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Chapter 1: Project overview and designing the 
policy simulations 
 

Project Description 
The ACROPOLIS project applies and compares energy models to assess the impact of energy 
technologies and policy measures on greenhouse gases (GHG) emissions and on sustainability in a global 
systems analysis perspective. The project involves a consortium of 7 EU and 5 non-EU organizations. The 
project objectives are to: 

• bridge the communication gap between modelers and policy-makers; 

• address policy questions that are currently relevant to the main stakeholders, i.e. policymakers 
and their policy advisors, both at the regional or country level and at the global level; 

• investigate the role of different policies and measures in reducing GHG emissions and fostering 
deployment of more advanced and climate-friendly energy technologies.  

The Consortium, to fulfill these objectives, examine a set of policy instruments for GHG emission control 
and also address a few relevant methodological issues. Fifteen, mostly bottom-up, technology-rich 
models, describing country, region or global energy systems are employed to simulate the various 
policies. Four case studies are carried out addressing following policy measures or instruments: 

• renewable portfolio schemes and internationally tradable green certificates;  
• emissions trading; 
• energy efficiency standards (for both demand and supply sides); 
• internalisation of environmental externalities; 

The methodological issues addressed include: 

• defining the baseline for CO2 emissions for the various models; 
• comparing implied vs. measured experience curves for technologies in the various models and 

devising better ways to represent technological progress; 
• tackling uncertainties in the technological parameters within the models. 

 

Methodology 
Fifteen energy models, mostly bottom-up, technology-rich models, describing country, region or global 
energy systems, are employed for the simulation of various policies and then results are compared across 
the models and relative to a baseline scenario. Table 1.1 presents the characteristics of the models and 
their use in various case studies. The time horizon covered is at least 2020/2030, some of the models have 
looked beyond that time frame. This allows policy makers to examine the impact of technology 
deployment both during the Kyoto period and in the longer term.  

Current report is organized in the following manner: 

- Remaining part of this chapter describes common assumptions those are made to formulate a 
baseline and case studies, 

- Chapter 2 provides the model description and results in the case studies for the models those have 
participated, 

- Finally, Chapter 3 presents a synthesis of all model results in each case studies along with some 
policy  conclusions. 
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Table 1.1: Model chracteristics 
Type Model Geographical 

coverage regions 
Type Institution Cases simulated 

AIM World 21 CGE NIES, Japan 2,3 and 4 
DNE 21 World 10 IAM RITE, Japan All  
GEM-E3 World 21 CGE NTUA, Greece 2 
GMM World 5 LP-MACRO PSI, Switzerland All 
MESSAGE World 5 LP-MACRO IIASA, Austria All 
NEWAGE World 13 CGE IER, Germany 2 and 4 

Global 

POLES World 38 Simulation IPTS, Spain 2 and 4 
MARKAL-
MATTER 

Western Europe 1 LP ECN, Netherlands 1,2 and 4 

MARKAL-
Nordic 

Nordic region 4 LP EST, Sweden 1, 2 and 4 

Regional 

PRIMES EU countries 15 Market 
equilibrium 

NTUA, Greece All 

MARKAL-
MACRO-IT 

Italy 1 LP-MACRO ENEA, Italy 1 and 3 

MARKAL-
Canada 

Canada 1 LP GERAD, Canada Only reference 

NEMS USA 5-32 Simulation EIA, USA 1,3 and 4 
TIMES Germany 2 LP IER, Germany 1, 3 and 4 

National 

NEV Netherlands 1 Simulation ECN, Netherlands 1 

 

Defining Baseline and harmonising key assumptions 
To provide enough flexibility to the models, the harmonisations of assumptions are restricted to GDP, 

population and energy price. For population 
and GDP, the assumptions as made in B2 
marker scenario of the IPCC Special Report 
on Emission Scenarios have been adopted 
for world and regional level (IPCC, 2000). 
At the country/national level, country 
modelers are free to make the assumptions. 
Compounded Average Growth Rates 
(CAGR) for global population and GDP are 
respectively 1.13% and 2.86% per annum 
for the period 1995-2030. Assumptions on 
energy prices, are obtained from POLES 
simulations 
 

Figure 1.1: Fuel prices  
 
made for the Reference Scenario in the Shared Analysis Project (Figure 1.1) (EC, 1999). The Baseline 
Scenario includes the energy-environment related policy adopted till June 30, 2001 and uses a general 
discount rate of 5%. However, sector-specific discount rate is also allowed. The base year of the study is 
1995 and all costs and prices are reported at constant 1995 Euro.  
Assumptions on technology parameters like efficiencies and specific investment costs, play central role in 
determining energy demand, energy mix, emissions etc. Sometime wide variations are observed on the 
assumptions across the models. However, it was decided not to harmonise them, since they are region 
specific, fuel specific and sometime even the definition of a technology assumed in a particular model 
does not match exactly with the other models.  
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Designing simulations for case studies 

Case study 1: Renewable portfolio schemes and green certificates 
Large hydro is treated as renewable source and municipal waste is excluded. The EU proposal on targets 
for renewables (22% as a share of electricity consumption in 2010) has been used as a starting point for 
EU countries. For the U.S., a target of 27% renewables in power generation by 2020 is assumed. 
Minimum target on renewable electricity production for other regions/countries including the world has 
been decided based on figures on renewable energy production in 550 ppmv case of IIASA. Green trading 
is based on certificates (or credits) and not the actual transfer of electricity. Since many countries import 
electricity, therefore, constraint is imposed as share of renewables in gross electricity consumption instead 
of generation. However, some of the world models like DNE21, without electricity trade across the 
regions, constraint is imposed as a share of generation. 

Share of renewables assumed by different models is presented in Table 1.2.  Since the base year for the 
calibration is different across the models, DNE21 used the growth rate of the minimum production rather 
than the absolute values provided by IIASA. GMM selected a rather high value on renewable generation 
as maximum production constraint and not a share.  It assumed maximum production of renewables at 
world level as 32 EJ, 50 EJ, 73 EJ and 103 EJ respectively for the years 2020, 2030, 2040 and 2050 and 
shares are worked out accordingly. While PRIMES use the renewable share as percentage of 
consumption, MARKAL-MATTER considers it as a share of generation. 

Case study 2: International Flexible Mechanisms 
Target for GHG emissions reduction as defined in Soft landing Scenario is used (Blanchard et al., 2001). 
In this scenario, CO2 concentrations are stabilized in the long-term at about 550 ppmv and all countries 
participate in the emissions reductions. The global emissions and resulting atmospheric concentrations are 
similar to the WRE 550 scenario (Figure 1.2) (Wigley et al., 1996). Allocations of emission entitlements 
up to 2030 is based on the hypothesis of stabilization of CO2 concentrations at 550 ppmv by 2150. To 
achieve this, IPCC describes a trajectory in which emissions would reach a maximum of 12 Gt of Carbon 
by around 2030 and would decline subsequently. If about 2 GtC of emissions from the agriculture sector 
are taken out, energy-related CO2 emissions are limited to 10 GtC. The timing of participation in 
reduction varies among countries, beginning with the Annex B countries, the US joins in 2010 and all 
countries are participating by 2050. The United States are supposed to implement only domestic policies 
up to 2010. The Annex B countries continue their reduction effort after the first commitment period. For 
example, if a country has a GHG target of 5% below 1990 level for the first commitment period, then its 
reduction by 2030 must be 0.95*0.95= 0.9025, about 10% below 1990. For USA, the target is based on 
2010 emissions as projected by EIA.  

For non-Annex B countries, targets are based on each countries 2010 emissions, the GDP per capita and 
the population projections. Soft landing carbon emissions targets are adjusted to the specific regional 
breakdown of each model. For the non-Annex B countries, the constraint of stabilization of overall 
emissions by around 2030 means that at this date the increase in their emissions must be at most equal to 
the reduction of the Annex B countries. Furthermore, since world emissions should ultimately decline so 
as to achieve a stabilization of concentration of these countries must in the longer term, stabilize and then 
decline. The policy option investigated in this case study uses emissions trading between the parties. It is, 
however, assumed that Russia and other eastern European countries will sell only 50% of their emission 
permits stemming from hot air by 2010. No banking is allowed. There is no use of the Clean Development 
Mechanism.  
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Table 1.2: Minimum share(%) of renewables by models 

Model Case Geographical 
coverage 1990 2000 2010 2020 2030 2040 2050

MESSAGE Base World 20.0 23.1 25.8 28.0 29.98 34.97 37.8
MESSAGE 
 

550 ppmv 
/Case1 World 20.0 23.7 28.6 34.6 36.3 40.2 44.4

DNE21 Base World  18.5 20.1 21.3 21.5 18.9 19.2
DNE21 550 ppmv World  18.5 20.8 22.4 24.4 26.5 35.7
DNE21 Case 1 World  18.5 22.5 26.9 28.3 31.3 34.6
GMM  Base World 20 20.65 17.5 17.7 16.9 19.8 24.0
GMM  Case 1 World 20 22.5 32.4 35.1 40.3 45.7 49.3
MARKAL-
MATTER 

Base 
Western Europe 20.6 20.0 25.4 25.0 25.5 26.7 27.3

MARKAL-
MATTER 

Case 1 
Western Europe 20.6 20.1 31.0 34.0 42.0 50.0 58.0

Primes  Base EU-15 14 14.0 14.0 15.0 17.0 Na na
Primes  Case 1 EU-15 14 14.0 22.0 31.0 39.0 na na
MARKAL-Nor  Base Nordic  63.0 58.0 60.0 60.0 na na
MARKAL-Nor  Case 1 Nordic  63.0 67.0 72.0 73.0*  
NEMS  Base  USA  10.0 10.0 9.0 na Na Na
NEMS  Case 1 USA  10.0 18.0 27.0 na na Na
NEO-MS Base Netherlands  3.0 7.0 6.0 na na na
NEO-MS Case 1 Netherlands   9.0 15.0 na na na
TIMES  Base  Germany  8.0 9.0 11.0 14.0 17.0
TIMES  Case 1 Germany  11.5 20.8 28.7 35.6 41.3
*for the year 2023. 
  

Case study 3: Efficiency standards 
Initially, seven cases were formulated. Five of them address respectively measures for the road transport 
(Case3-T),  residential sector (Case3-R), service sector (Case3-S), industrial sector (Case3-I), power 
sector (Case3-P). One of the remaining two considers combined measures for all sectors (Case3-C) and 
other one (Case3- CO2) considers CO2 emissions from Case3-C as target. Based on the available 
information, partners arrived at the sector-wise efficiency targets given in Table 1.3.  For power sector, 
the improvement is applied to the average efficiency of the all fossil power plants together including CHP. 
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Figure 1.2: Global CO2 emissions target and resulting atmospheric concentrations of the Soft-
Landing scenario compared with the WRE550 scenario 
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For industry sector, it is the improvement in the average energy intensity. Similarly, for residential and 
service sectors, it is the average end-use efficiency improvement. However, for the transport sector, 
efficiency improvement is targeted for passenger car only.  

Table 1.3: ACROPOLIS assumptions on improvement (%) of energy efficiency/intensity against 
baseline 

Sector/Region 2010 2020 2030 2040 2050 
Power Sector      
Western Europe 3.75   7.50   11.25  15.00   18.75   
N.America 3.44   6.88   10.32  13.76   17.20   
Japan 1.25 2.50 3.75 5.00   6.25   
EEFSU and ROW 2.50 5.00 7.50 10.00   12.50   
Industry sector      
OECD & EEFSU 2.50   5.00   7.50   10.00   12.50   
Developing World 3.75 7.50 11.25 15.00   18.75   
Service & Residential      
OECD & EEFSU 5.00   10.00   15.00  20.00   25.00   
Developing World 3.25 6.50 9.75 13.00   16.25   
Transport - Road transport (car)     
Western Europe 2.50 5.00 7.50 10.00 12.50 
N.America 5.00 10.00 15.00 20.00 25.00 
Japan 1.40 2.80 4.20 5.60 7.00 
EEFSU and ROW 2.95 5.90 8.85 11.80 14.75 

In terms of actual implementation, the global models without having demand sectors representation, did 
the simulation for the power sector only and in addition, two models did Case3-CO2. Some models scaled 
down the proposed improvement targets to avoid infeasibilities (Table 1.4). PRIMES, the only regional 
model applied, conducted only Case3-C for EU-15 region. Among national models, NEMS carried out all 
the above-listed ACROPOLIS cases for USA. Instead of ACROPOLIS targets, NEV-NL implements the 
Government’ energy efficiency policy for the building sectors in Netherlands. TIMES-Germany carries 
out all the cases. 

 
Table: 1.4: Efficiency targets that modified by some models 

Model/region 2010 2020 2030 2040 2050 
DNE 21      
OECD & EEFSU 1.25 2.50 3.75 5.00   6.25   
ROW 2.50 5.00 7.50 10.00   12.50   
GMM      
NAME 3.44 6.88 10.32 13.76 17.2 
OOECD 3.13   6.25   9.38   12.50   15.63   
EEFSU & ROW 2.50 5.00 7.50 10.00   12.50   
MESSAGE      
OECD 2.50 5.00 2.75 3.63 4.50 
ASIA 2.50 5.00 7.50 10.00 12.50 
EEFSU & ROW 2.50 5.00 1.80 2.40 3.00 
 
 

Case study 4: Internalisation of external costs 
The use and generation of energy entails considerable costs. Beyond capital, fuel and labour costs the 
impact of energy use and generation on human health and the environment (agriculture, ecosystems, etc) 
has a cost as well. Quantifying these costs and including them in the overall energy cost would allow to 
evaluate the “best” option both from an economic as well as environmental point of view. 
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However, these so-called “external” costs have to be quantified before they can be internalised. Within the 
ExternE1 research network, this is done for different fuels and technologies for the electricity sector. 
However, for the application of the ExternE numbers in energy models some problems arise: 

• The ExternE numbers are site specific for individual plants with specific configuration 

• They cover only Europe 

• The results are mainly on electricity generation and for existing power plants 
 
These drawbacks are known and research work is going on to close this gap. For the current case study, a 
methodology had to be developed to adjust and scale the ExternE results for their application in the 
energy models. 
 
The national implementation projects of ExternE dealt with the evaluation of externalities of power plants 
on different sites in different European countries. A scaling method is applied to adjust the external cost to 
different sites and countries. The main factor here is the population density, as it means higher exposure 
of the population to the negative effects. Hence, the higher the population density the higher the external 
cost will be.  
 
Another important adjustment was made by scaling the results according to the efficiencies of the fossil 
fuel power plant used. Future power plants with high efficiencies should not be penalised by applying an 
external cost number derived from an existing conventional plant with considerably lower efficiency. The 
adjustment is made proportionally comparing the efficiency of the power plant in question with the 
reference efficiency. Specific external costs were derived for different configurations of power plants. 
Environmental technologies (DeSox, DeNox, dedust) can be taken into account. An overview of external 
cost numbers used in this case study as well as the adjustment factors are given in the following box and 
Table 1.5: 
 

 

 

 

 

 

 

 

 

 

 

                                                 
1 Information on ExternE can be found on the internet: externe.jrc.es and www.externe.info 

Adjustment factor for population density 
 NOX SOX particulates 
high (Germany, Netherlands, Japan, India, 
China) 1.5 1.5 1.5 
Medium 1 1 1 
low (Scandinavia, Africa) 0.75 0.75 0.5 

 
External cost per t of pollutant 

  NOX SOX particulates CO2 
      
average cost €/t 7000 8000 14000 19

 

Reference Power plant efficiency   
coal 41 % 
oil 40 % 
gas 55 % 
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Table 1.5: Overview of external cost for electricity generation (medium population density) 

DESOX DENOX Dedust External costs   
(%) (%) (%) (Eurocents/kWh) 

Coal     
type 1 0 0 0 16.6 
type 2 0 50 80 5.3 
type 3 90 50 99.5 2.1 
type 4 99 75 99.5 1.9 
Gas     
boiler - 0 0 2.8 
combined 
cycle 

- 90 90 0.3 

Biomass n.a. n.a. n.a. 0.3 
Nuclear - - - 0.5 
Wind - - - 0.1 
Solar - - - 0.1 

 
 
The external cost based on ExternE and adjusted as sketched above are internalised in all regions. There is 
no consideration of phased introduction according to economic development of the regions. Only the 
externalities of electricity generation will be considered due to the scarcity of data. For comparison two 
scenarios were analysed: one of them considering also the impact of electricity generation on climate 
change. The external cost of climate change is taken from ExternE as well and presents the median value.  
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Wigley T.M.L., Richels R., and J.A Edmonds., (1996), Economic and environmental choices in the 
stabilization of atmospheric concentrations, Nature 379 (6562), pp 240-243. 

 



ACROPOLIS 

Chapter 2: Policy scenario analysis with energy 
models 
 

 
This chapter contains all the available concluding summaries for 13 models. They are classified into Global, 
Regional and National models. Structure and assumptions of each of this model are presented followed by the 
results from the case studies they have simulated. 
 

GLOBAL MODELS 
 

1. AIM model  
 

1.1 Introduction 
In this section the results of various ACROPOLIS case studies undertaken by the Asia-Pacific Integrated 
Modeling (AIM) team are presented. AIM models have been applied to various national, regional and global 
level analyses. In past, AIM results have been reflected to the Government of Japan and AIM results have also 
been included in IPCC studies as well as comparison studies under Energy Modeling Forum (EMF) of the 
Stanford University, USA. 
Under the case studies of ACROPOLIS project, AIM model can be applied and compared with results of 
several other models which have varying regional horizons. AIM results pertaining to ACROPOLIS are at the 
global level. 
 

1.2 AIM Modeling Framework and Baseline 
The Asian-Pacific Integrated Model (AIM) is a large-scale computer simulation model developed by the 
National Institute for Environmental Studies in collaboration with Kyoto University. The AIM model assesses 
policy options for reducing greenhouse gas emissions and avoiding impacts of climate change, particularly in 
the Asia-Pacific region. It can also be used for analysis at the global level. The period of analysis can be 
medium-term (up to 30 years) to long-term (up to 100 years). The original AIM is an integrated 'top-down and 
bottom-up' model and comprises an emission model, a climate model and an impact model (Matsuoka, 
Kainuma and Morita, 1995). The emission model consists of a module on energy efficiency improvement, a 
module on energy service and a technology selection module for regional models. For the global emission 
model AIM uses mainly a general equilibrium model with higher sectoral aggregation while regional models, 
which are applied only for Asia, have detailed representation of energy service and technology. The climate 
model is developed to link emission and impact models. The impact model contains a spatial water balance 
model, an ecological model and a health impact model. It is used to estimate the increased risks of droughts, 
floods, vegetation changes and malaria. For ACROPOLIS only emission modeling simulations were 
performed. 
 
Over the years of development, a variety of new models, which are interrelated and interconnected, have been 
added to the group. These new models are AIM/Local, AIM/Country, AIM/Impact (Country version), 
AIM/Ecosystems, AIM/Material and a global computable general equilibrium (CGE) model – 
AIM/CGE/Global. Some of the recent results from these models are reflected in Asia-Pacific Environmental 
Innovation Strategy Project (Fujino and others, 2001) currently in progress. Of the various models in the AIM 
family, the AIM/CGE (Energy) (Kainuma, Matsuoka and Morita, 1999; Kainuma et al, 2002), AIM/Trend 
model (Fujino et al, 2002; Fujino, 2001) and AIM/Enduse model (Kainuma, Matsuoka and Morita, 2002) 
were employed for preparation of the ACROPOLIS scenarios. 
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The AIM/CGE (Energy) model is a recursive dynamic equilibrium model of the world economy used to 
analyze the effects of climate stabilization policies (Kainuma et al. 1999). The model divides the world into 21 
geopolitical regions. To analyze the impacts of the Kyoto Protocol, Annex B countries are categorized into the 
following regions: Japan, Australia, New Zealand, the United States of America (USA), Canada, the European 
Union (EU), and Eastern Europe and the Former Soviet Union (EEFSU). The AIM model focuses in detail on 
the Asia-Pacific region, which is divided into 10 regions: China, Taiwan, the Republic of Korea, Hong Kong, 
Singapore, India, Indonesia, Malaysia, the Philippines, and Thailand. Other regions are Latin America, Middle 
East Asia and North Africa, Sub-Saharan Africa, and the Rest of World (ROW). 
 
The AIM/Trend model is an econometric model to project the economy, energy and environmental situation in 
middle-term future. It calculates the relationships between each parameter by regression methods using time-
series data from 1971 to 1998 and extrapolates those relationships for the future projection. It makes 
simulations of energy supply and demand, Greenhouse Gas (GHG) emissions, local air pollution and water 
supply and demand on the basis of data on population, Gross Domestic Product (GDP), GDP per capita, GDP 
share and so on as driving forces. The simple structure of this model gives it a unique position as a 
communication tool between researchers and policymakers of each country for which this model is used and 
hence consolidation of results can be achieved. 
 
AIM/Enduse is a technology selection framework for analysis of country-level policies related to greenhouse 
gas emissions mitigation and local air pollution control. It can also assist in energy policy analysis. It 
simulates flows of energy and materials in an economy, from supply of primary energy and materials, through 
conversion and supply of secondary energy and materials, to satisfaction of enduse services. Energy and 
material flows through technology systems in an economy, and consequent emissions, are modeled 
elaborately. Selection of technologies takes place in a linear optimization framework where system cost is 
minimized under several constraints like satisfaction of service demands, availability of energy and material 
supplies, and other system constraints. System cost includes fixed costs and operating costs of technologies, 
energy costs, and other costs like taxes or subsidies. The model can perform calculations simultaneously for 
multiple years. Various scenarios including policy countermeasures can be analyzed in AIM/Enduse. A 
complete guide of AIM/Enduse model including details of mathematical formulation is provided in Kainuma, 
Matsuoka and Morita (2002). 
 

1.3 ACROPOLIS Policy Case Studies 
AIM team studied three of the ACROPOLIS policy cases – Flexible Mechanisms (Soft landing scenario), 
Efficiency Standards, and Internalization of externalities. The detailed scenario descriptions of each of the 
case studies are given in the Chapter 1 of this report. In every case, the policy scenario descriptions provided 
by the project leaders were applied without any alteration though it was felt by our team that these scenarios 
described rather ambitious policies for some regions especially in cases of Efficiency Standards and 
Internalization of externalities. 
 

1.4 Results 
Following is the summary of main results from each of these case studies. 
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Figure 1. CO2 emissions in various case studies (a) Soft landing (Unit: GtC) (b) Efficiency standards (Index: 
Reference case = 1) (c) Internalization of externalities (% changes over reference case) 
 
World CO2 emissions for base case and the soft landing scenario are shown in Figure 1a. CO2 Emissions in 
soft landing scenario are stabilizing at around 10.2 GtC by 2050, which is nearly 30 percent reduction from 
the base case in the same year. As shown in Figure 1b, CO2 emissions reduce by almost 12% in the combined 
action scenario (CS3_C) where efficiency improvement in all sectors is considered to occur at the same time. 
In the last case, as the emission taxes are imposed, there is a reduction in all the emissions but CO2 emissions 
reduce less as compared to the reduction in SO2 and Nox emissions (Figure 1c). The probable reason for this 
result is that the level of SO2 emission tax is high while CO2 emission tax is low. This induces the favored 
selection of technologies that reduce SO2. 
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                     (a)                                              (b)                                                 (c) 
Figure 2. Primary energy in various case studies (a) Soft landing (Unit: Exajoules) (b) Efficiency standards 
(Index: Reference scenario = 1) (c) Internalization of externalities (Fuel wise; Index: Reference scenario = 1) 
 
The effects of various policies to reduce CO2 emissions are also observed in the primary energy. In the soft 
landing case the total reduction in primary energy consumption is around 30% in 2050 while the Annex-I 
regions are affecting more than the non-Annex-I regions (Figure 2a). The effect in the case of efficiency 
standards is less as compared to soft landing case and the total primary energy reduces by about 12% in the 
combined application of efficiency standards in all the sectors (Figure 2b). Similarly, the last case also shows 
that not much loss of primary energy but major shifts in the system would occur with natural gas taking over 
from coal. 
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                              (a)                                                                       (b) 
Figure 3. Fuel input for power generation in various case studies (a) Efficiency standards Case on power 
generation sector only (Unit: EJ) (b) Internalization of externalities (Index: Reference scenario = 1) 
 
 
AIM has reported detailed information on fuel inputs for power generation sector for case study 3 and case 
study 4. The fuel inputs for electricity generation reduce under the efficiency standards scenario by nearly 
15% (Figure 3a). In the later case, similar to the primary energy consumption, fuel consumption pattern in 
electricity sector (Figure 3b) would observe natural gas replacing coal and oil while the penetration of other 
technologies like renewables is limited when we look at the World as a whole. Penetration of improved 
technologies of coal- and oil- power generation after 2030 reduces the consumption of natural gas in that 
period. 
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Again for cost measures, the results from AIM simulations are reported only for Soft landing (Case study 2) 
and internalization of externalities (case study 4). In Soft Landing scenario, the world GDP in 2050 reduces by 
nearly 0.8% over the base case (Figure 4a). The main message in the case when the externalities are 
internalized, by way of emission taxation, the fixed cost increases by about 20% for World due to increased 
investments in capacity and expensive technology while the emission cost reduces by about 20% (it does not 
completely become zero) and total of the two (Figure 4b) decreases by about 15% over the reference case 
showing that it is beneficial for the society on the whole. 
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Figure 4. Measure of cost in various case studies (a) Soft landing (Unit: % change in GDP over baseline) (b) 
Internalization of externalities (Unit: % change in fixed cost plus emission cost over baseline)) 
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Figure 5. Carbon Intensity and Energy Intensity in various case studies (Index: Reference case = 1) 
 
A comparison of carbon intensity and energy intensity for the three case studies is shown in Figure 5. The soft 
landing case impacts both the variables most compared to the other cases but in all the cases we see a 
reduction of intensities over the baseline due to the emission reduction policies. 
 

