obtain information on the technical life length of
the investment, but a 50-year perspective is usually assumed.
Costs on reductions in the use of fertilisers are calculated as
associated decreases in farmers’ profits, or consumer surplus, data on which are found in (Gren, 2010). Costs of cultivation of catch crops, which are sown at the same time as
the ordinary crop is harvested in autumn and thereby prevent nutrient leaching from the soil during autumn and winter seasons, are also found in (Gren, 2010).
Uncertainty, Targets and Discount Rate
Recall from the previous section that data are needed on
variance in nutrient and risk aversion in order to calculate
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the risk discount. There are no data on any of these parameters. We therefore use the standard deviation in carbon sink
for Sweden as calculated by (Janssens et al., 2005), and assume that this is the same for nitrogen and phosphorus
loads into the Baltic Proper. The standard deviations in
(McCarl & Spreen, 2010) include measurement errors in data
on carbon sinks for different land uses and uncertainty related to weather variability, which affects biomass growth and
thereby carbon sequestration.
The effect on the risk discount of a certain choice of probability
of
achieving
the
targets
depends
on the underlying probability distribution of the pollutant
sink. However, there is no information on
the probability distributions. In principle, they can be quantified in two ways: by assigning a specific or parameter free
distribution. The normal distribution is most commonly
applied, and is frequently applied in the literature on policy
instruments for stochastic water pollution (Gren, 2010; Byström et al., 2000; McSweeny & Shortle, 1990; Shortle, 1990).
Another way of quantifying the probability distribution is
more flexible and is based on Chebyshev’s inequality where
no assumptions are made with respect to the probability
distribution (McCarl & Spreen, 2010). There are considerap

ble differences in the calculated risk aversion parameter
depending on the assumption of distribution. For example,
p

at a chosen probability level 0.95,
is 1.67 for the normal
and 4.47 for Chebyshev’s distribution. We have no prior
expectations for the shape of the probability distribution and
we therefore make calculations with both distributions.
With respect to emission reduction targets, the EU 2050
climate policy is quite clear; 80% reduction in the 1990 emis142

sions should be obtained by 2050. This is not the case with
the nutrient targets set by BSAP, where reductions in nitrogen and phosphorus are specified for different marine basins
but not the timing of their achievement. It is only stated that
preparedness for implementing the targets should by obtained in 2020. Since it takes some time between implementation of nutrient reductions and final achievement, we
therefore simply assume that the targets of 23% reduction in
nitrogen and 61% reduction in phosphorus loads into the
Baltic Proper should be achieved in 2035.
Regarding the choice of discount rate, there is a large body
of literature on the appropriate level of the social discount
rate, which is determined by pure time preferences, growth
in consumption opportunities, and utility of consumption
(Weitzman, 2001). It is generally also suggested to use a hyperbolic discount rate, i.e., a time-declining rate, for longterm projects exceeding 50–100 years. A simplification is
made in this paper by assigning a uniform discount rate for
all municipalities, counties and time periods. Following recommendations made for discounting future streams of net
benefits, calculations of cost-effective solutions are made for
a relatively low level of 0.015 (Newell & Pizer, 2003).
With respect to choice of software, all calculations are made
with the GAMS optimization program, Solver Conopt2
(Rosenthal, 2008).
Results: the Value of the Forest for Carbon and Nutrient Sequestration
The existing carbon sequestration corresponds to 24% of
the total emissions in 2011. The inclusion of this sink into
the Stockholm-Mälar climate and water policy would generate cost savings since part of the emission target is obtained
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by sequestration free of charge. However, there is currently a
debate on whether carbon sequestration should be included
in the EU climate policy, which focuses solely on increases
in the carbon sink from a certain reference value, which is
denoted additional sinks. One argument against including
the existing carbon sink is that this is already considered
when setting targets, and its inclusion would tighten the
emission target. In the following, we will therefore focus on
the value of the additional sink, but also present results on
the values of the existing sink. In our model, the only additional sink option is forest plantations on agricultural land.
As will be shown, the value of the existing sink available free
of charge can be zero depending on risk attitudes and assumptions that stem from uncertainty in carbon sequestration.
Value of Pollutant Sink at Different Emission Targets
The main focus of this study is the value of pollutant sinks in
achieving the EU 2050 climate policy and BSAP nutrient targets. As shown in Section 2, the value is determined by, among
others, the stringency in emission targets, and we therefore
present results for different levels of carbon and nutrient emission targets. Starting with carbon emission, the value of forest
sequestration ranges from zero to 767 billion SEK (1 Euro =
9.36 SEK, 13 July 2015), depending on the emission target and
the inclusion of existing or additional sequestration (Fig. 7.2).
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Figure 7.2. Value of forests for carbon sequestration when only
existing or additional carbon sinks are included at different reduction
levels from the 1990 emission, to be achieved by 2050.

