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Abstract
The energy demand for heating and cooling is 
likely to be sensitive to climate change. We 
projected the economic impacts of changes in the 
energy demand for heating and cooling under 
multiple climate conditions with taking detailed 
information regarding air-conditioning 
technologies and their costs into account.

Conclusions
(i) The economic impact of climate change due to 

changes in the energy demand for heating and 
cooling represents a -0.47% change in global 
GDP from the level of no climate change in 
2100 for the highest temperature increase 
scenario (RCP8.5), and a -0.05% change for the 
lowest temperature increase scenario (RCP2.6). 

(ii) The magnitude of the economic impact was 
strongly dependent on future income growth 
because more air conditioners were used with 
income growth. This illustrates the importance of 
incorporating future income growth in low-income 
countries into climate policies related to energy 
systems in buildings. For example, establishment 
of regulations and financial support scheme for 
thermal insulation for building in currently low-
income countries could work effectively on 
lowering future increase in emissions in the 
countries.

Methods
AIM/CGE model coupled with an end-use 
technology model, explicitly representing 
i) stock changes in air-conditioning 

technologies, and 
ii) investment costs for the technologies, 

which influence the macro-economy. 

Socioeconomic 
conditions

•Population
•GDP

AIM/CGE model

Gridded data
•Temperature
•Population

Changes in 
heating and 

cooling demand

GDP changes due to changes in the demand for energy services for heating and 
cooling (RCP8.5, 2100). “Total” considers the changes in both HDD and CDD, while the 
other two cases only consider changes in either HDD or CDD, respectively.
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Motivation 

Climate change mitigation implies huge energy sector transformations. However, both 
the demand and the supply side of the sector are also affected by climate change 
impacts, influencing mitigation efforts as well as adaptation requirements. 
Comprehensive projections of energy sector impacts are rare, especially at the global 
scale. Consistent links with other sectors, in particular water and agriculture, are missing 
and generally not taken into account in integrated assessment models (IAMs). The 
Intersectoral Impact Model Intercomparison Project (ISI-MIP) provides an excellent 
framework for achieving research progress in these areas. Its energy group,  established 
in 2014, aims to assess supply and demand side impacts as well as resulting effects on 
production, energy mixes and prices (Figure 1). Multiple uncertainty dimensions will be 
explored (climate input, socio-economic input, impact modelling approaches, IAMs). 

First test results 
• Testing round with GCM HadGEM2-ES SSP2 RCP8.5 for energy demand 

and hydropower (example for the latter in Figure 2a). 
• Large heterogeneity in results due to very different modelling 

approaches, more harmonization and diagnostics necessary. 
• Relatively good agreement on power-plant level for hydropower 

(VICHydroP and SWIM_WasserKraft models for two river basins, not 
shown). 

• Input data from 5 ISI-MIP GCMs were studied for wind and solar power 
changes (Figure 2, panels b and c). 

• Problems for wind power: wind speed at hub height, no bias corrected 
data over oceans available. 

• Challenge: transfer of process-based results into input data for IAMs – 
common definition of terms like potential, common understanding of 
input/output needs. 

An entry point to ISI-MIP for IAMs 

ISI-MIP ENERGY is a truly interdisciplinary, cross-scale activity still in the process of developing ways to integrate its diverse components. For a meaningful 
model intercomparison, the number of participants should be increased, however a lot of work in this area is on very local scales and with statistical or 
process-based tools rather than actual models, making an intercomparison very challenging. Nevertheless, in particular for IAMs, the energy sector 
provides a promising entry point into the ISI-MIP world, which can provide consistent impacts in various sectors interesting to IAMs. 

Figure 1: Structure, topics and participants of ISI-MIP ENERGY. 

Figure 2: Test results for changes in hydropower potential (a), model ensemble (5 GCMs) 
mean change of wind turbine generated power (b) and surface solar radiation (c) for RCP8.5. 
For wind power only areas with an agreement of at least 4 models are shown. 

a 

Evaluation study as part of ISI-MIP 2.1: How well do models 
reproduce past energy production based on historical observed and 

simulated climate data? 
Energy sectors involved: 
• Wind & solar power (2011-2014) 
• Hydro power (1981-2010) 
• Energy demand 
• Potential sensitivity analysis of IAMs on renewable potentials 
Data input:  
Climate: PGMFD historical dataset, historical periods of ISI-MIP GCMs 
Energy: develop global scale database with data on energy generation 
and installed capacities from IEA, transmission operators, Renewable 
Observer, etc. 
Timeline:
Part of the next ISI-MIP Special Issue in ERL, to be finalized in Spring 
2016 

Future impacts of climate change on all parts of the energy system 

Time and regional scope: until 2100, global, regional focus analyses (e.g. 
Brazil, India, USA) 
Scenarios: initial focus SSP2-RCP6.0, SSP5-RCP8.5, SSP2/SSP5-RCP2.6  
explore interplay of mitigation and impacts 
Input from process-based models to IAMs: 
• Scenario approach: provide potentials/load factors/production per scenario 

 need for a close reproduction of the RCP emission pathway by the IAMs 
• Impact function approach: derive relations between changes in energy 

parameters (e.g. load factors) and relevant climate variables  higher 
flexibility for IAMs, but more difficult to derive 

Challenges:  
• Need for more participants for coverage of impact level uncertainties 
• Aggregation from grid-level process-based results to regional level of IAMs 
Next steps: 
Questionnaire gathering detailed information from IAMs on input needs  
 
 

 

Two current work strands 

b 

c 

2035-2065 vs 1981-2010 

2071-2100  vs 1971-2000 

A consistent and comprehensive analysis of climate change 
impacts in the energy sector – A status report on ISI-MIP ENERGY 
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Linking Human and Earth System Models to
Assess Regional Impacts and Adaptation

The central objective of this project is to improve understanding of the joint consequences of socio-economic
development and regional climate change by developing and applying tools to better integrate human and earth
system models. We focus on impacts in three key systems – urban areas, agriculture, and forests – in three regional
case studies in rapidly developing countries – China, India, and Brazil.

The THESIS Toolkit

Acknowledgements
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The Toolbox for Human-
Earth System Integration &
Scaling (THESIS) is a set of
modular, sector-specific
models and tools that will
facilitate impact assessment
and integrated scenario
development by linking
earth system and integrated
assessment models. This
toolbox is initially aimed at
facilitating one-way linkages
relevant to the urban,
agriculture, and forest
sectors.

Example: Linking CESM and iPETS for climate impacts on agriculture

Example: Population and Urban Tools for Heat Wave Impact Assessment

Types of THESIS tools

 PI: Brian O’Neill (NCAR) 
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+ Scenario Builder

Types of tools for linking with ESMs:
1. Spatial distribution: Produce gridded information as

input to ESMs based on regional IAM results.
2. Properties: Produce specific information for ESMs

from more generic IAM outputs.

The Scenario Builder: a user interface for running
THESIS tools and documenting analysis.
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Characteristics

3. IAM consistency: Ensure consistency between
quantities represented in both IAMs and ESMs.

4. Impact assessment: Integrate outputs from the ESM,
IAM, and demographic models.

Results: SSP5-8.5, 2060-2080 
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Oleson et al., 2015. 

Jones et al., in prep. 

Jones et al., in prep. 

Crop Yield
Tool

Crop map

Aggregated 
yield change

Aggregated 
land use

Spatial Ag LU Tool
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Results: SSP5-8.5, 2005-2100 

Yield, with CO2 Yield, climate only 

iPETS results, 2060-2080 

With CO2 

Climate only 

Linking employs two 
THESIS tools: a spatial 
land use model that 
translates aggregate 
regional land use for 
agriculture from iPETS 
into gridded land use 
scenarios, and a crop 
yield tool that 
calculates climate 
impact on yield for a 
given spatial 
agriculture scenario, 
drawing on a database 
of idealized CLM runs.

Ren et al., submitted. 
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Motivation & Objectives

ISpatial Heterogeneity of Impacts, also over time
IDimensions of the problem:

I time
I space
I states of nature

IVarious (new) welfare concepts about inequality, preferences under
uncertainty, and inter-temporal equity

ISimilar concepts, but di↵erent approaches, and/or di↵erent parametrizations

Conclusions

IStandard expected utility, discounted utilitarianism paradigm can be seen as a
limiting case of various broader welfare concepts

IThree dimensions, three parameters, six orders
IParametrization of welfare function(s) crucial
IConvergence/divergence and correlations matter
IEven in a numerical model, the di↵erent policy prescriptions can vary
significantly

IWelfare-theoretic foundation of IAM objective important

An Inequity Simplex

q
r,s,t

ÊrstU(crst)

T

S N
AA,maxmin,..

Rank Discounting,..

Gini, Multidimensional,..

Le
ar

ni
ng

/ H
ed

gi
ng

Equity
/ Dynasties

Risk Sharing / Insurance

Adler and Treich (2014)

Epstein-Zin (1989)

Kihlstrom-Mirman (1974)

Lontzek et al.(2015)

Crost and Traeger (2010)

Ha-Duong and Treich (2004)

Ackerman et al.(2013)

Gollier (2008)

Optimization

Simulation

Tol (2010)

Fankhauser et al.(1997)

Anthoff and Tol(2009)

Schmidt et al.(2012)

Gollier and Weitzman (2010)

Fleurbaey (2010)

Grant et al.(2012)

Epstein and Segal (1992)

Fleurbaey and Zuber (2015)

Example and methods

A simple example:

A s1 s2

country 1 15 5

country 2 5 15

B s1 s2

country 1 15 5

country 2 15 5

Distribution of payo↵s for two cases global certainty (left) and equality (right)

IDouble certainty equivalent: Wij and Wji
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Proposition 1:

...Wij � Wji if and only if the absolute risk tolerance of � = fi � f �1
j is

concave, and fi is strictly more (less) concave than fj. Moreover, we have that
Wij = Wji if and only if fi and fj are identical up to an a�ne transformation.

CRRA case with ⇢i and ⇢j: Wij > Wji if and only if ⇢i > ⇢j.

The two-dimensional problem: NT vs TN

Social planner’s problem:

IUtilitarian case: aU = argmaxa
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Proposition 2: The abatement aTN is higher than in the
Utilitarian case if the equally distributed-equivalent level of
income is increasing over time and � < ⌘.

Proposition 3: Let u be more concave than g. The optimal
abatement under the “dynastic” welfare functional NT is
higher than in the Utilitarian case i↵ the worse-o↵ regions in
terms of dynastic welfare Un prefer to abate more today:
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Proposition 4: If (y1n, y2n) undergoes a series of MPICs
(marginal-preserving increases in concordance) WTN is
unchanged (unlike WNT)

Results 1

IDynastic welfare tends to less abatement globally, di↵erence not zero

Results 2

IDynastic welfare vs. intertemporal EDE

The three dimensions:

Welfare:
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ITSN ! “global risk aversion”

ITNS ! “national (regional) risk aversion”

INTS ! dynastic welfare with recursive prefs.

INST! dynastic welfare of KM preferences

I STN! KM preferences, intertemporal welfare

I SNT! KM preferences over dynastic welfare
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Scenario types Description
Baseline Baseline scenario based on the SSP2 narrative and projections.

Incentive based
mitigation

30 $US/tCO2eq in 2020 (+5% per annum) targeting CO2, N2O and CH4. Land use
change emissions taxing policy is applied on CO2 emitted from forest, other natural
vegetation and pasture land conversions into arable land.

Preference based
mitigation

Demitarian food demand: Food intake of 2200 kcal/cap/day and 550 kcal/cap/day of
unavoidable waste. Livestock product share in daily intake is 15% at maximum limit.

Combined mitigation Combination of incentive and preference based mitigation strategies.

Complementary GHG
tax scenarios

Additional GHG pricing scenarios constructed at lower tax levels (5, 10 and 20 $US/t
CO2eq in 2020) in combination with the baseline and demitarian demand varieties.

Land Use Emission Abatement and Consequences for Food Prices
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www.pik potsdam.de
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Introduction:
The agricultural, forestry and other land use sector (AFOLU) is one of the central
players in mitigation efforts to curb greenhouse gas (GHG) emissions. At the same
time, mitigation policies in agriculture can be in conflict with food security policy
targets. Using the global agro economic, spatially explicit model MAgPIE we
analyze the GHG abatement potential of mitigation policies targeting either
incentives for producers (e.g. GHG taxes) or consumer preferences (e.g. education
programs) (Table 1, Fig. 1). These mitigation strategies are then evaluated in terms
of their secondary effects on food prices in order to provide insights into eventual
trade offs or co benefits with food security (Fig. 2). We complement the analysis
with additional GHG pricing scenarios constructed at lower tax levels in order to
test the effectiveness of different GHG taxes on residual emissions and related
effects on food prices (Fig. 3).

Conclusion:
This study demonstrates the considerable potential of both incentive and
preference based mitigation options in reducing GHG emissions from the AFOLU
sector (by ~43% in 2100). However, incentive based mitigation, such as
protecting carbon rich forests or adopting low emissions production techniques,
increase land scarcity and production costs and thereby food prices (~250% in
2100). Preference based mitigation, such as reducing household waste and lower
consumption of animal based products, decreases land scarcity and concentrates
production on the most productive sites and therefore reduces food prices.
Additionally, the efficiency of AFOLU emission abatement is stable across a range
of GHG tax levels, while resulting food prices exhibit a disproportionally larger
spread. In conclusion, policy instruments targeting consumer preferences (e.g.
food education, restrictions in marketing, market transparency or moral suasion
etc.) should be part of any policy mix to avoid adverse impacts of mitigation on
food security.

Fig. 2 Global consumer food price index: Projections for the baseline, incentive based,
preference based and combined mitigation scenarios. Left panel depicts the price index for
all food commodities. Right panel shows a decomposition of the food price index into
commodities from vegetal (“Food Crops”) and animal origin (“Animal Products”). Index
values are normalized to 100 in year 1995. The index weights current commodity prices on
current food baskets of the respective year. Food baskets are defined on exogenous regional
demand.

Technische
Universität
Berlin

Fig. 1 AFOLU GHG emissions. a) Annual global GHG emissions (in Gt CO2eq/yr). b) Cumulative
global GHG emissions (in Gt CO2eq). Cumulative emissions are calculated from year 2020 to
2100 for all scenarios with the purpose of comparison of the effects of a GHG emissions
reduction policy which is designed to start in 2020. Emission types are color coded (see
Legend). Net CO2 emissions equal the difference between emitted positive CO2 and negative
sequestered CO2 emissions through vegetation regrowth.

Table 1 Study scenario design in MAgPIE. MAgPIE is a global agro economic, recursive
dynamic, spatially explicit land use allocation model with the objective function to minimize
the total cost of agricultural production while fulfilling consumers demand for agricultural
products.

Fig. 3 GHG taxation effects
on global attained GHG
abatement and on global
food prices: (a) cumulative
residual emissions and (b)
global food prices across
different GHG tax levels and
demand variants (baseline
and demitarian). The GHG
tax scenarios range from 5
to 30 $US in 2020 for
emitted tCO eq. The tax
further grows at the 5% rate
per annum (see Table 1).

The difference from TAX30
to TAX5 scenarios in emitted
cumulative positive CO
emissions is 23 and 21%
compared to the NoTAX
scenarios with baseline and
demitarian demand cases
respectively (a). Also, for the
non CO emissions the
difference is not substantial
(6%). However, the global
food price index increases
with every higher level of
GHG tax, as a consequence
of the direct pricing of non
CO emissions (b).

a)

b)
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Modelling efficient and equitable scenarios for a stringent carbon 
constrained world with IEA-ETSAP’s Integrated Assessment Model 
TIAM-MACRO
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COLLABORATION WITH:

SUPPORTED BY:

WHO SHOULD PAY FOR CLIMATE MITIGATION?
BASED ON UN EQUITY PRINCIPLES OF RESPONSIBILITY
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RESULTS

METHOD

EQUITY RULES

develop a Post Optimisation Algorithim (POA) which allocates
equitable carbon budgets based on the historical emissions and
Population. Capital transfers are required for excess emissions

Our research acknowledges that climate change is a
commons problem of interregional and intertemporal inequity
between free riders who have dumped waste gases into the
global atmospheric commons, benefiting from carbon
intensive development, and those who will face damage costs
they did not, do not, and are unlikely to create in the future.

Our Integrated Assessment Model - TIAM-MACRO -
looks at the world in 15 regions, individually accounts for the
thousands of energy technologies in their infrastructure, their
energy resources, their trade relationships, their growth
projections, population projections, and urbanisation rates.
We solve for the least cost utility maximising energy system
that stays below the remaining cumulative CO2 budget of
1000 GtCO2. This is nearly technically infeasible.

We then focus on who pays for this low carbon global
energy system, by effort sharing green capital transfer rules.
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China’s cumulative GDP loss in the least
cost efficient solution is 6.1%. The “Future
Equity” effort sharing rule (3) causes relative
GDP losses of 7% but less than the other
effort sharing rules presented.