1.5 Conclusion 
 
The main conclusions of the three case studies are summarized as follows. 
Soft landing 
1. The reductions in the emissions for various GHGs are accompanied with changes in primary energy 
composition and also costs to the economy. 
2. In reducing the CO2 emissions, in soft landing scenario, there are co-benefits for the local emissions such as 
SO2 and other GHGs such as CH4 and N2O. 
3. From policymaker’s viewpoint, the changes in the energy composition have implications for the future 
research, development and investments in technologies employing these fuels especially in power generation.  
Efficiency standards 
1. Efficiency improvement by application of efficiency standards leads to reduction of primary energy demand, 
final energy demand, as well as CO2 emissions.  
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2. The effect of efficiency improvement in transport and services sectors is lower than the effect of efficiency 
improvement in industrial and residential sectors.  
3. In the scenario where efficiency improvement in all sectors is considered together, the effect is seen to be 
additive of the individual sector efficiency improvement scenarios. 
4. The results for power generation under the efficiency improvement scenario show that after 2040 the output 
levels off due to efficiencies reaching their maximum potential. Thus the targets provided in the case study are 
optimistic for some regions. 
Internalization of externalities 
1. Internalizing the externality of local pollutants (SO2 and Nox) and the global pollutant (CO2) 
simultaneously leads to reduction all emissions but the effect is less on CO2 (around 3% by 2050 over 
reference case) as compared to SO2 and Nox (around 17% by 2050 over reference case). One of the prime 
reasons for this result is that level of tax applied for SO2 emissions is very high as compared to the level of tax 
for CO2 emissions. 
2. The results show that there are variations among regions but the general tendencies of energy systems, 
emissions and costs remain same for all the regions. 
 
In summary, we can say, when the above results are seen together, that different policies would have different 
impacts on the CO2 emissions, energy systems, energy inputs for power generation and will have different 
cost implications. 
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2. Dynamic New Earth 21 model 
 

2.1 Introduction 
Dynamic New Earth 21 (DNE21) model is a 10-region world model of optimization type, into which Energy 
Systems, Macro-economic and Climate Change modules are integrated, and its time horizon is 2000 to 2100. 
The definition of the 10 regions is presented in Figure 1. For further explanation on the model, see (Fujii and 
Yamaji, 1998). 

2.2 Assumptions for Reference Case 

2.2.1 Population, GDP and Final Energy Demands 
The assumed population, reference GDP and final energy demands are derived from IPCC SRES B2 
(Nakićenović, et al., 2000). Figure 2 shows the assumed reference final energy demands for the 
entire world. 

Figure 1  Regions evaluated in DNE21. 
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Figure 2  Assumed reference world final energy demands by fuel. 

M.East&N.Africa
C.P.E.Asia

Japan

W.Europe

FUSSR&E.Europe

N.America

L.America

Oceania

Asia
Other

S.S.Africa



ACROPOLIS 

  21

2.2.2 Fossil Fuel Costs 
Fossil fuel production costs are assumed to be in Figure 3, referring to (Rogner, 1997). 
 

2.2.3 Technology Assumptions 
  Costs, annual expense rates and usage rates for electric power plants are assumed to be as in Table 1 for the 
regions other than Japan. The costs for Japan are assumed to be higher than those in Table 1 in 2000, and to 
decrease to the same costs as for the other regions until 2050. Table 2 shows the assumed energy conversion 
efficiencies of electric power plants in W. Europe, N. America and Oceania. A little better efficiency is 
assumed for Japan, a little worse efficiency is assumed for F. USSR & E. Europe, and the worst is assumed for 
the other regions. Improvements in the efficiencies due to technological progress in the future are taken into 
consideration. In addition to the power plants shown in Table 1, hydro & geothermal, wind and solar 
photovoltaic power plants are modeled. The costs of wind power and photovoltaics are assumed to reduce by 
1 %/yr and 2 %/yr until 2050. 
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Figure 3  Assumed fossil fuel production costs. 

 
 

Table 1  Assumed cost parameters for electric power plants 
Cost (EURO95/kW) Annual Expense Rate Usage Rate

H2  fueled power 1986 0.17 0.85
N.G. fired power 693 0.17 0.85
Oil  fired power 785 0.17 0.85
Coal fired power 1201 0.17 0.85

IGCC with CO2 Rec. 1894 0.17 0.85
Biomass fired power 1386 0.17 0.85
Methanol fired power 1340 0.17 0.85

Nuclear power 1848 0.19 0.80
Electricity storage 924 0.13 0.85
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Table 2  Assumed energy conversion efficiencies of electric power plants in W.Europe 

2000 2010 2030 2050 2075 2100
H2  fueled power 51.4 52.3 54.1 55.9 58.0 60.0
N.G. fired power 45.1 47.8 49.4 51.0 53.0 55.0
Oil  fired power 42.2 46.7 49.4 52.0 52.0 52.0
Coal fired power 39.1 43.8 46.9 50.0 50.0 50.0
IGCC with CO2 Rec. 37.3 38.4 40.5 41.5 41.5 41.5
Biomass fired power 30.0 32.0 36.0 40.0 40.0 40.0
Methanol fired power 44.9 48.3 51.6 55.0 55.0 55.0
Electricity storage 70.0 70.0 75.0 75.0 75.0 75.0  

unit: %(LHV) 
 
 

2.3 Results for Case Studies 

2.3.1 Settings for the Case Studies 1-4 
(1) Case Study 1: Green certificates 
  Growth rates of the minimum share constraint of renewable energy in the electricity sector are set the same 
as the growth rates of the optimization result for 550 ppmv CO2 stabilization which IIASA provided with 
respect to SRES B2 scenario, so that the effects due to model differences can be minimized. The minimum 
share of renewables in 2000 is 18.5% and the share in 2050 is 34.6%. Full interregional trades of green 
certificates are permitted. 
(2) Case Study 2: Flexible mechanism 

The “Soft landing scenario” provided by IPTS is used to generate the maximum allowable CO2 emission 
targets for each region so as to stabilize the atmospheric CO2 concentration at 
 
550 ppmv. Here, the emission growth rate of each region is kept the same as that of the original “soft landing 
scenario”. The reference case emissions are not necessarily higher than the maximum allowable emissions that 
are determined in the above fashion, and so-called “hot air” takes place for some regions. Interregional 
emission trading is assumed. The “hot air” is allowed to trade only up to 50 % and only in 2010, and is not 
allowed thereafter. 

(3) Case Study 3: Efficiency standards 
The standard efficiency improvement rates proposed by the IER are basically applied to only the thermal 

power generation technologies modeled in the DNE21, i.e., hydrogen fueled, natural gas fired, oil fired, coal 
fired, IGCC with CO2 recovery, biomass fired and methanol fired power generation technologies. Since the 
standard efficiency improvement rates by the IER cannot be satisfied for N.America, W.Europe, Oceania, and 
FUSSR&E.Europe regions by the DNE21 because of the excessively high efficiency standards, the efficiency 
improvement rates for these regions are relaxed to be the same as those for Japan for our Case Study 3. 

(4) Case Study 4: External costs 
The external costs of electricity generation based on ExternE are internalized without CO2 emissions. The 

external costs are added on the electricity prices, and the energy saving in end-use sectors is taken into 
account by the price signals. 
 

2.3.2 Results 
The calculated primary energy production, electricity generation, CO2 emissions and GDP loss for the entire 

world up to 2050 are shown in Figures 4-7. Note that the data of the year 2000 are estimated from the 
historical data trends and not the results by model calculation. 
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2.3.3 Major findings 
(1) Case Study 1: Green certificates 
- The renewable share in primary energy consumption of 2050 is 29% in Case Study 1, in contrast with 

20% in Reference Case. 
- The increase of the renewable share from the Reference Case is relatively large in N.America and 

W.Europe and small in Japan. The relatively large expansion of biomass and wind power generations is 
observed. 

- The shadow price of minimum renewable constraint, which corresponds to the price for the green 
certificate trading, will be approximately 9 Euro95/MWh in 2050. 

- The increase in energy systems cost is about 0.3% in 2030 and 1.0% in 2050 from in Reference Case for 
the entire world. 

- The world carbon emissions in 2050 decreases to 50 GtCO2 in Case Study 1, compared with 55 GtCO2 in 
Reference Case. In the case of 550 ppmv CO2 stabilization without a constraint of renewable shares, the 
world carbon emission in 2050 is calculated to be 7 GtCO2 lower than that in Case Study 1. 

(2) Case Study 2: Flexible mechanism 
- The “soft landing scenario” brings “hot air” in many regions even up to 2050. 
- Burden of the emission constraint by the “soft landing scenario” varies depending on the region; it is 

“hard” for Japan and Oceania until 2030, and thereafter hard for Other Asia and M. East&N. Africa. 
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Figure 4  World primary energy consumption. 
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Figure 5  World electricity generation. 
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     Figure 6  World CO2 emissions.     Figure 7  Loss of gross world product. 

 
 

- Emission trading takes place and it reduces the total energy systems cost of the world by about 800 billion 
Euro95 over the 100 years between 2000 and 2100; W. Europe, Japan and Oceania purchase the “hot air” 
from FUSSR&E. Europe in 2010, and W. Europe and L. America sell their emission rights to Other Asia 
and to M.East&N. Africa in 2050. 

- Renewables such as wind, biomass and hydro substitute principally coal fired power generation; nuclear 
also increases. 

- CO2 shadow price increases from 100 Euro95/tC in 2020 to 222 Euro95/tC in 2050. 

(3) Case Study 3: Efficiency standards 
- The regulation of average power generation efficiency helps reduce CO2 emissions; however, it increases 

electricity prices by more than 80 Euro95/MWh in many regions.                              
- The total systems cost becomes 12% higher and the gross world product is 2.5% smaller in 2050, as 

compared to Reference Case. 
- The most economical way to achieve the same amount of CO2 emission reduction as obtained in the Case 

Study 3 includes the introduction of other technology options such as energy saving in end-use sector, 
larger utilization of renewables and CO2 sequestrations; the gross world product loss is mitigated to be 
1.5% in 2050 in this case. 

(4) Case Study 4: External costs 
- The maximum reduction of world CO2 emissions from Reference Case is about 5 % by 2050. 
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- The estimated GDP losses from Reference Case are within 0.3 % and 0.5 % by 2050. 
- The primary natural gas, nuclear and renewable energy consumptions in Case Study 4 are larger than 

those in Reference Case; however, the differences are not large. 
- In non-OECD countries, such as C.P.E. Asia, Other Asia, the electricity generations by natural gas fuel 

are larger than those in Reference Case. However, in OECD countries, the electricity generations are 
almost the same as those in Reference Case. 

 

2.4 Conclusion 
Among the four Case Studies, the reduction of world CO2 emissions from the Reference Case is estimated to 

be the largest for Case Study 2 (“Flexible mechanism”); its reduction rate is 35% in 2050 with a GDP loss of 
2.3% from Reference Case. 

For the Case Study 3 (“Efficiency standards”), the GDP loss rate in 2050 is 2.5%, which is slightly larger 
than that in Case Study 2. The CO2 reduction rate for Case Study 3 from Reference Case is, on the other hand, 
24% in 2050, which is lower than that in Case Study 2. The “Efficiency standards” policy is thus less cost-
effective for reducing CO2 emissions than the ”Flexible mechanism” policy. 

The regulation in Case Study 1 (“Green certificates”) is expected to reduce world CO2 emissions by only 
10%; however, the GDP loss is also mitigated to be only 0.25% in 2050. The contribution of the “External 
cost” policy proposed in Case Study 4 seems to have only a limited effect to reduce CO2 emissions. 
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3. GLOBAL MARKAL model (GMM) 
 

3.1 Introduction 
 
This section summarises the GMM results within the ACROPOLIS project. It addresses the implications of 
some key policies and measures in favour of reducing GHG emissions and fostering deployment of more 
advanced and climate-friendly energy technologies on a global level. Implementation of the climate protective 
policies will eventually change the performance and structure of the energy sector and the power generation 
industry. The structural, environmental and economic impacts of selected policies are discussed . 
 

3.2 Policies description 
 
The set of policies define a climate response overlay above a reference development that represents the B2-
SRES storyline, which envisages already a given degree of increased concern for environmental and social 
aspects and appears to be consistent with current institutional frameworks and current technology dynamics. 
Population growth is consistent with the United Nations median projection increasing to 9.4 billion people in 
2050 in a continuation of historical trends. Economic growth is gradual, with world GDP increasing at an 
average rate of 2.8% per annum between 1990 and 2050. Income per capita grows at a global average of 1.8% 
per year for the same period reaching an average value of 11700 USD (1990) per capita in the year 2050 (at 
market exchange rates). 
The first set of scenario analyses address options and impacts of policies imposing an obligation to generate 
certain amounts of renewable electricity as a minimum constraint in all world regions. A trade of the so-called 
green-certificates is foreseen among world regions with surpluses of generated renewable power and those 
having limited or expensive possibilities to produce renewable power (i.e. a cap-and-trade policy in favour of 
renewable resources).  
The second set of policy overlay favours a Kyoto-type scenario for carbon mitigation and assumes, in the long 
term, a cap-and-trade scheme across all world regions in order to stabilise carbon emissions. The distribution 
of emission permits among regions takes into account the inspirations for economic development of non-
Annex II countries. The stabilization target of 10 Gt C/yr by the year 2050, is achieved by first ratifying and 
applying the Kyoto Protocol for the period up to 2012 and then by extending the scope and the geographical 
coverage of the Protocol in the subsequent decades to all world regions. 
The third category of scenarios refers to a policy of imposing stringent energy efficiency standards on a set of 
power generation technologies. Each world region has a commitment to reach efficiency target for electricity 
generation from fossil fuels based technologies. This efficiency target is defined as a percentage increase in 
average fossil-based power system efficiency above the Baseline starting in year 2010. 
The fourth category of scenarios refers to the implementation of policy measures that internalise the 
externalities in power generation related to local pollution and climate change. The study quantifies external 
costs by applying the ExternE-Project costs estimated for Europe to all world regions, after adjusting for 
regional differences.  
 

3.3 Modelling framework 
 

Successful climate policy assessment requires the use of models able to stimulate the technological change 
necessary for long-term shifts towards a low-carbon global energy system. The Global MARKAL Model 
(GMM) is a multi-regional, partial equilibrium "bottom-up" engineering model of the energy system that 
incorporates endogenous technological learning with spillovers across technologies and world regions. GMM 
includes sufficient technological details for being able to address the question of how policies can foster the 
development of new technologies and their subsequent deployment. 
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GMM considers five world regions: Two regions represent the industrialized countries: North America 
(NAM) and the rest of the countries belonging to the OECD in 1990 (OOECD). OOECD comprises Western 
Europe and the so-called Pacific OECD region (which includes Japan, Australia and New Zealand). One 
region represents the economies-in-transition, putting together the Former Soviet Union and Eastern Europe 
(EEFSU). The developing world is grouped in two additional regions. Developing countries in Asia are 
included in the ASIA region. ASIA comprises centrally planned Asia, South East Asia and Pacific Asia. The 
rest of the world is covered in the LAFM region, which includes Latin America, Africa and the Middle East.  
There are six end-use demand sectors in the GMM model. Industrial and residential & commercial sectors are 
divided into thermal and electric uses. The transportation sector merges together passenger and freight 
transport means. Finally, the non-commercial use of biomass and non-energy feedstock is represented. In each 
of the demand sector, a set of generic end-use devices is defined. Assumptions concerning energy intensity 
and energy demand projection per region and demand category are trend extrapolation of the past performance 
on autonomous declining energy intensity together with a consideration of regional income and price 
elasticises. The demand projections and potentials for fossil fuel and renewable resources correspond to those 
of the characterization of the SRES-B2 storyline. The model horizon is 1990-2050 while a discount rate of 5% 
is applied to all calculations. 
The supply sector is represented with some detail. Technologies for the production of electricity, heat and a 
variety of final fuels (oil products, alcohol, hydrogen, natural gas) from several fossil and non-fossil sources 
are included, as well as the corresponding transmission and distribution (T&D) chains. Investment, fixed 
O&M and variable O&M costs are considered for all the different supply technologies. 
GMM is addressing technology dynamics in energy-systems models focusing on technological learning, a key 
driving force of technological progress. A typical learning curve describes the specific cost of a given 
technology as a function of the cumulative capacity, a proxy for the accumulated experience. Thus, it reflects 
the fact that some technologies may experience declining costs due to learning-by-doing. Endogenisation of 
the technological learning (ETL) enables the modeller to analyse how the specific investment cost of a 
“learning” technology declines with accumulated installed capacity of the respective technology. 
The GMM model version used for this analysis applies the ETL option in combination with a partial 
equilibrium algorithm that adjusts demands for energy services to the increased marginal cost of services due 
to the imposition of a policy constraint. The energy end-use demands are not fixed, but they are elastic to their 
own prices, endogenously computed by the model in the Baseline, and self-adjusted if modified scenario 
conditions affect the prices. Each time an alternative set of policy assumptions is simulated, the model clears 
the energy markets by maximizing the producers and consumers surplus. 
Additionally, the GMM model allows simulation of the global trade of selected energy or environmental 
commodities (e.g. fuels, electricity, emission permits), and defines a shadow price of the commodity globally 
traded among regions. 
  

3.4 Results 
Under the Baseline scenario, global primary energy consumption assumes a significant increase and is still 
largely dominated by fossil fuels. Both coal and natural gas experience a substantial growth, with coal and gas 
remaining the predominant sources by the end of the horizon. Growth of oil remains modest, but it continues 
to hold a significant contribution. Non-fossil resources slowly gain market share. In the case of imposing a 
renewable electricity target over the Baseline, the contribution of renewables reaches more than 30% of the 
global primary energy consumption in 2050. Significant increase in non-fossil sources is observed also in the 
Soft landing scenario, where contribution of nuclear energy doubles and renewables increase their share by 
20% over the Baseline in 2050. In the end of the horizon, consumption of coal is reduced by a factor of two 
compared to the reference case. Similarly, the significant decrease of coal consumption in case of efficiency 
standards is balanced with rising use of natural gas, nuclear energy, oil and renewable power. Internalisation 
of external costs from local pollution in the power sector leads again to a strong reduction in the coal 
consumption, which is substituted by oil, renewables and nuclear energy. 
A set of different indicators is used to analyse the behaviour of the reference energy system under the policy 
options studied. Figure 1 shows the world energy intensity expressed in primary and final energy consumption 
per unit of GDP. Both indicators show a decreasing trend within the time horizon of analysis (2000-2050). 
This conclusion is a combination of exogenous assumptions related to the development of the energy demands 
and the results of the model that favours the introduction of efficient energy technologies on the global scale. 
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Primary energy intensity in Baseline and other scenarios remain almost identical, but decreases over the time 
horizon with annual rates between 1.0% to 1.2%. The same development is true in all cases for the final 
energy intensity, where the annual declination rate in the period 2000-2050 is in the range of 1.2% to 1.3%. 
The carbon intensity of the global reference energy system is illustrated presenting the amount of CO2 emitted 
per GJ of primary energy consumption for the Baseline and other cases (Figure 2). The carbon intensity in the 
Baseline scenario increases slightly until the year 2030, but then less emitting sources start to gain shares in 
the energy production. The same trend as in the reference case can be seen in the scenario with internalised 
local externalities. On the other hand, the decarbonisation effect in the rest of cases starts from the beginning 
of the time horizon with annual declination rate between 0.5% to 0.8%, making the Soft landing case the least 
carbon-intensive one. 

Primary and final energy intensity

0

2

4

6

8

10

12

14

16

18

20

2000 2010 2020 2030 2040 2050

G
J/

10
3 Eu

r9
5

Baseline Baseline
Renewable target Renewable target
Soft landing Soft landing
Efficiency target Efficiency target
Externalities Externalities

Primary energy intensity

Final energy intensity

      

Carbon intensity

0.00

0.01

0.02

0.03

0.04

0.05

0.06

2000 2010 2020 2030 2040 2050

tCO2/GJ

Baseline
Renewable target
Soft landing
Efficiency target
Externalities

 
Figure 1. and 2. Primary/final energy intensity and Carbon intensity. 

 
At the global level, electricity generation experiences a vigorous growth in the Baseline scenario with the bulk 
of this growth driven by developing regions. Coal continues to be the main fuel for electricity production, but 
it is the clean coal technology (advanced coal and IGCC), that becomes predominant at the end of the time 
horizon (Figure 3). Gas combined cycle and wind turbines experience a vigorous growth, while gas fuel cell 
and geothermal plants also get market shares. Nuclear power essentially does not grow, but a substitution of 
conventional plants by new designs takes place. The amount of hydroelectric production grows only slightly. 
Solar photovoltaic remains in essence "locked-out". 
When the constraint to increase renewable electricity production is imposed on the reference energy system, 
generation from fossil-based technologies is steadily reduced. In addition, the role of nuclear energy is also 
lowered. Instead, wind, hydropower, solar PV, biomass and geothermal sources are selected. The overall share 
of renewables-based generation reaches 44% in the end of the time horizon. 
In the Soft landing scenario, CO2 emissions reduction target is primarily achieved by a strong reduction of 
coal combustion for power production. Natural gas combined cycles becomes the main source of electricity. 
Carbon free nuclear and renewable electricity sources are significantly introduced into the market by 2050. 
Imposing a severe constraint on the average efficiency improvement of the fossil based power plants above 
the Baseline leads to very strong changes in the electricity sector. The total global power generation is reduced 
by 8.8% over Baseline in 2050. Coal is displaced in favour of natural gas (NGCC), renewables (incl. hydro 
power) and nuclear power plants. New technologies as high efficient H2 fuel cells raise their share 
significantly helping to reach the efficiency target. 
Internalising the external costs of local pollution into electricity production cost influences significantly the 
structure of the power generation mix. Coal remains the major contributor to total power production, however 
its share is reduced in 2050 by 10% relative to the Baseline. Moreover, the conventional pulverised coal 
combustion is steadily being replaced by systems with SO2 and NOx emissions control. The IGCC systems 
with carbon capturing are becoming competitive (i.e. when local and global externalities are accounted for) 
and contribute to power generation between 2040 and 2050. The NGCC plants with other natural gas based 
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systems increase their share in power production to a level of 23% of the total electricity supply by 2050. The 
share of renewables and nuclear plants is increased by 6 % relative to the Baseline because of lower external 
cost charged on these systems. Figure 3 shows the fuel input share for power generation in the different cases.  
The strong structural changes for the efficiency standards case indicate that the imposed efficiency 
improvement is unrealistic. 
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Figure 3. Development of the fuel mix for power generation (relative shares). 

Policy options analysed in this study have different potential to reduce carbon emissions at different cost level. 
The extent of carbon mitigation depends on the policy constraint formulation, deployment of the carbon 
control technologies (e.g. renewables, nuclear, C-capturing), and on the timing of implementation of policies 
in different world regions. From Figure 4 it can be seen, that the strongest carbon emissions drop in the Soft 
landing scenario follows after the year 2020, when all regions have an obligation to reduce their CO2 
emissions. In the rest of scenarios the most significant reduction is achieved after the year 2030 because of 
strong penetration of less emitting power generation sources (i.e. forced rise in market share of renewables, 
forced efficiency improvement, externality tax charges). The largest carbon emissions reduction potential is 
observed in the Soft landing scenario with annual reduction of 26% relative to the Baseline in 2050, followed 
by the efficiency target scenario obtaining annual carbon reduction over 20% in 2050. Renewables and 
externality cases show very similar emission reduction trajectory with annual reduction over the Baseline in 
2050 of 10% in renewables scenario, and of 9% in externality case respectively. 
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Figure 4. Relative CO2 emissions reduction over the Baseline. 