The zero value arises from the reduction in emission of 15%
in the Stockholm-Mälar region from 1990 to 2011 (Gren et
al., 2015). When existing sinks are included, the zero value
increases to approximately 40% of the emissions in 1990.
The total abatement cost for reaching the emission target in
2050 without the inclusion of any sink option amounts to
900 billion SEK. The average annual cost of 24 billion SEK
corresponds to approximately 1.7% of the gross regional
product (GRP) of the Stockholm-Mälar region. This is reduced to 0.3% when only the existing sink is included and to
1.2% when only the additional sink is considered in the climate program.
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As expected from the illustration in Fig. 7.1, the carbon sink
value increases at higher emission reduction levels because
of the higher abatement costs for emission reductions. The
carbon sink values are relatively low at reduction levels up to
50%, and then increase rapidly. At the EU target of 80%
emission reduction, the value when only existing sinks are
included corresponds to approximately 767 billion SEK, and
when only the additional sink is included, to 307 billion
SEK. The values thus decrease the total cost without any
sink option by 84% or 35%.
The corresponding values of forests for reaching different
reductions in both nutrients to the Baltic Proper are presented in Fig. 7.3.
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Figure 7.3. Value of the forest for nutrient sequestration in reducing

nitrogen and phosphorus loads from the Stockholm-Stockholm-Mälar region to the Baltic Proper in 2035.
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The value of the forest for nutrient sequestration is much lower
than that for carbon sequestration. One reason is that total
costs without nutrient sequestration are lower, and amount to
17 billion SEK at 60% reduction in both nutrients. This corresponds to an average annual cost of 0.5 billion SEK, also obtained by (Gren, 2010). The cost is reduced by 5.2 billion SEK,
or approximately 35%, when forest nutrient sinks are included.
This relative reduction is of the same order of magnitude as the
additional carbon sinks.
Uncertainty in Forest Pollutant Sink
One of the main arguments for not introducing carbon sinks in
any climate policy is the uncertainty associated with stochastic
weather conditions affecting biomass growth and permanence
in carbon sinks over time. Therefore, 1 ton CO2e sequestration
does not correspond to 1 ton CO2e reduction in emissions. As
shown in a previous section, this is treated in terms of an uncertainty discount, which is determined by the risk preference,
i.e., the chosen probability of reaching the targets, the variability
in the sink, and the chosen probability distribution. We evaluate
the value of the forest as a pollutant sink under simultaneous
achievement of the EU 2050 climate policy (European Commission, 2015) and the Baltic Sea Action Plan (Helcom, 2014)
at different degrees of risk aversion and for the normal and
Chebyshev probability distributions (Fig. 7.4).
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Figure 7.4. Value of forest pollutant sink for reaching the EU
2050 climate and BSAP nutrient targets under different probabilities
of reaching the targets and assumptions of probability distributions.