The USA, Japan, Canada, Europe, and Former
Soviet Union have all already emitted more
than what is considered an equitable share of
the global 3200GtCO2 budget for 1750 –
2100. the Equity rule 2 shows the transaction
costs of rebalancing this carbon debt.

We optimise for a utility
maximising least cost 2 degree
energy system. We then

The technologically efficient global cumulative cost of the
2 Degree goal is 5% GDP on aggregate with considerable
inequitable regional variations of between 2.5% and 11% GDP.

Equitable burden sharing rules require high capital
transfers of trillions US $ (undiscounted) per year in the
second half of the century.

Africa’s cumulative GDP loss in in the least
cost efficient solution is 5.4%. The “Equity”
effort sharing rule (2) causes relative GDP
growth of 34% given the continents lack of
responsibility and population growth.

India’s cumulative GDP loss in in the least
cost efficient solution is 4.8%. Again the
“Equity” effort sharing rule (2) causes relative
GDP growth of 2.5%.

Europe’s cumulative GDP loss in the
efficient solution is 3.3%. Europe has already
emitted it’s equitable share of emissions and
so trades accordingly causing GDP losses of
4% - 10% GDP depending upon the share of
future emissions allowed to be emitted

WORLD CO2 EMISSIONS



2 C and SDGs: United they stand, divided they fall? 
Assessing co-benefits and risks of global 2 C pathways
Different pathways to limit warming to 2 C lead to synergies and trade-offs between a set 
of SDGs. Particularly if combined with limited availability of key mitigation technologies, 
delaying stringent mitigation reduces co-benefits and increases risks for other sustainable 
energy objectives globally. These risks should be monitored along with the INDCs to 
provide additional rationale for global cooperation and for ramping up mitigation efforts.

III. Higher trade-offs in delayed mitigation 
scenarios with limited technology availability

Limiting the availability of key mitigation technolo-
gies yields some co-benefits and decreases some 
technology-specific risks but greatly increases many 
others. Even fewer synergies and substantial trade-
offs are locked into the system for weak short-term 
climate policies, particularly when combined with 
technology limitations. For example, limiting global 
biomass use for energy purposes to avoid important 
SD risks associated with increased land and water 
use (Creutzig et al. 2012) makes the 2  C target 
costlier and exacerbates the risks of nuclear 
proliferation (Figure 4). For some combinations 
(e.g., delay w/o CCS), many models do not even find 
a solution – making them unlikely. The greater the 
constraints on flexibility in meeting the 2 C target, 
the higher the risks of not meeting other SDGs.
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DATA

Drawing on existing 2  C scenarios calculated by 
multiple integrated models from the AMPERE1

project allows using a set of consistent scenario 
specifications. Mitigation pathways are analyzed by 
implementing additional constraints with respect to 

• the stringency of short-term climate policy, and
• the availability of mitigation technologies or
energy demand growth assumptions (Table 1).

Delaying mitigation until 2030 relative to optimal 
pathways before adjusting ambitions to the long-
term target alleviates short-term pressures but 
requires a more radical energy transformation  
after 2030, with higher costs (Riahi et al. 2015).

MOTIVATION

Climate change mitigation and sustainable develop-
ment (SD) are highly inter-related (Edenhofer et al. 
2014). Internationally coordinated mitigation action
is the goal of COP21 and features as one among 17 
SDGs. Examining the interactions between these 
processes is crucial because alternative mitigation 
pathways have very different co-effects on other 
objectives (von Stechow et al. 2015). This analysis 
looks at the related changes in SD risks that can be 
linked to a set of SDGs and other sustainable energy 
objectives (Figure 1). 

RESULTS
I. Synergies across mitigation and SDGs

Stringent mitigation leads to co-benefits for ocean 
acidification, health and energy security through 
reductions in (cumulative) indicators for:
• CO2 emissions until 2050 (Zickfeld et al. 2012),
• co-emitted air pollutants, e.g. black carbon (BC)  
and sulfur dioxide (SO2) (McCollum et al. 2013), 
• global oil trade and extraction as well as reliance
of the transport sector on oil (Jewell et al. 2013).

Delay lowers co-benefits, but technology limits in-
crease them relative to optimal pathways (Figure 2).

II. Trade-offs across mitigation and SDGs
With delay before 2030, subsequent mitigation 
reduces near-term growth (Luderer et al. 2013) and 
needs to be faster to stay below 2  C, requiring 
• early retirement of coal with potential job losses,
• more CCS and associated environmental risks,
• deploying more bioenergy with adverse effects 
for water/land availability and food security, 
• more nuclear capacity in ‘Newcomer countries’
exacerbating nuclear proliferation risks,
• higher decadal PV and wind upscaling straining 
the resilience of power grid upgrades  (Figure 3).

OUTLOOK
The longer climate change mitigation is delayed, 
the less likely it is to simultaneously realize 
multiple SDGs. Thus increasing SD risks may even 
delegitimize the 2  C target (Edenhofer & Kowarsch, 
2015). Monitoring SD risks from alternative future  
2  C pathways could avoid unintended conse-
quences and provide additional rationale for global 
cooperation in mitigation and related policy fields.

Figure 1 Linking SD risks to sustainable energy objectives; 
red/green lines: risks/co-benefits; bold lines: most direct link.

Table 1 AMPERE mitigation scenarios naming scheme.
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Figure 3 Higher/lower risks of delayed/low-energy demand 
scenarios for a set of SDGs. The presentation as % changes 
above baseline/reference values should not imply strict 
comparability of the SD dimensions as the trade-offs will be 
different for different policy contexts and priority settings. 
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1 Assessment of Climate Change Mitigation Pathways and Evaluation 
of the Robustness of Mitigation Cost Estimates (ampere-project.eu)

Figure 2 Higher/lower co-benefits of constrained mitigation

Figure 4 Higher risks of delayed mitigation with limited global 
bioenergy potential, particularly for near-term growth reduc-
tion, energy price growth, and nuclear proliferation risks.
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Combined climate and air quality policies 
 
 
 
 
 
 
 
 
 
For climate policy, the framework considers a baseline scenario without 
climate policy, with forcing levels comparable to RCP6.0 and an ambitious 
climate policy scenario, close to RCP2.6. For air pollution, we examine a 
range of policies towards increasingly tight emission standards, with 
attention for specific air pollution control policies like electrification 
policies. This results in a set of scenarios that have a global, long-term 
focus on the interaction between climate and air pollution policies. 
 

Air pollution scenarios in IMAGE 
In 2011, the Representative Concentration Pathways (RCPs) were 
developed using a set of IAM models, including the IMAGE model 
(Stehfest et al., 2014). The RCPs only included a very limited range of air 
pollution trajectories, partly resulting from the fact that scenarios with 
relatively high unabated fossil fuel use assumed stringent air pollution 
control, while scenarios with more stringent climate policy were slightly 
more lenient in terms of air pollution. In subsequent work with the 
IMAGE model framework and coupled climate/air pollution models, we 
have explored the questions: 
1) whether the RCP range would be too narrow, 
2) what would be the impacts of a wider range of scenarios and  
3) whether synergies between climate and air quality policies can be 

used in policy making.  

Contact  
maarten.vandenberg@pbl.nl 
PBL Netherlands Environmental Assessment Agency 
P.O. Box 303 
3720 AH Bilthoven, The Netherlands 
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Figure 2 – Temperature change effects; blue lines are baseline 
climate policy scenarios; green lines stringent climate policy 
scenarios; lighter lines indicate more stringent air pollution 
control policies. 

Figure 4 – Tropospheric ozone differences in 2050 (w.r.t. 2005) of emission scenarios 
under high and low air pollution policies, in a baseline and climate policy scenario. 
Tropospheric ozone calculations are done with TM5. 

Consequences for air pollution 
For all pollutants, the results show that stringent air pollution control policies would 
be needed after 2030 to further reduce emissions and prevent a rise in emissions 
due to an increase in activities. Each pollutant responds differently to climate and air 
pollution policies. Climate mitigation policies have the highest impact on SO2 and 
NOX emissions, while the impact on BC and OC emissions is relatively low given the 
overlap between greenhouse gas and air pollutant emission sources. For both for SO2 
and NOX, climate policy can have important co-benefits; a 10% decrease in CO2 
emissions by 2100 leads to a decrease of about 10% in SO2 and 5% in NOX emissions. 
It should be noted, however, that comparable emission levels are obtained as a result 
of implementation of the most stringent air pollution policies (Figure 4). 
 
 

Climate and Impacts 
Air pollution policy influences the climate outcome. These 
differences are stronger in a baseline scenario than in a world that 
is mitigating climate change (see Figure 2). Calculations using 
more resolved atmospheric chemistry and climate models suggest 
that on the global level impacts of different air pollution policies 
are somewhat reduced due to cancellation of assumptions for 
different aerosols and ozone. Locally differences can be very large.  
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Figure 3 – Additional 
warming as a result of 
reduction of air pollutants 
in Asia (mostly due to 
sulphur aerosols) 

Figure 1 – Framework used for 
climate policy/air pollution 
studies 

Maarten van den Berg1, Clifford Chuwah1,2, Detlef van Vuuren1,3 

What are the effects of climate policy under a range of air quality policies? 



2. Energy System Transformation
• electricity share has to be increased from less than 5% today 

to around 30% in 2050 (10%/year next decades)
• Compared to BAU, final energy consumption has to be 

reduced by 20% in 2050
• additional energy system investments increase up to 30% 

until 2100. 

Fig. 2: Primary energy consumption of Sub-Saharan Africa 

3. Impacts on Poor Households
• Climate policy causes the price for liquid energy to rise much 

faster in a mitigation scenario than in the business-as usual 
scenario

• Until 2030 this increase even exceeds that of the increase in 
per capita income, resulting in a decline of non-energy
consumption

φ – income share, Y – income, p- energy price, E – energy consumption, C- non-energy 
consumption

Policy conclusions: 
• redistribution of revenues from carbon and biomass market to 

allow poorest income group to benefit from growing GDP
• (Publically) financed expansion of the electricity grid

a. Avoids lock-in in fossil fuel based energy supply
b. Allows to achieve climate policy targets
c. provides poorest part of population with access to 

cleaner, more versatile and in the long-run less 
expensive energy.

Fig. 3: Level of per capita income and final energy prices in REMIND compared to the 
base year 2010

Contact:
Marian Leimbach
Potsdam-Institut für Klimafolgenforschung

Research Question
Progress in international climate negotations depends crucially
on the contribution of developing countries. Development 
perspectives determine their incentive structure. This study
investigates into two related research questions:
Does climate policy slow economic growth of Sub-Saharan 
Africa? What are interregional and intraregional distributional 
impacts of climate policies?

Research Method
Based on a scenario analysis with the IA model REMIND, we 
estimate the economic costs and transformation needs under 
different assumptions on 
• climate stabilization target 
• policy and technology cooperation
• burden sharing.
This scenario analysis is supplemented by an ex-post 
assessment of distributional effects within the Sub-Saharan 
Africa region based on stylized facts of energy consumption.

Results
1. Macroeconomic Costs
• Climate change mitigation is affordable and compatible

with economic growth
• While mitigation costs can be reducedcfor Sub-Saharan 

Africa by delayed action, early action can even generate 
benefits (beyond avoided damages) when global action 
takes international  equity into account 

• Direct (domestic) mitigation costs can potentially be
reduced (up to 8 percentage points) due to revenues on 
the carbon and biomass market. 

Development perspectives of Sub-Saharan Africa under 
climate policies

Marian Leimbach, Niklas Roming, Gregor Schwerhoff, Anselm Schultes
Potsdam Institute for Climate Impact Research 

IAMC Annual Meeting 2015, Potsdam

Fig.1: left panel: : Mitigation costs under scenarios with varying allocation rules (AFR –
Sub-Saharan Africa, GLO – World; TAX – CO2 tax scenario, CC – per capita
convergence, POP – cumulative population share); right panel: Decomposition of
mitigation costs for mitigation scenarios with permit allocation based on cumulative
population shares



Introduction
Increasing the level of demographic heterogeneity
in Integrated Assessment Models has been a major
development over the past decade (Krey, 2014). So
far, most studies have focused on the implications
of changes in the demographic structure on energy
use and emissions. However, within Integrated
Assessment Model analyses relatively little
attention has been given to the implications future
climate policy or climate change impacts for
different population groups.

Here, we downscale the results of a global IAM to
multiple population groups, focusing on the region
of Latin America. We apply the iPETS integrated
assessment model (O’Neill et al., 2010) to explore
the implications of carbon taxes and climate
change impacts on agriculture for consumption
patterns of urban and rural households.

Scenarios
We analyze the results of four scenarios, using
results from the NCAR BRACE project (Ren et al., in
review):
1. The baseline scenario SSP3HG is a variant of

SSP3 with a higher GDP growth such that
emissions reach the levels of RCP8.5.

2. SSP3HG+impacts combines SSP3HG with
impacts on agriculture from RCP8.5 as derived
by the CLM crop model without CO2
fertilization. This imposes a 23% reduction in
yields compared to baseline by 2100.

3. SSP3 45 is an RCP4.5 emission scenario
derived from SSP3HG by applying a global
carbon tax.

4. SSP3 45+impacts combines SSP3 45 with
impacts on agriculture from RCP4.5, taken
from CLM crop without CO2 fertilization. This
imposes a 10% reduction in yields compared
to baseline by 2100.

We have chosen to look only into impacts
scenarios for agricultural production without CO2
fertilization to have a consistent negative impact
on yields.
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Method: iPETS with household downscaling
• 9 region dynamic computable general equilibrium model of the global economy.
• Single representative household (RH) in each region, CES utility and foresight.
• Key characteristics of the household are a time varying function of underlying

changes in demographic composition (urbanization, aging, and household size).

• Downscaling results from the RH to multiple household types
• Recursive dynamic approach for heterogeneous savings rates (Melnikov et al., in

review). It derives the capital accumulation of each household type over time
based on the information of savings rates for each household type in household
survey data and the aggregate savings of the economic projection.

• Combined with labor income, which depends on the demographic projection and
the labor prices (wages) from the economic projection, and income from land
and transfers we can compute total income for each household type.

• Consumption is determined based on household income, consumption
preferences and prices of consumption goods.

B.J. van Ruijvena, N.B. Melnikovb, M.G. Daltonc & B.C. O’Neilla
a National Center for Atmospheric Research, Boulder, CO, USA; b Lomonosov Moscow State University, Moscow, Russia; d National Oceanic and Atmospheric Administration, Seattle, WA, USA

Next steps
• Global application for 9 iPETS regions.
• Different household types: education, age, size.
• Explore reasons for more differences between households: different prices, elasticities.

Consumption changes
• The shares of consumption change over time in the baseline, with a decreasing

share for Food expenditures and increases for Electricity and Other Goods.
• In SSP3HG+impacts, food becomes more expensive as result of climate change

impacts and consumption shifts away from food.
• In SSP3 RCP4.5 carbon taxes are lump sum recycled to households, leading to

higher income and consumption levels. Consumption shifts away from energy
towards food, transport and other goods.

• In SSP3 RCP4.5+impacts the overall income effect is dampened. Consumption shift
away from energy, less towards food and more towards other goods.

• It is hard to link these changes in food expenditures to hunger or calories, as food is
a broad category and composition changes over time. The quantity of food
consumption increases by more than a factor 3 over the century in the baseline
scenario, compared to which these change are relatively small.

a) Total consumption in the baseline scenario (SSP3HG, upper left) for rural and urban
households in Latin America. b) Shares of goods in consumption (upper right) for the baseline
scenario. c) Relative change in consumption quantities by 2100 compared to the baseline for
each good in different scenarios. d) Change in household consumption level compared to
baseline and e) change in income level from different sources
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Synergies and Trade-offs between Climate Mitigation 
and Universal Access to Clean Cooking Goals

Analysis – Methods and Model

Challenges
• Three billion people worldwide burn solid fuels such as firewood, charcoal, coal, dung, 

and crop residues in open fires and traditional stoves, leading to 4.3 million premature 
deaths each year (1.7 million in South Asia alone).

• Addressing the widespread lack of access to basic, clean energy services (e.g. non-
solid fuels like LPG or electricity) is a pressing development challenge that may 
conflict with larger climate mitigation goals.

• The vast majority of scenarios assessed in the IPCC Fifth Assessment Report fail to 
analyze potential tradeoffs between addressing climate change mitigation and 
meeting energy access and other basic development goals.

• Existing integrated assessment models are limited in their ability to assess the 
distributional consequences of potential policy changes – e.g. how particular 
mitigation or energy access policies will impact households in poverty.

• We use an integrated assessment modeling framework consisting of the MESSAGE 
energy system model coupled with a residential cooking fuel choice model for South 
Asia. The resulting MESSAGE-Access model is used to assess the impact of climate 
mitigation on the feasibility and cost of achieving a clean cooking target by 2030. 

• Changes to fuel demand in the residential sector can have macro level effects on
market fuel prices. The macro-level impacts and subsequent fuel price feedbacks are 
captured through an iterative linking of MESSAGE with the fuel choice model.