 
To analyse the cost of carbon mitigation policies, the marginal abatement cost as the shadow price of a 
constraint on carbon emissions for a given region and time, is usually considered. Shadow price of a carbon 
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constraint is defined in the Soft landing scenario where explicit CO2 reduction targets apply. Since the primary 
objective of other scenarios was to force penetration of specific technologies into the energy system 
(renewables or highly efficient plants), average cost of carbon reduction has been chosen instead of the 
marginal abatement cost. Average cost of tonne of CO2 reduced was defined for each scenario as the change in 
cumulative undiscounted system costs divided by the cumulative CO2 emissions reduction. GMM estimates 
the lowest average CO2 cost for the Soft landing scenario (15.5 €95/tCO2), followed by the case of forced 
renewables (49.4 €95/tCO2). This cost is further increased to 62.5 €95/tCO2 in the externality case due to 
expenses associated mainly with inter-fossil fuel switch (Table 1). Average CO2 reduction cost is significantly 
higher in case of efficiency standards, where new and expensive technologies increase their market share to 
satisfy given policy constraint. 
Table 1. Cost of CO2 reduction. Notes: * Partial equilibrium not applied to the model run. ** External cost 
charges excluded from the total system cost. 

Cumulative CO2 reduction (2000-
2050) Policy option (Gt CO2) Change over Baseline 

(%) 

Increase in 
cumulative 
undiscounted energy 
system cost (109 €95) 

Average cost per 
tonne of CO2 
reduction 
(€95/tCO2) 

Renewables target* -144.2 -6.2 7130.8 49.4 
Soft landing -317.0 -14.0 4921.1 15.5 
Efficiency target -263.0 -11.5 49345.1 187.7 
Externalities** -167.7 -7.3 10489.8 62.5 

 
Figure 5 gives the relative changes of cumulative total discounted energy system cost (or objective function of 
the model) in relation to the Baseline scenario due to implementation of various policies. Differences in the 
value of the objective function indicate the level of cost effectiveness of respective scenarios. The Soft landing 
scenario, the way it has been formulated in GMM, appears to be the least cost policy option and the 
Externality case the most expensive one. Notice, that the energy system cost change over the Baseline doubles 
in the renewables and efficiency standards cases, and triples in the externalities case, in relation to the Soft 
landing scenario. The set of policies forcing renewable electricity and efficiency targets show almost the same 
level of total cost increase over the Baseline (1% for Renewable target and 0.9% for efficiency target 
respectively). Results of the GMM model runs also indicate, that ‘learning-by-doing’ is helping to moderate 
the level of cost penalty associated with implementation of all climate response policy options. 
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Figure 5. Relative change in the cumulative discounted energy system cost (net of taxes) over the Baseline. 

 

3.5 Conclusions 
Based on the analyses of the policy cases studied, the following conclusions in favour of more sustainable 
developments are identified: 
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Support of new low-carbon technologies; Model runs show that applying endogenous learning-by-doing 
reduces the overall cost in carbon mitigation or the cost of renewable standards significantly. However, 
although models with perfect foresight indicate that carbon-free systems will become competitive in the long 
term, this is probably an unrealistic expectation for real world markets conditions. Photovoltaic and fuel cell 
systems, at their present stage of development, are very expensive when compared with conventional fossil 
fuel systems. Policy in favour of these technologies is a prerequisite to establish them in the markets and help 
them to follow their learning curves. 
The “Where” flexibility in Carbon Mitigation and Renewable Portfolios; Trade of permits or green-
certificates identifies the most efficient technological options across the world regions and contributes to a 
significant cost reduction. But again, to convince regions like China and India that rely on cheap coal 
resources to accept emission reduction obligations having the industrialized countries sharing the burden of 
carbon mitigation will never be an easy policy task. Nevertheless, supporting renewable standards could help 
carbon mitigation also. It remains as scope for future analysis to identify strategies and international coalitions 
by exploring benefits of policies that reduce the risk of climate change. 
Optimal timing or the “When” flexibility; this analysis documents the need to search for optimal time paths in 
reducing global carbon emissions. A cost-optimal timing path in selecting carbon reduction targets beyond the 
2012 horizon can be simulated by defining cumulative standards and can produce extra gains.  
Policies requiring imposition of stringent energy efficiency standards on a fossil based power production 
could lead to significant and expensive structural changes in the power sector. Even though this policy option 
has a decarbonisation effect, its implementation is conceivable only if new highly efficient technologies (e.g. 
H2 Fuel cells) are introduced to the energy markets on a substantial level. 
Applying the appropriate cost pricing for electricity in a way that takes into account local and global 
externalities greatly facilitates developments in favour of sustainability and decrease dependency on fossil 
fuels. 
Although not analysed explicitly in Acropolis, we could conclude that a portfolio of policies based on RD&D 
support of new technologies, cap-and-trade for carbon emission mitigation in combination with realistic 
renewable portfolio standards and efficiency standards in end-use markets together with policies that remove 
obstacles and institutional barriers opposing the implementation of new advanced systems, might consist the 
road map towards sustainable development. These policies result also in reduced dependency on fossil fuel 
supplies, and to a more resilient energy and social system with improved local and global environments. 
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4. MESSAGE-MACRO model 
 

4.1 Introduction 
This section summarizes the implications of alternative policies, aiming at the mitigation of environmental 
impacts of the energy system. The analysis is performed with the MESSAGE-MACRO modeling framework, 
using the IPCC-B2 scenario as the baseline for the development of four alternative policy scenarios. Section 2 
describes the four policies: renewable portfolios, flexibility mechanisms, efficiency standards and the 
internalization of externalities. Section 3 describes the model used. Section 4 summarizes the results for the 
four policies with focus on the fuel mix in the power sector, carbon/energy intensity indicators and the costs. 

4.2 Policies 
In the renewable portfolio case, the global share of renewable energy in electricity generation is constraint to 
increase from 20 % in 1990 to 44% in 2050. Renewable electricity is defined as power from solar, wind, 
geothermal, hydro, and biomass (excluding municipal waste). As a comparison, in the baseline the renewable 
share is projected to increase from 20% in 1990 to 38% in 2050. 

Starting point for the flexibility mechanisms are carbon ceilings based on the so-called soft-landing scenario, 
where emissions are constraint to follow a path consistent with the stabilization of carbon concentrations at 
550 ppmv. Emission reduction rates for Annex B countries for 2010 to 2030 are those of the Kyoto Protocol. 
The US only implements domestic policies. The emissions targets for non-Annex-B countries depend on their 
GDP per capita, taking into account population forecasts. In 2010, only 50% of the “hot air” available can be 
traded. Neither banking nor borrowing is allowed. CDM is not considered. After 2010, all regions participate 
in trading as long as they have binding emissions reduction obligations.  

The third policy sets efficiency standards for the fossil share of the electricity sector. The average efficiency of 
global power generation is raised by 5% in 2020 and more than 6% in 2050 compared to the baseline. 
Regional disparities in the development of the baseline efficiencies are taken into account by assuming 
different levels of efficiency improvements across regions (relatively high in Asia, and comparatively low in 
other regions). Already in the baseline the average efficiency of global power generation improves from 35% 
in 1990 to 43% in 2020, and 53% in 2050. The efficiency improvements in the baseline are predominantly due 
to the replacement of mature and inefficient technologies in developing countries, and to some extent, also due 
to further enhancements expected in the OECD. 

The fourth policy internalizes the external costs (environmental damage costs, excluding climate costs) of 
electricity generation. Estimates of the external costs are based on the ExternE project. Due to the paucity of 
data for the non-electric sectors, only the externalities of electricity generation are considered. The ExternE 
results are scaled and adapted particularly to reflect differences in externalities between the sulfur content of 
fuels used, levels of SO2 and NOx abatement, power generation efficiencies, and (regional) population 
densities. 

4.3 The Model 
MESSAGE (Model for Energy Supply Strategy Alternatives and their General Environmental Impact) is a 
systems engineering optimization model used for medium- to long-term energy system planning, energy 
policy analysis, and scenario development. The model provides a framework for representing an energy 
system with all its interdependencies from resource extraction, imports and exports, conversion, transport, and 
distribution, to the provision of energy end-use services such as light, space conditioning, industrial 
production processes, and transportation. The model’s current version, MESSAGE IV, has full global 
coverage, spatially disaggregated into eleven macro regions. The model provides information on the 
utilization of domestic resources, energy imports and exports and trade-related monetary flows, investment 
requirements, the types of production or conversion technologies selected (technology substitution), pollutant 
emissions, inter-fuel substitution processes, as well as temporal trajectories for primary, secondary, final, and 
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useful energy. MESSAGE can be coupled with a macroeconomic model (MACRO) to assess GDP losses of 
policies. 

4.4 Results 

4.4.1 Fuel mix power generation   
The renewable portfolio increases the aggregated share of renewables (wind, geothermal, biomass, and solar 
power) significantly compared to the baseline (see Figure 1). This increase goes at the expense of the natural 
gas, coal and nuclear energy for electricity generation. The additional demand for renewable electricity is 
predominantly met by biomass gasification turbine cycles and, to a smaller degree, wind, solar thermal and 
hydropower. 

Also the policy of flexible mechanisms increases the use of renewables sharply. Furthermore, the policy leads 
to additional deployment of nuclear energy for electricity production, leading to 20% higher contributions 
after 2020 as compared to the baseline. Apart from 2010, where gas apparently is used intermediately in 
response to the Kyoto Protocol related emission reductions, the use of natural gas is hardly affected since the 
use of gas for electricity generation already increases by a factor of 9 by 2050 in the baseline. Coal use 
declines sharply and ends up being nearly 70% lower in 2050 than in the reference case. 

The most important impact of the efficiency standards policy is the substitution of mature and less efficient 
power plants by more expensive power plants with higher average efficiencies. This makes fossil electricity 
supply more expensive compared to other forms of final energy and renewable electricity, leading to a shift 
away from fossil power generation.  In the long run (2050), coal-fired power plants (advanced super critical 
coal and traditional (single steam cycle) coal fired power plants) are replaced by gas combined cycle plants 
and high temperature fuel cells powered by natural gas. Since electricity production by fossil fuels becomes 
more expensive, we also see a shift to non-fossil based electricity production in particular biomass. In 
conclusion, the main effect of the efficiency standards is (from 2030 to 2050) the replacement of coal by gas-
fired power plants and a shift in electricity production to renewables to compensate for the relative increase in 
costs of fossil-fired power generation. 

The internalization of externalities increases the shares of wind, biomass, solar thermal and solar PV 
significantly due to their relatively low external costs. In 2010 the contribution of these technologies increases 
by more than 40% compared to the baseline. This is primarily because of the instantaneous introduction of the 
full external costs leading to a significant increase in costs for conventional (unabated) coal power generation. 
Hydropower also increases its contribution but less significantly. The result is a massive cutback in coal 
power generation, enabled by the premature closing of plants, especially those existing standard coal fired 
plants that have no, or little, NOx and SO2 control. Consequently, coal use drops by 20 to 30% over the 
horizon 2010-2040. Gas use is slightly higher (5 to 10%).  

For a correct interpretation of the results (see Figure 1) one should realize that the baseline depicts a 
dynamics-as-usual development assuming considerable learning for renewables, leading to sizable shares of 
these technologies in the long term. The baseline also assumes the introduction of a number of environmental 
policies for pollutant emissions such as sulfur and NOx. Bearing this in mind, Figure 1 shows that structural 
changes for the electricity generation mix are most significant in the soft-landing and the renewable policy 
cases, where fossil power generation looses considerable market shares in the long term (particularly due to 
the rapid substitution of coal). The changes for the power mix are less pronounced with the other policies. Due 
to the price-induced effect of an instantaneous introduction of the externality costs, the generation mix of this 
policy case show pronounced changes, particularly in the short term (substitution of coal). Since the baseline 
assumes the implementation of sulfur control policies in developing countries, the long-term electricity 
generation mix (2050) in the externality policy scenario does not deviate much from the baseline. The effect 
of the policy to enhance efficiencies is small, since already the baseline assumes considerable technology 
improvements over time, limiting the potential for additional efficiency gains.  
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Figure 1: Development of the power generation mix in the baseline and the policy cases (relative shares).  
 

4.4.2 CO2 and energy indicators  
The renewable portfolio reduces global CO2 emissions by 2% (in 2010, 2040 and 2050) to 3% (2020, 2030) 
compared to the baseline. In the baseline scenario, global energy-related carbon emissions (without feedstock) 
increase slowly but steadily from 5.9 gigatons of carbon (GtC) in 1990 to 8.6 GtC in 2020 and up to 10.4 GtC 
in 2050. Final energy use per capita is slightly lower in the renewables case (see Table 1). Carbon intensity is 
lower as well, especially in 2020 when the renewable constraint is more difficult to achieve. Similarly, carbon 
emissions per capita are lower in the renewable case although they still increase over time compared to 1990.  

Table 1: Development of indicators in the four policy cases compared to the baseline. 

Indicator/Scenario 2000 2010 2020 2030 2040 2050 
Final energy per capita (PJ/million) –        

B2 51.1 52.6 55.9 60.6 65.7 69.9 
Renewable 51.1 52.5 55.9 60.6 65.6 69.5 
Flexible mechanisms 51.1 52.5 55.8 60.3 65.1 69.3 
Enhanced efficiency 51.1 52.6 56.1 60.9 65.9 70.1 
Externality case 51.1 52.7 56.1 60.8 65.7 69.5 

Carbon intensity (MtC/EJ primary)       
B2 15.4 15.3 14.5 13.2 11.8 10.1 
Renewable 15.4 15.0 14.1 13.0 11.4 10.0 
Flexible mechanisms 15.4 14.5 13.6 11.8 10.1 8.4 
Enhanced efficiency 15.4 15.2 14.4 12.9 11.3 10.0 
Externality case 15.4 14.8 13.8 12.7 11.2 9.9 

Carbon emissions per capita (tC/capita)       
B2 1.13 1.18 1.21 1.23 1.24 1.21 
Renewable 1.13 1.15 1.17 1.21 1.21 1.19 
Flexible mechanisms  1.13 1.12 1.13 1.10 1.06 1.00 
Enhanced efficiency 1.13 1.16 1.20 1.19 1.19 1.19 
Externality case 1.13 1.13 1.15 1.17 1.18 1.17 

The flexible mechanism policy implies that global carbon emissions stabilize at less than 9 GtC in 2030 and 
drop below 6 GtC in 2090. Table 1 shows that carbon intensity gradually decreases over time to be around 
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15% lower in 2050 than in 2000. Carbon intensity per unit of GDP would even be 20% lower than the 
baseline in 2050. Per capita emissions are also 20% lower over the same time horizon.  

Final energy use per capita is slightly higher in the efficiency standards than in the baseline but the difference 
is small. Carbon intensity is lower in the renewable case especially in 2030 and 2040. Similarly, carbon 
emissions per capita are slightly lower. All in all, the impact of the policy is small, particularly when 
compared to an integrated policy, such as the flexible mechanism, where changes affect more than just one 
sector (in this case the electricity sector). 

Final energy use per capita does not change significantly in the externalities case. Carbon emissions from 
electricity generation decrease significantly (15 to 24% compared to the baseline). This is compensated to 
some degree, however, by increases of carbon intensity in other sectors; carbon emissions resulting from 
synthetic fuels production rely now more heavily on the use of coal and carbon emissions from industry and 
conversion increase mainly due to the increased use of coal and oil products. This, on balance, gives an 
overall reduction in global carbon emissions of 3 to 5% compared to the baseline. As a result, carbon intensity 
is lower (especially in 2010). Similarly, carbon emissions per capita are lower although they still increase over 
time compared to 1990.  

4.4.3 Costs 
The renewable portfolio raises electricity production costs by 0.16 €cts/kWh (or 5 %) in 2010 and 
0.81 €cts/kWh (20%) in 2020, when the constraint is tightest. In 2050, production costs are 0.22 €cts (5%) 
higher. The policy leads to small losses in GDP of around 0.1% if the increase in energy system costs is linked 
to the macroeconomic model.  

The policy of flexible mechanisms implies that global electricity generation costs are 0.16 €cts/kWh (8.6%) 
higher in 2010 and 1.2 €cts in 2020. In 2050 costs are 0.2 €cts/kWh (or 5%) higher due to the earlier up front 
investments made to meet the constraints in previous years. GDP levels would be around 0.7% points lower 
from 2010 to 2040 but would increase to 0.9% in 2050.  

The efficiency standards raise the costs for electricity production by 0.8 €cents/kWh (or 20 %) in 2010. This 
difference becomes smaller over time and declines to 4% in 2050. In 2010 costs are higher since premature 
replacement of existing plants is costly and the change to higher energy efficiency is mainly implemented by 
shifting to more efficient and more expensive gas and coal fired power plants.   

Internalizing externalities implies that the price of electricity is initially (2010) nearly 2 €cents/kWh (or 50%) 
higher. In 2050, costs of the externality policy are only 0.25 €cents/kWh (around 5%) higher. The policy leads 
to pronounced losses in GDP of around 1% of the GDP in 2020 and around 0.6% in 2050. 

 

4.5 Concluding Observations 
 

This paper summarized the result of four types of energy policies analyzed with the MESSAGE-MACRO 
model. We conclude that when looking at the fuel mix for electricity generation the changes are most 
significant in the soft-landing and the renewable policy cases, where fossil power generation looses 
considerable market shares in the long term (particularly due to the rapid substitution of coal). The changes for 
the power mix are less pronounced with the other policies. Due to the price-induced effect of an instantaneous 
introduction of the externality costs, the generation mix of this policy case show pronounced changes, 
particularly in the short term (substitution of coal). Since the baseline assumes the implementation of sulfur 
control policies in developing countries, the long-term electricity generation mix (2050) in the externality 
policy scenario does not deviate much from the baseline. The effect of the policy to enhance efficiencies is 
small, since already the baseline assumes considerable technology improvements over time, limiting the 
potential for additional efficiency gains.  

Table 2 summarizes the effect of the policies for the short term (2020). As illustrated, the flexible mechanisms 
lead to the most pronounced reductions (6% below the baseline) in global carbon emissions. The policy is not 
only stricter but avoids leakage of carbon emissions to other sectors. Carbon intensity is also at its lowest 
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under this policy, followed by the policy that internalizes the externalities of environmental pollutants. The 
flexible mechanisms and the internalization of externalities lead to a relatively higher increase in electricity 
generation costs than the two other policies. 

Table 2: Summary of the results for 2020. 
 Baseline Renewable 

portfolios 
Flexible 

mechanisms 
Efficiency 
standards 

Internalize 
externalities 

Global carbon emissions (energy and 
industry incl. feedstocks, GtC) 

9.3 8.9 (-3%) 8.7 (-6%) 9.1 (-2%) 8.9 (-3%) 

Carbon Intensity (MtC/EJ primary) 14.5 14.1 13.6 14.4 13.8 
Increase electricity generation costs  
(€cts/kWh) 

0 0.8 (19%) 1.2 (29%) 0.5 (11%) 1.1 (27%) 
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5. NEW-AGE model 
 

5.1. Introduction 

National and international policy measures in response to climate change not only affect the consumption and 
welfare patterns of the region, which implements them. Due to complex international trade relations the 
macroeconomic impacts are supposed to affect other regions as well. To show these effects we applied the 
world component of NEWAGE 1 , the IER General Equilibrium model family. In the context of the 
ACROPOLIS project NEWAGE-World was used to analyze regional or sectoral interdependencies and spill-
over effects in the case of an international emission trading scheme and the internalization of external costs. 
The model structure and a summary of the results will be presented below.  
 

5.2. Model structure 

NEWAGE-World is a global CGE-Model2 separated in thirteen regions3. The economic structure of each 
region consists of four production sectors, one non-energy sector and three fossil fuel sectors traded 
internationally for coal, gas and oil.  
A country-specific price for coal and natural gas is defined by supply and demand in every region, but world 
supply and world demand determine the world price of oil. The energy prices of each country include taxes 
and subsidies. One carbon free backstop energy carrier is treated as a perfect substitute for the three fossil 
fuels. It is available in infinite supply at one price. This price is assumed to be a multiple of the world oil price 
in the benchmark year. So it establishes an upper bound on the world oil price. 
The composite energy good is produced by fossil fuels (coal, gas and oil) through a nested CES technology. 
The input of the backstop resource is mapped by a Leontief production function. The production of the 
aggregated non-energy macro good is represented by a nested CES production technology. Inputs are labor, 
capital and the composite energy good. A CES transformation function determines the division of the macro 
good either for domestic use or for export. 
There is a distinction between the energy good, which is produced for the industry and the one, which meets 
the demand of the households. A representative agent performs final demand. This is composed of a 
consumption good – an aggregate between imports and domestically produced goods – and the energy good. 
Households purchase final demand by their endowments of labor, capital, energy specific resources and 
revenues from taxes or the sale of emission permits.  
International trade is based on the assumption of an Armington structure: Imports are not perfect substitutes 
for the domestically produced good. International trade is admitted for energy as well as for the composite 
non-energy good. In the model the regions buy and sell one homogenous oil good in the world market. 
International capital flows reflect borrowing and lending at a world interest rate. They are determined 
endogenously subject to an intertemporal balance of payments considering no changes in net indebtedness 
over the entire model horizon. 
NEWAGE-W covers a time perspective till 2030. It describes a Ramsey dynamic structure4. For each region a 
perfect foresight possessing representative agent maximizes the discounted utility over the entire time horizon 
and the investment behavior is fully forward-looking. The return on investment is balanced against the cost of 
capital. Primary factor inputs such as capital and energy yield the output of period t. Output is used for the 
consumption and investment. Investment augments the capital stock in the next period. Primary factors 

                                                 
1  The acronym stands for National, European and Worldwide Applied General Equilibrium Modeling System. For the 
ACROPOLIS-Project we use the world component of the model. Besides that there exists a National (German) and a European 
module.  
2 Computable General Equilibrium Model 
3 US, Canada, Australia, New Zealand, EU15, Central and Eastern European Countries and Russia, Japan, China, Asia, 
Middle East and North Africa, Africa, Latin and South America, Remaining countries 
4 See /Pahlke 2000/ for a comprehensive discussion of dynamic CGE-models. He integrated a model with overlapping 
generations in NEWAGE-D 
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provide incomes, which can either be spend for the consumption or saving. Saving equals investment 
according to the identity, which is assumed generally in economic theory. 
 

5.3. Scenario definition 

NEWAGE benchmark data stem from the GTAP3 database and IEA energy statistics. The exogenous baseline 
assumptions for GDP-growth, energy production and consumption and energy prices correspond to the IIASA 
B2 scenario of the IPCC TAR. NEWAGE implements autonomous energy efficiency improvement (AEEI) 
factors5, which scale energy demand functions in order to match GDP forecasts with the projections of energy 
production. Exogenous assumptions on fossil fuel production determine a reference emission level for the 
world. 
The Kyoto Protocol imposes greenhouse gas emission constraints on industrialized countries (Annex B), 
whereas no limits apply for developing (non-Annex B) countries 6. To accomplish their targets Annex-B 
countries can buy emission permits on an international emission trading market with a participation of non-
Annex B countries as well. Reallocation of domestic resources in Annex-B countries induces changes in the 
international market prices. This also effects the economic development of non-Annex B regions. To point out 
this spill over effects we calculated an additional scenario for comparison. In this case Annex-B countries 
could achieve Kyoto commitments only domestically, international emission trading was not possible.   
In the case of internalization of externalities NEWAGE-World implemented the external costs by applying 
increased costs in the production of the combined energy good. To reflect technical improvements to avoid 
external effects, these costs are assumed to decrease over time.  
 

5.4. Results 

A policy measure that implements a constraint on carbon emissions leads to a price increase for carbon 
intensive fossil fuels. This implies a change in the fossil fuel mix of the primary energy consumption. 
NEWAGE-World demonstrates these changes for the three fossil fuels which are considered in the model: coal, 
gas and oil. 
The purpose of NEWAGE-W as a global CGE model is to show the regional interdependencies and spill over 
effects caused by international GHG-reduction agreements. The Kyoto Protocol imposes significant reduction 
targets only on industrialized countries. But countries with no explicit reduction commitment are likewise 
affected by the economic impacts of CO2-emission constraints. To point out this relationship the presentation 
of the results is separated for the Annex-B-regions and the Non-Annex-B-regions.  
Figure 1 and 27 depict the share of the three considered fossil fuels in the primary energy consumption. Oil 
remains the dominating fuel in the abating countries over all scenarios, while this is coal for the non-abating 
countries. The implementation of a worldwide emission trading system leads to an increase of the fossil fuel 
consumption in the Annex-B-countries and to a decrease in the Non-Annex-B countries compared to the 
scenario with a regional CO2-abatement policy. In the short run this exceeds even the consumption in the case 
of external costs.  
 