For both the normal and Chebyshev probability distributions,
the value decreases as the chosen probability increases. However, the decline is more drastic with the Chebyshev probability
distribution, and the value is zero at probability levels exceeding
0.95. The maximum decline in the forest sink value differs for
the different probability distributions: it is 166 billion SEK, or
45%, for the normal distribution and 279 billion SEK, or
100%, for the Chebyshev distribution, both of which occur at
probability levels exceeding 0.95.
The maximum value of the forest carbon sink amounts to 767
billion SEK, which occurs when there is no risk aversion. The
marginal costs for achieving the targets then amount to SEK
2570/ton CO2e reduction, and to SEK 10,300/kg phosphorus
and SEK 231/kg nitrogen load reduction.
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Discussion
The calculated total cost of reaching the EU 2050 climate targets as measured in per cent of gross domestic product of the
Stockholm-Mälar region, 1.12%, is within the range of that
obtained for reaching the EU 2050 climate targets (Capros et
al., 2013). The calculated marginal cost of CO2e reduction is
also within the range of other studies. On the other hand, the
marginal costs of the nutrient load reductions are slightly above
the estimates obtained for the entire Baltic Sea and all riparian
countries by (Gren et al., 2013b). One reason that these marginal costs differs from other studies could be the relatively large
level of nutrient abatement already carried out in the Stockholm-Mälar region, which raises the marginal cost of further
abatement.
The calculated maximum value of the existing sink of 767 billion SEK corresponds to an average forest value of SEK
22500/ha. This value can be compared with the average assessed value of productive forests, which varies between SEK
41,200/ha and SEK 58,800/ha in the different counties in the
Stockholm-Mälar region (Skogsstyrelsen, 2015). The value of
the existing carbon and nutrient sink can then correspond to
50% of the value for timber products. It is reduced to SEK
8700/ha, or maximum 21% of the value of productive forests,
when only additional sinks are included.
It is also of interest to investigate how the value is determined
by the time path for decarbonisation as envisaged by (European Commission, 2015). In order to reach the target in 2050, it is
suggested that 20% of the 1990 emission should be reduced by
2020, 40% by 2030, 60% by 2040, and 80% by 2050. This path
may not coincide with the cost effective path, and the total cost
will then be higher. The calculated total cost for achieving the
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EU and BSAP targets under optimal conditions amount to 900
billion, and under the EU budget, to 992 billion. This, in turn,
affects the value of forest carbon and nutrient sequestration of
both the existing and additional sink (Fig. 7.5).
The value of the existing carbon sink is higher under the EU
time path since the total abatement cost is larger. On the other
hand, the value of the additional sink is slightly lower under the
EU time path than under optimal conditions. This seems counter intuitive, but is explained by the gains made by the full use
of the forest sinks’ ability to grow over time for optimal solutions, which is limited by the EU suggested time path.
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Figure 7.5. Value of forests as pollutant sinks for reaching the EU

2050 climate target and the BSAP nutrient targets in the StockholmMälar region optimally or under the EU time path without uncertainty.

When considering uncertainty and the other factors influencing
the calculated value of the forest as a pollutant sink, it is noted
that the relative values, as measured in deviation from the reference values, are more sensitive to changes in parameter values under the Chebyshev than the normal probability distribution (Fig. 7.6).
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Figure 7.6. Impacts on the reference value of the forest as an additional

pollutant sink under uncertainty with 0.9 probability (289 billion for the
normal and 129 billion for Chebyshev the distribution) of different
changes in afforestation cost, pollutant sequestration and growth, and
separate management of carbon and nutrient targets.

As expected, the value decreases when the afforestation cost
increases, which can be a result of higher future competition of
land with food production. A 50% increase in the afforestation
cost results in 15% and 25% decline in the reference value under the normal and Chebyshev distribution, respectively. The
reason for the larger decline under the Chebyshev distribution
is the relatively higher risk discount, which raises the cost of the
forest as a pollutant sink compared with the normal distribution. A certain percentage deviation in afforestation costs then
has a higher impact on the reference value. This also explains
the higher increase in relative values when pollutant sequestration/ha and growth rate over time increases.
However, the decline in the absolute values when the afforestation cost increases by 50% is still higher for the normal distribution, for which it amounts to 43 billion SEK compared with
32 billion SEK for the Chebyshev distribution. On the other
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hand, the decline in the absolute values is of the same order of
magnitude for both distributions when sequestration and the
rate of sequestration increases and amounts to approximately
46 and 30 billion SEK, respectively. The choice of separate
versus simultaneous management has a minor impact on both
distributions and raises the cost at the most by 8 billion SEK,
which occurs for the normal distribution.
Conclusions
The calculation of values of forest carbon and nutrient sequestration in the Stockholm-Stockholm-Mälar region
showed that these can be significant. They can create cost
savings corresponding to 35% of the cost of achieving the
EU 2050 climate and the Helcom BSAP nutrient targets in
2035. The percentage cost saving for achieving the EU climate target is of the same magnitude as that obtained in
other studies (Capros et al., 2013). In absolute terms, the
total value amounts to 307 billion SEK, which corresponds
to approximately 0.45% of the region’s gross domestic
product.
However, this value declines when uncertainty in pollutant
sink is considered, which is the main argument raised against
its inclusion into, in particular, climate policy. Depending on
risk aversion and the choice of the probability distribution,
normal or Chebyshev distribution, the value can be reduced
by 50% or 100%, respectively, at very high risk-aversion,
where the targets are to be achieved at probability levels
exceeding 0.95.
The calculated values are affected not only by the level of
uncertainty, but also by factors not considered in this study,
which can result in higher or lower estimates (Table 7.2).
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Table 7.2. Factors increasing or decreasing the calculated values of