• The Global Energy Assessment’s Mix scenario (GEA-M) is used as a baseline 
scenario, referred to as the “no new policy” (NNP) scenario. We explore a range of 
GHG mitigation scenarios with increasing probability of limiting warming to below 2°C
relative to preindustrial levels. The mitigation scenarios are consistent with a per ton 
CO2 equiv. value of $10-$40 (C10-C40) in year 2020.

• We also model a range of price support policies on clean cooking fuels (0%-75% 
subsidy) and stoves (0%-100% subsidy) (i.e. “energy access policies”).

• The residential fuel choice model consists of a combination of an ‘energy ladder’ 
preference structure combined with fuel-specific demand curves for different 
population groups, grouped by location (urban/rural) and income. These preference 
characteristics were derived from national household survey data for India. The 
population groupings enable the incorporation of heterogeneity in affordability criteria 
and the analysis of distributional effects of alternative scenarios and policies. 

Colin Cameron, Shonali Pachauri, Narasimha D. Rao, 

David McCollum, Joeri Rogelj, Keywan Riahi (Energy Program, IIASA)

Results
• Our analysis shows that current demographic and economic growth trends (the NNP 

scenario) will enable a transition to cleaner fuels and stoves, but could still leave 728 
million people (35% of the South Asian population) reliant on solid cooking fuels in 
2030 (Fig.1).

• Holding warming to below 2°C in our most stringent C40 climate policy scenario could 
make clean cooking unaffordable for up to an additional 433 million South Asians in 
2030 (Fig. 1), with varying impacts across the population (Fig. 2).

Results (continued)
• Climate policy affects fuel choice most strongly in moderate income households 

(population groups R2 and U1, Fig. 2), but these households are also the most 
responsive to compensatory access policies.

• The poorest households (group R1) are relatively unaffected by climate policy, since they 
would not be able to utilize clean cooking fuel even in the NNP scenario.

Fig. 2: Impact of climate policy on clean cooking fuel adoption in South Asia
U1: Richest urban households; U2: poorer urban; R2: Richer rural; R1: poorer rural

Fig. 3: Range of policy costs needed to achieve South Asia clean cooking targets in 2030

• Achieving universal clean cooking by 2030 in South Asia will require concerted policy 
efforts and substantial costs even in a world without climate policies, but costs could be 
up to 44% higher under stringent climate mitigation (Fig. 3).

• We find the incremental access policy costs associated with stringent mitigation fall well 
within the range of uncertainty in policy costs from inefficient access support policies.

Fig. 1: Change in number of solid fuel users in South Asia across 
different climate policy scenarios (NNP: no new policies)

Conclusions
• We examine the effect of climate mitigation policy on achieving universal clean cooking 

access goals in South Asia. We find that significant upscaling of intervention efforts will 
be needed beyond the policies in place today to achieve a target of universal clean 
cooking by 2030, even in the absence of climate policy. 

• Stringent climate mitigation policy could intensify this need, but the size (funding level) 
and efficiency (mechanism and targeting) of energy access policies will have a greater 
impact on clean energy adoption than the stringency of global mitigation efforts.

• Any additional costs due to climate policy are well within the range of potential financial 
transfers to South Asia that may result from international climate agreements.
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UNCERTAINTY IN IA MODEL ESTIMATES: THE IMPACT OF 
REAL WORD BARRIERS TO TECHNOLOGY ADOPTION

Matteo Muratori, Gokul Iyer, Catherine Ledna, Leon E. Clarke 

8th Annual Meeting of the 
Integrated Assessment Model Consortium (IAMC) 

Potsdam, Germany, Nov 16-18, 2015. 
Contact: matteo.muratori@pnnl.gov 

MOTIVATION
• Integrated assessment models (IAMs) have emerged as

critical tools for decision makers in considering climate
policy options, particularly long-term options in the context
of international efforts to mitigate climate change.

• Many of the IAMs’ results – such as carbon prices, costs,
emissions trajectories, and energy mix – depend to a large
extent on the way they represent the deployment of
different technologies.

• Realistic depiction of deployment of technologies includes
considerations of economics, policies, and other factors. Of
particular importance are a range of “barriers” to
technology deployment that influence the ability to
undertake the substantial technological transitions associated
with climate change mitigation.

• Barriers to technology deployment are represented in
different ways and to a varying degree in IAMs, and there is
limited understanding of the linkage between these
representations and the barriers that exist in the real
world.

We propose a framework to include such barriers in
integrated assessment models, allowing for a better estimation
of the dual relationship between barriers to technology
deployment and climate policies.

SUMMARY AND CONCLUSIONS

CASE STUDIES

COST INCREASE:
Barriers increasing cost, such as higher technology costs or investment
risk, influence the deployment of technologies and their role in climate
change mitigation:

TIME DELAY:
How do the cost and feasibility of achieving long-term climate targets
change in the presence of major delays in global mitigation action?

LIMIT DEPLOYMENT:
Constraints on technology deployment affect the cost and feasibility
of achieving long-term climate targets

NO GO:
Removing some technologies from the portfolio of available options
limits climate change mitigation options:

• Reduced energy use, 
and emissions, in 
absence of climate 
policies.

• Mitigating climate 
change entails faster 
energy reductions, 
thus putting more 
pressure on the 
demand-side.

• Limiting technology 
deployment 
constrains the 
expansion of the 
electric system 
and slows its 
decarbonization
in climate policy 
scenarios.

• A 15-year delay in the 
introduction of a 
global climate policy 
leads to increased 
short-term emissions, 
calling for faster 
deployment of 
carbon-free 
technologies in the 
21st century.

• Removing nuclear 
from the portfolio 
of available 
technologies results 
in higher abatement 
costs and more 
aggressive 
deployment of 
renewable energy 
sources.

Four manifestations summarize the ways in which different barriers to technology deployment affect IAM results:

Barriers to technology deployment influence the character of
climate change mitigation in a number of ways.

This study proposes a framework to better represent barriers
to technology deployment in integrated assessment models
and consider the linkage between these representations and the
barriers that exist in the real world.

Our framework allows for a better estimation of the dual
relationship between barriers to technology deployment and
climate change mitigation policy.
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Using the Global Change Assessment Model (GCAM) we
produce a set of examples that illustrate the qualitative impact
of different barriers to technology deployment and their
interaction with climate change mitigation policy.
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Uncertainty in land resource projection associated 
with static geographic land units in an

integrated assessment model
Alan V. Di Vittorio1, avdivittorio@lbl.gov, Page Kyle2, and William D. Collins1,3

1Lawrence Berkeley National Laboratory, 2 3

The Global Change Assessment Model (GCAM) projects annual land 
resource use for the Original, 151, bioclimatic land units (1961-1990)
 »

 »

There are 184 New land units based on projected climate (2071-2100)
Static land units become heterogeneous under climate change (Figure 2)
 »

Global distributions of initial crop production and harvested area differ 
between the Original and New land unit sets (Figure 3)
In GCAM, the New and Original land units give very different projected land 
use area and agricultural production and prices (Figures 4-5)
 »

Regional differences are much larger than global differences (e.g., Figure 6)

 »This AEZ approach for land units is inadequate under climate change
Land use change CO2 emissions depend on the land unit boundaries
Biomass energy production depends on the land unit boundaries
Vegetation responses to climate will further affect land resource projections
 »

 »Thus, different land units are likely to mediate climate feedbacks differently
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Figure 2. Agro-Ecological Zone (AEZ) shifts during the 21st century.
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Figure 1. Initial conditions for GCAM land units
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Step 1. Generate new Agro-Ecological Zones (AEZs) based on 2071-2100 climate
 »
 »

Step 2. Generate land unit initial conditions for Original and New AEZs (Figure 1)
 »
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Step 3. Two GCAM 2010-2100 simulations: Original AEZs and New AEZs
 »
 »
 »
 »

Figure 3. Differences in global distributions of AEZ area and initial GCAM land unit 
production due to New versus Original AEZ boundaries.
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Figure 5. Percent differences 
in GCAM projected global crop 
production.

Figure 6. Percent differences in 
GCAM projected biomass energy 
production.
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Global Warming and a Potential Tipping Point in
the Atlantic Thermohaline Circulation:

The Role of Risk Aversiona

Mariia Belaia1 , Michael Funke1,2 and Nicole Glanemann3,4

[1] Department of Economics, the University of Hamburg, Germany; [2] CESifo, Munich; [3] The Potsdam Institute for Climate Impact Research, Potsdam; [4] WHU - Otto Beisheim School of Management, Vallendar

aPart of the on-going PhD research: Modelling Tipping Elements in an Integrated Assessment of Climate and Economy (Mariia Belaia). Advisory Panel: Michael Funke, Hartmut Graßl and Uwe Schneider

THE ABSTRACT

The risk of catastrophes is one of the greatest threats of climate change. Yet,
common Integrated Assessment Models produce the counterintuitive result
that higher concern about climate change risks does not lead to stronger near-
term abatement efforts. This paper examines whether this result still holds in
a refined DICE model that employs the Epstein-Zin utility specification and
that is fully coupled with a dynamic tipping point model describing the evo-
lution of the Atlantic thermohaline circulation (THC). Risk is captured by the
possibility of a future collapse of the circulation and it is nourished by fat-
tailed uncertainty about climate sensitivity. This uncertainty is assumed to
resolve in the middle of the second half of this century and the near-term
abatement efforts, which are undertaken before that point of time, can be
adjusted afterwards. These modelling choices allow posing the question of
whether aversion to this specific tipping point risk has a significant effect on
near-term policy efforts. The simulations, however, provide evidence that it
has little effect. For the more likely climate sensitivity values, a collapse of the
circulation would occur in the more distant future. In this case, acting after
learning can prevent the catastrophe with certainty, implying the insignifi-
cance of risk aversion for near-term policy. For the rather unlikely and high
climate sensitivity values, the expected damage costs are not great enough to
justify taking very costly measures to safeguard the THC.

RISK AVERSION

• Time-additive CRRA utility function (the DICE model):

U(ct, lt) =

(
ct
lt

)1−γ

1− γ
lt, (1)

where γ is the the coefficient of relative risk aversion AND inverse of
the intertemporal elasticity of substitution (IES).
Higher γ =⇒ higher risk averison AND higher discount rate.

• The Epstein-Zin utility function (present study):

Ut =

⎛
⎜⎝(1− β)

(
ct
lt

)1−ψ

1− ψ
lt + β

(
Et

[
U1−γ
t+1

]) 1−ψ
1−γ

⎞
⎟⎠

1
1−ψ

(2)

γ is the coefficient of relative risk aversion and ψ is the inverse of the
IES.

THE RISK

The Atlantic thermohaline circulation (THC) is the tipping element of the
Earth system.
The collapse of the THC under anthropogenic global warming is referred to
as the "low probability - high impact" risk.

Modelling the risk within the IAM:

• Uncertainty about climate sensitivity translates into the uncertainty
about the THC evolution;

• Evolution of the THC: the conceptual 4-box model by Zickfeld et al;
• Strong weakening (10 Sv) and collapse of the circulation induce damage

costs (3 % of global GDP)

THE SCHEMATIC REPRESENTATION OF THE INTEGRATED ASSESSMENT MODEL

Figure: The Integrated Assessment Model: Welfare Maximization Problem. The DICE model with Epstein-Zin utility and one-year time step, which is fully
coupled to the THC dynamics model. The global mean temperature (GMT) increase is used as an input for the THC model, while the THC model computes

the overturning strength. The new damage function comprises impacts of both GMT increase and associated circulation weakening.

NUMERICAL SIMULATION

Risk Aversion=2 Risk Aversion=10
Figure 1-A Figure 2-A

Modelling the uncertainty

1. Five possible states of the world correspond to five possible climate sensitivity values Si with the associated prob-
abilities pi:
S1 = 2.43, p1 = 0.5; S2 = 3.76, p2 = 0.4; S3 = 6.05, p3 = 0.05; S4 = 8.2, p4 = 0.03; S5 = 16.15, p5 = 0.02.
2. Sequential decision making:

Figure 1-A and Figure 2-A: optimal emissions reduction policies for γ = 2 and γ = 10, respectively;
Figure 1-B and Figure 2-B: corresponding possible trajectories of the overturning strength.

Figure 1-B Figure 2-B

Results:

• Late efforts suffice to prevent the THC from collapsing in the more likely states of the world (S1 − S4).
• The near-term efforts by a mildly risk-averse decision maker (γ = 2) are not enough to prevent trigerring the THC

collapse in S5 i.e. acting after learning is too late. The THC collapses in the state of the world S5 about the year
2170 (see Figure 1-B). Higher near-term efforts do not pass the cost-benefit test.

• A more risk averse decision maker (γ = 10) does not place much more importance on the risk associated with high
and very unlikely climate sensitivity value. Higher risk aversion has a negligible effect on the near-term policy. In
other words, risk aversion is irrelevant to climate policy.

• The preference towards delaying the action results from an optimistic assumptions of the DICE model on the
decreasing over the time abatement cost (exogenous) and on the speed of success.

• The result is shown (see the reference) to be robust with respect to assumptions on the damage costs associated
with strong weakening/collapse of the THC and on the year of learning as well as to a range of possible values of
the North Atlantic hydrological sensitivity.

REFERENCES

1. Belaia M., Funke M. and Glanemann N., Global warming and a potential tipping point in the Atlantic thermohaline circulation: The role of risk aversion, Environmental and Resource Economics, 2015, DOI: 10.1007/s10640-015-9978-x



 



EFFICIENCY GAINS VS SUPPLY SIDE POLICIES: THE ROLE 
OF THE BUILDINGS SECTOR IN REMIND 

Energy efficiency represents a crucial potential in reducing 
emissions. Improving its representation in IAMs is essential to assess 
long term policy mixes. 

PIK RD III Sustainable Solutions Antoine Levesque, Michaja Pehl, Christoph Bertram, Robert Pietzcker, Gunnar Luderer 

Contact Antoine Levesque 
Telegrafenberg A31 | D-14473 Potsdam 
levesque@pik-potsdam.de 

CALIBRATING REMIND TO THE BASELINE FINAL 
ENERGY PATHWAYS 

Once the baseline final energy trajectories have 
been constructed: 

•  the efficiency parameters in the macro-
economic module of REMIND are calibrated to 
match these trajectories.  

 

 

 

 

 

 

 

 

 

 

 

 

• REMIND is  then run to simulate the energy 
system feed-back.  

• From that REMIND simulation, we extract new 
final energy prices and start the calibration 
again, so that the final energy pathways 
converge to an equilibrium.  

REMIND thus follows the pathways conceived 
with EDGE in the baseline runs. 

IMPORTANCE OF THE INTERPLAY BETWEEN 
DEMAND AND SUPPLY SIDE POLICIES 

Based on a preliminary version explicitly 
representing  the buildings and industry sectors,  we 
can draw some early conclusions on the energy 
efficiency potential: 

• energy efficiency  is especially  important in the 
early decades of the policy scenario, while the 
decarbonisation of the power sector appears 
later as the driving force.  

• the interplay between demand side policies  and 
the production side  policies is a central 
mechanism, as efficiency measures are less 
important when the power sector becomes 
cleaner.  

 

ENERGY EFFICIENCY IS A KEY ELEMENT  FOR 
REDUCING EMISSIONS 

Improving energy efficiency is a core  element of  
effective CO2 emission reduction  strategies, yet it 
is typically poorly represented in most IAMs.  

This activity aims at improving the  REMIND IAM 
by : 

•  increasing the resolution  of energy demand 
sectors within a hybrid energy-economy  
model, and 

• explicitly representing investments into 
sectoral  energy efficiency capital.  

Key challenges are : 

• Developing a methodology for providing 
efficiency parameters unobservable in the real 
world 

• Quantifying the relationship between capital 
and energy 

 

 

 

 

 

 

 

 

 

 

DEVELOPING BASELINE FINAL ENERGY DEMAND 
PATHWAYS WITH THE EDGE MODEL 

The enhancement of efficiency dynamics in REMIND 
implies the provision of new efficiency parameters 
which are unobservable. Instead of relying on ad 
hoc assumptions, we construct baseline final energy 
pathways and calibrate REMIND to these 
trajectories to provide the efficiency parameters.  

The Energy Demand Generator (EDGE) combines a 
set of simple econometric equations as well as 
convergence assumptions to build final energy 
pathways for different sectors and energy carriers. 

 

 

 

 

 

 

 

 

The computed trajectories comply with basic 
characteristics:  

• In line with the energy ladder, 

• Most of the growth in global final energy demand 
is driven by the developing countries.  

• Electricity plays an ever growing role in the 
energy system. 

Buildings

Water
Heating

CookingSpace
Conditioning

Appliances

Heating/
Cooling

K
(Shell)

Heating Cooling

Elec K

Figure 1 Planned representation of the buildings sector in REMIND. 
Each level is linked with the upper one through a CES function.  

Figure 4 role of SSP assumptions (red and pink), demand side policies 
( blue and green) and supply side decarbonisation (yellow) in 
explaining the negative growth of emissions (black) 

Figure 2 EDGE results. World per capita final energy 
consumption, by energy carrier. Only the energy 
demand from the buildings and the industry sectors 
are depicted here. 