                                                 
5 AEEI capturers the rate of improvement in energy efficiency independent of price changes (see /Manne/Richels 1990/ for a 
detailed description of the AEEI) 
6 UN 1997: Kyoto Protocol. In accordance with ACROPOLIS soft landing scenario we assumed an extension of the Kyoto-
targets from 2010-2030. 
7 BAU: Baseline; WTO: Kyoto-Targets without trade; SLA: International emissions trading scheme; EXC: external costs 
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 Figure 1: Fossil Fuel consumption in EJ 
 
Climate change policy measures in general restrict fossil fuel input. This implies a less productive use of 
primary factors. The productivity loss associated with fuel shifting or energy savings translates into a welfare 
reduction.8 Reallocation of domestic resources in industrialized countries induces changes in the international 
market prices. International trade relations enable industrialized countries to shift a part of the CO2-reduction 
burden to non-abating countries. Hence, in the scenario without an international emission trading system, even 
the non-abating countries experience a welfare loss, although they are not subject to any CO2 emission 
restriction.  
In the case of an internalization of external cost consumption of fossil fuels is decreasing compared to the 
baseline but in 2030 clearly higher than in the case of the CO2-reduction scenarios. In the emissions trading 
scenario CO2 emissions are 32.233 Mt CO2

9,whereas they are 41.167 Mt CO2 in the external cost case.   
Especially Middle East and China as big fossil fuel exporters suffer from the decreasing fossil fuel demand in 
the abating countries. But the lower fossil fuel demand is not the only explication for the welfare losses in the 
non-abating countries. CO2 emission constraints also increase the price of the non-energy macro good in the 
industrialized countries. Due to their market power in the international market these countries can pass on the 
higher prices to their non-abating trading partner. This explains also the higher welfare losses for the 
developing countries in the case of external costs. These are applied for all regions, no differentiation between 
Kyoto Annex B and Non-Annex B regions is made.  

                                                 
8 See Biggar/Bernstein/Montgomery/Rutherford for a comparison of different welfare measures. 
9 In the domestic reduction scenario (WOT) CO2 emissions in 2030 are in the range of the emissions than in the trade 
case (32.980 Mt CO2). 
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Figure 2: Welfare Implications (in % Hicksian equivalent variation in lifetime 
income from baseline) 
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Figure 2 shows that the implementation of a worldwide emission trading can change this picture. NEWAGE-
World grants the non-abating countries a clearly higher initial endowment with emission permits than to the 
abating countries. Under this assumptions non-abating countries can even improve their welfare compared to 
the baseline assumptions. 
 

5.5. Conclusion 
NEWAGE-World calculations show, that that changes of fossil fuel consumption patterns induced by climate 
change policy measures influence overall economy and effect even those regions, which don’t explicitly carry 
out those measures. A more detailed analysis of the underlying interdependencies and spill over effects is 
desirable. This should have a special focus on the role of technological development and primarily 
technological transfer. 
The results show that developing economies react more sensitively to climate change mitigation policies. This 
aspect has to be taken into account in the creation and implementation processes of climate and energy policy 
instruments. 
In the long run CO2 emissions are clearly lower in the case of an explicit CO2 reduction policy - with or 
without an international emissions trading scheme - than in the case of an general external cost taxation. This 
implies that an reduction of CO2 emissions is achieved more effectively by a concrete CO2 reduction policy 
measure.    
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6. POLES model 
 

6.1 Introduction 
This section summarizes the analyses carried out with the POLES model within the ACROPOLIS project. 
ACROPOLIS focused on policy simulations related to the global warming. These policies have been 
compared with a reference (or business as usual case) to demonstrate the potential impacts of these policies on 
the energy system. Two policy cases have been analyzed with the POLES model. The first one assumed the 
application of flexible mechanisms as defined in the Kyoto protocol. For a defined set of emission targets (the 
“soft-landing” scenario) the impact of emission reduction and global trading has been looked at. The second 
case assumes an internalisation of external cost of electricity generation.  
The structure of this section is the following:. Section 2 gives a brief introduction in the POLES model. 
Section 3 summarizes analysis of flexibility mechanisms and section 4 reports the results of the external costs 
case. Section 5 compares the two policy cases and concludes. 

6.2 The POLES Model And The Reference Case 
The POLES model is a world simulation model for the energy sector. It works in a year-by-year recursive 
simulation up to the year 2030 and a partial equilibrium framework. Developed under EU research 
programmes, the model is fully operational since 1997.  
The POLES model structure corresponds to a hierarchical system of inter-connected modules and involves 
three levels of analysis: (i) International energy markets; (ii) Regional energy balances; (iii.) National/regional 
models (currently 38) on energy demand, new technologies and renewable energy, power generation, primary 
energy supply and CO2 emissions. 
The dynamics of the model is based upon a recursive simulation process, in which energy demand and supply 
in each national or regional module respond with different lag structures to international prices variations in 
the preceding periods. In each module, behavioural equations take into account the combination of price 
effects, technico-economic constraints and trends. 
There are fifteen final energy demand sectors (covering the main industrial branches, transport modes, the 
residential and service sectors), twelve large-scale power generation technologies and twelve new and 
renewable energy technologies. 
Oil and gas supply profiles in the largest world producing countries are dealt with a discovery process model 
in which oil and gas production depends on the dynamics of the drilling activity and discovery of new reserves, 
given the existing resources and the cumulative production. Coal supply is essentially demand driven.  
The integration of import demand and export capacities of the different regions are ensured in the international 
energy market module, which balances the international energy flows. One world market is considered for oil 
(the ‘one great pool’ concept), while three regional markets (America, Europe/Africa, and Asia) are identified 
for gas and coal so as to account for regional differences in cost and market structures. The changes in 
international prices of oil, gas and coal are determined endogenously in this module.  
In the reference case of the ACROPOLIS study, the energy demand is increasing considerably. A major part 
of the additional electricity demand is covered by new coal power plants leading to a considerable coal share 
in total energy demand. The policy cases are compared with this reference in which no environmental policies 
(Kyoto protocol, local air pollution) are considered. 
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 Figure 1: Evolution of the world gross energy consumption in the POLES/ACROPOLIS reference 

case.  

6.3 International Flexibility Mechanisms Case 
The purpose of this case is to analyze the impacts (on energy, the environment and the economy) of a 
proposed scheme for international carbon trading. The starting point for the scenario is a number of 
assumptions on future carbon targets for the next 30 years for several countries/world regions. These carbon 
ceilings were based on the so-called soft-landing scenario which is described in detail elsewhere. The ceilings 
were derived by assuming for Annex B countries the reduction rate up to 2030 as set in the Kyoto Protocol. 
For Non-Annex B countries the emission rights are based on their 2010 emissions and the stabilization targets 
for these countries depend on the GDP per capita.  

Whereas global primary energy use increase by 50 % from 2000 to 2030, global electricity production 
increases by a factor of 2.5 over the same time horizon in the baseline. In the baseline coal stabilizes its share, 
while natural gas and the renewables increase by a factor of 6. The use of oil, nuclear and hydro loose share. 
This picture is different in the flexibility case, where natural gas and the renewables grow with even higher 
rate (by a factor of 7 and 10 accordingly), while the share of coal falls. 

Compared to the baseline, electricity demand decreases, and is around 8 percentage point smaller in the 
flexibility case than in the baseline.  
Figure 5 indicates the changes in the contribution of the various fuels to electricity generation compared to the 
baseline. As one would expect, the changes in the energy mix reflect the different carbon content of the fuels. 
The looser is coal –with the highest carbon content- and the winners are nuclear energy and renewables.  
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Figure 2: Changes in electricity generation in the flexibility case by fuel 

compared to the baseline scenario. 
 

In the baseline scenario, energy-related carbon emissions increase slowly but steadily from 24.9 Gt of CO2 in 
2000 over 46 Gt of CO2 in 2030. In the soft landing case these emission are stabilised in 2030 at a level of 
approximately 36.6 Gt of CO2 (see also Figure 4). This still means an increase of emissions in 2030 compared 
with 2000 of 46%.  

 

 illustrate trade flows for 2010 and 2030. The Former Soviet Union will be the biggest seller in 2010, while 
China will take over this position by 2030. The largest permit buyers will be the Western Europe region (in 
both years) and the Rest of Asia region in 2030. North America and OECD Pacific will buy permits, however 
to much less extent, while Eastern Europe will remain in selling position in both years. India will sell and 
Latin America will buy permits in 2030 according to the POLES projections. 

 

 
The European Union (considering only the EU 15 countries) will be a massive buyer on the permit market. Its 
demand for permits will continuously grow till 2030, in line with the emission target tightened over time. 
 
Table 1 contains the POLES model carbon values for the year 2010-2030. The carbon values follow a 
dynamic path in the given period, which is in accordance with the assumptions made for the soft-landing 
scenario, which tightens the emission restrictions over time. 
 
 

Table 1: POLES Carbon Values 

YEAR 2010 2020 2030 

Carbon Value [€95/tCO2] 4.5 21.5 35.3 
 
The softlanding case shows that emission restrictions that could lead to a stabilisation of atmospheric CO2 
concentrations represent a serious challenge for the global energy system. However, flexible mechanisms like 
emission trading would limit the costs. Due to emission trading the changes in fuel use are smaller than one 
might expect. A big part of the reduction can be carried out switching from carbon intensive conventional coal 
based electricity production to modern coal and gas based power generation. Naturally also non-co2 emitting 
electricity generation using nuclear and renewables plays a considerable role. 
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6.4 Externalities  
The starting point for the scenario is the idea that costs caused by electricity generation (by causing damage to 
the environment, human health, etc.) should be included in the electricity prices. The European Commissions 
ExternE project series was the first consistent exercise to monetise this costs. These resulting numbers are 
used as a basis to evaluate a scenario where all these external costs of electricity generation are internalised - 
that is included in the electricity price. The internalisation is assumed to take place in all countries and regions. 
Since the external costs considered in this case are limited to the costs caused by electricity generation, the 
focus of the following analysis is on the power sector. 
Whereas global primary energy use increases with the factor of 1.7 from 2000 to 2030, the world electricity 
production increases by a factor of 2.5 over the same time horizon in the baseline. In the reference case the 
share of oil, nuclear and hydro declines, the share of coal rather stabilise, (reduces in the first decade, and 
almost reaches the same share of 2000 by 2030). The shares of electricity generated using natural gas and 
renewables (other than hydropower) increase.  
 
The change in total electricity generation in Figure 3 shows a 6-8 % reduction in total electricity demand in 
the externalities case compared to the reference. Figure 3 clearly shows what happens, when externalities are 
internalized in the electricity sector from 2000 onwards with the levels calculated. In relative terms, the clear 
winners in this case are wind, biomass, solar thermal and solar PV (shown as renewables category in Figure 3). 
By 2020 the contribution of these technologies to electricity generation doubles compared to the reference. 
The introduction of the external costs leads to a significant increase in costs for conventional (and unabated) 
coal power generation. This leads to a massive reduction in coal use, enabled by the premature closing of 
especially those existing standard coal fired plants that have no, or little, NOx and SO2 control (add-on 
environmental measures are not considered!). Consequently, coal use drops by 40-50% over the time horizon 
of 2010-2030. Oil use reduces significantly compared to the reference, by 2030 its use drops by almost 40 %, 
and natural gas based technologies are the (rather short term) winners of the internalization of external costs. 
Interestingly, by 2030 this increase melts away, which reflects that fact that it is assumed that all new fossil 
fuel fired power plants have improved environmental properties. 
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Figure 3: Changes in electricity generation in the externality case by fuel compared to the reference 

scenario, in percent (%). 

In the reference scenario total anthropogenic carbon emissions increase steadily from 24.9 gigatons of CO2 in 
2000 to 30.0 Gt in 2010, 37.6 Gt in 2020 and up to 46.0 Gt in 2030 (gross CO2 emissions from combustion of 
fossil fuels (including feedstocks) and industrial sources). 
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Figure 4: Global carbon dioxide emissions, in gigatons of carbon (GtCO2). 

Figure 4 compares the results of the two scenarios described above (softlanding and externality). In the 
externality case two sub-scenarios are depicted in the figure, one without internalising the damages caused by 
the CO2 emission and for comparison the CO2 case also included. Figure 4 shows that CO2 emissions are 
decreasing in the externality cases as compared to the reference case especially at the beginning. Here the 
electricity generation is restructured to use low pollutant energy sources and the coal use is reduced 
dramatically. Later on the increasing energy demand and the availability of “clean” but not carbon free coal 
power leads to an increase of emissions that follows in a parallel way the annual increases of the reference 
case.  
In the softlanding case carbon emissions follow a different trajetory. The emission reduction target over time 
gets more stringent and more parties join the emission trading scheme. participation in the scheme.  
It is interesting to see that an internalisation of external cost of electricity generation does not lead to a 
reduction of carbon emissions in the order of magnitude climatologists ask for (reflected in  the softlanding 
scenario). This still holds if externalities caused by global warming (according to ExternE results) are included. 

6.5 Concluding Remarks 
The analyses show that adequate implementation of policies can limit the changes to the energy system and 
still produce the desired results. Nevertheless, the results of this particular study have to be used with care 
since the definition of the scenarios had to accommodate the capabilities of various models and model types 
participating in the study. A detailed scenario definition and sensitivity analysis is necessary to derive results. 
It should be also noted  that in this summary, only a rough and very brief overview can be given because of 
obvious space constraints. 
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REGIONAL MODELS 
 

7. MARKAL MATTER model (OECD – Western Europe) 
 

7.1 Model description  
The model used in this study is based on the MARKAL-MATTER model. MARKAL is a linear programming 
optimisation model that identifies the least-cost combinations of technological processes and improvement 
options that satisfy a specified level of demand for goods and services under certain policy constraints, 
notably the achievement of certain specified GHG reduction objectives, in a way that the overall system costs 
are minimised over all the time periods simultaneously. This is done for a part of the economy, whereby 
certain parameters have to be provided from outside the model. 
 
In MARKAL-MATTER, both the energy and materials flows of an economic system are covered by including 
information on the physical production processes, economic costs and other characteristics – such as waste 
volumes or GHG emissions – of all major energy carriers, materials and end-use products. As the energy and 
materials systems are intricately interwoven, such an integrated approach offers the advantage that the 
interdependencies between these systems can be analysed comprehensively by means of a formalised model, 
thereby reducing analytical shortcomings and misguided policy choices. Moreover, by adding materials flows 
to the model, the number of technological (improvement) options is expanded strongly, thereby enlarging the 
scope of policy options to reach objectives such as GHG mitigation more cost-effectively. 
 
Before presenting the results of the model calculations, some general assumptions and limitations of 
MARKAL-MATTER should be noted: 
• The model is based on the assumption of an ideal market economy with rational behaviour, perfect 

information and perfect foresight during the time horizon considered. 
• The choice of technological options is based on cost minimisation but does not account for 

implementation barriers or other socio-political considerations. 
• Assumptions have been included with regard to cost reductions of technological options over time by 

means of so-called learning curves. 
• The analysis is conducted at the sector level for OECD Western Europe as a whole and, hence, not at a 

more disaggregated level of individual firms or countries, thereby ignoring potential differences in 
emissions and marginal abatement costs within sectors or between individual countries and firms. 

• The model does not incorporate trade, rebound or other feed-back effects at the macroeconomic level 
resulting from GHG policy-induced price changes. 

7.2 Reference case 
The model included the harmonised assumptions related to (world market) fuel costs 
The reference case comprised no additional measures or policies except the LRATP (Long Range 
Transboundary Air Pollution Protocol) targets, the ACEA norm for car transport, no explicit assumption on 
nuclear power plants and the use of assumptions for wind based on REBUS studies and EWEA (European 
Wind Energy Association) assumptions. 
 
The primary energy evolves as follows: liquid fuels remain the preponderant energy carriers, largely caused 
by the consumption in the transportation sector. The share of inland oil production decreases and disappears 
after 2020. A steady increase of gas (both import and internal European exploitation) occurs till 2030 when 
coal takes over. This is due to price differences between the two energy carriers and the availability of 
advanced and efficient coal based technologies for electricity generation, which demand more coal than 
presently, two decisive elements in the optimisation process of the model. 
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Nuclear follows the capacity and activity of the power plants and almost disappears after 2030. The 
renewables sources are solar, geothermal, wind, water and biomass. As they will be important in other 
scenario results, they are given here in detail to allow better analysis. 
Hydro remains constant over time, biomass increases with 10% over 1990-2050. Solar stays marginal with a 
small share, as does geothermal. Wind sees the relatively largest increase to about 1% of the total primary 
energy. 
 
The production of the electricity production park is represented in the next figures, both in absolute and 
relative terms. Gas based production peaks in 2030 and then declines sharply, also nuclear phases out 
gradually from 2010 onwards. In 2050 nearly 30% is generated by non fossil and non nuclear sources, in 1990 
this was about 20%. 
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7.3 Renewable electricity production 
The following technologies have been included in the renewable part of the electricity producing technologies, 
or green electricity producing technologies: 

• Wind 
• Solar, PV and thermal 
• Geothermal 
• Tidal and wave energy 
• Hydro including the renewable share from pumped storage (*) 
• Biomass share in waste incineration (a composite waste flow in MARKAL, comprises both 

renewable/biomass waste and other organic materials like plastics etc) 
• Biomass fuelled technologies, including land fill gas fuelled applications 
• Share of biomass in co-fired technologies 

(*) Hydro pumped storage is an exceptional conversion technology in this that it uses electricity to fill up the 
upper bassin, and it produces electricity when it turbines from the upper to the lower bassin. Because it uses 
electricity from the grid, which is a mixture of green and grey electricity, one can also consider the output to 
be produced with the same shares. As the share of green and grey is a result of the model run, one should use 
these resulting shares for the output from hydro pumping plants. However, this complicates model runs with 
an extra run so a simpler approach imposes itself, this may change slightly the overall results, but the effect is 
considered to be small. This simpler approach uses a fixed share of 20% green and 80% grey for an 
unrestricted case, e.g. the reference case. For the green directive case, the same share is used as in the target 
for the green electricity. The rationale for the latter is that the constraint will be reached and produced 
electricity will indeed consist of the imposed shares. 
Import and export movements of electricity have been kept out of the equation to reach the target for the 
production by renewables. Also power generation using fossil fuels and with CO2 removal is not considered as 
renewable in this case study. 
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The primary energy sees a large increase of the others (includes renewables). At the same time there is a 
decrease in imported gas and coal. On average, balancing out the extra renewable supply and the decrease of 
fossil fuels, there is an increase of about 1.5% in 2010 to 3% in 2050 compared to the reference case. 
Looking in more detail into the renewable energy carriers, hydro sees a small increase at the end of the time 
period, due to the reaching of the maximal capacity constraint by the hydro technologies by that time. Solar 
sees a light increase till 2040 and than grows considerably in 2050. Geothermal and biomass are not so 
affected, the first one increases somewhat, the latter sees its share decrease. Wind is the strongest affected by 
the renewable electricity target are increases accordingly and steadily over the whole time frame, reaching 
about 10% of the primary energy supply. 

Relative share in electricity production 

A better indication of the impact of the renewable production target is the actual electricity production. The 
production of the park is represented in the next figure, in relative terms. Gas based production peaks in 2030 
and then declines sharply, also nuclear phases out gradually from 2010 onwards. In 2050 nearly 60% is 
generated by non fossil and non nuclear sources, in 1990 this was about 20%. 

The reduction in production from non-renewables is larger than the increase from renewables. The total 
electricity production becomes lower, as result of the price effects induced by the renewable target. Because 
electricity becomes more expensive for the system, the total demand is lowered. In 2050, the production level 
is 6.5% lower than in the reference case. 

7.4 CO2 emission banking 
In the case of the flexible mechanisms, the Western European model, as single region model,  has little 
possibilities to investigate the effects of trade in emissions or emission credits. The price of these is set on a 
global market, taking into account the regional and country specificities. As the model does not generate these 
prices, a couple of calculations have been made to set up an emission cost reduction curve by using different 
levels of CO2 taxes. These curves indicate at what level the energy system would start buying credits on a 
"world market". In addition to this the effects of banking of emission credits within the region has been studies 
as well. Banking is the intertemporal exchange of emissions over consecutive 10 year model periods. The 
banked emissions are accumulated in one period and released in the next one. There are no costs associated 
with banking, meaning that the interperiod exchange is free. 
 
The point where emission reduction becomes expensive lies around 30 to 40 % of emission reduction of the 
reference level. Below this area, CO2 reduction costs are relative limited to about 40 €/ton, 10-18% reduction 
can even be reached at 20 €/ton. 
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Cost reduction curves without CO2 banking Cost reduction curve with CO2 banking 

 
In one scenario, namely one with a 550 ppmv CO2 concentration stabilisation case, there are some 
intertemporal exchanges of emissions, but they remain small. The fact that they start early, already by 2010, is 
explained by the fact that the total emission level does not reach the constraint level and that there is room for 
banking. 
The marginal cost for CO2 in the 550 ppmv case is somewhat smoother over time with banking, it starts earlier 
but ends somewhat lower than without banking. 

  
Relative share in electricity production without 

banking in the 550 ppmv case 
Relative share in electricity production with  

banking in the 550 ppmv case 
 
The fact that banking is allowed changes the composition of the electricity production, gas power plants can 
extend their activity a decade longer, from 2020 to 2030, at the expense of mainly nuclear and somewhat 
renewables too. Later on the concentration target prevails and fossil production is phased out in favour of 
emission free electricity production. 

7.5 External costs 
The model contained already another limitation concerning NOx and SOx emissions for the whole of the 
energy system, based on the European LRTAP (Long Range Transboundary Air Pollution) targets. The targets 
used in the database were - 54% for NOx and - 73% for SOx and this from 2010 onwards. This target has been 
used in the reference scenarios mentioned in chapter 1 and as reference in the others. Since this case looks in 
particular into the effects of external costs of NOx, SOx and particulate matter (PM), it was argued that this 
LRTAP target is disturbing the full scale effects of the applied external costs. First runs where the external 
costs were included above the LRTAP target showed that indeed this LRTAP target was dominating the 
change in final energy use. This LRTAP constraint was then removed, resulting in another reference case and 
two sets of external costs were applied. Since the model had the emissions completely identified, the 
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calculation spreadsheet for the costs per kWh did not have to be used and the emission costs could be applied 
directly. 
 
The following table summarised the applied external costs to the emissions of the power sector only in the 
scenario runs. The population density factor for NOx, SOx and PM was chosen taking into account the 
majority of densely populated areas in Western Europe as a whole, so no regional division was made. This is 
because the model does not have regional detail in power generation, so the effects can also not be distributed 
regionally, only on an aggregate level. 
The external costs were applied to be effective from 2010 onwards on and no other restrictions or constraints 
were put on other sectors or on emissions from other sectors. 
 

emission from 
power sector 

external cost [€/ton] 

NOx  9800
SOx  11200
PM 19600
CO2  19

 
The introduction of external costs on NOx and SOx indeed have a influence on the composition and future 
development of the power generating system: low NOx gas power plants (first LNB and than SCR) replace 
coal power plants. Other types of power plants, like renewables, hardly profit for the externality inclusion. 
Only with the introduction of the CO2 external costs, more and distributed changes appear: coal almost 
disappears completely in favour of gas and renewables now take a larger share of the production mix. 
It has been mentioned before that the inclusion of external costs on the power sector introduces higher costs 
for electricity. Hence there will also be an impact on the complete system.  
 
Within the primary energy mix however, some changes can be noticed, and they are driven by the external 
costs for the power sector: coal use is decreasing in favour of gas. Coal technologies are at the high end of 
both SOx and NOx emissions and although abatement options occur simultaneously, the system opts for gas 
technologies. These technologies may have higher unabated NOx emissions but are SOx free, resulting in less 
expensive abatement options (only one pollutant). 
When the CO2 cost is included, these effects are enforced and on top, renewable technologies, mainly in the 
power sector come into play. They interact heavily with gas based power plants, therefore primary energy use 
differs. 
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The reference case is slightly different without the LRTAP 
constraint, the power sector can opt for other technologies 
(renewables) which do not include pollutant reduction 
measures. Their share increases because these technologies 
are less expensive than the fossil power plants with the 
abatement technologies in place. 

Relative share in electricity production in a reference 
case without the LRTAP constraint 

 

 

  
Relative share in electricity production with external 

costs applied 
Relative share in electricity production with external costs 

including the CO2 costs 
 
In the external cost cases, the decrease of coal as primary fuel for power production is explained: from 2020 
onwards coal decreases and disappears completely in favour of gas and renewables. Nuclear, however not 
affected by any of the external costs does not change its production activity at all. 
The production level is also affected, a higher cost of electricity for the consumers results in less demand, and 
hence less production. The reduction is about 0.4% per year over 1990-2050, for the case including CO2 costs 
it is about 2.8%. The reduction by 2050 is the most pronounced, 1.5% and 5.3% respectively. 