forest carbon sequestration and nutrient recycling, where × denotes
the direction of impact.
Factor
Uncertainty
in
all
abatement
measures
and not only carbon
sink
Inclusion of more
forest
management
option
Inclusion of measures
reducing uncertainty in
the carbon sink
Policy implementation
of carbon and nutrient
sink
Consideration of more
non-marketed ecosystem services

Increased Calculated Value of Carbon
and Nutrient Sinks

Decreased Calculated Value of Carbon and Nutrients

×
×
×
×
×

×

Uncertainty in other abatement measures such as reduction
in fossil fuels or investment in solar energy raises the cost of
these measures, and, hence, the value of the forest carbon
sink. This would also be the case if more forest management
options were included, which would improve pollutant sink
per area of forest and/or increase the rate of sequestration
growth over time. Another factor contributing to increased
values is the inclusion of management options for reducing
uncertainty by, for example, increased monitoring of forest
biomass growth and carbon sink content and/or improved
153

management for reducing carbon releases from dead wood
and soil.
The calculated values can be lower when considering the
difficulties associated with implementing a multi-target strategy, which requires allowance for pollutant reduction in several policy systems. For example, afforestation must be deducted from the emission of nitrogen, phosphorus, and
CO2e. This can be obtained by an offset system where actors
obtain credits for pollutant sequestration, which can be deducted from their pollutant emissions allowances. Another
possibility is to include the abatement measures in the policy
system where, for example, forest carbon sequestration can
be traded on the EU ETS (Emission Trading System), or in
a national tax system. Both options face problems when
including land use measures because of the difficulties in
monitoring and verifying sequestration, and to secure additionality and permanence in the sequestration. Associated
transaction costs can be relatively high and the potential cost
savings from pollutant sequestration are then smaller than
pointed out in this study.
The results are also affected by the number of included nonmarketed ecosystem services. This study considered only
carbon sequestration and nutrient recycling. However, increases in these two services may result in decreases in other
non-marketed services, such as biodiversity, which would
reduce the calculated values in this study. On the other hand,
if there is complementarity in the provisioning of these services, the calculated value can be raised since increases in the
carbon and nutrient sink then provides a simultaneous improvement in biodiversity. Calculations of such trade-offs or
complementarities in the provision of forest ecosystem ser-
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vices require quantified production functions for all of these
services, which are not available for forests in Sweden.
The conclusion with respect to the value of forest carbon
sequestration and nutrient recycling as abatement measures
in climate and nutrient programs is thus ambiguous. Although our study shows considerable cost savings in the deterministic and relatively simple case, the consideration of
uncertainty, policy implementation, and other ecosystem
services can eliminate these savings. This inconclusiveness
points out the need for further analysis and investigations of
these factors for the potential value of the forest carbon sink
and nutrient recycling as abatement options in climate and
nutrient programs.
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The book in your hand belongs to the 3rd volume of the
COMPLEX scientific report. Volume 1 describes our work with
stake-holders and Volume 2 looks at our work on rapid, nonlinear change and irreversibility.
Volume 3 deals with the new modelling infrastructure
COMPLEX has developed for work with integrated environmental assessment and policy development. This volume is split
into two short volumes. Volume 3a looks at human - environment interaction and the ecology/economy interface. Volume
3b uses models and data to develop and evaluate policy options.
The purpose of these two volumes is not to describe the modelling tools. All this information, together with the tools themselves, can be found on our COMPLEX website.
These volumes contain a series of case-studies designed to
demonstrate their policy relevance. The papers range from
short projects carried out by master students and early career
researchers to mature research efforts published in international refereed periodicals.
Volume 4 of our final report will contain a project summary.