The ADVANCE project has received funding from the European 
Union’s Seventh Programme for research, technological 

development and demonstration under grant agreement No. 308329 
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Figure 3 : calibration loop. ESM: energy system module 



 
MOINPUT 
 

Our solution: A package for standardized input data preparation 
workflows -- the R-package “moinput” 
 

16.11.2015 – Harmonizing the input data 
preparation workflow: By imposing 
standards the data preparation becomes 
more transparent, updatable and flexible. 
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The data preparation workflow (Figure 1) consists of three steps 
individual for each data source:  

1. Download the source data (if needed and possible) 

2. Read in the source data and bring it to ISO country level 

a. Data import into a standardized data format 

b. Spatial (dis-)aggregation to ISO country level 

3. Perform additional data preparation calculations (e.g. filtering data, 
sectoral aggregation, or combination of different data information) 

These three steps are accompanied by a set of standardized consistency 
tests in between and a common aggregation procedure to the desired 
regional breakdown at the end. 

 

THE CHALLENGE OF INPUT DATA 

Input data preparation is one of the most time consuming and 
unrewarding tasks involved in working with models. Existing input data 
routines are often ... 

... unstructured, hardly reproducible 

... not transferable from model to model, or within a community 

… inhibiting updates of data or underlying methodology 

... incapable of adjusting the regional resolution 

 

BENEFITS 

• Transparency in input data preparation 

• Flexibility in regional aggregation 

• Automatic consistency tests 

• Automatic metadata generation for the final product 

• Easy update and replacement of sources 

EXAMPLE: MODEL COUPLING 

 

 

 

 

 

 

 

 

Harmonized preparation of model inputs 
for flexible regional model composition 

 biomass demand 
 GHG prices 

REMIND MAgPIE 

 shadow price of biomass 
 land-use emissions 

CODE EXAMPLES STEPS OF INPUT DATA PREPARATION 
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What climate impacts could the INDCs avoid? 
Nigel Arnell1, Rachel Warren2, Ajay Gambhir3*, Tamaryn Napp3, Adam Hawkes3, Dan Bernie4, Laila Gohar4, Jason Lowe4 

 

 

    

 

 

 

 

 

 
 
 
Notes 
 

1 No mitigation scenario based on RCP8.5 
2 Emissions capped at INDC level is a simple 
interpretation of “no backtracking” 
3 Strong further action to meet 2

O
C limit (with 50% 

likelihood) to temperature increase in 2100 
4 Relative to a scenario with no climate change 
The temperatures displayed here represent 
median values for each scenario. Water stress 
and cropland availability will also be affected by  
land use decisions e.g. concerning biofuels 
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About AVOID 2 

 

AVOID is a multi-disciplinary research programme 
funded by the UK Government since 2009, now in  
its second phase. AVOID provides policy-relevant  
scientific advice on a range of climate change issues,  
focusing on three central questions: 
1. What levels of climate change are potentially 

dangerous? 
2.  What Greenhouse Gas emissions pathways  
 avoid dangerous levels of climate change? 
3. What is the feasibility of these pathways? 

 

 
 

Estimate 2030 
GHG emissions 

from INDCs 
Quantified pledges added 

and estimates made on 
impact of non-quantified 

pledges on GHG emissions. 
A central estimate of 

54GtCO
2
e results 

Scenarios to 
project 

emissions to 
2100 

RCP8.5 
From IPCC AR5, harmonised to incorporate actual emissions levels 

to 2014 

Constant INDC emissions 
A simplified representation of the internationally stated “no 

backtracking” aspiration relating to Paris pledges 

Meet 2
O
C 

Least cost pathway that gives 50% likelihood of 2
O
C in MAGICC, 

using modelled emissions for CO2 from fossil fuels and industry  (in 
TIAM-Grantham model), non-CO2  (in IIASA GAINS model) and 

other GHGs (estimated by Met Office) 

Temperature 
change pathway 

to 2100 
Calculated in Met Office 

MAGICC model 

Climate impacts in 2100 
Use of regional damage functions 

representing range of uncertainty in 
implications for mean global 

temperature on regional 
temperature, and on regional 

temperature-impact relationship. 
Median of range shown, aggregated 

to global level 
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INDCs keep 2°C within reach, 
but imply rapid transformations 
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Method: IMAGE model framework
The scenarios were developed using the Integrated 
Assessment Model IMAGE, including its energy system 
model TIMER, the climate policy model FAIR, and the 
coupled carbon-cycle climate model FAIR-SiMCaP.  
Estimates of the mitigation effect of INDCs on GHG 
emissions by 2030 were based on PBL (2015).

Results: rapid global emission reductions
In the IMAGE model, the current 2025/2030 INDCs imply 
that the 2oC target can only be met with slightly reduced 
probability (i.e. 2.8 W/m2). This requires GHG emissions to 
be reduced rapidly. Global GHG emissions in the 2.8 W/m2 
scenarios are projected to peak in 2020 (2020 action and 
INDC bridge) or 2030 (INDC delay) and decline by 46%–52% 
between 2010 and 2050. Annual GHG emission reduction 
rates between 2030 and 2050 range from 3% (2020 action) 
to 4% (INDC delay). We find that in the 2.8 W/m2 scenarios, 
emission reductions towards 2050 mainly come from 
energy-related CO2 emissions. 

Results: energy system transformation
The energy intensity of GDP decreases by 42% between 
2010 and 2030 in the INDC bridge scenario, compared to 
33% in the current policies baseline and 38% in INDC delay. 
Between 2010 and 2050, energy intensity decreases by 67% 
in the INDC bridge scenario (68% in INDC delay), against 
50% in the current policies baseline. In the long term, the 
2.8 W/m2 scenarios show a complete transformation of the 
energy system, with the share of low-carbon energy sources 
increasing from 15% currently, to 22% by 2030, 51% by 2050 
and further increasing afterwards in the 2020 action and 
INDC bridge scenarios. The INDC delay scenario catches up 
in the second half of the century, reaching 55% by 2050. 
In all 2.8 W/m2 scenarios, the industry sector shows the 
largest reductions in final energy use, compared to the 
current policies baseline. 
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Forthcoming
This study: Current climate policies and pledges keep 2°C within reach, but 
imply rapid transformations: The impact of current and planned climate and 
energy policies, pre-2020 pledges and INDCs on energy systems, future 
greenhouse gas emission levels and limiting temperature increase to 2 °C.

ADMIRAAL, A., DEN ELZEN, M. G. J., FORSELL, N., TURKOVSKA, O., 
ROELFSEMA, M. & VAN SOEST, H. 2015. Assessing intended nationally 
determined contributions to the Paris climate agreement –  
what are the estimated global and national emission levels by 2025-2030?  
The Hague/Bilthoven: PBL Netherlands Environmental Assessment Agency.

Many parties to the United Nations Framework Convention 
on Climate Change (UNFCCC) have recently put forward their 
Intended Nationally Determined Contributions (INDCs),  
in preparation for the negotiations on a new climate 
agreement in Paris in December 2015. The aggregate effect 
of these INDCs needs to be evaluated in terms of the 
implications for energy and land use systems, global 
greenhouse gas (GHG) emissions and their adequacy in view 
of keeping global temperature increase below 2°C compared 
to pre-industrial levels. For this, we developed a baseline 
scenario accounting for current and planned energy and 
climate policies in major emitting countries and, building on 
that baseline, a set of 2.8 W/m2 scenarios with various 
forms of delay: 2020 action, only accounting for the full 
implementation of pre-2020 pledges and with cost-optimal 
policies introduced after 2020; INDC delay, starting from a 
full implementation of all unconditional INDCs by 2030, and 
cost-optimal policies after 2030; and INDC bridge, starting 
from 2020 onward in achieving the conditional INDCs,  
but introducing cost-optimal policies after 2025. 
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Building the Bridge from INDCs to 2oC 
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Fig. 1 GHG emissions in this study (solid lines), compared with the 2030 range from the  
country-level PBL analysis of INDCs (infographics.pbl.nl/indcs, vertical black bar), and the 
inter-quartile ranges of the FullTech-450 (Immediate 2C*), FullTech-LST (Low 2030) and 
FullTech-HST (High 2030) scenarios of the AMPERE study.  

OBJECTIVE OF THE STUDY 

We investigate the post-2030 transition requirements towards the 2oC goal that 
would follow from the INDCs. As these requirements include a substantial and 
very rapid strengthening of the global mitigation effort in 2030-2050, we also 
explore a bridging scenario that allows a smoother transition towards the 2oC goal 
by overachieving the INDCs in 2030.  

The work was developed in the  
MILES Project, funded by the  
European Union.   

STRENGTHENING INDCS IN THE VERY NEAR TERM IS CRITICAL 

A dynamic approach to climate policy-making under the Paris agreement, 
with further rounds of strengthened policy commitments backed up by 
strengthening national policies, is critical to establish credibility and keep 
the 2oC target in reach. This policy strengthening would need to happen 
rapidly after 2015 and include carbon pricing to disincentivize fossil fuel use. 
Only if such clear signals for a credible commitment to the long term goal are 
sent, can the Paris agreement have an immediate and amplifying effect on 
the transformation process by shifting expectation of businesses and altering 
investment decisions.  

Fig. 3 Average annual investment in low-carbon electricity technologies (Renewables, 
Nuclear, Fossils with CCS; left panel) and freely emitting fossil fuel power plants (right 
panel).  

IMPACT OF EARLY RESTRUCTURING OF INVESTMENTS 

If actors perceive the long-term commitment to attain the 2oC goal as 
credible, they would restructure their investments in the energy sector early 
on and reduce emissions below the level of what would be required by 
current INDCs. The bridge scenario shows this can lower global emissions in 
2030 to around 49 GtCO2eq/yr, an overachievement of current INDCs by 
about 5 GtCO2eq/yr in 2030. Electricity investment in freely emitting fossil-
fuel power capacity is cut by a third in the bridge scenario, helping to avoid a 
carbon investment bubble.  

REDUCTION OF FOSSIL FUEL USE INSUFFICIENT UNDER THE INDCS 

Freely emitting coal infrastructure is more than twice as high as in a 2oC 
scenario. Not sufficiently disincentivized due to a lack of carbon pricing. 

Fig. 4 Deployment of unabated fossil fuel capacity in 2013. The horizontal 
line in the background marks the 2012 historic value (IEA 2014). 

Fig. 2 Emissions reductions 
rate before and after 2030. 
The colored bars denote the 
scenarios of this study, while 
the boxplot shows results from 
the FullTech-Base (right) and 
FullTech-HST (left) scenarios of 
the AMPERE study. Two 
outliers in the AMPERE study 
are represented by dots. 

EMISSIONS IMPACT OF INDCS & POST-2030 REDUCTION REQUIREMENTS 

INDCs imply an acceleration of climate action and a deviation from previous 
trends and policy commitments. However, they would necessitate very stringent 
and rapid mitigation measures post-2030 if the 2oC goal is to be met. This study 
estimates global emissions of 54 GtCO2eq in 2030 in the INDC scenarios, which is 
above the emissions range of cost-effective scenarios consistent with the 2oC goal 
as estimated by AR5 (30-50 Gt CO2e in 2030). With this level of emissions in 2030, 
emissions reductions would need to be extremely rapid, more than 4% per year in 
the period 2030-50.  



CAN	  THE	  ECONOMIC	  IMPACT	  OF	  INDCS	  
BE	  ASSESSED	  IN	  REAL-‐TIME	  USING	  
EXISTING	  MODELLING	  SCENARIOS?	  

PIK	  RD	  II	  Climate	  impacts	  and	  vulnerabiliGes	  Alexander,	  L.D.R.	  
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Telegrafenberg	  A31	  |	  D-‐14473	  Potsdam	  
www.pik-‐potsdam.de	  

Contact	  R.	  Alexander	  
Ryan.alexander@pik-‐potsdam.de	  

WHAT	  ARE	  THE	  CHALLENGES?	  

Large	  variances	  exist	  between	  land	  use	  emissions	  	  
as	  reported	  by	  countries	  and	  as	  represented	  in	  
REMIND	  (Fig.	  1).	  For	  this	  reason	  we	  exclude	  land	  
use	  emissions	  from	  our	  assessment.	  The	  
contribuGon	  of	  land	  use	  to	  overall	  abatement	  
(and	  hence	  impact	  on	  marginal	  abatement	  cost)	  
varies	  by	  region	  (<3%	  in	  Europe,	  Japan	  and	  USA;	  
5-‐10%	  in	  China	  and	  Russia;	  13-‐17%	  in	  India).	  

ABSTRACT	  
In	  the	  lead	  up	  to	  COP21	  in	  Paris	  in	  2015,	  ParGes	  
have	  submided	  Intended	  NaGonally	  Determined	  
ContribuGons	  (INDCs)	  that	  set	  out	  commitments	  
to	  miGgate	  GHG	  emissions.	  We	  use	  exisGng	  
REMIND	  scenarios	  from	  Luderer	  et	  al.	  (2013)	  to	  
analyse	  their	  regional	  economic	  implicaGons.	  

We	  assess	  five	  countries	  and	  the	  European	  
Union.	  We	  select	  emiders	  that	  correspond	  with	  
discrete	  REMIND	  regions	  to	  avoid	  downscaling	  
effects,	  use	  six	  technology	  parameterisaGons	  and	  
assume	  acGon	  begins	  immediately	  upon	  the	  
conclusion	  of	  a	  global	  climate	  deal	  in	  2015.	  

We	  find	  that	  land	  use	  emissions	  and	  deviaGons	  
in	  historical	  emissions	  from	  baseline	  projecGons	  
introduce	  uncertainty	  into	  the	  analysis,	  but	  can	  
be	  overcome	  to	  varying	  degrees.	  Marginal	  
abatement	  costs	  in	  each	  country	  are	  esGmated,	  
as	  are	  policy	  costs	  (adjusted	  to	  account	  for	  
unrealisGc	  short-‐term	  consumpGon	  effects).	  

Any	  conclusions	  must	  therefore	  take	  into	  
account	  why	  historical	  emissions	  have	  deviated	  
from	  the	  baseline	  projecGon,	  and	  how	  that	  
deviaGon	  has	  affected	  the	  marginal	  abatement	  
cost	  profile.	  

Future	  avenues	  of	  enquiry	  may	  include	  
understanding	  how	  miGgaGon	  potenGal	  has	  
evolved	  over	  Gme	  at	  a	  sectoral	  level,	  or	  
expressing	  the	  INDCs	  as	  relaGve	  reducGons	  
from	  a	  more	  recent	  baseline	  projecGon.	  

Fig.	  3:	  Marginal	  abatement	  costs	  implied	  by	  INDCs,	  2030	  	  

WHAT	  IS	  THE	  IMPLIED	  WELFARE	  
IMPACT	  OF	  INDCS?	  
Policy	  cost	  (change	  in	  consumpGon	  and	  
tradeable	  goods)	  is	  oien	  used	  as	  a	  proxy	  for	  
welfare	  in	  IAM	  scenarios.	  We	  incorporate	  change	  
in	  investment	  into	  macro-‐economic	  capital	  into	  
the	  policy	  cost	  to	  adjust	  for	  unrealisGc	  short-‐
term	  consumpGon	  impacts	  and	  derive	  a	  
relaGonship	  using	  a	  3rd	  order	  polynomial	  (Fig.	  4).	  

WHAT	  IS	  THE	  IMPLIED	  MARGINAL	  	  
ABATEMENT	  COST	  OF	  INDCS?	  
To	  esGmate	  the	  marginal	  abatement	  cost	  of	  the	  
selected	  INDCs,	  we	  plot	  marginal	  cost	  against	  
abatement	  and	  derive	  a	  relaGonship	  using	  an	  
exponenGal	  funcGon	  (Fig.	  2).	  	  

Marginal	  abatement	  costs	  in	  the	  remaining	  
countries	  are	  lower,	  and	  range	  between	  $0	  and	  
$34/t	  CO2-‐e.	  

Fig.	  1:	  Lei,	  difference	  in	  country-‐reported	  land	  use	  emissions	  
(average	  over	  2005-‐12);	  right,	  variance	  between	  baseline	  
projecGon	  and	  actual	  emissions	  excl.	  land	  use	  (2005-‐12)	  

Fig.	  2:	  Implied	  marginal	  abatement	  cost	  curves,	  2030	  

Fig.	  4:	  Implied	  aggregate	  (2015-‐30)	  adjusted	  policy	  cost	  
using	  5%	  discount	  rate,	  for	  emissions	  reducGons	  in	  2030	  

We	  draw	  on	  exisGng	  analysis	  by	  the	  Climate	  
AcGon	  Tracker	  project	  to	  obtain	  quanGfied	  
esGmates	  of	  the	  emissions	  targets	  implied	  by	  
INDCs.	  We	  take	  the	  lower	  bound	  of	  miGgaGon	  
target	  ranges	  and	  exclude	  land	  use	  emissions.	  	  