7.6 Conclusions 
The different cases of the ACROPOLIS study have been used as starting point to look at the evolution of the 
share of renewable technologies in the electricity production.  
In the reference case (the case including the LRTAP, but also valid for the case without LRTAP which has 
been used for the external cost comparison) renewables reach a share of about 20-25% in the total production 
and this remains more or less stable over time. In absolute values there is an increase in production from 
renewables because the overall production level increases (from about 2200 TWh in 1990 to about 3900 TWh 
in 2050). As hydro cannot expand further in Western Europe, it is primarily wind and biomass that contribute 
to the renewable share. 
 
From the model case results, depending on the agreed assumptions in this study, it can be noticed that if a 
considerable change in favour of renewables has to take place, a certain form of hard targets is necessary. The 
most obvious one is of course a specific target for renewable, or green, electricity production, which indeed 
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forces the system to comply. Other possible actions, but with a more indirect effect, but fully understandable, 
are targets on CO2 emission levels or concentrations or the introduction of full external costs, meaning 
including the pollutants and CO2. External costs, which only take into account the effects of pollutants, have 
less effect. 
 
All cases show a similar trend in primary energy intensity, although the composition of the primary energy 
mix changes considerably between the cases, the intensity to GDP remains within a very narrow range, 
declining from 8.7 to 3.7 MJ/€95 by 2050. 
Welfare loss as measure of the penalty for the energy system when applying the case conditions, indicates that 
the renewable target has the largest impact in early decade, while the others see the loss increase by the end of 
the time horizon. Some of them, like the stabilisation cases, have their largest impact beyond 2050. 

  
Primary energy intensity Welfare loss compared to total system costs 

(undiscounted) 
The CO2 emissions of the energy system follow the primary energy mix: an increasing fuel use with in 
particular a switch from coal to gas in 2000-2020 and after that a return to coal, leading to increasing emission 
levels. For long term reduction, a stabilisation target is necessary, all other cases have the level above the 2000 
level. The power sector shows the same trend, emissions increase with about 50% in the reference case. Only 
the renewable case and the full external cost case can reduce the power sector emissions below the 2000 level. 
The CO2 intensity of the primary energy use is dependent of the reduction of high C fuels (coal), but the trend 
is close to the reference case value, except for the stabilisation cases where the fuel use becomes 
fundamental different. 

  
CO2 emissions for the total system (solid lines and left axis) 

and electricity sector (dotted line and right axis) 
CO2 intensity 
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8. MARKAL NORDIC model (Northern Europe) 
 

8.1. Introduction 
In this section, a part of the ACROPOLIS project, responses of the Nordic energy system (actually only four 
of the five Nordic countries since Iceland is excluded) to certain policy measures, tradable green electricity 
certificates, tradable emissions permit and internalisation of externalities, were investigated. 

The energy systems in the four Nordic countries are very different on the supply as well as on the demand side, 
and these differences are even more obvious concerning the power supply. The Danish system is somewhat 
similar to the systems in several countries on the European continent, e.g. Germany and the Netherlands, with 
a large part of the electricity generated both from coal and natural gas, condensing and combined heat and 
power plants. In addition to this fossil-based generation, in Denmark there is a very high contribution from 
wind power, about 15 %. 

Norway relies almost entirely on hydro power, while the Swedish power-supply system is dominated by equal 
parts of hydro and nuclear power. In Sweden, thermal power contributes only to a limited amount (~6-7 % of 
the total output in 1995). This is almost exclusively municipal and industrial combined heat and power. In 
both Norway and Sweden there is one of the highest per capita use of electricity of any country.  

District heating is common in Denmark and also in Sweden, where it contributes to approximately half of the 
heat demand, while it is almost non-existent in Norway. Electric heating is common in Sweden and very 
common in Norway.  

In Figure 1 the present total primary energy supply is shown.  

8.2. Scenarios 
Six different scenarios, REF (reference), BAU (buisness as usual with taxes at the present level), TGC 
(tradable green certificates), TEP (tradable emissions permits), TGC+TEP (a combination of the two former) 
and ExtE (internalisation of externalities) were analysed. The REF scenario does not include any energy or 
carbon dioxide taxes, while the BAU scenario includes present energy and carbon dioxide taxes. 

In the TGC scenario, a system of green electricity certificates is introduced according to the EU directive on 
renewable energy. The TGC scenario also includes carbon dioxide taxes at the March 2002 level. In the TEP 
scenario, a system of tradable emissions permit is the only energy policy tool. The TGC&TEP scenario 
combines green electricity certificates with tradable emissions permits. Taxes are excluded from the TEP and 
TGC&TEP scenarios. It should here be observed that present Nordic carbon dioxide taxes are significant. In 
the ExtE scenario, which does not include any taxes, the cost of externalities is internalised according to the 
values given in the final report of the ExternE project with the slight adjustment performed in the Acropolis 
project included. 

In the case of the REF, BAU and ExtE scenarios, the analysis are carried until 2050 while in the case of the 
TGC, TEP and TGC&TEP scenarios, the analysis is only carried until 2023. The investigations of the TGC, 
TEP and TGC&TEP scenarios were carried out using a slightly reduced data base containing only the 
electricity and district heating sectors. The scenarios also include endogenous electricity demand-side 
elasticity which might induce consumption pattern changes. However, the heat demand in the district heating 
system is exogenously given also in these scenarios.  

It is assumed that the total carbon-dioxide emissions of the TGC, TEP and TGC&TEP scenarios are equal. 
This might seem strange but this assumption was chosen since the present carbon-dioxide tax, included in the 
TGC case, is so significant in the Nordic countries that in a situation with only this carbon-dioxide tax present, 
less carbon dioxide would be emitted than in cases with emission-permits trade at most permit-price levels. 
Therefore, the total system emissions were fixed in the cases involving tradable emissions permits (TEP and 
TGC&TEP) at the emission values resulting from the TGC case, which is 188 Mt CO2 (2000), 194 Mt CO2 
(2010) and 200 Mt CO2 (2020). 
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8.3. Modelling framework 
Chalmers is participating in ACROPOLIS with the MARKAL_Nordic model. The MARKAL_Nordic model 
covers Denmark, Finland, Norway and Sweden. The model is a bottom-up model with cost being the objective 
function. Both price of energy and the energy demand are given exogenously, while the final energy demand 
is a model output. The driver of the model is useful energy which depends on assumptions regarding GDP, 
population growth and energy intensity. 

In the model, electricity may be traded freely between the countries. The transport sector is only represented 
through electricity demand from railways. The load curve for electricity is divided into three seasons, each 
with day and night, while the load curve for district heat is only divided into three seasons without diurnal 
representation. Other energy carriers are not affected by seasonal cost variations. In Finland, in contrast to 
Sweden, investment in new nuclear capacity is allowed.  

In this study four individual nation-specific models, one for each Nordic country, have been integrated into 
one single MARKAL model, MARKAL_Nordic. Since the official databases for Finland and Denmark are 
based on EFOM, they were first converted into MARKAL format. 

The administrators of the original databases are: 
Database Sweden – Chalmers - Energy System Technology, Sweden 
Database Finland – VTT-Energy, Finland 
Database Norway – Institute for Energy Technology (IFE), Norway 
Database Danmark – Risø National Laboratory, Denmark  

8.4. Assumptions 
Population and GDP growth data are based on national statistics, see table 1 and 2. Price assumptions from 
POLES are used for natural gas, crude oil and coal. The other price assumptions are obtained from the 
Swedish National Energy Administration. The Swedish share of nuclear power, amounting to roughly 20 
percent of the entire Nordic production, is to be phased out during the next 30 years according to 
governmental decisions and this phase-out is included in all model runs.  

The EU proposal concerning shares of renewables is used as the basis for the calculations including tradable 
green certificates. However, since Norway is not an EU member, possible Norwegian numbers for the relative 
increase of renewable shares have been estimated using the Austrian numbers for renewable shares, since 
Austria is the only EU country with a to Norway comparable share of hydro power.  

In the TGC study on the Nordic system, large hydro power was not receiving green certificates despite they 
generally were receiving certificates in the other parts of the Acropolis project. The reason for this is both the 
very large amounts of large hydro already present in the electricity systems in both Sweden and Norway and 
that in the recently introduced, May 2003, Swedish green electricity scheme,  large hydro power is not eligible 
for certificates. It should also be observed that in Sweden, "small-scale hydro" means 3 MW or less while in 
Norway "small-scale hydro" means 10 MW or less like in the rest of EU. This difference is due to statistical 
reasons. 

 

Table 1. Annual population growth (%). 

 Sweden Finland Denmark Norway 

2002-2020 0,3 0,1 0,25 0,4 

2020-2050 0,05 -0,4 0,05-0,1 0,2 
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Table 2. Annual GDP growth (%). 

 Sweden Finland Denmark Norway 

2002-2003 2.50-2.75  2.75-3.00  2.00 2.00-2.25 

2002-2050 

 
1.25-1.50 1.25-1.50 1.25-1.50 1.25-1.50 

Table 3. Share and total amount of certified electricity use in the four Nordic countries in 2010 and share only 
in 2023. (Large hydro power does not receive green certificates and, therefore, is not covered by the numbers 
in the table.) 

 Sweden Finland Denmark Norway 

2010 16% 24 TWh 18% 11 TWh 29% 16 TWh 10% 13 TWh 

2023 24%  27%  43%  15%  

The ExtE study was based on the ExternE values for externalities. The ExternE data for scarcely populated 
regions are used for all Nordic countries. For combustion technologies, the emissions were coupled to the 
fuels with exception of biomass conversion. Since the heat sector is of great importance in the Nordic 
countries, this sector was also included in the study. However, while emission data for fossil fuels used in the 
heat sector were included, emissions from heat-only combustion of bio fuels were not included.  

8.5. Results 
The renewable electricity production in the four Nordic countries was 212 TWh in 1995. A major part, 191 
TWh (90.1 %), of this was large-scale hydro power. Of the rest, 4 TWh (1.9 %) was small-scale hydro, 4 TWh 
(1.4 %) wind and 12 TWh (5.7 %) solid biomass based power.  

The total renewable electricity production is expected to grow to 220 (2010) and 222 (2020) TWh in the REF 
case. This growth is due to the growth of large-scale hydro power while both wind and solid-biomass based 
power will decrease slightly. Oil was to a large extent substituted by solid-biomass fuels in the district heating 
sector during the last decade as a result of subsidies. With the introduction of green certificates these subsidies 
will be removed and, therefore, a decrease also in total use of bio mass is seen. 

In the TGC scenario, electricity generated from both on- and off-shore wind, biomass and waste will grow 
considerably. The total wind-power capacity will be more than ten-fold in 2020 compared to 2000. Off-shore 
wind which in 2000 was non-existent will contribute to 11 TWh in 2020 and, thereby, will have a large share 
of the total wind-power generation, 32.3%.  
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Figure 1. Total primary energy supply (including transports) in the Nordic countries in 1995 according to 
national statistics. (Wind and hydro power are shown as electricity output.)  
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Conditions for power generation from renewables vary considerably between different parts of the Nordic 
countries. This is causing substantial effects if the green certificate system is to be expanded from a national 
level to a common Nordic green certificate market. 

In the tradable emissions scenario, the wind power expansion is considerably slower than in the green 
electricity certificate case, see Fig B. However, also in the TEP scenario there will be a considerable wind 
power expansion but only after about 2020. Electricity production using coal will decrease considerably in 
both these scenarios compared to the reference case. Coal consumption will be lowest in the TGC case and 
slightly higher in both the TEP and TGC&TEP scenarios. Renewable electricity production will be 
considerably more important, almost twice, in the TGC and TGC&TEP scenarios than in TEP scenario in 
2010 while this difference will be much less pronounced in 2020. This is probably partly due to a considerable 
increase in electricity demand mainly as a consequence of the Swedish nuclear phase-out at that time and 
partly also due to increasingly tougher carbon-dioxide restrictions which will make electricity production from 
renewables more cost competitive.  

In the ExtE case a considerably larger amount of the produced electricity will be from renewable resources 
compared to the REF and BAU cases. This is especially true in 2020 while this difference has almost 
disappeared until 2040. At that time coal has almost completely disappeared from the power sector in the ExtE 
case. However, if instead total energy use is analysed, it is found that coal is still used in the heating sector 
though in smaller amounts than in the other two cases. Natural gas use is also slightly increasing in the ExtE 
case. 
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Figure 2. Amount of new renewable electricity capacity in different scenarios in the years 2010 and 2020. 

The CO2 emissions increase in the REF case to 229 (2010) and 248 (2020) Mton while in the TGC scenario a 
much more moderate increase is noticed, 194 (2010) and 200 (2020) Mton. In the electricity and district 
heating sectors, an introduction of green certificates will actually lead to a considerable decrease in carbon-
dioxide emissions. Despite that the ExtE case does not include climate-change related externalities, the CO2 
emissions are considerably lower in this case than in the REF and BAU cases.  

The total system cost is considerably higher in the ExtE case compared with the REF and BAU cases. 
However, it should be observed that the system costs presented does include neither taxes nor subsidies.  

Finally, energy and carbon intensities for the different scenarios are shown in figures C and D. It is seen that 
while there is almost no difference between the cases regarding energy intensity, the differences regarding 
carbon intensity are large. The disappearance of coal from the power sector in the ExtE case results in a very 
low carbon intensity while the difference between the TGC and TEP cases is small. 
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Figure 3. Energy intensity for the different scenarios covered. 
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Figure 4.Carbon intensity for the different scenarios. 
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9. PRIMES model (European Union) with GEM-E3 (Global) 
 

9.A PRIMES model results for the ACROPOLIS project 
This section reviews the key findings of the case studies examined in the context of the ACROPOLIS project 
using the PRIMES energy model. A baseline scenario for the EU energy system was first constructed taking 
into account the harmonised assumptions adopted in the ACROPOLIS project as regards GDP growth, 
international fuel prices and population growth. The impacts of the implementation of alternative policies, as 
defined in the different case studies examined in the context of the study, were compared against this baseline 
scenario.   

9.1 PRIMES model overview 
The PRIMES energy system model has been developed in the context and with the financial assistance of a 
series of research programmes of the European Commission. The model has been successfully peer reviewed 
in the framework of the European Commission in 1997. From the very beginning, in 1993-1994, the PRIMES 
energy model was designed to focus on market-related mechanisms influencing the evolution of energy 
demand and supply and the context for technology penetration in the market. The PRIMES model also was 
designed to serve as an energy policy analysis tool including the relationships between energy policy and 
technology assessment. 
The PRIMES model is a modelling system that simulates a market equilibrium solution for energy supply and 
demand. The model determines the equilibrium by finding the prices of each energy form such that the 
quantity producers find best to supply matches the quantity consumers wish to use. The equilibrium is static 
(within each time period) but repeated in a time-forward path, under dynamic relationships.  
The model is behavioural but it also represents in an explicit and detailed way the available energy demand 
and supply technologies and pollution abatement technologies. The system reflects considerations about 
market economics, industry structure, energy/environmental policies and regulation. These are conceived so as 
to influence market behaviour of energy system agents. The modular structure of PRIMES reflects a 
distribution of decision making among agents that decide individually about their supply, demand, combined 
supply and demand, and prices. Then the market integrating part of PRIMES simulates market clearing. 
The PRIMES model is a general-purpose model. It is conceived for forecasting, scenario construction and 
policy impact analysis. It covers a medium to long-term horizon.  It is modular and allows either for a unified 
model use or for partial use of modules to support specific energy studies.  
The current version of PRIMES (Version 2) is fully operational and calibrated on 2000 dataset for all 
European Union Member States. Since March 2003 the model has also been developed and is fully operational 
and calibrated on a 2000 dataset for EU candidate countries, Norway and Switzerland. 

9.2 Baseline scenario results 
The definition of the Baseline scenario is important because it constitutes the basis for further policy analysis 
in addition to its function as a projection on the basis of current trends and policies. For this purpose, this 
scenario is conceived as the most likely development of the energy system in the future in the context of 
current knowledge, policy objectives and means. 
Population is an important determinant both of overall economic performance and of energy trends, especially 
in the transportation, household and services sectors. For the period from 1995 to 2010 population in the EU is 
assumed to rise very modestly by some 13.8 million people. After 2010, total EU population is effectively 
stable and its level of 388 million people in 2020 is only marginally higher than in 2010, decreasing slightly 
beyond 2020 to end up at the level of 387 million people by the end of 2030. Household size in the EU (i.e. 
inhabitants per household) is assumed to decrease from 2.49 inhabitants per household in 1995 to 2.22 in 2010, 
2.08 in 2020 and 1.97 in 2030 reflecting the changing age structure of the population as well as changes in 
lifestyles. 
The Baseline macroeconomic scenario simulates a dynamic path of the EU economy up to 2030. It is derived 
from exogenous assumptions about the evolution of technological progress associated to production factors, 
changes in the global economic and environment context and the continuation of the current pattern of public 
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finance policy. The observed increase of gross domestic product in the EU for 1990-1995 was 1.4% pa while 
growth for 1995-2000 indicates a significant boost to 2.5% pa. In the medium to long-term horizon GDP is 
assumed to increase by 2.3% pa in 2000-2010, 1.3% pa in 2010-2020 and 0.8% pa in 2020-2030.  
The Baseline scenario is based on the assumption that EU policies currently in place and in the pipeline, as 
known by the end of 2000, will be continued. This approach, i.e. considering the Baseline as the benchmark 
against which the effectiveness of a number of alternative policies could be measured, assists policy makers in 
the evaluation of alternative measures. However, given that specific policies and measures aiming at meeting 
the Kyoto targets have not been announced yet in many countries and have not been finalised in others, it was 
deemed preferable not to integrate this policy target into the Baseline scenario. 
As regards international fuel prices it has been decided in the context of the Acropolis study to keep beyond 
2000 the price scenario used in the Shared Analysis study assuming that fuel markets will revert to lower price 
levels from those observed in the early years of the current decade following the long-term primary energy 
price projections that are based on the revised POLES Low Price scenario. In the Baseline scenario oil prices 
are assumed to decrease in 2010 to 17.3 $00 per barrel and then grow smoothly. Natural gas prices are 
assumed to exhibit a slight decrease in the horizon to 2010 (15.5 $00 per barrel of oil equivalent) and to grow 
afterwards at higher rates than those pertaining to crude oil. Coal prices are assumed to increase slightly over 
the projection period.  
Given the assumptions described above the results of the Baseline scenario show that despite the evidence of 
some saturation for some energy uses in the EU, energy demand is expected to continue to grow until 2010, 
albeit at rates that are significantly lower than those experienced in recent history and will decelerate between 
2010-2030 by an annual rate of -0.3% pa. Thus, while significant economic growth can take place with only a 
small increase in energy use, there is no complete de-linking between energy and the economy. The results of 
the projection show an increase in energy demand by 6.3% from 2000 to 2010 (compared to 10% from 1990 
to 2000). Between 2010 and 2020 primary energy requirements in the EU are projected to decrease by 0.2% 
and between 2020 and 2030 by 4%.10  
CO2 emissions are also projected to grow in the horizon to 2010 (+5.3% from 1990 levels compared to +1% 
in 2000) but decelerate modestly thereafter reaching by 2030 a level standing 2% above 1990 levels. This 
comes about from the combined effect of improvements on the supply side (driven by the availability of gas 
turbine combined cycle plants and the significant increase of wind capacity in power generation in replacing 
nuclear capacities) and on the demand side (driven by efficiency gains, changes in the fuel mix and the 
relatively low economic growth).   
The scenario results show a significant improvement in overall energy intensity. This is partly due to the 
sectoral restructuring and dematerialisation of economic growth of the EU, but also to the fact that new capital 
vintages (for industry, buildings and appliances) incorporate substantial technological progress. The implied 
energy intensity (expressed as primary energy demand per unit of GDP) is expected to continue to improve 
averaging 1.5 % pa between 2000 and 2030. Structural change on the demand side mainly explains this 
change. The role of energy technology is also important. 

9.3 Case Study 1: Renewables case 
In the case study presented here a number of restrictive assumptions were adopted regarding the contribution 
of renewable energy forms in total electricity generation. The scenario assumes the full implementation of the 
EC directive on renewable energy forms11 for 2010 and the extension of targets as defined in the framework of 
the ACROPOLIS study for the horizon to 2030, with the target as regards electricity generation from 
renewable energy forms rising from 22% in 2010 to 30% in 2020 and 38% in 2030. The targets have been 
introduced in PRIMES model as constraints for the energy system. In this approach the impact, in terms of 
costs, faced by electricity generators for achieving the above-mentioned targets is fully delivered to consumers 
who in turn react through changes in the fuel mix, choice of more efficient equipment and energy savings. 
In the context of the study additional runs have been performed so as to estimate the subsidies required so as 

                                                 
10 This decrease is, to a large extent, due to nuclear decommissioning, which occurs in between 2010 and 2030. Statistical 
convention attributes a 33% efficiency to nuclear plants. Consequently their replacement by thermal plants and renewable 
energy forms (which have higher efficiencies – even 100% for renewable energy forms) leads to a significant reduction 
of energy requirements for the production of the same quantity of electricity. 
11 DIRECTIVE 2001/77/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of 27 September 2001 on 
the promotion of electricity produced from renewable energy sources in the internal electricity market. 
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to achieve the renewable targets. The introduction of these subsidies, which can be considered as equivalent to 
green certificate values, would result in the achievement of the targets set above in the absence of the model 
constraint. Furthermore, the case that the targets apply to the EU energy system as a whole, and not to the 
individual member states, has been examined. 
Under the Case Study 1 assumptions the EU energy system undergoes some changes, especially in the long 
run when compared to the Baseline scenario. Gross inland consumption is projected to decrease by 2.3%12 in 
2030 while the corresponding decrease in CO2 emissions is more than 6% compared to the Baseline scenario 
levels. This is the result of higher penetration of renewable energy sources in the EU energy system with the 
use biomass and wind energy exhibiting strong increases.  
There are big divergences across member states as regards the distance from baseline levels they have to cover 
in order to achieve their individual targets. These divergences are clearly reflected in the estimated subsidies 
required to achieve the renewable targets in the absence of a model constraint. These subsidies reflect the 
incentives that should be given to electricity generators in order to cope with country specific targets as 
regards the share of renewable energy forms in total electricity generation. The average subsidy required at the 
EU level ranges from 24 mills (Euro) per KWh in 2010 to 37.5 mills (Euro) per KWh in 2030. The cost of 
promoting such a policy would exceed 15.5 billion Euro 2000 in 2010 and reach 45 billion in 2030 (or 4% to 
12% on top of total system costs). 13 

9.4 Case Study 2: Soft Landing scenario 
The second Case Study, namely the “Soft Landing” scenario, focuses on analysing the impacts meeting 
emission reduction targets, as set by region in the Kyoto protocol for the first commitment period 1990-2010. 
Furthermore, it assumes that an equivalent emission reduction target will be set for the period between 2010 
and 2030. This means that the EU, which according to Kyoto undertakings has to reduce greenhouse gas 
emissions by 8% from 1990 levels in the horizon to 2010, is assumed to face an equivalent reduction target for 
2010 to 2030. This means that greenhouse gasses emissions in the EU should be reduced by 15.36% in 2030 
compared to 1990 levels. 
Given the significant uncertainty surrounding the evolution of non-CO2 GHG emissions the Kyoto constraint 
for the EU was treated as if it applied only to CO2 emissions coming from the combustion of fossil fuels. The 
horizon of the analysis was fixed to 2010, as being the middle year of the period 2008-2012, which is the first 
Kyoto commitment period. Furthermore it was assumed that since energy consumers and producers would 
anticipate the emission reduction commitments they will undertake efforts already before 2010. In the context 
of the “Soft landing” scenario the approach retained accepts the treatment of the EU energy system as one 
entity. This means that an emission-trading regime is established within the EU energy system. In this case, 
emission reductions for each EU Member State are not those set according to the Burden Sharing Agreement, 
but are based on least-cost considerations within the EU and determined by opening up for EU-wide trading of 
emission allowances. 
Under this full-flexibility regime (i.e. potential for emission trading across Member States and sectors), three 
Member States (Germany, the United Kingdom, Finland and Sweden in order of importance) are projected to 
become net sellers of emission permits in 2010 at a price of €00 52.8/tCO2 whereas all other Member States 
will find it more cost effective to supplement national abatement efforts with the acquisition of emission 
allowances. In 2010, emission permits for some 109.2 Mt CO2, are negotiated across EU Member States. In 

                                                 
12 This decrease, partly, occurs due to statistical convention which attributes a one hundred percent efficiency to many 
renewable technologies and notably wind power which is clearly the “winner” among renewable energy forms in this 
scenario 
13 In the context of the study a variant was examined in which, while assuming that electricity demand by member state 
remains stable at the levels of case study 1, the target was set at the EU wide level, i.e. allowing for trading of renewable 
electricity certificates across EU member states. In this case the subsidy required is identical across member states and 
significantly lower compared to the EU average under Case study 1 conditions. More specifically, in 2010 the subsidy 
required in order to achieve a 22% contribution of renewable energy forms in electricity generation for the EU energy 
system drops to 16 mills of Euro’00 per KWh generated from renewables (-33% compared to Case study 1).  A similar 
decreased is also observed as regards the total cost of the renewables promoting policy which drops to 10 billion Euro 
2000. Beyond 2010, the impact of the establishment of a renewable permits trading regime is not as pronounced as for 
2010 but remains still important. The subsidy required per KWh produced from renewable energy forms is estimated at 
28.5 mills of Euro 2000 in 2020 (-9% compared to case study 1 and 35.5 mills of Euro’00 in 2030 (-5% compared to case 
study 1). 
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2020, the permit price is projected at €00 61.0/tCO2 with Germany, the United Kingdom, Finland, Denmark 
and Belgium as net sellers (110.6 Mt CO2 are expected to be traded across European Member States). The 
dominance of Germany and United Kingdom as net sellers of emission permits is projected to be maintained 
until the end of the projection period. The Permit price is expected to steadily increase reaching  €00 67.4/tCO2 
in 2030 (125.2 Mt CO2 are expected to be traded across European Member States). Differences in terms of 
CO2 emissions reduction across EU Member States reflect to a large extent the different dynamics in each 
country's energy system. The carbon intensity of the power generation system also plays a key role in the ease 
with which a country can adjust to the imposition of a carbon constraint. 
At the EU level gross inland consumption is projected to decrease by 5.5% in 2030 while the corresponding 
decrease of CO2 emissions reaches 17% compared to the Baseline scenario levels. In terms of primary fuels, 
the effects shown capture both, the reduction in consumption that is due to the decline in total energy demand 
and the relative change in the demand for each fuel that the imposition of the constraint would generate. The 
demand for solid fuels, which are the most carbon intensive among all primary fuels, declines not only 
because of the overall fall in energy consumption but also because their use is replaced by less carbon 
intensive fuels. The reverse effect operates on nuclear and renewable energy sources, both of which increase, 
when compared to their consumption level under baseline assumptions (+32%, +34% in terms of primary 
energy requirements in 2030 respectively). The modest negative effect on liquid fuels and natural gas is due 
mostly to a small reduction in overall demand rather than to substitution. The growth as regards primary 
energy needs for renewable energy forms is mainly driven by the significant increase in the use of biomass 
(+78% in 2030 compared to baseline scenario levels). Wind energy is also of great importance especially in 
the short run, whereas the high exploitation of low cost potential leads to a slowdown in the long run. Solar 
energy is also projected to make significant inroads in the EU energy system however accounting for a very 
small share of gross inland consumption. 

9.5 Case Study 3: Efficiency Case 
The efficiency case focuses on analysing the impacts of achievement through an implementation of efficiency 
targets set in the context of the study. In the efficiency case, for the demand side, PRIMES assumes that the 
consumers obtain a better perception of technology costs and consequently alter their choices compared to 
baseline with an objective of more rational use of energy. The main thrust is on improvements in the 
construction of buildings that lead to a significant reduction in energy requirements. On the supply side, strong 
incentives are provided so that the EU energy system adapts the Directive on the promotion of cogeneration 
more extensively compared to Baseline. The supply side also assumes a shift towards more efficient 
technologies in the long run driven by faster technological progress leading to improvements in new 
equipment efficiency and a reduction in their costs compared to the baseline levels. 
The combined effect of the above-mentioned assumptions leads to a decline in primary energy needs by 12% 
in 2030 while the corresponding decrease of CO2 emissions reaches 13% compared to the Baseline scenario 
levels. Demand for all energy forms is projected to decline compared to baseline, however, the most 
significant effect occurs for natural gas (-18% from baseline levels in 2030), the decrease of which accounts 
for more than 55% of the corresponding total gross inland consumption decrease in 2030. Demand for solid 
fuels is also projected to decline at rates above average (-15% in 2030 compared to baseline, whereas all other 
energy forms are projected to decline at rates below average, thus expanding their share in primary energy 
needs over the projection period. Fossil fuels will continue to dominate the EU energy system, with their share 
remaining rather stable at 1990 levels (80%) over the period to 2010, increasing to 84% in 2030 (this was also 
the case under the baseline assumptions). Import dependency is also projected to increase from around 48.4% 
in 2000 to 55.6 % in 2010 and to 68.4% in 2030 (56.8%, 70.5% in the baseline respectively). The scenario 
results show a significant improvement in energy intensity. The implied energy intensity (expressed as 
primary energy demand per unit of GDP) is expected to continue to improve averaging 1.9 % pa between 
2000 and 2030 (compared to 1.5% pa under baseline assumptions). 
Compared to the Baseline scenario, final energy demand decreases over the projection period. Domestic and 
tertiary sectors are the most responsive to the imposition of the efficiency assumptions showing a decrease in 
total energy needs up to 16% from baseline in 2030. More than 90% of this change is due to improvements in 
thermal integrity (14.7% from baseline). Efficiency improvement in electrical equipment can reach up to 40% 
on top of baseline gains. In industry, till 2020, the improvement of energy intensity (energy use per unit of 
value added) is significantly higher compared to baseline, reflecting product quality improvement in the 
sectors. Beyond that, the high exploitation of efficiency potential under the baseline scenario combined with 
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the long lead times for already installed equipment does not allow for any further improvement. Energy 
intensity (i.e. consumption per unit of income) in passenger transport is likely to improve by about 8% by 
2030 against baseline both because of technology progress on top of baseline but also as transport activity 
declines compared to baseline levels.  
In electricity and steam generation, production from fossil based generation falls by 20% in 2030 compared to 
baseline levels. However, generation from fossil based cogeneration power plants increases, contributing 33% 
of electricity and 62% of steam generation by 2030 (21% and 58% respectively in the baseline). The share of 
electricity generation from renewable energy sources is marginally higher than the baseline scenario, although 
absolute generation falls. In 2030, this sector accounts for almost 62% of the overall decrease in emissions 
compared to the baseline (-249 Mt CO2 compared to a total decrease of 402 Mt). 

 9.6 Case Study 4: Internalisation of external costs 
The scope of this case study was to examine the impact of the internalisation of external costs for the power 
generation sector. For this purpose the results of the ExternE project were applied in the appropriate manner in 
the scenario assumptions taking into account both issues related to population density and power plant 
efficiencies. The case examined assumed that climate change impacts were excluded from the analysis. 
However, a sub-case was also examined using the PRIMES model for the EU energy system in which 
externalities arising from possible climate change damages were also incorporated in the analysis. 
At the EU level the impact of the internalisation of external costs in electricity generation is rather limited. 
Primary energy needs are projected to decrease by 2% from baseline levels in 2030 (2.7% in 2010) whereas 
the corresponding decrease as regards CO2 emissions reaches at –3.3% (-6.7% in 2010). However, significant 
changes are projected to occur in the fuel mix with strong negative effects for solid fuels, primary energy 
needs of which decrease by 38% from baseline levels in 2010 and 31% in 2030, and to a lesser extent nuclear 
energy (stable in 2010, -17% in 2030). Renewable energy forms are also projected to be affected in the long 
run with their primary energy demand declining by 3% from baseline levels in 2030 (compared to +0.7% in 
2010). Only natural gas is expected to increase significantly reaching a 41.3% share in 2030  (37.9% under 
baseline scenario assumptions). The impact on the demand side, as expected given that the internalisation was 
restricted to the power generation sector, remains rather limited over the projection period, whereas the power 
generation is characterised by a strong shift away from solid fuel fired power plants and towards gas fired 
ones. It is important to note that besides solid fuels the use of renewable energy forms such as biomass, waste 
and hydro energy is projected to be negatively affected through the internalisation of external costs. This 
negative trend is counterbalanced to some extend by the stronger penetration of wind and solar energy in the 
EU energy system, two energy forms which gain in terms of competitiveness if external costs of electricity 
generation are taken account. 
In the sub-case examined, in which internalisation of climate change impacts were assumed, similar findings 
were derived. Primary energy needs decline slightly more (-3.4% from baseline levels in 2010, -2.3% in 2030) 
while the impact on CO2 emissions is projected to be more pronounced and remain as such over the projection 
period (-8.4% from baseline levels in 2010, -6.6% in 2030). This result derives from the stronger decline in 
the demand for solid fuels (-46% in 2010, -57% in 2030) and the gain in terms of competitiveness for nuclear 
energy (primary energy demand of which is projected to decrease by only 2% from baseline levels) but also 
renewable energy forms. For the latter primary energy demand is projected to increase in the short run (+3.5% 
from baseline levels in 2010) and remain close to baseline levels in the long run (-0.1% in 2030). 
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9.7. Concluding remarks 
Introducing different policy options for the EU energy system results in significant changes as regards its 
evolution in the horizon to 2030 in comparison to Baseline. Figure 1 illustrates the projected evolution of 
primary energy intensity and carbon intensity for the baseline scenario and the four cases examined in the 
context of the study. 14 
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Figure 1: Primary Energy Intensity and Carbon Intensity in the EU energy system 
 
All cases examined are characterised by a continuous improvement of energy intensity over the projection 
period ranging from –1.33% pa in 2000-2030 under the Renewable Target case assumptions to –1.81% pa in 
the Efficiency Target case. On the other hand the carbon intensity of the EU energy system is projected to 
worsen beyond 2020 under the Baseline scenario assumptions. This is the combined effect of the progressive 
exhaustion of the opportunities for CO2 emissions reductions through fossil fuel switching (mainly on the 
demand but also on the supply side), as well as, the significant decommissioning of existing nuclear power 
that occurs in the EU beyond 2015, which combined with declared nuclear phase out policies in certain EU 
Member States (namely Belgium, Germany and Sweden), generates a gap in power generation that cannot be 
satisfied, to the full extent, by other carbon free fuels. However, the implementation of policies focusing on 
the promotion of low carbon content and /or carbon free energy forms (as in the Renewable Target and the 
Soft Landing cases) the carbon intensity of the EU energy system improves over the projection period. 
The evolution of the power generation sector, which beyond 2020 will face major strategic technology and 
fuel choice dilemmas, plays a predominant role as regards the overall outlook of the EU energy system. The 
changes that occur in the power generation sector due to the introduction of different policy options are 
illustrated in Figure 2. 

                                                 
14 Energy and carbon intensity illustrated in the figure have been computing assuming a 33% efficiency in converting 
electricity from intermittent renewable energy forms (hydro, wind, tidal and solar energy) into primary energy demand. 
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Figure 2: Electricity generation by energy form (% shares) 
 
The contribution of nuclear energy in electricity generation is projected to decline throughout the projection 
period in all cases examined both because of the large decommissioning of existing nuclear power plants, 
which will occur in the EU beyond 2015, but also because of the declared nuclear phase out policies in some 
EU Member States – it should be noted that these policies are not assumed to change under the different case 
studies examined. Solid fuels use is also faced with some downward pressures in the horizon to 2020, 
regaining however some market share thereafter (with the exception of the Soft Landing case in which they 
become a rather obsolete energy form in power generation) as advanced coal technologies become mature and 
gain in terms of competitiveness against natural gas. The latter exhibits a strong growth over the projection 
period accounting for around 50% of electricity generated in 2030 under Baseline, Soft Landing and 
Efficiency Target cases assumptions. This share is projected to reach close to 60% under the Externalities case 
(an increase that occurs mainly to the detriment of solid fuels and nuclear energy in comparison to the 
Baseline) whereas in the Renewable Target case it is limited to less than 37% as renewable energy forms make 
significant inroads in the EU energy system with their share reaching close to 39% (for hydro and renewables 
together). In all other cases, though renewables exhibit the faster growth rate among all energy forms in power 
generation, the share of hydro energy and renewables ranges between 18.7% (in the Baseline) and 23.7% (in 
the Soft Landing case).  
The findings obtained from the different cases examined in the context of the study clearly reflect the large 
uncertainties that currently prevail as regards the future evolution of the EU energy system in the horizon to 
2030. The creation of a portfolio of policy measures (taking into account the pros and cons of each policy 
measure addressed on a stand-alone basis in the context of the study) remains a great challenge for policy 
makers in view of a sustainable development for the EU energy system. 
 

9.B GEM-E3 model results for the ACROPOLIS project 
In addition to work carried out using the PRIMES model to analyse the impacts of the case studies on the 
European energy system ICCS/NTUA has, within the context of the ACROPOLIS Project utilised the GEM-
E3-World version (general equilibrium model) in order to assess the economic implications of the “Soft 
Landing” climate change policy scenario (case study 2). The main focus was put on the restructuring of 
economic sectors, the reallocation of economic activities and their implications on the key macroeconomic 
and sectoral variables for the different regions of the world.  

9.8 GEM-E3 model overview 
GEM-E3World is an applied general equilibrium model, covering the world (separated in 21 regions), which 
provides details on the macro-economy and its interaction with the environment and the energy system. It is 
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an empirical, large-scale model, written entirely in structural form. The model computes the equilibrium prices 
of goods, services, labour and capital that simultaneously clear all markets under the Walras law. In brief, the 
model can be characterised as follows: 

��GEM-E3 is a multi-country model, treating separately each region and linking them through 
endogenous trade of goods and services.  

��GEM-E3 includes multiple industrial sectors and economic agents, allowing the consistent 
evaluation of distributional effects of policies.  

��GEM-E3 is a multi-period model, involving dynamics of capital accumulation and technology 
progress, stock and flow relationships and backward looking expectations. 

In addition, the model covers the major aspects of public finance including all substantial taxes, social policy 
subsidies, public expenditures and deficit financing, as well as policy instruments specific for the 
environment/energy system.  
The model determines the optimum balance of energy demand and supply, atmospheric emissions and 
pollutant abatement, simultaneously with the optimising behaviour of agents and the fulfilment of the overall 
equilibrium conditions. In this sense, the model analyses the interactions between the economy, the energy and 
the environment systems.  
The results of GEM-E3 include projections of full input-output tables by country, national accounts, 
employment, and capital flows, balance of payments, public finance and revenues, household consumption, 
energy use and supply, and atmospheric emissions. The computation of equilibrium is simultaneous for all 
domestic markets of all 21 regions and foreign trade links.  
A major aim of GEM-E3 in supporting policy analysis, is the consistent evaluation of distributional effects, 
across countries, economic sectors and agents. The burden sharing aspects of energy supply and 
environmental protection are fully analysed, while ensuring that the World economy remains at a general 
equilibrium condition. 

9.9 Case Study 2: Soft Landing scenario using the GEM-E3-World 
general equilibrium model. 
 
A worldwide free market for permits was assumed and emission rights were distributed among countries and 
sectors according to the grandfathering principle, based on the level of emissions produced by the agents in 
the base year. The revenues/expenditures generated by the sales/purchases of permits were recycled through 
capital income, which in turn is given as a dividend to the representative agent, thereby increasing disposable 
income and hence demand. 
The amount of permits that are sold or bought by each country depend on the difference between the amount 
of emissions that are produced by the country in the scenario, which is dependent on the global emission 
constraint, and the allocation in emission rights of this country according to the “Soft Landing” scenario. The 
Former Soviet Union and Australia are the regions that make the highest purchases as a percentage of their 
GDP, while China and India, which have low abatement costs, benefit not only from their endowment in 
emission rights but also by their ability to substitute coal for other fuels and enjoy high revenues as a 
percentage of their GDP.   
In a general equilibrium model emissions can be reduced by investing on abatement technologies or using a 
different mix of inputs in the production process in a similar manner to partial equilibrium energy sector 
models but in addition also by reducing the level of production. Consumption and investment at the global 
level are reduced by 1.38% and 1.03% respectively, resulting in the reduction of the world gross domestic 
product by 1.39%. Trade is also negatively affected in a more prominent fashion than GDP in accordance with 
the stylised fact that the rate of change of trade is higher than the rate of change of GDP. The Table below 
summarises the impact of the case study on sectoral activity levels at the world level. 
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Table 2: Changes in production at the world level in the “Soft Landing” scenario (2030) 
Agriculture 0.2%

Coal -34.3%
Petroleum Refineries -13.8%

Distribution of Gasseous Fuels - Manufacture of Gas 0.6%
Electricity -9.5%

Ferrous and non ferrous metals -5.6%
Chemical Products -4.5%

Other energy intensive -2.5%
Electronic Equipment -0.8%
Transport equipment -1.0%

Other Equipment Goods -3.2%
Other Manufacturing products -2.2%

Construction -1.1%
Food Industry -0.8%

Trade and Transport -1.1%
Textile Industry -0.5%

Other Market Services -1.0%
Non Market Services -0.2%  

 
The sales of permits generate additional income that increases the disposable income of households. In GEM-
E3 welfare is dependent on consumption and leisure; the increase in disposable income of the representative 
agents is partially used to finance additional consumption, thus increasing the level of welfare. Net exporters 
of permits are expected to gain welfare while the opposite occurs for the net importers (Fehler! Verweisquelle 
konnte nicht gefunden werden.). 
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Rest of East Asia
Central EU Associates

Japan
Germany

ROW
C. America

Other Europe
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S. America
Mediterranean

Rest EU.
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Nordic EU
Canada

Australia+New Zealand
FSU

Middle East

-5.0% -4.0% -3.0% -2.0% -1.0% 0.0% 1.0% 2.0% 3.0%

 

Figure 5: Changes in welfare in the “Soft Landing” scenario (2030) 
Developed countries, which are net buyers of permits, are not experiencing significant reductions in welfare, 
with the exceptions of the Former Soviet Union and Australia. The Former Soviet Union realizes a substantial 
loss of welfare from the imposition of the environmental constraint primarily because it has the highest value 
of net imports permits as a percentage of their GDP in the world. Moreover, the value of its oil exports is 
reduced as both export demand and world prices fall. A significant loss of welfare is realized in Australia that 
spends more than 0.4% of their GDP in emission rights; this takes place not only because they are a major coal 
consumer and exporter but also because they are supplied with permits representing a lower level of emissions 
than that of the baseline. 
Less developed countries have revenues from permit sales – sometimes highly significant as a percentage of 
their GDP– that compensate for the higher prices of fuels; the level of welfare increases almost 2.5% in Africa 
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and India, 1.5% in China, and 1% in the Rest of South Asia. The rest of the developing regions are worse-off 
because their revenues from sales of emission rights are not sufficient to cover their losses due to the higher 
cost of energy. 
The carbon value resulting from the global environmental restriction increases the price of oil faced by the 
consumer, resulting in a decrease in the demand for oil which in turn reduces the price of oil received by the 
producers (and exporters) of oil. Since the Middle East is highly dependent on oil exports, their losses in 
export revenues stemming from both the lower volume and lower price cannot be compensated by their 
revenues from permit sales, ending up with the most significant loss of welfare in the “Soft Landing” scenario.  
The income coming from the revenues from the sales of emission rights provides the consumers in less 
developing countries the ability to increase consumption. The Armington specification of the model implies 
that the domestically consumed goods are composed of domestically produced goods and imports; thus 
imports increase as a result of the increase in the level of consumption, worsening the balance of trade in less 
developing countries. 
 

 CO2 Intensity Index, 1995=1 
 1995 2000 2005 2010 2015 2020 2025 2030 

World 100 94 87 85 80 81 78 75 
 100 94 87 84 76 69 64 58 
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NATIONAL MODELS 
 

10. MARKAL-Italy model 

10.1. Introduction 
 
The section addresses two energy policies recently approved / debated by the Italian government with the aim 
of improving the security of supply and reducing CO2 emissions towards the compliance of the Kyoto 
protocol. The first measure forces electric suppliers to increase the share of electricity originating from “new” 
renewable sources, the second provides incentives to the electricity and natural gas distributors which improve 
the energy efficiency of the end users they serve. 
 
The energy, economic and environmental effects of these policies are evaluated through the use of the 
MARKAL-MACRO-Italy model of the domestic energy system, by comparing the differences to a reference 
scenario without the new policies. The effect of alternative and more stringent policies in the same line are 
evaluated as well. 
 

10.2. Policies description 
 
In the Base Case electricity suppliers are obliged to supply 2% of their electricity from “new” renewable 
sources or to buy “green certificates”. In the Green Certificate scenario this obligation is gradually increased 
by 0.3%a from 2005 to reach 3.5% share in 2010 and a 4% share afterwards, according to a proposal 
presented last year and still under discussion at the Parliament. 
  
The implementation of this policy in the model is technically difficult because it is proportional to the 
production and import, it is time dependent and it is applicable only to new investments in each year. The 
amount of electricity to be produced from renewable sources (2% o 4%) is calculated from the reference case, 
keeping into account the new amounts invested in previous years. 
 
The Efficiency Standard scenario analyses the possible impacts of the governmental decree of April 24, 2001 
and following technical notes, which prescribes demand side management activities to all distributors and 
retailers of electricity and natural gas. 
 
The scenario assumes the deployment of more efficient demand devices, to reach primary energy equivalent 
reduction of 1.6 Mtoe of electricity and 1.4 Mtoe of thermal energy. The target year, which is 2006 in the law, 
is shifted in the model to a more realistic 2010. The technological options introduced in the model (Electric 
Device: Lighting in households and in commercial buildings, Refrigerators, Dish Washers, Washing machines, 
Industrial motors, Commercial motors; Warm water boilers using Electricity, Solar and Methane; Space 
heating in households and in commercial buildings, space cooling and heat pumps, Thermal insulation) and 
their possible market contributions reproduce the documents of the Independent Regulatory Authority for 
Electricity and Natural Gas Market. The modellers have estimated their upper bounds using their expertise and 
common sense. 
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10.3. Modelling framework 
 
The economic and environmental impact of energy policies and measures has been evaluated  
��making use of the MARKAL methodology, 
�� through the technical economic model of the Italian energy system, 
�� and its version hard-linked to the MACRO (general equilibrium) component, 
�� that embeds the most recent and accepted assumptions on policies, GDP and population, prices and taxes, 

demands for energy services, main technologies. 
 
The MARKAL methodology is not a model, but a generator of models, including energy supply as well as 
energy services (RES), representing energy markets as well as technologies, with static and dynamic equilibria 
and an extended concept of system costs. The source code is open. 
 
The MARKAL Italy technical - economic model of the energy system covers the four main sectors of the 
energy system (agriculture, industry, transport, commercial and households), each subdivided in several sub 
sectors, mainly based on their energy or material dependency and importance. For instance, the industrial 
sector is split in the following sub-sectors: Paper, Chemical, Building, Mechanical, Iron and steel, Textile and 
others. Some sub-sector is split by branch or main energy consumption services. The MARKAL-Italy model 
has a very detailed Reference Energy system: there are over 70 independent demand for energy services, 
about 250 flows of energy goods and services, about 250 real or dummy flows of materials, about 1000 real or 
dummy technologies (including 50 power plants). 
 
Emissions of NOx, SO2, VOC are bounded (by sector and as total), CO2 emissions are accounted for and may 
become an objective function. The model represents the domestic energy system and its main environment 
emissions from 1990 to 2030, evaluates energy consumption and the potential for emissions reduction of CO2, 
NOx , SOx and VOC and related costs. In recent years it has been used to set up reference scenarios for the 
National Conference on Energy and Environment (1998), to assess effectiveness and impact of different 
carbon tax schemes, to verify the mitigation scenarios of the third national communication to UNFCCC, to 
prepare scenarios to be used by the RAINS model at IIASA. 
 
The update version includes actual power plants by type and size, actual fuel levies and presently available 
renewable supply, end use efficiency and mitigation technologies, prescribes mandatory EC sulphur levels of 
fossil fuels, domestic and European sulphur and nitrogen emission limits to 2010, green and white certificates 
instruments. 
 
The MARKAL-MACRO model used in these scenario calculations is a combination of the energy system 
model MARKAL and a long-term macroeconomic growth model MACRO. MARKAL-MACRO is a dynamic, 
neoclassical, applied general equilibrium model. The linkage between MARKAL and MACRO is based upon 
the concept of an economy-wide production function. The integrated model, which simultaneously solves for 
energy and economic components using non-linear optimisation, is able to analyse separately price-induced 
energy conservation and autonomous energy efficiency improvements. 
 
Contrary to several bottom-up programming economic equilibrium models, the MARKAL-MACRO-Italy 
model reproduces the statistical values in three time periods. Therefore the results appear quite robust in the 
near term (2010) and make interesting the comparison with scenarios coming out of comparable exercises. 
 