We	  use	  the	  relaGonships	  in	  Fig.	  2	  and	  the	  
emissions	  targets	  to	  arrive	  at	  marginal	  
abatement	  costs	  for	  each	  country	  (Fig.	  3).	  The	  
range	  of	  costs	  reflects	  different	  assumpGons	  
about	  technology	  availability	  and	  hence	  	  
different	  decarbonisaGon	  pathways.	  	  

Marginal	  abatement	  costs	  in	  the	  EU	  and	  USA	  	  
are	  notably	  higher	  than	  in	  other	  regions,	  but	  as	  
the	  economic	  impact	  of	  these	  INDCs	  is	  likely	  to	  
be	  overstated,	  these	  results	  should	  only	  be	  
considered	  as	  an	  upper	  bound.	  

In	  all	  regions,	  historical	  emissions	  have	  diverged	  
from	  the	  baseline	  projecGon	  (Fig.	  1).	  The	  
economic	  impact	  of	  INDCs	  in	  all	  regions	  is	  
therefore	  likely	  overstated,	  except	  China,	  in	  
which	  it	  is	  likely	  understated.	  

All	  emiders	  except	  India	  and	  Russia	  incur	  costs	  of	  
between	  0-‐0.19%	  (cf.	  baseline	  consumpGon),	  
while	  for	  Russia	  and	  India	  costs	  are	  negligble.	  
Mechanisms	  that	  generate	  net	  benefits	  are	  also	  
plausible.	  

Actual	  policy	  cost	  will	  be	  heavily	  influenced	  by	  
the	  decarbonisaGon	  pathway	  adopted.	  Closer	  
examinaGon	  of	  the	  sectoral	  characterisGcs	  of	  
INDCs	  is	  necessary	  for	  more	  robust	  results.	  

Fig.	  5:	  Aggregate	  (2015-‐30)	  adjusted	  policy	  cost	  implied	  
by	  INDCs,	  using	  a	  5%	  discount	  rate	  
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Visual	  inspecGon	  shows	  a	  poor	  fit	  in	  China	  and	  
India	  which	  is	  likely	  to	  overstate	  costs	  for	  small	  
deviaGons	  from	  the	  baseline	  projecGon.	  	  
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• In the run up to COP21, the Japanese INDC was submitted to the secretariat of the 
UNFCCC on July 17th, 2015; 26.0% greenhouse gas emission reduction by 2030 
compared to 2013.

• In this study, the Japan’s greenhouse gas emission reduction target was analyzed 
particularly from the following perspectives by using a global energy systems model, 
which we call the DNE21+ model.
(1) International fairness and ambition
(2) Consistency with the long‐term emission pathways to achieve the 2○C target.

Introduction

Methodology 1: Assessment scheme

Methodology 2: Assumption on population and GDP

Systems Analysis Group, Research Institute of Innovative Technology for the Earth (RITE), Japan

• The submitted 119 INDCs as at 1 October 2015 are considered.
• Implementation of INDCs evaluation in this study is as followings.     

(1) Emission reduction targets compared to base year (e.g., Japan, US, EU28, 
Russia, etc.): Emissions in target year are calculated based on historical emission.
(2) Emission intensity improvements targets (e.g., China, India, etc.):   
Emissions in target year are calculated based on historical emission and GDP scenario.
(3) Emission reduction ratio targets compared to BAU (e.g., Korea, Mexico,  etc.):   
If BAU emissions in target year are stated in their INDCs, they are adopted for 
calculation of emissions in target year. If not, their INDCs are not evaluated in the 
international comparison of mitigation efforts in this study. (For the aggregated INDCs 
evaluation with respect to 2oC target, their carbon prices are assumed to be zero until 
2030. 
(4) Other regions: Treatments of their INDCs are the same as those of the countries 
which submitted emission reduction ratio targets compared to BAU without statement 
of  BAU emissions in the target year.

• LULUCF emissions are taken into account for the aggregated INDCs evaluation with 
respect to 2○C target but not for international comparison of mitigation efforts of 
individual countries.

• Twenty regions are  taken into account for international comparison of mitigation 
efforts of individual countries.

Compared to 2013 
(compared to 2005)

Energy‐related 
CO2

‐21.9%
(‐20.9%)

Other GHGs ‐1.5%
(‐1.8%)

Removal by 
LULUCF

‐2.6%
(‐2.6%)

Total GHG ‐26.0%
(‐25.4%)

2010 2020 2030

Japan 127 124 118

United States 312 340 364

EU28 507 515 515

Australia 22 25 27

Canada 34 37 40

Russia 144 139 132

China 1367 1445 1477

Korea 48 49 49

Mexico 118 128 135

India 1206 1357 1474

World total 6916 7679 8308

2010 to 2020 2020 to 2030

Japan 1.4 1.9

United States 2.6 2.0

EU28 1.2 1.3

Australia 2.7 1.8

Canada 2.1 1.7

Russia 4.3 6.3

China 7.7 5.6

Korea 3.0 1.9

Mexico 3.2 3.0

India 6.5 5.9

World total 3.0 2.9

Population (million) GDP growth(MER, %/yr)

Result 1: Comparison of the level of ambition of Japan’s INDC with other 
countries’

• The level of ambition of Japan’s INDC is evaluated through the comparison of a 
number of significant indicators such as the emission reduction compared to base year, 
the emissions per capita, the GHG intensity of GDP, the emission reduction compared 
to BAU, the CO2 marginal abatement cost, and the emission reduction cost per GDP.

• Switzerland’s INDC is evaluated as the most ambitious target based on the chosen 
indicators. 

• For Japan’s INDC, the GHG intensity of GDP and CO2 marginal abatement cost of are 
particularly ambitious compared with those of other countries, and the Japanese INDC 
is evaluated to have high rankings in fairness and ambition.
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• The Composition of electricity generation mix of Japanese governmental plan is adopted in the 
above analysis. More flexible transition of electricity generation mix can be obtained in the model 
analysis.

• Expansion of nuclear power and gas power is evaluated as cost efficient measures for achieving the 
emission reduction target. It is important to recognize the gap between the electricity generation 
mix of governmental plan and the cost efficient electricity generation mix. However, the electricity 
generation mix should be considered from the various perspectives (e.g., energy security, public 
perception, etc.) and the evaluation only based on cost efficiency is not necessarily appropriate.

Result 3: Consistency with the long‐term emission pathways
• The estimated global GHG emission in 2030 under the aggregated INDCs is about 60GtCO2eq/yr, 

and seems to stay in the pathways with “+2○C to +3○C in 2100”. This range of temperature depends 
on uncertainties of climate sensitivities, and on future deep emission reductions through 
developments and deployments of innovative and low cost technologies.

• If 550 ppm CO2eq scenario is assumed post 2030, global GHG emission and CO2 marginal 
abatement cost is estimated as about 30GtCO2eq/yr and 375$/tCO2 in 2050, respectively. 
(Marginal abatement costs are converged to be equal across countries in 2050.) And, the Japanese 
emissions are assessed to be about half of 2005 emissions, and the emission reduction cost per 
GDP to be 0.64% in 2050. This value of emission reduction cost per GDP in 2050 is roughly the 
same as that in 2030, indicating that the Japan’s INDC has a good intergenerational balance of 
burden sharing.

Japan’s INDC Electricity generation mix in Japan’s long‐term 
energy supply and demand outlook for 2030
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Solar PV

Wind power

Biomass w CCS

Biomass w/o CCS

Gas w CCS

Gas w/o CCS

Oil w CCS

Oil w/o CCS

Coal w CCS

Coal w/o CCS

Nuclear power

Hydro + Geothermal

Composition of electricity generation mix of 
Japanese governmental plan is considered.

378$/tCO2 310$/tCO2 253$/tCO2 310$/tCO2 185$/tCO2 74$/tCO2

Electricity generation mix and CO2 marginal abatement cost for achieving INDC target

Result 2: Impacts of electricity generation mix on emission reduction cost
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Global emission outlook under current policies and
measures

+2.5℃ stabilization under climate sensitivity of 
2.5℃ (around +2.6℃ in 2100 and +3.0℃ in 2200 
under C.S. of 3.0℃)
+2℃ stabilization under climate sensitivity of 2.5℃; 
temporary overshoot of 580ppm (+2.5℃
stabilization under C.S. of 3.0℃)
Below +2℃ in 2100 under climate sensitivity of 
3.0℃; temporary overshoot of 530ppm

+2℃ stabilization under climate sensitivity of 3.0℃; 
temporary overshoot of 500ppm and around 
450ppm in 2300

Global emission pathways under INDCs submitted
by October 1 (119 submissions) assumed to be
implemented

Below +2℃

Around +2 to +2.5℃

Around +2.5 to +3.0℃

Outlook of global GHG emissions of the aggregated INDCs and 
the corresponding emission pathways toward +2○C goal 
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Background

Research Question

Result: Policy Cost Estimation
Carbon tax in 2030

– $112/tCO2 under experiment 1 and $96/tCO2 under experiment 2 for Target3
Annual GDP loss over 2010~2030

– 1.16% under experiment 1 and 1.02% under experiment 2 for Target3

Reference
Cho et. al, 2014, "Is Energy Policy Compatible with Climate Change Policy? The Case of Korea 

Electricity Sector," Korean Energy Economics Review, 13(2) (in Korean)
GIR(Greenhouse Gas Inventory and Research Center of Korea), 2014, National Greenhouse Gas 

Inventory Report of Korea 2014 (in Korean)
MOE(Ministry of Environment), 2015, Korea confirmed 2030 greenhouse gas reduction target of 37% 

reduction as compared to BAU (851 million tons) (in Korean)
MOITI(Ministry of Trade, Industry and Energy), 2014, 2nd National Basic Plan for Energy  (in Korean)
MOITI, 2015, 7th Basic Plan for long-term Electricity Supply and Demand (in Korean)
Republic of Korea, 2012, South Korea’s 3rd National Communication to the UNFCCC.
Republic of Korea, 2015a, Plan for Post-2020 GHG mitigation target setting (in Korean)
Republic of Korea, 2015b, Submission of the Republic of Korea Intended Nationally Determined 

Contribution.
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Is energy and climate policy compatible in terms of emission pathway ?
– Can S. Korea achieve the Copenhagen pledge and the INDC with current energy policy ?
– How much emission gap exists between energy and climate policy goal  ?

What is the cost of achieving climate policy target under current energy policy ?
– How high the carbon tax has to be set to achieve emission target ? Is it reasonable?
– How large GDP loss would be due to the carbon tax  ? Would it be politically feasible? 

a Korean Environmental Institute (KEI), swkang@kei.re.kr
b Korean Advanced Institute for Science and Technology (KAIST) Business School, cheolhung@business.kaist.ac.kr

Sung Won Kanga, Cheolhung Chob

On incompatibility of energy policy and 
climate policy : South Korea Case

Energy Policy (MOITI, 2014 and 2015)
– 2nd National Basic Plan for Energy (NBPE)
– 7th Basic Plan for long-term electricity supply and demand (BPE)

Climate Policy (Republic of Korea, 2012, 2015a, and 2015b, MOE, 2015)
– Copenhagen Pledge: 30% reduction from the BAU level by 2020
– INDC : 37%  reduction from the BAU level by 2030 (25.7% domestic reduction) 

Policy Cost Estimation under NBPE 

Policy Cost Estimation
– Experiment 1: Emission projection under NBPE sectoral growth and energy mix
– Experiment 2: Emission projection under NBPE sectoral growth, energy mix and 

electricity emission factor improvement
– Emission Target 

• In 2020: 30% reduction from each experiment (Copenhagen Pledge)
• In 2030: following reduction rates from each experiment

– 14.7%/ 19.2%/ 25.7%(INDC domestic)/ 31.3%
• Policy tool: carbon tax on emission ($/tCO2)

Estimating GHG Emission from Energy Policies

Non-electricity fossil fuel
– In general, final energy consumption from NBPE is multiplied by emission factor 

using the formula and method from the National Greenhouse Gas Inventory Report 
of Korea (NIR) (GIR, 2014)

– Alternative assumption for non-energy use of oil makes a range of emission 
projection

– For heat, average of reported emission factors is used.
For electricity

– Korea power sector model in MESSAGE framework (Cho et. al, 2014) is employed 
to find the least-cost generation mix for given electricity demands under fixed 
electricity capacity until 2030 according to 7th BPE

Domestic Recursive Dynamic CGE of South Korea
– Industry: 36
– Institutions: Household, Government, Savings-Investment, Rest of World
– Time: 2010-2035 (NBPE)
– Green House Gas: CO2

• Energy Use CO2 emission: Perfect complements with Fossil Fuels
– Single country, Small Open Economy

CGE model

Result: Emission Projection

Demand 
Reduction
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A significant emission gap exists between climate and energy policies. The emission level in 
2020 under the current energy policy goal is 28~33% higher than the Copenhagen pledge and 
the level in 2030 is 24~31% higher  than the INDC.

– In 2020: 492 MtCO2e (Copenhagen pledge) vs. 632~654 MtCO2e (Energy Policies):
– In 2030: 516 MtCO2e (INDC domestic) vs. 637~673 MtCO2e (Energy Policies)

Energy Policy Goal

Energy Policy BAU

INDC(domestic)
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How to bridge the policy science gap in the
face of uncertainty in scenarios?
Many scholars developed various methods to communicate scenarios from
energy economic models and integrated assessment models

IPCC uncertainty guideline

United States CCSP report

Netherlands’ PBL uncertainty guideline

Certainly a number of things should be improved on the part of science but does
the absorptive capacity of a policymaking body matter too?

2

Science
(energy/emissions/
climate scenarios)

Science
(energy/emissions/
climate scenarios)

Policymakers

as users

as funders

Policymakers

as users

as funders

Model
intercomparison
Model
intercomparison

Probabilistic
analysis
Probabilistic
analysis

Uncertainty guidelinesUncertainty guidelines

How might “absorptive capacity” play a role in
bridging the science policy gap?

In management, absorptive capacity denotes
the capacity of a firm to acquire, assimilate, and
exploit external knowledge
(Cohen and Levinthal 1990).

Companies must invest in R&D and develop
internal expertise to utilize external knowledge
in a complex, rapidly changing market and
technology environment

In the public management literature, there has
been an attempt to apply it to a non market
environment from the perspective of service
provision (not regulation making) (Harvey et al.
2010); the environment for policymakers may
not be dynamic but certainly complex and
contested

3

External
knowledge

Absorptive
capacity of
organization

Output/
outcome

Investment
in research

Professional
networking

Prior
knowledge/
expertise

Method: literature review &
semi structured interviews
Questions for Skype/face to face interview (both researchers and policymakers)
(focused mostly on the process before COP15)
(1) number of researchers/policymakers, (2) professional backgrounds, (3)
funding, (4) relationship between researchers and funders/policymakers, and (5)
typical career path.

Interviewees
Japan: Ministry of Economy, Trade, and Industry (METI), Ministry of the
Environment (MOE), Research Institute of the Innovative Technology for the Earth
(RITE), National Institute of Environmental Studies (NIES), Institute of Energy
Economics, Japan, Keio University, Japan Center for Economic Research
USA :Department of Energy (DOE), Environmental Protection Agency (EPA),
Stanford University, Electric Power Research Institute (EPRI)
EU: European Commission Directorate General for Climate Action, Deutsche
Gesellschaft für Internationale Zusammenarbeit (GIZ), European Commission
Joint Research Centre, Potsdam Institute for Climate Impact Research (PIK),
Mercator Research Institute on Global Commons and Climate Change,
International Institute for Applied Systems Analysis

4

Background: notable modeling exercises
and intercomparison projects

5

Policy
events

Study Country/
region

Type of work Outcome and note

COP15
(2009)

Committee on
mid term target

Japan Part of
policymaking
process

Documents for expert committee
Book (Fukui 2009 (ed.)) (in Japanese)
Individual papers

EMF 22 (US) USA Academic special issue
(Fawcett et al. 2009)

EMF 22 (EU) Europe Academic special issue
(Böhringer et al. 2009)

COP21
(2015)

N/A Japan (no MIP) Analysis by individual modeling groups

EMF 24 USA Academic special issue
(Fawcett et al. 2014; Clarke et al. 2014)

EMF 28 Europe Academic special issue
(Weyant et al. 2013; Knopf et al. 2013)

Findings from the absorptive capacity perspective (1)

Weak backgrounds in energy economics
In Japan, a vast majority of civil servants hold either a bachelor’s or master’s
degree, not a Ph.D., even in the sections of ministries responsible for domestic
climate policy. In contrast, about half of the officials at the US and Europe
counterpart sections do have Ph.D. degrees, especially in economics. In
addition, Japanese bureaucrats have a regular (usually two year) rotation
system, whereas many in America and Europe work on a single issue for a long
time, accumulating expertise and building a network.

Low level of networking between communities of policymakers and researchers
While it is true that some researchers interact with policymakers very
frequently, there is only a low level of interaction between civil servants and
scientists at the community level in Japan. Unlike the USA and Europe, Japanese
governmental officials rarely attend EMF and IAMC meetings, for example.