10.4. Results 
 
In the reference scenario of the MARKAL-MACRO-Italy model, the energy intensity improves by an average 
0,8% per year between 2000 and 2005, then it improves at progressively higher rates until 2020 (reaching -
1,5% per year), while in the last decade decrease by an average -0,9% (in last thirty years energy intensity of 
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GDP constantly improved, but at annual rates that only during oil crisis were larger than 1% per year). Energy 
consumption increases by less than 1% per year. In other words the reference scenario assumes an important 
increase in energy efficiency, with a strong dynamics particularly in the first two decades. In terms of energy 
security and environment the scenario is rather optimistic. Although the energy intensity of GDP reduces, the 
rate is plausible according to the historical experience (figure 1). The trend of GDP, energy demand and 
energy intensity and the plausibility of the scenarios is summarised by the elasticity of the demand to GDP 
(table 1). While the elasticity of MARKAL-MACRO Italy looks possible although optimistic, the elasticity 
assumed by PRIMES is compatible only with a system undergoing structural changes, which are hard to 
explain. 
 
 
Table  1: Energy intensity of the GDP 
 

Statistical 
Years 

Statistical 
values 

 Projection 
Years 

MARKAL-
MACRO-It 

3rd  NAT COM 
UNFCC 

PRIMES-
Italy 

1970-75 0.7  2000-05 0.5 0.3 0.2  
1975-80 0.5  2005-10 0.5 0.5 0.3  
1980-85 0  2010-15 0.4 0.7 0.1  
1985-90 0.8  2015-20 0.3 0.6 0.2  
1990-95 0.8  2020-25 0.4 - 0.1  
1995-00 0.8  2025-30 0.4 - 0.3  

 
 

 
Figure  1: Evolution of energy intensity of GDP from 1970 to 2000 and in MARKAL-MACRO Italy 

 
Policies aiming at a stronger deployment of energy efficient devices are effective in the short term. According 
to the model, energy consumption in 2010 is 1.4% lower than in the reference case. The reduction reaches 2% 
in 2020 and remains constant afterwards (figure 2). On the contrary, policies aiming at increasing Green 
Certificates obligations do not reduce energy consumption. 
 
 Although both policies contribute to the reduction of CO2 emissions (figure 3), none of them is capable of 
reaching the Kyoto targets, unless much stronger measures are taken or flexible mechanism are used. 
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Figure  2  Energy consumption in different scenarios 

 
 

 
Figure  3: CO2 emissions in different scenarios 
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Figure  4: GDP per capita in different scenarios (difference between Baseline and alternative scenarios) 

 
A first order evaluation of possible domestic macro economic consequences of the Renewable Portfolio and 
Efficiency Standard policies is given by the behaviour of the GDP. According to the results of MARKAL-
MACRO Italy, the per capita GDP changes according to the scenario (figure 4). The promotion of energy 
efficiency policies has a positive effect on GDP, because end users, in particular families in households, are 
pushed to behave more rationally and buy more efficient devices, investing at an apparent discount rate nearer 
to the national discount rate. Economic resources saved in the purchase of energy goods are made available to 
the rest of the economic system to increase production. The introduction of a Green Certificate purchase 
obligation has a negligible (negative) GDP effect in the short term. In the longer term the economic effect may 
be non-negative only if cost and efficiency of renewable sources is improved. 
 
 

10.5. Conclusions 
 
The results of the study show that domestic policies towards higher efficiency standards and larger supply of 
electricity produced from renewable sources both contribute to the reduction of CO2 emissions. The two 
policies combine rather well. However their energy and economic implications are different, their contribution 
to the achievement of the Kyoto target is quite small and has to be complemented by other policies and 
flexible mechanisms. 
 
Obligations to improve the efficiency of energy end use in the civil sector are effective sooner, increase the 
energy security and the GDP, because in the short term they force the end user to more rational choices. The 
obligations are a way to overcome behavioural barriers. Although effective soon, this policy is promising also 
in the medium and long term, because their seems to be scope for improving the energy efficiency through the 
use of new technologies for decades. 
 
Green certificates policies on the contrary have a smaller potential in Italy, start being effective in the medium 
term and look expensive. In this case the improvement of the energy security implies a reduction of the GDP. 
The dimension of the common European market, which seems sufficient to ensure the improvement of the 
energy efficiency in end use technologies, seems not enough to ensure the degree of learning needed to make 
renewable options competitive in the longer term. In other words, only a global strong and successful learning 
process can ensure economic sustainability to renewable portfolio policies. 
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11. NEMS model (USA) 
 

11.1. Introduction 
 
Concerns over the possibility that climate change may be caused by anthropogenic activities, particularly the 
combustion of fossil fuels, have raised interest in examining a series of policy options which may inhibit or 
reverse the growth of energy-related carbon emissions. This section addresses the implications of some key 
policies and measures that encourage adoption of more efficient and low-carbon-emitting energy conversion 
technologies. Implementation of technology adoption policies will eventually change the performance and 
structure of the energy sector and the power generation industry. The impacts of selected policies are 
discussed in this report. 
 

11.2. Policies description 
 
The National Energy Modeling System (NEMS), the Energy Information Administration’s  regional, 
technology-rich, energy-economy model of U.S. energy markets in the mid-term, was used to analyze 
technology policies for the ACROPOLIS project aver the past 30 months. The first ACROPOLIS case 
analyzes the energy and economic impacts of imposing a policy that requires at least 20 percent of all 
commercially sold electricity in the United States to be from non-hydro-electric sources by 2020, assuming a 
renewable credit trading system with no sunset provisions.   
 
The second policy case analyzed by EIA represents an evaluation of efficiency standards/assumptions for each 
energy sector as developed by the ACROPOLIS group. Each sectoral set of efficiency standards/assumptions 
was analyzed separately with respect to energy price, consumption and carbon impacts within the total U.S. 
energy market. As part of the scenario design, the total carbon reductions achieved in the integrated case 
(those combining all sectoral technology assumptions in one run) were run as the target carbon emission 
reductions path using reference case technology assumptions. We used the Annual Energy Outlook 2003 
(AEO2003)15 version of the National Energy Modeling System (NEMS) as the reference case16 for this study. 
All impacts identified are relative to this base.  Because of uncertainties in the specification of the cases, EIA 
actually ran two efficiency cases. The first emulated the ACROPOLIS assumptions as stated and a second 
case used the high technology cases in AEO2003. These two groups formed the basis for two combined 
advanced technology cases.  Since the carbon emissions achieved in the two combined cases were very close, 
a single carbon-constrained case was run to determine the carbon fee required to achieve the carbon reductions 
of the combined cases and the distribution of energy impacts across the markets.  
 

11.3. Modeling framework 
 

The National Energy Modeling System (NEMS) was used to assess the impact of technology policies on U.S. 
energy markets. The primary purpose of NEMS is to analyze the energy-related consequences to the United 

                                                 
15 The efficiency case was developed  from the AEO2003 reference while the renewable portfolio standard case was 
developed from the AEO 2002 reference because of the elapsed time between the two studies.  Annual Energy Outlook 
2003 (AEO2003), Energy Information Administration, U.S. Department of Energy, DOE/EIA-0383, January 2003.  
http://www.eia.doe.gov/oiaf/aeo/index.html 

16 Because of the elapsed time between cases,  the EIA officially updated its annual energy outlook;  hence, the basis for 
comparison of results is somewhat different.  The major qualitative conclusions identified, however,  are expected to 
remain unchanged 
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States of alternative energy policies or pertinent economic or energy market influences.  The policy questions 
of interest have determined the level of detail required within the structure of NEMS.  For example, 
environmental issues relating to energy production and consumption have taken on a new importance with the 
implementation of the Clean Air Act Amendments (CAAA) of 1990 and the proposed Kyoto agreement of 
December 1997 on greenhouse gases. Accordingly, NEMS is designed to measure seven emissions (oxides of 
sulfur, oxides of nitrogen, carbon, carbon monoxide, carbon dioxide, volatile organic compounds and 
mercury) released in the use of energy products to generate electricity and, in the case of carbon (or carbon 
dioxide), constrain national emissions using a pricing mechanism. The technology representation in NEMS is 
particularly helpful in the analysis of national carbon mitigation policies and utility sector SOx, NOx, and 
mercury mitigation policies because of its explicit representation of vintaged (time-dependent) energy 
equipment and structures (e.g., building shells) and the careful tracking of vintaged capital stock turn-over 
rates.  For similar reasons, NEMS contains sufficient detail in the transportation sector to project the use of 
alternative or reformulated fuels like compressed natural gas, ethanol, methanol, electric, etc. In addition to 
environmental concerns, NEMS is designed to account for existing and emerging government regulations (e.g., 
electricity restructuring), the potential for the development and use of new energy-related technologies, the 
increased use of renewable sources of energy (especially intermittent technologies), and the potential for 
demand side management, conservation, and increases in the efficiency of energy use. These topics reflect the 
expected scope of present and future government policy.  
 
The NEMS representation of energy markets focuses on four important interrelationships: (a) interactions 
among the energy supply, conversion and consumption sectors, (b) interactions between the domestic energy 
system and the general domestic economy, (c) interactions between the U.S. energy system and world energy 
markets, and (d) the interaction between current production and consumption decisions and expectations about 
the future. 
 
System Design of NEMS 
 
Like its predecessor models, e.g. the Intermediate Future Forecasting System (IFFS), NEMS incorporates a 
market-based approach to energy analysis.  NEMS balances the supply of and demand for energy for each fuel 
and consuming sector, taking into account the economic competition between energy sources.  
 
NEMS is partitioned into a modular system, which is solved by applying the Gauss-Seidel convergence 
method with successive over-relaxation.  The modules of NEMS represent each of the fuel supply markets, 
conversion sectors, and end-use consumption sectors, and also include interactive macroeconomic and 
international modules.  The primary flows between these modules are the delivered prices of energy and the 
energy quantities consumed by product, region, and sector, but include other information such as economic 
activity and technology characteristics.  The delivered prices of fuels incorporate all the activities necessary to 
produce, import, and transport fuels to the end user.   
 
The integrating methodology controls the independent execution of the component modules.  The modules are 
executed from the integrating module, and, to facilitate modularity, the components do not pass information to 
each other directly but communicate through a central data file.  This modular design provides the capability 
to execute modules individually or to substitute alternative modules, thus allowing decentralized development 
of the system and independent analysis and testing of individual modules.  Furthermore, this modularity 
allows the flexibility to use the methodology and level of detail that is most appropriate to represent each 
energy sector. 
 
A solution is achieved by equilibrating on the delivered prices and quantities of energy demanded, thus 
assuring an economic equilibrium of supply and demand in the consuming sectors.  Each fuel supply, 
conversion, or end-use demand module is called in sequence by the integrating module and solved, assuming 
that all other variables in the other energy markets are fixed. For example, when solving for the quantities of 
fuels demanded in the residential sector for an input set of energy product prices, all other sectors of the 
economy are held fixed.   The modules are iteratively called until successive end-use prices and quantities 
remain constant within a specified tolerance.  This equilibration is achieved annually through the midterm 
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period to 2020 [for AEO2002] and 2025 [AEO2003].  The NEMS system reflects market economics, industry 
structure, and energy policies and regulations that influence market behavior.  
 
NEMS consists of four supply modules (oil and gas, natural gas transmission and distribution, coal, and 
renewable fuels), two conversion modules (electricity and petroleum refineries), four demand modules 
(residential,  commercial, transportation and industrial sectors), one module to simulate energy/economy 
interactions (macroeconomic activity), one to simulate world energy/domestic energy interactions 
(international energy activity), and one model to provide the mechanism to achieve a general market 
equilibrium among all the modules (the integrating module).  The interested reader is referred to the model 
documentation reports for their descriptions on the EIA internet site.     
 

11.4. Results 
Renewable Portfolio Standard 
 
Renewable generation in the U.S. markets is generally not cost competitive with alternative fossil-fueled 
generation like gas combined cycle.  In the AEO2002 reference case through 2015, all non-hydro renewable 
generation was added through State renewable mandates or incentives. However, because of these capacity 
additions, technological learning results in cost reductions for wind; the projected lower wind costs become 
competitive in some regions of the United States in the 2015-2020 period. 
 
Imposition of a renewable portfolio standard on the U.S. generation markets is projected to have a relatively 
mild adverse affect on delivered electricity prices (see figure 1) but a significant cost to the electricity industry 
(see figure 2).  Electricity prices in 2020 in the RPS case are projected to be about 3 percent higher than the 
reference case as a result of the added costs that were added to electricity prices to conform to the RPS 
standard. The reduction in natural gas prices in the RPS case in 2020 relative to the reference case mitigates 
against the price increases that would otherwise have occurred because of the renewable credit prices paid and 
the additional capital invested in renewable generation technologies.  However, the cost to the electricity 
industry over the next 18 years ranges between 29-45 billion €95 ($38 to $59 billion (2000 U.S.)), using a 
discount rate ranging from 0 to 10 percent.  Such costs represent about 21 percent of the current value of sales 
revenues of the power generation industry. 
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As the industry ratchets up its usage of renewables to 20 percent by 2020, significant issues emerge regarding 
the ability of the U.S. renewable resources to continue to expand as evidence by the rising renewable credit 
prices and the slowing expansion rate of wind and geothermal capacity. For example, geothermal resources 
are projected to have utilized over 50 percent of all remotely competitive sites although another 10 GW of 
additional capacity are possible at significantly inferior and costlier sites with capital costs in excess of 1900 
€95/KW ($ 2,500/KW).  Wind expansion in 2020 begins to be limited by the amounts of cost competitive 
wind resources remaining in regions that are sufficiently close to demand and transmission centers to allow 
further expansion and by issues of reliability.  Although wind capacity is projected to reach 109 GW by 2020 
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under a 20 percent RPS, expansion is likely to become very expensive as lower-quality wind sites must be 
exploited.  The rapid growth in biomass generation is likely to be eventually limited by the competition 
between agricultural uses and the generation of an energy feedstock for biomass power generators.  Further, 
dedicated biomass gasification plants must be built within a 50 mile radius of their resources to be cost 
effective, otherwise transportation costs are likely to make biomass generation very expensive (raise 
renewable credit prices). 
 
Efficiency Cases – Case 3 Study 
 
Neither set of technological progress assumptions are sufficient (ACROPOLIS or the EIA Alternate) 
sufficient to stabilize carbon emissions in the U.S. by 2025 B although carbon growth can be abated 
significantly by adoption of more efficient technologies. 
 
Using the best available technologies in the U.S. residential sector may, at best, reduce carbon emissions in 
2020 to about 3 percent below year 2000 levels; potential reductions in the commercial sector are even smaller.  
The ACROPOLIS CAFÉ standard for light duty vehicles may stabilize fuel consumption and carbon 
emissions to slightly above 2000 levels in 2025. Energy consumption and carbon emissions in 2025 are 
expected to be higher than in year 2000 despite the intensity improvements in both industrial cases. 
 
 

Figure 3: Total U.S Carbon 
Emissions
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         Black Line: Baseline Projection 
        Green Line: Integrated Technology Case 
 
Electricity prices are higher with a carbon cap than with a pure technology standards policy, resulting in 
reduced electricity demand, which accounts for about 20 percent of the reduction in carbon emissions.  The 
remaining reductions in carbon emissions result from fuel switching to renewables (primarily biomass and 
wind) and away from coal- fired generation. Only a small but significant portion of the carbon reductions are 
due to generation efficiency improvements. 
 
The combined technology cases reduce carbon emissions by improving energy efficiency, thereby reducing 
electricity demand among other fuels. Within the electricity sector, total carbon reductions from electricity 
generation are reduced between 160 and 170 million metric tons (mmt) by 2025.  The remaining carbon 
reductions (about 100 mmt)  are achieved by non-electric fuel reductions due to efficiency improvements at 
end-use. In the carbon constrained case, carbon reductions in the power sector are 220 mmt. The key 
conclusion drawn from these results is that a carbon constraint on the energy system affects the power 
generation sector far more than the remaining end-use sectors. 
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Power Generation Efficiency  
 
When only the technology assumptions in the power sector (Acropolis Elec and Alternate Elec) are changed, 
the overall fossil-fuel generation efficiency rises significantly because electricity demand is largely unaffected 
(Figure 13).   
 
In the Acropolis Elec case, fossil-fueled generation efficiency is increased by 3 percent in 2010 and 7 percent 
in 2025 while carbon emissions are reduced by 9 percent in 2025 relative to the reference case. In the 
Alternate Elec case, overall fossil fuel efficiency increases by 1 percent in 2010 and 8 percent in 2025 relative 
to the reference case. Because the Alternate Elec case has far more coal-fired generation than Acropolis Elec, 
carbon emissions are reduced by only 5 percent in 2025. 
 
However, when efficiency improvements in end-use are also assumed, the electricity demand growth rate is 
significantly reduced and the ability to achieve the overall fossil-fuel generation stock efficiency 
improvements is significantly reduced. 
 
Overall fossil efficiency improvement relative to the reference case is not as great as in the electricity only 
cases (for both Elec cases), because of the demand impacts. Electricity demand is so much lower in the 
integrated cases that there is less need for new capacity, so it would take longer for new, more efficient 
capacity to affect the average. 
 
 

11.5. Conclusions 
 
The following conclusions can be drawn from the results of this study on U.S. energy markets: 
 
A 20 percent renewable portfolio standard for the United States is expected to increase total consumer costs of 
electricity by about 3 percent.  Although this does not appear to be significant on a national level, the regional 
distributional price effects can be quite significant.  For example, producers in regions rich in coal-based or 
gas-based generation are likely to experience much larger revenue reductions than those which are rich in 
renewable resources.  
 
The RPS is likely to significantly increase the costs to the power generation industry from about 35 - 60 
billion dollars for the period ending in 2020. 
 
Policies requiring imposition of stringent energy efficiency standards on a fossil-based power production 
could lead to significant and expensive structural changes in the power sector.  
 
A system-wide carbon constraint that results from a carbon tax will affect markets very differently than one 
which achieves the same carbon target with efficiency standards. If the carbon reduction is achieved by using 
a carbon fee, the vast majority of energy-sector carbon savings will come from utility adjustments, while the 
imposition of combined technology efficiency standards or programs places the cost burden on the specific 
sector according to the stringency of the efficiency standard.  
 
In the carbon cap scenario, carbon emissions from electric generators are reduced by 26 percent, relative to 
the 19 percent reduction in the combined efficiency cases, implying that under a carbon cap the electricity 
sector does relatively more work than the other sectors. 
 
The carbon fee required to achieve the targeted carbon emissions reductions of approximately 270 MMT in 
2025 below the AEO2003 reference case rises to about 85 €1995/metric ton carbon equivalent in 2025 
($112/metric ton). 
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13 TIMES model (Germany) 
 

13.1. Introduction 
Assessing Climate Response Options: POLIcy Simulations (ACROPILIS) aimed at implications of few key 
policies and measures in favour of reducing GHG emissions by fostering deployment of more advanced and 
climate-friendly energy technologies on German TIMES model. Implementation of the climate protective 
policies, which are the reflection of policies like renewable portfolio and tradable green certificates, efficiency 
standards, carbon tax and internalisation of external cost will eventually change the performance and structure 
of the energy sectors. Demand and supply side technologies are the carriers of policy measures. This section 
illustrates structural, environmental and economic impacts of German TIMES model due to inclusion of 
various policies. 

13.2. Overview of German TIMES model 
To accomplish successfully various policy measures, which concentrates specifically on low-carbon energy 
system, requires the use of good model which is able to simulate the technological changes necessary for long 
term energy planning. The model used to fulfil the policy measures is two regional and multi sectoral German 
model created on TIMES framework. Both east and west part of Germany is considered as two regions in this 
model including sufficient technological detail both in supply and demand side, to be able to address the 
questions of how policies can foster the development of new technologies and their subsequent development. 
Further detail on German TIMES model and it’s structure has been focussed below.  

a. TIMES – The Integrated MARKAL EFOM System 

TIMES17 is a new mathematical modeling scheme for representing, optimizing and analyzing energy systems 
on local, regional, national and global scales. It follows a so-called bottom-up system engineering approach, 
which allows a detailed technical description of the energy system by equalities and inequalities. TIMES has 
been developed over the last two years by a working group including IER under the auspices of the 
International Energy Agency (IEA) within the Energy Technology Systems Analysis Programme (ETSAP). 

TIMES is based on the concept of Reference Energy System (RES). The RES describes the energy system as 
a network of processes and commodities being interconnected by flows of commodities. One characteristic 
aspect of a RES of a country or a region is that in most cases a process does not depict a single plant, but 
rather an entire technology type being available in the energy system. Another typical feature of a RES is that 
it may contain technologies that are not yet utilized in the real-world system. 

TIMES establishes out of the RES abstraction, a core of mathematical formulas considering the following 
relationships: 

                                                 
17  TIMES has been implemented in GAMS (General Algebraic Modelling System), a standard modelling environment 

for optimisation problems, that by separating model formulation, input data and solution method from each other 
allows changes in the input database without changing the model equations. In addition, GAMS provides easy access 
to several commercial solvers. One disadvantage of GAMS however is that because of its open architecture it 
possesses no graphical user-interface. Thus, to support data handling and analysis of the results, the integration of 
TIMES within the MESAP architecture is in preparation. 
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• Mass or energy balances for the commodities. 

• Transformation equations for a process relate the input to the output flows. The possibility of specifying 
fuel and process dependent efficiencies enables a flexible process description avoiding the need for 
dummy processes as used in MARKAL. 

• Capacity-activity relationships limit activities of processes by their available capacities. 

• A generic equation framework allows the generation of non-standard, user-defined equations; e.g. a 
dynamic constraint limits the investment in a new technology for the current period to a percentage of the 
existing capacity of the previous period. 

• Bounds can be set on variables of process input and output flow. 

The design of TIMES is based on the “reference technology” concept, where costs and emission factors from 
different technologies are used in the modeling process. Thus, the cost of abatement can be estimated as a 
function of a movement between technologies from older, less expensive but more polluting technologies 
towards newer, cleaner, more expensive technologies. These abatement costs feed into the modeling process 
for energy supply and energy demand.  

b. General Structure of German Energy System Model on TIMES 

The German energy system model is demand driven and technology-intensive. GDP, population, heated living 
space requirement per person, freight kilometre demand etc. are the basic driving forces to determine the 
energy demand by sectors. Given a set of technological options to meet supply and demand along with 
assumptions on energy prices and resource availabilities, model optimises the total energy system costs to 
meet the sectoral energy demand (partial equilibrium modelling approach). Demand sector consists of 
industry, commercial, household and transport sectors, where as the sectors are further divided in sub-sectors. 
Supply side of the model considers all energy conversion levels i.e. the technologies of electricity and heat 
production. Conversion technologies are further divided in type of generation technology, plant size and 
operation time.  

c. Base scenario for Germany 

Year 2000 is assumed as base year and model horizon is up to 2050 with five years taken as each model 
period. Discount rate of 5% has taken in this model for calculation of economic parameters. Substantial basis 
for the base scenario development till 2020 is the scenario of Prognos for the Energy Report III of the Federal 
Ministry of Economics (BMWi) /Prognos/EWI 2000/. Total population approximately remains same in the 
year 2010 as base year. Population growth rate follows decline in trend after period 2010 onwards. It declines 
approximately 1.46% in 2020 and 17.32% in the year 2050 of the base year. GDP/capita increases from the 
year 2000 to 2050 and is highest in the year 2050 i.e. 150% increase of base year. 

Additionally, attempt has been made to include existing obstacles or supporting measures as far as possible in 
base scenario calculation. The German government has adopted a few regulations for climate protection and 
energy supply security. The following ones are considered in the baseline scenario. The production of nuclear 
energy will be phased out during the following decades. The use of domestic steam coal for electricity 
production will decline considerably in future and the use of domestic lignite also. Electricity production from 
renewable energy sources and CHP plants will be subsidised by a specified reimbursement program. 
Efficiency improvement programmes for buildings will be carried out for old buildings. A self commitment of 
the German and the European car industry to reduce specific fuel consumption will be considered. 

  



ACROPOLIS 

  80

13.3. Policy Description 
The case study 1 of ACROPOLIS analyses and addresses options and impacts of policies imposing an ob-
ligation to generate certain percentage of renewable electricity by Germany under Renewable Portfolios and 
Tradable Green Certificates policy. For the scenario analysis therefore, the targets of the Federal Government 
for Germany, which is a minimum proportion of 12.5% is assumed for the year 2010 and a linear rising rate is 
considered for the following years. In the year 2030, the proportion amounts to be 27.4% which further 
increases to 42.3% for the year 2050. The intensified application of electricity from renewable sources in 
Germany is reached via strengthening the development and structure of domestic renewable electricity 
production only (Case REG) and also via the additionally possible import of renewable electricity from 
European and non-European countries (Case REG+IMP).  
 