6

Findings from the absorptive capacity perspective (2)

Insufficient academic quality control
There have been many energy scenario exercises that were intended to inform
Japan’s energy and environmental policy. But none of them was published in a
peer review academic journal. Moreover, not many policymakers and
researchers recognize the value of peer review academic journals as a vehicle
for quality control. This results in a relatively fewer number of academic papers.

Performance and absorptive capacity
These combine to show that the absorptive capacity of the Japanese
government is likely to be weak compared to those of the United States.
But it is difficult to evaluate the performance of policy (and relevant knowledge
acquisition). Perhaps the performance of “policymakers as funders” might be
low for Japan if the measures such as the first author publications cited in IPCC.

7

Discussion and conclusions

Usefulness of the “absorptive capacity” construct
This poster demonstrated some usefulness of the theoretical lens of
absorptive capacity but linking absorptive capacity to performance in
regulation setting seems difficult.
In spite of its difficulty in operationalization, absorptive capacity still
provides a useful way to look at the details of the receiving end of science
policy interface.

Implications
The concept of absorptive capacity could be useful in thinking about
capacity building in energy policy.
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Linear bottom-up optimization model REMix  [1-4] 

 

 

 

 

 

 

 

 

 

 
 

•  REMix identifies least-cost supply systems and optimizes their hourly operation 

•  REMix relies on a global high resolution renewable energy resource assessment  

•  REMix is focused on modelling flexible electric loads in all demand sectors 

In order to model variable renewable energy (VRE) integration into the power system, Integrated Assessment Models (IAM) need 
aggregated information on VRE availability and balancing requirements. We present exemplary applications of the high resolution 
energy system model REMix designed to support the representation of VRE technologies and integration costs in IAMs. 

High-detail energy system modelling to support 
VRE technology representation in IAMs 
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Case study VRE Integration Costs in Europe 

Methodology 

Parametric study of balancing needs associated with VRE penetration and 
composition in Europe [5], done in the framework of the ADVANCE project  

 
 
 
 

 
 
 

• Total system costs are minimized 

• Concentrating solar power (CSP) is included in the solar share 

• Output: backup capacity and energy, storage and transmission needs, 
curtailments, emissions, LCOE and integration costs 

 
Results 

All results for MCP (medium CO2 price). LCP and HCP show similar patterns. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Highlights 

• Total VRE capacity of up to 4 x peak load at 100%, 6 x peak load at 140% VRE 

• Storage capacity of up to 38% of peak load, especially with high solar shares 

• Grid capacity up to 580 GWkm/GWpeak, higher for wind-dominated systems 

• Curtailments < 6% of annual load at 50% VRE and <24% at 100% VRE  

• Up to 13% of power delivered to consumers comes from storage units 

• Up to 31% of power delivered to consumers is imported 

• CSP plant capacity reaches 24 - 152 GW and is limited by available potential 

• Least system costs in wind dominated systems 

• Least system costs at  40% / 60% / 80% VRE share for LCP / MCP / HCP 

Figure 3: Analyzed scenarios. 
Numbers indicate corresponding 
shares in percent of overall supply. 
VRE shares range between 0% and 
140%, solar and wind shares in 
VRE supply between 20% and 
80% each.  

Figure 4: Exemplary results: capacity relative to peak load, energy relative to annual demand. 

Utilization

Figure 5: Total average integration costs for the four categories utilization, grid, storage and 
curtailment. First term in the legend: theoretical VRE share before curtailment; second term: 
ratio of solar to wind in the theoretical contribution; x-axis: net VRE share after curtailment. 

Case study Demand Response and Thermal Storage 

Recent REMix studies [4,6] show that consumer demand response (DR) and 
thermal energy storage (TES) can reduce VRE integration costs in Germany. 

 

Methodology 

Evaluation of 7 scenarios 
with 85% RE power supply  
share in the year 2050. 

Assessment of the ability of  
DR and TES to reduce costs  
and CO2 emissions. 

 

 

Highlights 

• DR and TES are in all scenarios competetive with alternative balancing options 

• They are not competing but complementary measures 

• In Germany, costs can be reduced by up to 2 billion €, CO2 emissions by 5 Mt 

• DR suited for reducing capacity demand, TES for cutting VRE curtailments 

50Base 

50Base with dispatchable power import from CSP plants,  
VRE capacities in Germany: PV 67 GW, Wind onshore 51 GW, offshore 31 GW 

50Base with endogenous capacity expansion of hydrogen storage 

50Base with endogenous capacity expansion of power transmission lines 

50Base with increased PV capacity of 114 GW,  
wind offshore reduced to 25 GW 

50Base with increased wind onshore capacity of 83 GW,  
wind offshore reduced to 19 GW 

Hydrogen fuel usage, peak load 91 GW, annual power demand 586 TWh 
VRE capacities in Germany: PV 80 GW, Wind onshore 62 GW, offshore 37 GW 

Base Scenario, peak load 88 GW, annual power demand 522 TWh,  
VRE capacities in Germany: PV 76 GW, Wind onshore 55 GW, offshore 35 GW 

50CSP 

50H2St 

50Grid 

50Wind 

50PV 

50H2T 

Institute of  
Engineering Thermodynamics 

Deutsches Zentrum  
für Luft- und Raumfahrt 
German Aerospace Center 

The research leading to these results has received funding from the European Union’s 
Seventh Framework Programme [FP7/2007-2013] under grant agreement n° 308329 

Figure 1: REMix model overview. 

Figure 2: Reductions in cost, curtailment and back-up capacity achieved by DR (left) and TES (right) 

 



How a very detailed representation of energy efficiency options in 
the objective-function of MESSAGE-Brazil (MSB8000) can affect the 

penetration of renewables (VRE) into the Brazilian power grid
Pedro Rochedo, Alexandre Szklo, André F. P. Lucena, Roberto Schaeffer

Introduction
During the past 15 years, CENERGIA/PPE/COPPE has developed and implemented several

versions of the MESSAGE model (MESSAGE-Brazil) applied to Brazil and its regions (Schaeffer
et al., 2004; Schaffer et al, 2006). Over this period, it has been constantly improved to conduct
studies on the Brazilian energy system, including assessments of adaptation to possible long-
term climate change scenarios (Lucena et al., 2010), integration of wind (Borba et al., 2012) or
solar options (Malagueta et al., 2013) into the country’s electric power grid, role of CCS on the
country’s future power supply (Nogueira et al., 2014), and it has been used in a model
comparison evaluating concentrated solar power plants (Soria et al, 2015) and in a model
comparison applied to Latin America (Lucena et al., 2015).

Methodology

Final Remarks

Programa de Planejamento Energético (PPE), COPPE, Universidade Federal do Rio de Janeiro (UFRJ)

MESSAGE-Brazil is an integrated energy planning tool that includes all energy conversion
chains, assessing the supply of primary energy, energy processing, and the energy services
demand from transport, agriculture, residential, commercial and eleven industrial sectors.

In previous years, CENERGIA/PPE/COPPE team developed the MSB300 (MESSAGE-Brazil
300), since its least-cost optimization considers around 300 technologies (Borba et al., 2012;
Nogueira et al., 2014). Since 2014, however, the CENERGIA/PPE/COPPE team has been
detailing several carbon mitigation options from both the energy supply and demand sides,
including process and fugitive emissions evaluated for different industrial processes. This
created a much more extended model structure and database in MESSAGE-Brazil, named
MSB8000. This version is a highly technologically complex model, which includes more than
8,000 technologies (particularly technologies for carbon mitigation from the demand-side,
which can be selected to compose the least-cost strategy to provide energy services) and CO2
and natural gas pipelines. Other improvements include a one-hour time resolution and a more
detailed geographical coverage of Brazil (Figure 1).

Figure 1. Updates from MSB300 to MSB 8000. Time resolution and spatial coverage.

Hence, MSB8000 introduced a large number of mitigation options from the demand-side
(including CCS in industrial processes), along with supply-side options (such as second-
generation biomass, BioCCS, BIG-CCGT, offshore wind, biomass-hybrid CSP, etc).

Final energy consumption is not modelled trough elasticities. Energy efficiency and demand
side measures (DSM) options are part of a low-cost solution. Figure 2 shows typical decision
nodes in MSB8000. For example, in the industrial segments, for a given product (e.g. steel,
cement, etc.), MSB8000 in its least-cost optimization has the alternative to switch fuels, use
more efficient conversion technologies, add DSM that reduce the need for final energy, as well
as switch to different production processes as a whole.

One major result of these runs is that, by simultaneously assessing supply and demand-side
options, MSB8000 makes explicit a conflict between variable renewable energy (VRE)
expansion and energy efficiency measures.

By delaying the need for power expansion, marginal electricity supply sources are
withdrawn from the least-cost solution. Therefore, wind and solar generation in the Baseline
Scenario is much higher than in LC0. Clearly, this result depends on the parameters simulated.

Nevertheless, it shows that a very technologically detailed model can indicate trade-
offs between energy efficiency and marginal supply technologies, in this case composed
by a portfolio of VRE. This calls also for a better understanding of learning progress of VRE
when electricity demand growth is smoothed.

Table 1. COPPE-Scenario projections of Brazilian GDP

Figure 3. Results: Upper-Left: Annual GHG Emissions; Upper-Right: Abatement Cost Curve; Bottom: Electricity Generation   

UFRJ

Figure 2. Example of energy services supply chain and energy efficiency for Household, Industry and Transportation Sectors.

Some results are shown in Figure 3, which includes annual GHG emissions for the
Baseline and some LCx scenarios and an estimated abatement cost curve for the Brazilian
energy-related emissions. Also, the same figure provides the comparison for electricity
generation in the Baseline and LC0 scenario, in which the lowest cost options for
electricity efficiency were able to reduce demand by 10% in 2050.

Results
MSB8000 has been used to optimize the Brazilian energy system under different levels of

carbon constraints. The model has been run for a Baseline Scenario and Low-Carbon Scenarios
(LCx) for different CO2 values. Population projections for 2050 are taken from the official
estimates of IBGE (IBGE, 2015) and GDP projections are based one COPPE-Scenario (Koberle et
al, 2015), shown in Table 1.
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COPPE-Scenario 2010 2020 2030 2040 2050
GDP (Trillion US$13) 2.16 2.37 3.07 3.81 4.58

GDP % annual growth - 0.90% 2.63% 2.19% 1.85%



Six state-of-the-art IAMs developed new 
approaches for representing wind and solar 

Improving the representation of the variable renewable 
energy sources (VRE) wind and solar is a high priority 
for IAMs. As part of the EU FP7 project “ADVANCE”, six 
state-of-the-art IAMs used for policy advice developed 
new representations for the challenges of integrating 
VRE in power systems [1].  

We here analyze and evaluate these new modeling 
approaches in two ways: a) qualitatively, we develop a 
framework of fundamental principles governing power 
sector dynamics, and discuss how well they are covered 
by the modeling approaches; b) quantitatively, we 
compare the scenario results across the different IAMs 
and to results from a detailed power sector model [2]. 

Basis for the improved VRE representation in four of the 
six IAMs were the residual load duration curves (RLDCs) 
that were newly developed for ADVANCE, spanning 
wind and solar shares from 0-120% with and without 
short-term storage for 8 world regions [3]. RLDCs 
contain the main information about the correlation of 
wind and solar supply with demand, thereby capturing 
three major integration challenges [4]:  
• (i) low capacity credit 
• (ii) reduced full-load hours of dispatchable plants 
• (iii) overproduction of VRE in some hours  (see Fig. 1) 
 

[1] Luderer et. al (submitted): “Renewable Energy Futures: An overview of results from the ADVANCE project “ . Energy Economics. 
[2] Pietzcker et. al (submitted): “Bridging the time scales: Representing the system integration challenge of wind and solar in Integrated Assessment Models“ . Energy Economics. 
[3] Ueckerdt, F., Luderer, G., Pietzcker, R.C., Scholz, Y., Stetter, D., Giannousakis, A. (submitted): “Decarbonizing global power supply under region-specific consideration of challenges and options of integrating variable renewables in the REMIND model“ . Energy Economics. 
[4] Ueckerdt, F., Brecha, R., Luderer, G., Sullivan, P., Schmid, E., Bauer, N., Böttger, D., Pietzcker, R., 2015. “Representing power sector variability and the integration of variable renewables in long-term energy-economy models using residual load duration curves“. Energy. 
[5] Scholz, Y., Gils, H.C., Pietzcker, R.C. (submitted): “Application of a high-detail energy system model to derive power sector characteristics at high wind and solar shares“ . Energy Economics. 
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Fig. 1 RDLC-derived curtailment (share of gross VRE production) 
for eight world regions, assuming full grid expansion and cost-
optimal deployment of short-term storage. 

Improving the representation of wind and solar variability in IAMs 

Fig. 2 Global net share of wind & solar in total net electricity 
generation for Tax30 scenario ((30$/tCO2 carbon tax in 2020, 
rising by 5% per year). Colors denote model version: 2013 model 
versions are blue, new implementations green  
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0% 0% 0% 0% 0% 0% 0% 0% 0% 
10% 1% 0% 0% 0% 0% 0% 1% 0% 
20% 1% 0% 0% 0% 0% 0% 1% 0% 
30% 1% 0% 0% 0% 1% 0% 1% 0% 
40% 1% 1% 1% 2% 3% 2% 1% 1% 
50% 2% 3% 3% 5% 5% 4% 2% 3% 
60% 4% 5% 4% 9% 8% 6% 4% 5% 
70% 7% 8% 7% 13% 11% 9% 6% 7% 
80% 10% 12% 10% 17% 15% 12% 9% 10% 
90% 14% 16% 14% 21% 19% 15% 13% 14% 

100% 18% 19% 18% 24% 23% 19% 18% 18% 
110% 23% 23% 23% 28% 27% 22% 23% 22% 
120% 28% 27% 27% 31% 31% 26% 28% 26% 

All approaches were evaluated along  
15 stylized facts of power system dynamics 

We determined 15 key characteristics of power sector 
dynamics, and clustered them into five topics: 
• Investment dynamics: Investment into dispatchable 

plants, Investment into VRE, Vintaging, Expansion 
constraints, Paradigm shift possible, Love of variety 

• Power system Operation: Dispatch, Capacity 
adequacy, Flexibility 

• VRE specificities: Curtailment, Wind-solar 
complementariy 

• Storage: Short-term storage, Seasonal storage, 
Demand response & electric vehicles 

• Grid: VRE-dependent transmission grid expansion 

We evaluated how well the different modeling 
approaches were able to represent each characteristic, 
as displayed in Table 1 and below. 

This information is crucial for prioritizing areas for 
model improvement and future reserach, and it helps 
to transparently document the strengths and 
limitations of the different approaches. 

 

Improving the representation of wind and  
solar increases their deployment 

Improving the representation of integration challenges 
and updating VRE costs and resource potentials  lead to  

• more robust results across the various IAMs 

• an increase of the deployment of VRE 

as can be seen in the model results for a Tax30 climate 
policy scenario displayed in Fig. 2. 

New IAM results were validated with results 
from the detailed power sector model REMIX 

To test the quantitative ability to reproduce changes in 
the power sector in reaction to increasing VRE shares, 
we compared the Tax30 scenario results of the different 
modeling approaches across the IAMs and to REMIX 
results [5], as displayed in Fig. 3. 

The ADVANCE project has 
received funding from the 
European Union’s Seventh 

Programme FP7 under grant 
agreement n 308329  

Table 1 Evaluation of IAM approaches to represent VRE integration challenges – Investment dynamics: 
 

Summary 

We perform a comprehensive evaluation of six new 
approaches for representing VRE integration challenges 
along 15 key characteristics  of power sector dynamics.  

We find that the new model versions lead to a more 
robust view on VRE deployment with higher 
contributions from wind and solar: While global net 
VRE shares (averaged 2050-2100) in a Tax30 scenario 
formerly ranged from 11-63%, they now increased to 
42-83% with the new model versions.  

The analyzed approaches are a significant improvement 
over the previous state-of-the-art and an important 
step towards more robust and reliable long-term 
scenarios useful for policy advice. The IAM results are in 
decent agreement with power sector stylized facts and 
results from a more detailed power sector model.  
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Fig. 3 Power sector indicators: Capacity adequacy (left) and 
capacity factor of the non-VRE power plants (right). The lines 
show model results for the EU in the Tax30 scenario from 2020 
to 2100, each marker representing a ten-year time step. Lower 
values imply a higher chance that load cannot be covered and 
has to be shed; higher values imply possible overcapacities, 
leading to increased total system costs. 
 



Significant macroeconomic costs if the CO2 price is the only instrument
The implementation of mobility growth control measures offers mitigation

potentials independent of carbon prices
These measures allow for important reductions in the level of carbon prices
Significant reductions of the macroeconomic mitigation costs

Very weak sensitivity of the transportation
sector to price signals
Need for very high CO2 prices during

the second half of the century to reach
the climate target
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The transportation sector as a lever for reducing

long-term mitigation costs in China
Meriem Hamdi-Cherif
hcmeriem@centre-cired.fr

Chinese economic development goes hand in hand with :

A growth of the production, Accompanied with an increase of the FREIGHT
transport and an enriched population with a fast-growing urbanization, that
induce increasing demand for passenger transport

The Transportation sector is crucial for China, particularly regarding Energy
Security and Climate Change issues

High reliance on oil products, Increasing energy demand, Increasing CO2
emissions

High coal availability, Important life span of infrastructures

Avoid important “lock-ins” in carbon-intensive pathways

 The

Reference: Business-As-Usual , without any climate policy (BAU)

A stringent climate objective (3.4W/m2 in 2100)/ Satisfied by a “carbon price only” policy
(S1)

Complementarily to carbon pricing ...
… we consider urban organization policies that aim at controlling the ‘behavioral’

determinants of the mobility demand (S2):

(i) Urban reorganization lowering the constrained mobility (i.e. mobility for commuting
and shopping)

(i) Reallocation of infrastructure investments in favor of public transportation modes

(i) Adjustments of the logistics organization to decrease the transport intensity of
production/distribution processes.

Context/Motivation

IMACLIM-R
 Energy-Economy-Environment (E3) model
 Explicit representation of the interplay between:
Transportation , Energy and Growth patterns

 Hybrid CGE, Dynamic and Recursive
 Relies on hybrid matrices …

… ensuring consistency between money flows and physical quantities (Mtoe, pkm, tkm)

 Embarks a detailed description of passenger and freight transportation

• The rebound effect of energy efficiency improvements on mobility
• Endogenous mode choices in relation with infrastructure availability
• The impact of investments in infrastructure capacity on the amount of travel
• The constraints imposed on mobility needs by firms’ and households’ location (urban form)

Methodology  and Modeling approach

Quantifying the impact of urban voluntary policies:
Three worlds considered

Emissions decrease in the second half of the century … population …

Despite this decrease …
… Emissions from transport represent a significant part of remaining emissions

Effects of the mobility control measures: Emissions in S2 are lower during the
whole century.
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While they remain above their 2010 level in the BAU scenario … they become
significantly lower in the stabilization scenarios. Particularly in S2!

Mechanisms at play ?

• The evolution of the total passenger mobility per capita

• Modal structure evolution

• Efficiency improvements and/or electrification of the vehicle fleet

Dynamics of passenger transport
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Very different according to the implemented policies!
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 If the carbon price is the only instrument , the
major effect comes from the diffusion of energy
efficiency in vehicles

When complementary policies are
implemented, modal shifts towards low-carbon
modes coupled with mobility reduction
measures play a dominant role

 Without specific measures aimed at reducing mobility, decarbonization efforts are
mainly based on electricity and industry

The “transportation policies”
increase the contribution of the transportation sector to mitigation efforts
allow the other main emitting sectors to slow their decarbonization efforts

Mitigation efforts in the Chinese economy

Macroeconomic effects

2010-2050 2050-2100
S1 2.2% -2.8%
S2 1.8% -3.4%
S1 -2.7% -3.0%
S2 -2.3% -2.3%
S1 -0.3% -6.5%
S2 -0.1% -6.2%

Transports

Electricity

Industry

Mean annual emissions variations
By period – Three main emitting sectors

 This study allows to highlight the role of transportation in the mitigation process

Given a climate objective, …
… the implementation of measures fostering a modal shift towards low-carbon

modes + a decoupling of mobility needs from economic activity prove to:

Modify the sectoral distribution of mitigation efforts
Contribute to avoid the risk of ‘lock-ins’ in carbon-intensive pathways
Significantly reduce the mitigation macro-economic costs relatively to a

“carbon price only” policy

Early and voluntary infrastructure policies have a key role to play…
… as a hedge against the risk of very high costs of the climate stabilization

that China seems to undertake …

Conclusion

The transportation sector in the Chinese low carbon transitions

Determinants of emissions reductions

 The standard representation of transport technologies …
… is supplemented by an explicit representation of the “behavioral”

determinants of mobility
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A standard income budget constraint

A travel time budget constraint

 Whatever the scenario, whatever the
transportation mode, emissions increase
significantly during the first half of the
21st century
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The bunker CO2 emission reductions are significantly bigger under the 
international carbon tax scenarios (‘BunkerI’) compared to domestic carbon tax 
scenarios (‘BunkerD’). 

The non-bunker CO2 emissions are decreased more in ‘BunkerD’ than 
‘BunkerI’. 
The total global CO2 emissions (bunker and non-bunker) are reduced more in 
‘BunkerI’ (-0.08%, original GTAP Armington elasticity) than ‘BunkerD’ (-
0.14%). 

The reduction rate of bunker CO2 emission rapidly increases as  the elasticity of 
Armington grows.

From 1.74% to 4.11% under ‘BunkerI’ scenarios, the rate of bunker CO2 
emission reduces as the elasticity of Armington is triple of original GTAP 
values. 

The global real GDP, real consumptions, and labor supply decrease lesser under  
‘BunkerI’ than ‘BunkerD’. 

Energy consumptions and carbon dioxide emissions from 
international transportation, i.e., international aviation and 
shipping, have been growing fast but efforts to manage them lag 
behind compared to domestic greenhouse gas control. Recently, 
carbon price mechanism on international transportation has 
received a great attention. This paper examines the environmental 
and economic impacts of carbon tax on international transport 
through computable general equilibrium model. We combine GTAP 
9.0 DB and modal shares and CO2 emission coefficient data from 
Cristea et al. (2013) and develop a dynamic CGE model with 
detailed description of international transportation margins. We 
evaluated international carbon tax scenarios and provide policy 
implications. 
 
Keyword: international transportation, carbon tax, climate finance, 
computable general equilibrium 

We combine GTAP DB 9.0 with modal shares and CO2 emission 
coefficient data from Cristea (2013). 
Aggregation: 36 sectors (Cristea(2013)’s sectors + coal, 
international aviation, international shipping) and 25 regions 
(Cristea(2013)’s regions with EU aggregated as a single region) 

International aviation and international shipping sectors are 
disaggregated from GTAP (aviation and shipping sector, 
respectively), in proportion to the volume of final demand 
(margin export -> international sectors, other final demands 
-> domestic sectors). 

KEI-Linkages model (Lim and Kim, 2012) was modified to 
accommodate CO2 emission coefficients of Cristea et al. (2013) 
for each and every pair of origin-destination and commodities.  

Original formulation of Linkages model specifies 
international transportation margins as constant shares of 
trade values, which are products of trade prices (FOB) and 
volumes. Such a formulation does not allow that the 
international transportation costs change according to the 
increase of fuel costs from carbon taxes, in a way that reflects 
the distance of trade partners and the weight of 
commodities.  
We reformulate the international transportation margin as a 
sum of ordinary transportation margin and carbon cost, and 
the carbon cost is calculated as emissions multiplied by an 
international carbon tax rate.  

Three Scenarios are constructed: 
Baseline scenario (‘BAU’) 
Policy scenario I (‘BunkerD’): a domestic carbon tax on CO2 
emissions for international aviation and international 
shipping sectors 
Policy scenario II (‘BunkerI’): an international carbon tax on 
international transportation services (aviation and shipping) 
based on carbon emission coefficient of Cristea et al. (2013) 

The two policy scenarios assume that the carbon tax rates start 
from US$3/tCO2e in 2016 and increase by 3 US$3/tCO2e each 
year, reaching US$45CO2e in 2030. 

Carbon tax revenues are assumed to be transferred to 
household in a lump-sum manner. 

Sensitivity scenarios: Three scenarios are constructed for 
Armington elasticities for imports 

‘Original GTAP 9.0 values’ assumes the same Armington 
elasticities as GTAP 9.0. 
Two more scenarios: two-times and three-times the GTAP 
values are applied 

Armington Elasticity Original GTAP 9.0 values 2* GTAP values 3* GTAP values 

Carbon tax scenario BunkerD BunkerI BunkerD BunkerI BunkerD BunkerI 

Real GDP -0.030% -0.020% -0.032% -0.020% -0.037% -0.022% 

Real Consumption -0.024% -0.022% -0.028% -0.024% -0.034% -0.027% 

Real Import -0.235% -0.243% -0.396% -0.410% -0.532% -0.553% 

Labor Supply -0.016% -0.014% -0.016% -0.013% -0.016% -0.012% 

CO2 emission(excl. Bunker) -0.026% -0.019% -0.033% -0.022% -0.040% -0.027% 

Bunker CO2 emission -0.326% -1.735% -0.562% -3.056% -0.756% -4.112% 

Int’l transport service -0.659% -0.317% -0.917% -0.459% -1.180% -0.574% 

An effective pricing of CO2 emission from international transportation, with 
travels of heavier commodities with longer distances being taxed higher, has a 
significant potential of emission reduction through the shift of trades towards 
lighter commodities with shorter distances.  
Global carbon taxes on bunker fuels should be considered as a promising option 
capable of emission reduction and international climate financing, as well as to 
promote carbon-efficiency of international trade pattern by way of proper 
pricing of CO2 emissions that has been exempt from taxation. 

<Table 1> Impact of carbon taxes on bunker CO2 emissions on key indicators 

<Figure 2> Impacts of bunker carbon taxes on trades of chemical products with varying 
weights according to origin countries 

The trades of heavier commodities are decreased more under BunkerI scenario 
The wide range of weight-to-value intensity data needs further investigation of 
source data. 

<Figure 3> Impacts of bunker carbon taxes on trades of chemical products with varying 
distances between partner countries 

<Figure 4> Impacts of bunker carbon taxes on trades with varying distances between 
partner countries 

The trades between remote partners are decreased more under the BunkerI 
scenario. 

Investigation of GHG mitigation potential from modal shift (between 
transportation modes: road, rail, aviation and shipping), together with trade shift 
among trade partners (with different distances) and commodities (of different 
weights). 
Enhancement of databases for model shares of trades, weight per value by 
commodities, and CO2 emission coefficients of origin-destination country pairs. 

Cristea, A., Hummels, D., Puzzello, L., & Avetisyan, M. (2013). Trade and the 
greenhouse gas emissions from international freight transport. Journal of 
Environmental Economics and Management, 65(1), 153-173. 
Lim, Jong Soo and Yong Gun Kim, Combining Carbon Tax and R&D Subsidy for 
Climate Change Mitigation, Energy Economics, Vol 34, S496-S502, 2012  
United Nations Framework Convention on Climate Change (UNFCCC), 2012, 
Report of the workshops of the work programme on long-term finance: Note by 
the co-chairs, FCCC/CP/2012/3 
Vohringer, Frank, Jean-Marie Grether and Nicole A. Mathys, 2013, Trade and 
Climate Policies: Do Emissions from International Transport Matter?, The World 
Economy 

Change from BAU in 2030 
<Figure 1> Impacts of bunker carbon taxes on GDP and exports by countries 

Real GDP decreases the most in India, Taiwan, while real exports decline the most 
in USA and Korea. 

Exports of international transport services diminish the most in Chile and 
Japan. 

Change from BAU in 2030 
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Our objective is to improve the 
behavioural realism of global IAMs. 

P 

P 

Key finding: 
adding 
social 
influences 
slows down  
global 
adoption of 
AFVs 

Model Implementation Our approach is tested using an 
inter-temporal optimization model. Three scenarios are modelled: 

Key finding: 
consistent 
with our 
conceptual 
framing, this 
slowing of 
diffusion is 
greater in the 
later 
adopters 

Conclusions Robust empirical evidence 
provides a model protocol for adding social 
influences to global IAMs. This results in a 
more behaviourally realistic model in which 
global diffusion of AFVs varies between 
adopter groups according to their aversion to 
this new technology. Regions also vary in 
terms of overall receptiveness to social 
influences and we demonstrate this for the 
USA showing diffusion occurs more quickly 
compared to the global average.  

Pragmatic versus normative scale (Minkov and 
Hofstede, 2012). Countries which are more normative 
in their thinking exhibit greater respect for the status 
quo and reinforcing traditions, whereas more 
pragmatic countries show an ability to adapt to a 
changing social context. 

Results 

Key finding: 
Adding 
regional 
differences 
increases 
rate of 
adoption in 
USA, a 
strongly 
normative 
culture 

Incorporating Social Influence Effects into Global Integrated 
Assessment Models 

Hazel Pettifor, Charlie Wilson, University of East Anglia, Norwich, UK; David McCollum, Energy Program, International Institute for Applied 

Systems Analysis (IIASA), Laxenberg, Austria; Oreane Edelenbosch, PBL Netherlands Environment Assessment Agency, Bilthoven, Netherlands 
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Cultural Variation in Social Influence by Country 

Social Influence Effect
Size

Pragmatism Score

Model Protocol  
1. The single representative consumer is disaggregated into four adopter 

groups; early adopters (EA), early majority (EM), late majority (LM) and 
laggards (LG). 

2. Social influence is proxied by increase in market share (years), and a 
standardised scale derived from a model baseline run. 

3. Increasing adoption propensity is captured as a declining risk premium 
(RP) and starting values for each adopter group derived from a 
distribution of willingness to pay for an AFV taken from 16 discrete choice 
studies. 

Finding: a 1 st.dev. increase in social 
influence increases vehicle adoption 
propensity by on average 0.241 st.devs. 

Finding: average effect size varies between 
countries according to the pragmatic versus 
normative scale 

Within all scenarios carbon tax is included at a value of 110$/tCO2 (in US$2010) and remains constant 
throughout the century 

Average = 0.241 
USA = 0.368 

Fig 4. Translating empirical evidence into model protocol 

Key finding: 
consistent 
with our 
model 
protocol 
adoption 
propensity 
varies 
between 
adopter 
groups 

Fig 2 Average effect size, n=21 studies 

Fig 3 Variation in effect size  between countries 

Con 

Conceptual framing Rogers 
diffusion of innovations (2003). Innovations 
diffuse as information on their attributes and 
the costs and benefits of their use is 
communicated among members of a social 
system.  

Con 

Empirical evidence based on 
meta-analysis, a robust method of estimating 
average effect size from a thorough systematic 
review of literature 

Fig 1 Diffusion 
of innovations 

PPPPPPPPPPPPPPP

Fig 5. Variation between adopter groups 

Fig 6. Global rate of AFV adoption, social 
versus no social influence 

Fig 7. Early Adopters versus Late Majority 

Fig 8. Global average versus regionalised 
social influences, North America  

Acknowledgement: This work has been funded under the ADVANCE program 
under funding agreement grant number 308329. For further information on this 
project please email h.pettifor@uea.ac.uk. 

NoSI AvSI RegSI 

No social influence  Average social 
influence taken from 
meta-analysis 

Regionalised social 
influence adjusted 
according to score on 
pragmatic versus 
normative scale  

PPPPP



 
O.Y. Edelenbosch, D.P. van Vuuren, K. Riahi, D.McCollum 

Transport plays a key role in future 
greenhouse gas emissions (IPCC WGIII 
Ch.8 R. Sims, 2014). There are many 
possible future pathways for the transport 
sector, as a result of uncertain factors like 
mode shift, efficiency improvement, and 
the choice of different technologies. 
Models have implemented the transport 
system in different ways presenting some 
form uncertainty.  

We aim to obtain insight in transport 
models by: 

1. Analyzing the underlying model 
projection of transport sector 
components: fuel use, energy efficiency, 
modal shares and activity growth. 

2. Representing changes in future energy 
transport demand in different models by 
means of price elasticities. 

Transport 
representation in IAMs 

Transport in IAMs 

1. Transport components 

Model comparison 

Eleven IAMs have participated in this exercise: AIM/CGE, DNE21+, 
GCAM, GEM-E3, Imaclim-R, IMAGE, POLES, MESSAGE, REMIND, 
TIAM-UCL and WITCH. The focus is on the passenger transport. Two 
scenarios have been compared: 1) baseline scenario and 2) mitigation 
scenario aiming at a stabilization level at 450 ppm CO2-eq. 
 
An additional set of 16 scenarios have been designed to calculate the 
price-demand elasticities. In the scenarios the fuel prices are shocked 
from 2020 onwards with a price change with respect to baseline of -50%, 
50% and 100%, used to look at price-demand effects at different periods 
in time (e.g. 2025, 2050, 2070). The shocks are applied to Oil & Gas, 
Coal, Biofuel and Electricity. The fuel price is increased at the final energy 
level for all demand sectors. 

Method 

2. Transport Price Elasticities  

Contact: oreane.edelenbosch@pbl.nl 

In all models energy efficiency and fuel mix change play a 
major role in decreasing emissions in the carbon policy 
scenario. However, varying projections of technology 
development of alternative drive train vehicles in terms of 
cost and efficiency lead to different fuel mix and efficiency 
potentials. 
 
In most models mode shift throughout the century is 
limited in the baseline scenario, and in the climate policy 
scenario. An important factor in transport scenarios is that 
it activity saturation is uncertain, visualized by the range of 
activity projections across models.  

-2,00 -1,00 0,00 1,00

TIAM-UCL

REMIND

WITCH

IMAGE

MESSAGE

POLES

Price elasticity 

+100%
+50%
-50%

Fig 2. Oil demand elasticity in 2030  Fig 1. Component development Mitigation. 

Ten years after the shock implementation, although there 
is a significant range between the models, price 
elasticities are comparable to empirically found historical 
gasoline price elasticities (Burke & Nishitateno, 2013). In 
2060 model results are less straightforward to interpret 
due to feedback effects.  
 
This research will  be extended to other fuel types, 
looking in to cross elasticities and elasticity of 
substitution, and can be applied to other demand sectors, 
eventually aiming to compare to elasticities in economic 
models.  

  AIM/CGE DNE21+ GCAM GEM-E3 IMACLIM V1.1 

Baseline policy No explicit policy Extrapolating 
current trends 

USA café 
standards 

  No explicit policy 

Modes Train, Aviation, 
Bus, LDV 

LDV,  
Bus 

LDV, Bus, 
2W&3W, 
Aviation, Train 

LDV, Aviation, 
Train 

LDV, Bus 

IMAGE POLES  MESSAGE REMIND TIAM-UCL WITCH 
Extrapolating 
current trends 

No explicit policy Extrapolating 
current trends 

Extrapolating 
current trends 

  Extrapolating 
current trends 

LDV, Bus, Train, 
Aviation 

LDV, Bus 
Aviation, Train  

LDV, Bus, 
2W/3W, 
Aviation, Train 

LDV LDV, Bus, 
2W&3W, Train 

LDV 

Activity 

Structure 

CO2 intensity 

Refereces: 
R. Sims, R. S., F. Creutzig, X. Cruz-Núñez, M. D’Agosto, D. Dimitriu, M.J. Figueroa Meza, L. Fulton, S. Kobayashi, O. Lah, A. McKinnon, P. Newman, M. Ouyang, J.J. Schauer, D. Sperling, and G. Tiwari (2014). 
Transport. In: Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 
Burke, P. J., & Nishitateno, S. (2013). Gasoline prices, gasoline consumption, and new-vehicle fuel economy: Evidence for a large sample of countries. Energy Economics, 36, 363-370 



Adding the costs of Infrastructure for Transport in IMACLIM-R
Eoin Ó BROIN 1, Céline GUIVARCH1, 

1CIRED, 45 bis avenue de la Belle Gabrielle, 94736 Nogent-sur-Marne, France.
eoin@centre-cired.fr

Background

Model Development

The deployment of transport infrastructure (e.g. roads, railway 
tracks, airports) will play an important role in determining energy 
demand, greenhouse gas emissions and the economic impact of 
the transport sector. 

This work describes the inclusion of transport infrastructure for 
automobiles, public transport and air travel in the IMACLIM‐R 
Global E3 IAM. Model features are:

• Hybrid dynamic general equilibrium model of world economy.
• Dynamic recursive coverage of the period 2001–2100. 
• Annual static equilibria (determines the relative prices etc. at a 

year t as a result of short‐term equilibrium conditions between 
demand and supply of goods, capital, and labour markets).

• Dynamic modules (sector‐specific reduced forms of 
technology‐rich models). 

• The construction capacity in the region i.e. the workforce capability
• The maximum road density in a region 
• The maximum percentage of GDP that can go to road infrastructure –

set to 2%

Infrastructure Cost

Road Construction/O&M/Uprgade/Parking ‐ 1.2 M$US2010/lane‐km*

Public Transport Construction/O&M ‐ 0.5 $US2010/pkm*

Airport Construction/O&M ‐ 0.5 $US2010/pkm

Refueling Station Construction ‐ Not modelled

Transport Modelling

For each of 12 global regions a representitive householder choses 
an amount in passenger kilometers (pkm) of one of four transport 
modes (air, public, road, non‐motorized) according to their level of 
income, the cost of using the mode, and a time budget of 1.1 
hours.  

As income increases householders switch to faster modes of 
transport to avoid congestion and travel further, although always 
within the 1.1 hour time budget.

Levels of congestion are determined by the utilisation rate of the 
underlying transport infrastructure for three modes (air, public, 
road). 

In the model to date this infrastructure was deployed cost free.

,, , ,
,

, , , ,
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k publick air k cars k nonmotorized
k mobility

k air k public k cars k nonmotorized
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Step 1: Add costs for infrastructure deployment

Step 2: Add additional constraints on deployment

Step 0: Add industrial process emissions to model

Step 3: Run Scenarios
• CO2 emissions constrained to 550ppm to 2100
• CO2 emissions constrained to 550ppm to 2100 and infrastructure 

deployment for roads and air travel constrained to 70% of what it was 
projected to be in previous.

IAMC 2015, 
Potsdam

#2: Embodied emissions are insignificant except in low‐carbon scenarios.

#1: Adding costs alone has a marginal effect on the baseline.
On the other hand adding costs plus constraints changes the 
baseline. It lowers CO2 emissions, oil prices and total 
transport activity but increases GDPppp. 

Adding costs for infrastructure takes investment away from more 
productive activities. This lowers overall GDP and hence emissions 
and transport demand because of the reduced economic activity. 
When the deployment is constrained as per Step 2 above, the 
reduced investment in road infrastructure has the effect of 
increasing GDP because of investment moving to more productive 
sectors, but also increasing  demand for public transport and air 
travel due to cheaper oil prices.

In a carbon budget scenario, emissions from the transport sector 
are reduced because of reduced use of cars. Constraining the 
expansion of road and air travel infrastructure reduces emissions 
even more even though demand for air and public transport 
increase. Constraining expansion of road and air travel also  
reduces the cost of mitigation  because of investments going to 
more productive activites. The key message from the work is that 
restricting expansion of road and air travel infrastructure is a win‐
win solution for the economy and climate.

#3: Constraining infrastructure expansion lowers the cost of mitigation. 

Key Results

Conclusions
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BACKGROUND 
• Rising concerns about the impact of climate change have led to the definition of a long term sustainability of society aiming at the reduction of GHGs. 
• The transition towards a more sustainable society relies on an economy that is less dependent on fuels with high-carbon content and introduces a complex 

link between economic development, procurement of energy sources and environmental protection.  
• Energy systems models are powerful mathematical tools based on whole systems approaches where the complex implications of the transition to a sustainable 

energy sector on various social, political and environmental dimensions can be modelled in a comprehensive and effective way [1].  
 

  
 

 
 
 
 

MUSE: the upstream gas module 
Daniel Crow, Sara Giarola & Adam Hawkes 

SGI, Imperial College London, 11 Prince’s Gardens, London 

KEY METHODOLOGY ASPECTS 
 

• Simulation-based approach: to describe how the energy future might look 
showing an autonomous answer to boundary condition changes. The key variables 
are the drivers and outcomes of investment and activity in the energy system  

• Global scale: MUSE models energy commodities on a global scale using regional 
disaggregation 

• Long-term perspective (using a 2010 ─2100 time horizon ) 
• Bottom-up approach: MUSE models explicitly technologies with their costs, 

environmental characterization as well as energy consumption 
• Modularity: model every sector (i.e. primary supply, conversion and end-use) of the 

energy economy in a way which is appropriate for that sector 
• Partial equilibrium with microeconomic basis: a market clearing algorithm 

iterates among the sectors until price and quantity of energy commodities match 
• Macroeconomic links ensure that cost of capital as well as energy service demand 

are updated during the energy systems transition 
• Real world fallibility of decision-making is included modelling imperfect foresight 

of future market and policy development 
• Simplicity and transparency is achieved and key trends in a changing energy 

system are communicated in constructive and innovative ways. Also, MUSE is 
expected to be released as an open access modelling environment 

• Applications: 
• R&D prioritisation of value and role of technologies 
• Strategy development against a variety of “what-if” (political) scenarios 
• Climate Change Mitigation pathways assessment 

REFERENCES 
1. Nakata, T. et al. Progress in Energy and Combustion Science 37 (2011) 462─502 

SCOPE OF THE MODEL 
The Modular Universal energy system Simulation Environment (MUSE) aims to tackle the complex problems related to the development of a low 

carbon energy system in a transparent and flexible way, focussing on the sustainability of the natural gas (NG) supply chain. 
 HOW? 

MUSE generates plausible pathways of energy system transition via simulation of investment and operational decisions on a global scale. 

Figure 1: MUSE market clearing via price-quantity convergence among 
sectors. 

 
The model could be interfaced with a Climate Module to generate GHG 
emissions associated to specific energy systems configurations as well as 
generate technology pathways compatible with 2C scenarios. 

Example Module: Upstream Gas 
 

• Gas field is smallest unit in model 
• Simulate investor preferences using NPV metric:  

 
 
 
 
 

• Describe many fields with different production & cost profiles: rank fields by 
investor preference:  
 

• Compute quantity-cost curve by deploying successively lower ranked fields to 
satisfy a (module) exogenous demand d(n): 

 
 
 

• Loop over demand and time to construct a marginal cost surface by selecting the 
largest variable costs from the              fields deployed at any one time 
 

Production Costs 
 
• Identify a number of field environments with distinct cost implications… 

 
 
 
 
 
 

• Reserves in each (geo-political) region made up from fractional contributions from 
each field environment. 

• Incorporate regional fiscal differences 

Figure 2: Different field environments have different associated costs.  
MUSE uses industry-sourced data to derive simple scaling relations. 

 
Figure 3: MUSE incorporates imperfect investor foresight by limiting the 

time horizon over which investors have a knowledge of the forward-price 
of gas.  Operational decisions (i.e. shut-in) are made on a shorter timescale 
and partial equilibrium is achieved with every other energy commodity in 

every time-slice up to the global time horizon.  
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Anselm Schultes1,2, Marian Leimbach1, Gunnar Luderer1, Robert Pietzcker1, Lavinia Baumstark1, Nico Bauer1, Anastasis Giannousakis1, Elmar Kriegler1,

Ottmar Edenhofer1,2,3
1Potsdam Institute for Climate Impact Research. 2Technische Universität Berlin, Berlin. 3Mercator Research Institute on Global Commons and Climate Change, Berlin

Summary

Today’s renewable energy subsidies are more than US$100 billion per year1, while the value
of priced carbon is only US$50 billion4 – but what amount of subsidies would be cost-
efficient? This study is the first appraisal of optimal technology policy for the 2◦ target using
a technology-rich IAM3.
We model inter-regional spillovers from learning-by-doing in low-carbon technologies, using
a decentralized (Nash) formulation of the REMIND model.
We find optimal cumulative subsidies over the century alongside immediate carbon pricing
are ∼US$ 1.4 trillion, mostly for solar and advanced cars – that’s 6% of the value of priced
carbon. The opportunity costs of a carbon-pricing-only policy are small, but higher subsidies
can curb the cost markup due to delayed carbon pricing only somewhat.
A methodological contribution: The Nash solution concept is computationally more effective
than the Negishi concept, scales favorably with the number of regions, and allows for the
meaningful treatment of inter-regional externalities.

Optimal international technology policy for 2◦

• First study of optimal (as opposed to guesstimated) technology policy for climate stabi-
lization in a technology-rich IAM.

•Assume that the spillover from learning-by-doing in emerging low-carbon techs cannot be
appropriated by firms.

•Cost-efficient policy for 2◦ requires carbon pricing at 31 US$/tCO2 in 2020, and mandates
cumulative subsidies of ∼US$ 1.4 trillion – most of which go to solar and advanced cars:
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•The optimal ratio of subsidies and carbon pricing is 6% in 2020, and throughout the century
– way below today’s value of ∼160%.

•The market shares of renewables and advanced cars trail by ∼10 years without subsidies
(and more carbon pricing instead).

Regional detail

•Regional share of subsidies in the carbon rent ranges from 3% to 11%.

• Still, the net spillover due to the subsidy between regions is small.

•This optimal technology protocol is not a Pareto-improvement, but most regions profit.
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Africa
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Latin America
Russia
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Rest of World
Europe
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Second-best policies

•Carbon pricing only (NoSub): Minimal cost increase over first-best only.

•Delaying carbon pricing is costly (DelayTaxNoSub), increasing subsidies only reduces cost-
markup by ∼25% (DelayTaxHighSub).

•Carbon price permanently slightly too low (LowTax): Costs increase significantly.

Scenario Cost increase Subsidies Subsidies/Tax Tax in 2020

NoSub 0.01 pp 0 0 33 US$/tCO2
Optimal (first-best) – 1.4 US$ trillion 6.2 % 31 US$/tCO2
DelayTaxNoSub 0.40 pp 0 0 7 US$/tCO2
DelayTaxHighSub 0.31 pp 2.2 US$ trillion 8.2% 7 US$/tCO2
LowTax 0.08 pp 5.3 US$ trillion 26 % 29 US$/tCO2

Fig. 3: Scenarios for climate stabilization at 2◦C. Mitigation cost increases are in percentage points above the first-best level of 1.62% of discounted

consumption until from 2015 to 2100. Cumulative values of subsidies and taxes are given in US$2015 net present value terms. Model results are highlighted

over scenario assumptions in grey.

Methodology: Two solution concepts

•Negishi (global social planner): � max
∑
r

ωr Wr

Temporal markets clear by construction, iteratively adjust weights ωr until inter-temporal
trade balance is fulfilled.

→Yields cooperative solution with respect to inter-regional externalities.

•Nash (decentralized): � max W1, max W2, ..

Intertemporal trade balances fulfilled by construction, iteratively adjust prices until tem-
poral markets clear.

→Yields non-cooperative solution by default, but externalities can be internalized explicitly.
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•Nash algorithm details (Leimbach et al.2):

– linearly adjust prices based on market surpluses

– price anticipation as a helper construct

– regularize problem by a quadratic penalty cost in trade pattern

→Nash solves ∼10 times faster, scales favorably with number of regions, can be parallelized,
allows for inter-regional externalities.

Methodology: Internalizing the spillover

•Global learning-by-doing in six emerging low-carbon technologies:

InvCostt = C0

(∑
regi

CumCapregi,t

)−b

+ FC CumCapr,t =
t∑

t′=0

Δt′ DeltaCapr,t′

•The optimal subsidy on InvCostt is the sum of the regional marginal value of spillovers:

St =
∑
r

[value of learning]r
[price of capital]r

=
∑
r

Δt
[marginal of CumCap eqn]r
[marginal of budget eqn]r

→The subsidy St · DeltaCapr,t is iteratively priced in and financed by lump-sum taxation in
each region.

[1] IEA.“World Energy Outlook 2014”. Paris, 2014.

[2] M. Leimbach et al.“Solution Algorithms of Large-Scale Integrated Assessment Model”. mimeo (2015).

[3] A. Schultes et al.“Optimal international technology policy for the low-carbon transformation”. mimeo (2015).

[4] World Bank. State and Trends of Carbon Pricing. 2015.





Potential side effects
Positive
• Increase of coastal zone water pH
• Supply of nutrients to croplands

Negative
• Environmental costs of mining
• Potential mobilization of trace metals

Results I: Global supply curve

We derived supply curves for 26 world regions for olivine with a mean grain 
size of 20 and 50 µm, respectively. The carbon removed is not per year, but 
the integral over time until all of the olivine has weathered (halftime ~ 7 
and 14 years).

Enhanced weathering and BECCS – are
carbon dioxide removal technologies
complements or substitutes?

16.11.2015 – Enhanced weathering of 
rocks could be an alternative option for 
carbon dioxide removal from the 
atmosphere, especially when CCS is not 
available.
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Why do we need enhanced weathering?
Scenarios in AR5 show that negative emissions are crucial for achieving the 
2°C target. They were criticized for relying heavily on BECCS. EW is an 
alternative option to generate negative emissions.

FIg. 1 Suitable 
application areas 

What is enhanced weathering of rocks?
Weathering of silicate rocks consumes atmospheric CO2:

Fresh silicate rock + CO2 + H2O
 clay + HCO3

‐ + cations

The natural process is only efficient on geological time scales to balance
the atmospheric CO2 content. It can be enhanced by increasing the
surface area, i.e. using very small grain sizes.

Enhanced weathering needs three steps:
1. Mining of suitable rocks (dunite (olivine‐rich), basalt)
2. Grinding to small grain sizes (< 100µm)
3. Spreading on crop lands in warm and humid regions

Results II: Model results
Enhanced weathering is used in REMIND as a mitigation option starting in 
the middle of the century. If BECCS is limited (by limiting the availability of 
bioenergy or restricting CCS) EW is used earlier, thereby partially 
substituting BECCS.

The cumulated carbon budget remains almost unchanged. EW allows for 
more CO2 emissions early in the century which are compensated by 
negative emissions later on. A given climate target can be achieved at lower 
costs – at given costs, lower climate targets can be achieved.

Fig. 2 Global partial 
supply curve for 
negative CO2
emissions with 
enhanced 
weathering. The 
subplots shows 
regional 
contributions. 

KEY RESEARCH QUESTIONS

/ When and to which extent is enhanced weathering 
deployed in integrated assessment models?

/ How does enhanced weathering interact with the 
energy system?

/ How does enhanced weathering interact with other 
mitigation options, especially other CDR technologies?

Fig. 3 Change of 
global carbon pools 
until 2100 for 
different technology 
options. Scenarios 
reach a total radiative 
forcing of  2.6Wm‐2 in 
2100 and assume a 
grain size of 20µm.
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