The second category of scenarios with German TIMES model refers to the policy of imposing stringent 
energy efficiency standards on a set of technologies, both in supply side and demand side technologies (Case 
study 3 of ACROPOLIS). The efficiency target is defined as a percentage increase in average sectoral and 
technology efficiency above the baseline starting in the year 2010. Various sectors considered in German mo-
del are road transport, residential, commercial and service, industry and fossil power plants. For power sector 
(Case FOS), the improvement is applied to the average efficiency of the all fossil power plants. For industry 
sector (Case IND), it is the improvement in the average energy intensity in the sector. Similarly, for residential 
(Case RES) and commercial sectors (Case COM), it is the average end-use efficiency improvement. However, 
for the transport sector (Case TRN), efficiency improvement is limited to the road transport and vehicle 
considered for the improvement is passenger car. Case ALL considers combined measures for all sectors and 
Case CO2 uses the CO2 emissions from Case ALL as target. 
 
Case study 4 on German TIMES model assumes internalisation of external cost and carbon tax. Four scenarios 
has been defined in this case study. They are internalisation of external cost in conversion sector (Case 
EXTEL), external cost in all sectors (Case EXTALL), external cost in power sector plus CO2 tax (Case 
EXTELCO2), and external cost in all sectors plus CO2 tax (Case EXTALLCO2). The external cost has been 
derived using the ExternE results on emission related cost as a basis, which was launched in 1991 by the 
European Commission.  

13.4. Results 
Under baseline scenario (REF) primary energy consumption resulting from the development of the final 
energy consumption decreases significantly amounts to about 17% in 2050 in comparison to the year 1998. 
Coal and oil follows substantial decrease where as natural gas follows the reverse trend through out the mo-
delling horizon. Nuclear energy follows decline path up to 2010 and afterwards decrease due to inclusion of 
Germany nuclear phase out policy. Share of the renewable energies to primary energy consumption increase 
from 3.5% in the year 1998 to 13.2% in 2050. In both REG and REG+IMP cases, primary energy 
consumption decreases compared to baseline and in REG it is lower than REG+IMP case. In REG+IMP case, 
the proportion of imported electricity in the primary energy balance rises from 1.7% in the year 2020 to 9.4% 
in the year 2050. In primary energy demand the proportion of coal in REG and REG+IMP case does not 
follow any trend rather than comply haphazard path throughout the modelling periods. Oil follows decline in 
trend thought the modelling horizon where as natural gas and renewable follows the reverse. Renewable has 
substantial share and increases greater extend compared to others energy carriers. Under efficiency 
improvement scenario fossil fuel continue to dominate the German energy system. More or less the scenarios 
in this case study follows the same pattern of course by different energy carriers of REG and REG+IMP case. 
Primary energy consumption in cases formulated with external cost, external cost included with carbon 
dioxide tax, decreases like other cases. In this cases all other energy carriers follow the past trends rather than 
gas and wind, which are follow the reverse path.  
 
The behaviour of German energy system under various policy options is analysed and compared by set of 
different measuring indices. Figure 2 depicts primary energy intensity which represents the primary energy 
per unit GDP of various cases. Several cases formulated in three different case studies and compared with 
reference case through out the model horizon (2000-2050). Primary energy intensity shown by all cases are 
less compared to base case with exception of REG and COM case. REG case represents the renewable 
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portfolio where as the COM case represents the efficiency improvement standards in commercial sector only. 
Primary energy intensity increases in the year 2010 to it’s maximum value compared to year 2000, in almost 
all cases with exception of cases formulated from external cost and carbon tax and year 2010 onwards primary 
energy intensity decreases in all cases. Increase of primary energy intensity by some cases is the contribution 
of efficiency improvement standards and it’s decrease is speculated by lower primary energy demand by 
imposition of external cost and carbon dioxide tax. Decline of primary energy intensity is minimum in COM 
case and maximum in EXTELCO2 case for the end period of modelling horizon. Overall variation of it lies in 
between 5.4 to 7.7 GJ/Euro in the modelling period and in between 5.4 to 6.5 GJ/Euro in the year 2050. 
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Figure 2: Primary Energy Intensity 

 
Carbon intensity is illustrated in figure 3 in terms of ton of CO2 emitted per GJ of primary energy consum-
ption. Carbon intensity is less in year 2010 and 2020 compared to year 2000 and again it increases in the year 
2030, which is more than year 2000. The cause behind this path of carbon intensity is inclusion of nuclear 
policy by Germany in base case up to 2020 and it has been phased out completely after 2020. Primary energy 
demand dominated by fossil fuels in the year 2030 is the cause more carbon intensity in that year compared to 
2000. From year 2030 onwards till the end of model horizon, carbon intensity decreases due to the large share 
of renewable and natural gas. In year 2050 carbon intensity is maximum for case EXTEL and minimum for 
case REG. 

 
In base case electricity generation rises from 522 TWh in 2000 to 563 TWh in 2010 and 578 TWh in 2030 i.e. 
increases approximately 7.9% and 10.7% respectively in the years 2010 and 2030 compared to 2000 (figure 
4). From period 2030 onwards it sinks to 567 TWh in 2050 due to decline in demand. Nuclear has a share 
approximately 26% and 13.7% of total in years 2010 and 2020 for electricity generation and contributes 
nothing onwards 2020. After 2010 the contribution of coal in electricity generation increases to substitute the 
phase out of nuclear in base case where as in cases with external cost and carbon dioxide tax, it decreases it’s 
share and the gap is covered by renewable and gas. Share of oil in total electricity generation is zero in 
percentage after 2020 although it has very small share in later periods. Lion share is covered by coal thought 
the horizon and cases where as the gas replaces the big share of nuclear after it’s phase out. Specifically 
renewable like photovoltaic, wind and biomass plays a great role towards the end of horizon in electricity 
generation which is promoted by subsidies. Renewables take greatest share in REG case towards the end 
periods of model. Although hydro has not significant increase in total generation towards the end of modelling 
period, still increases it’s contribution compared to base year. 
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Figure 3: Carbon Intensity 
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Figure 4: Electricity generation by energy carriers 

 
Table 1 presents cumulative CO2 reduction in Mio. t CO2, cumulative undiscounted system cost in billion euro 
(1998) and average cost per ton CO2 reduction (€/t CO2) sorted by the cumulative CO2 reduction. All values 
entered in the above table are compared with base case and are the average values over model horizon. 
Cumulative CO2 reduction and cumulative undiscounted system cost is maximum for EXTALLCO2 case of 
case study 4, where as cumulative CO2 reduction is minimum for IND case of case study 3 and cumulative 
undiscounted system cost is minimum for RES case of case study 3. Average cost per ton CO2 reduction is 
maximum for TRN case of case study 3, which is 516.69 €/ t CO2 with low cumulative CO2 reduction and 
minimum for IND case of case study 3 having the value –49.96 €/ t CO2 but the lowest cumulative CO2 
reduction also. Minimum value of cumulative CO2 reduction and cumulative undiscounted system cost is not 
shown by one scenario is due to the use of alternative fuels (methanol, H2) in traffic sector and shift of energy 
consumption in different sectors. 
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Table 1: Cost of CO2 reduction 

 

Cumulative CO2 
reduction 

Cumulative 
undiscounted system 

cost 

Average cost per 
ton CO2 reduction 

 Mt CO2 Bill. Euro98 [€/t CO2] 
EXTALLCO2 -6214 1425.46 229.4 
EXTELCO2 -5681 520.02 91.5 
CO2 -4614 -59.50 -12.9 
ALL -4614 258.36 56.0 
REG -3083 219.87 71.3 
REG+IMP -2886 122.82 42.6 
EXTEL -2526 311.39 123.3 
EXTALL -2125 818.03 384.9 
FOS -2081 78.03 37.5 
RES -1116 -26.90 -24.1 
COM -553 74.88 135.5 
TRN -270 146.31 540.0 
IND -87 -3.30 -37.8 
 

13.5. Conclusions 
 
Following conclusions can be drawn from different case studies of German TIMES Model. 
 
Renewable portfolios and tradable green certificates 
Contribution of renewable sources in power generation sector is increased by wind and biomass sources in 
renewable portfolio scenario. It is the reflection of capacity addition by biomass to seven folds and wind to 
three folds compared to base case in 2050. Under renewable portfolio cost of electricity generation has been 
increased to a great extend compared to tradable green certificate scenario due to higher renewable cost in 
Germany than to import green electricity. After 2015 import of electricity by Germany shares measure percent 
of solar and hydro energy, which has been exported from Russia and Northern Europe. Biomass and wind 
energy imported set to zero during whole period of study.  
 
Efficiency targets 
ACROPOLIS efficiency targets has been imposed in all sectors of TIMES German model. In the year 2050 
gross inland consumption decreased 15% and CO2 emission decreased 27% compared to base case. All other 
forms rather than natural gas and biomass followed decline in trend compared to base case. Primary renewable 
energy demand increased 13.1% in year 2050 compared to base line which is contributed by the use of 
alternative fuels in traffic sector available from biomass. In residential sector energy intensity is projected to 
improve by 30.7% in 2050 from baseline which results from new building standards, rational use of energy 
and fuel switching to natural gas, electricity and district heat. Total energy needs and CO2 decreased by 
introduction of the efficiency target measures in conversion sector.  
 
Internalization of external and carbon dioxide cost 
Net electricity generation decreased by insertion of external cost, external cost with carbon dioxide tax cases 
compared to base case. It decreased to a great extend by incorporation of carbon tax rather than external cost. 
It is visualised that the generation of electricity decreases great percentage in later periods than earlier through 
the modelling horizon. Major share is contributed by gas in net electricity generation. Imposition of external 
cost and carbon dioxide tax selected more hydro energy than external cost imposition. Share of wind in 
electricity remained approximately constant where as hard coal decreased in all scenarios. Increase of extra 
cost in external cost cases compared to base case, varies in between 70 to 79% more, on the other hand by 
inclusion of additional CO2 tax, it varies 78 to 85% more. Also considerable reduction of local pollutants 
(SOx, NOx particulates, etc.) took place.  
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Chapter 3: Comparing model results and policy 
conclusions 

Background 
The ACROPOLIS project is an attempt to overcome the difficulties linked to the harmonisation of the 
results from different energy modelling. ACROPOLIS applies and compares several energy models to 
address the potential impact of a number of policy options to reduce GHG emissions. 
The project consortium consists of 7 EU and 5 non-EU organizations, involving up to 15 different 
energy models. Amongst them, some are global models (with different details in territorial 
disaggregation), some other replicate regional energy markets and finally there were also some 
national energy models. The time horizon of the models ranges from 2020 to 2100.  
From the methodological point of view, most of the models include a relatively detailed technology 
description and are based on a bottom-up approach. However, some of them are more aggregated and 
include less characterised technological options (top-down approach). 
The specific project objective was to enhance the communication between modellers and policy-
makers in a particular application: the role of different policies and measures to reduce GHG 
emissions and fostering deployment of more advanced and climate-friendly technologies. 

The considered policy options for the development of GHG abatement scenarios were: 
 
Case 1. Adopt a renewable portfolio policy (via appropriate subsidization schemes) and 

combine them with internationally traded green certificates.  
Case 2. Set up of an international (global) emission trading regime to the fulfilment of an 

agreed, ambitious global GHG abatement target. 
Case 3. Establishing energy efficiency standards both in demand and supply sectors, and in 

agreement with the specificied regional coverage. 
Case 4. Implement an energy-taxation policy based on the internalization of environmental 

external costs of all energy carriers.  

Two remarks have to be made with respect to the definition of these case studies: 

One should underline the different approaches applied in terms of scenario definition. In some cases 
the approach was to set an environment-protection target and determine the technology and policy mix 
that could make it happen (and possibly at what cost). In other cases, the focus was to assume a given 
policy portfolio (subsidies, taxation instruments, technology-fostering measures, etc.) and see where 
this combination drives GHG emissions. 

The comparability of results (and its harmonization) heavily depends on the characteristics not only of 
each model, but also of its territorial coverage. The main findings of the model comparison exercise 
for the baseline as well as each of the four selected scenarios are summarised hereafter. Finally some 
policy conclusions are given. 
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Baseline 
Defining Baseline and harmonising key assumptions 
Prior to the analysis of the four case studies, baseline projections applying harmonized assumption for 
all the models were obtained.To provide enough flexibility to the models, the harmonisations of 
assumptions are restricted to GDP, population and energy price. For population and GDP at global and 
regional levels, the assumptions as made in B2 marker scenario of the IPCC Special Report on 
Emission Scenarios have been adopted. At the country/national level, country modellers are free to 
make the assumptions. Compounded average annual growth rates (CAGR) for global population and 
GDP are respectively 1.13% and 2.86% for the period 1995-2030.  

Assumptions on energy prices, are obtained from POLES simulations made for the Reference Scenario 
in the Shared Analysis Project (Figure 1). The Baseline Scenario includes the energy-environment 
related policies adopted till June 30, 2001 and uses a general discount rate of 5%. However, sector-
specific discount rate is also allowed. All costs and prices are reported at constant 1995 Euro.  
It is recognized that the assumptions on technology parameters like efficiencies and specific 
investment costs, play central role in determining energy demand, energy mix, emissions etc. 
Sometime wide variations are observed on the assumptions across the models. However, it was 
decided not to harmonise them, since they are region specific, fuel specific and sometime even the 
definition of a technology assumed in a particular model does not match exactly with the definition 
used by the other models.  
 

Baseline Scenario results 
The following 13 models are used for Baseline Scenario analysis: 

• five global models: AIM, DNE 21, GMM, POLES, and MESSAGE  

• three regional models: MARKAL-NORDIC (Scandinavia) , MARKAL-MATTER (Western 
Europe) , and PRIMES (EU-15) 

• five national models: MARKAL-Canada, MARKAL-MACRO-Italy, NEMS-USA, NEO-MS-
Netherlands, TIMES-Germany.  

 Global Models  
Certain variations are observed across the model results, however they are explicable. They are partly 
caused by the differences in assumptions on resource availability, variations in techno-economic 
parameters and different timing in technology penetration which influence the technology and fuel 
choice. Differences in the model type and structure are responsible too. For example, POLES is a 
dynamic simulation model, GMM and MESSAGE are optimisation models with perfect foresight, 

GMM includes technology learning. 
DNE21 and POLES endogenously 
model the energy price impact on 
energy demand. MESSAGE with its 
link to a macro-economic model 
(MACRO), can recalculate demand 
subject to cost of energy supply. For 
GMM, sectoral energy demands are 
elastic to their own prices and 
adjusted if the prices are affected by a 
policy constraint. Also, MESSAGE 
and DNE21, instead of  the common 
fuel price assumptions of the project, 
use costs of fuel as inputs and fuel 
prices are model results. This 
influences the fuel choice causing 
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Figure  1: Fuel prices 
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variations in primary energy mix. Variations can partly be explained by the differences in the base 
year across the models. For example, while 2000 is the base year for DNE21, it is projection year for 
the other models.  

With the exception of DNE 21, 
other models project final 
energy demand for 2030 with 
in the range of 500 to 517 EJ. 
DNE21 excludes non-
commercial energy and 
projects it as 439 EJ in 2030. 
Other than AIM, the main 
characteristics of the final 
energy remain the same across 
the models. All these models 
show an increasing share of 
electricity in final energy 
demand, although, share varies 
to some extent from model to 
model. Oil continues to have 
the largest share, in the range of 
36 to 50%. For AIM, shares of 
electricity and natural gas in the 

total final energy demand remain same throughout the entire time horizon, the share of oil declines 
from 48% in 2000 to 40% in 2030, and is substituted by coal.  

The total electricity generation for the year 2030, is more or less comparable for all models with the 
exception of DNE 21 and AIM. Projections from these two models are approximately similar however 
about 12-15% lower than the other models. Technology learning which inducing faster cost reduction 
for the technologies explains higher electricity generation for GMM in 2050. For other models, 
variation in electricity generation is within the range of 10-12%. 
Except MESSAGE, all models project coal to have dominant share in the power generation (Figure 2). 
MESSAGE projects declining share of coal over the modeling horizon. All models project increasing 

share of natural gas and falling share of hydro in power generation. While DNE 21 projects a moderate 
penetration of renewables, it has negligible presence all the way through for AIM. Other three models 
project relatively rapid increase in renewable share. Except AIM, all models project declining share of 
oil; GMM and MESSAGE almost eliminate it from the power generation. DNE 21 projects nuclear 
free future electricity sector. AIM and POLES project its share to decline rapidly, while MESSAGE 
projects its significant share in future power generation. GMM projects the share to fall till 2030, 
however it increases again in 2050 and reaches the same level of 2000 with conventional LWR plants 
being replaced by advanced ones. 

Concerning the primary energy requirement, all models project it within the range of 762 EJ-792 EJ in 
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Figure 2: Global baseline power generation mix      
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Figure 3: Global CO2 emissions   Figure 4: Global energy intensity 
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2030, except DNE 21,which gives 666 EJ. More variations appear by 2050. While projections from 
AIM and MESSAGE are the same at about 1110 EJ, figures are respectively 927 EJ and 1027 EJ for 
DNE 21 and GMM. Three models project significant increase in share of natural gas from the current 
level, while it is moderate increase for DNE 21 and POLES. Till 2030, all models except GMM 
project oil to dominate the global primary energy supply, with share ranging from 31% to 41%. 
However, in 2050, except AIM, other models project a fall in the oil share. With the exception of 
MESSAGE, all models project constant or marginal increase in coal share from the current level. 
MESSAGE projects coal’s share to decline from current 20% to 7.7% in 2050. Three models project 
nuclear’s share to fall drastically or significantly from the current level. MESSAGE projects the 
doubling of its share by 2050 from the current level while GMM projects it to increase from 4% in 
2000 to 7% in 2050. MESSAGE projects a large increase in renewables’s share and eventually it 
dominates the primary energy supply in 2050 with a share of 32%. AIM projects drastic fall in the 

share from the current level. Other 
three models project the share to be 
15% in 2030 and then about 20% in 
2050. 
AIM with coal and oil dominated 
primary energy mix and low 
renewables share, projects much 
faster growth in CO2 emissions 
compared to the other models (Figure 
3) . POLES also shows a higher share 
of coal and oil in the primary energy 
mix. MESSAGE characterised by low 
coal share and higher share of clean 
fuel (natural gas, renewables and 
nuclear), restricts the growth in CO2 
emissions from 2030 and onwards.  

Except AIM, energy intensity projected by other models are roughly comparable (Figure 4). These 
models project about 25% reduction in energy intensity in 2030 from the current level, while it is 15% 
for AIM.  

 

Regional Model 

Three regional models are considered: MARKAL-Nordic, MARKAL - MATTER and PRIMES. They 
cover Nordic region, OECD Western Europe (1990) and EU-15 countries respectively. First, the 
results from MARKAL-MATTER and PRIMES are compared since they are covering roughly the 
same region, and then a summary of the results from MARKAL-Nordic is presented. It should be 
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Figure 6: Regional CO2 emissions   Figure 7: Regional energy intensity        
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Figure 5: Baseline regional power generation mix   
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noted that while MARKAL-MATTER models the whole Western Europe as a single region,   
PRIMES treats the each EU-15 countries separately. Therefore, current as well future characteristics 
of each EU-15 Member State are reflected.  

Overall growth in final energy demand is projected as 12% and 8% for EU-15 countries and Western 
Europe. Both the models project oil to dominate the final energy demand followed by electricity  and 
natural gas with almost equal shares. The overall growth in electricity generation is 23%. Both the 
models project significant increase in gas share and by 2030 it will dominate the power generation 
(Figure 5). MARKAL-MATTER projects drastic reduction in nuclear, while PRIMES projects 
significant fall. Share of hydro remains roughly the same till 2030 in Western Europe/EU-15 
countries.  

The overall growth in primary energy consumption during 2000-2020 is within the range of 4-6%. 
Both models project large increase in gas share in total primary energy consumption. While 
MARKAL-MATTER projects the increase in oil share too, other model projects its marginal fall. The 

later model projects coal 
share to fall too and is 
replaced by renewables. 

MARKAL-MATTER 
projects the coal share to 
fluctuate and the share of 
renewables to remain same 
till 2030. 
During 2000-2020, both 
models project very marginal 
increase in CO2 emissions 
(Figure 6). However, in 2030, 

MARKAL-MATTER 
projects 14% increase from 
the current level. While 
energy intensity of the two 
models is comparable in the 

Figure 8: Baseline national power generation mix1  
beginning later on, MARKAL-MATTER projects slightly faster reduction in the energy intensity 
(Figure 7). 

In the Nordic region, overall growth in final energy demand is projected as 12% during 2000-2020. 
65% of the final demand will be met by electricity. During the same period, overall growth in 
electricity generation is 12%. Currently, hydro has around 55% share in the total generation, followed 
by nuclear with 24% share (  5). In 2020, share of hydro and nuclear will fall respectively to around 
49% and 16% and will be replaced by coal, natural gas and other renewables. 

The overall growth in primary energy consumption during 2000-2020 is nearly 5%. The region 
remains primarily dominated by renewables, share of nuclear falls over time and is replaced by fossils. 
Because of the fall in nuclear share in the primary energy mix, CO2 emissions from the Nordic region 
is expected to increase by 26% during 2000-2020 (Figure 6). During the same period, primary energy 
intensity falls by about 28% (Figure 7). 

National models 
Five national models are considered: MARKAL-Canada, MARKAL-MACRO-Italy, NEMS-USA, 
NEO-Netherlands and TIMES-Germany. They cover respectively Canada, USA, Italy, the Netherlands 
and Germany. Since countries are different, no comparison is made. A brief overview is given for the 
baseline energy scenario of these countries during the period 2000-20.     During this period, Germany 
and the Netherlands respectively show 5% and 11% overall growth in the final energy demand, while 
it is around 20-25% for the remaining countries. In all countries, oil dominates the final energy 
demand followed by natural gas, with the exception of the Netherlands, where the opposite is the case. 
                                                 
1 For Italy, the share is based upon fuel equivalent input and hydro is aggregated with the renewables. 
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Electricity has the third largest share in the final energy demand in all of these countries.  
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Figure 9: Baseline national CO2 emissions                              Figure 10: Baseline national energy intensity 

  
The overall growth rates in total electricity generation are respectively 8% for Germany, 18% for Italy 
and Canada, and in the range of 40-50% for the other two countries. Hydro dominates the generation 
mix in Canada with a share of 55% in 2020, whereas it is the fossil energy for other countries with a 
share ranging from 70% in Italy to 94% in Netherlands (Figure 8). Among fossils, coal dominates the 
power generation in Germany and USA, whereas it is natural gas in the Netherlands and Italy. All 
countries show declining trend in nuclear generation.  

Concerning the primary energy consumption, it falls marginally in Germany during 2000-2020. USA 
and Canada show nearly 25% overall growth in it, while it is 16% for other three European countries. 
All these countries continue to be dominated by the fossil fuels in 2020 with share ranging from 95% 
in the Netherlands to 85-88% for the remaining countries. Among fossil fuels, natural gas dominates 
in Canada, Italy and the Netherlands, while oil dominates in the remaining countries.  

During 2000-2020, while CO2 emissions remain flat in Germany, North American countries and other 
European countries show around 25% and 15% growth respectively (Figure 9). Primary energy 
intensity in the North American countries currently are in the range of 14 to 15 GJ per 1000 euro of 
GDP, while in the European countries around 7 to 10 GJ  per 1000 euro of GDP (Figure 10). In Italy 
and Canada, it is expected to fall respectively by 12% and 20% in 2020. The reduction is around 27-
31% for the remaining countries.  

Case1: Renewable portfolio 
This case study analysed the impact of a constraint on minimum production from renewables on 
energy supply and demand strategies, in the form of, technology and fuel choices, costs and emissions 
etc. Additionally, some models analysed the impact on the results if the countries in a given pool were 
allowed to trade the constraint, in the form of green certificates. The following models are used: 

• global models: MESSAGE, DNE21, and GMM;  

• regional models: MARKAL-NORDIC, MARKAL-MATTER, and PRIMES;  

• national models: MARKAL-MACRO-Italy, NEMS-USA, NEO-MS-Netherlands, TIMES-
Germany.  

Designing the policy simulation  
The targets proposed by the European Commission for the share of renewables of 22% of electricity 
generation in 2010 has been used as a first step for the EU countries. For the U.S., a target of 30% 
share of renewables in power generation by 2020 was decided. Minimum target for other 
regions/countries and for the world was decided based on the figures of renewable electricity 
production in 550 ppmv case of IIASA. For this case study large hydro is treated as a renewable 
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source and municipal waste is excluded from the analysis. 

In practice, some changes are made on target. For example, a share of renewables electricity as 30% in 
2020 for the US was infeasible and hence it was reduced it to 27%. DNE21 used the growth rate of the 
minimum production rather than the absolute values provided by IIASA. MARKAL-MACRO-Italy 
has modeled the obligation of electricity producers and importers to supply 4% of electricity from 
“new” renewable sources or to buy “green certificates” from other producers after 2010. 
   

Results  
Global Models 

Results from three 
global models 
MESSAGE, DNE21 
and GMM are 
compared. Similar to 
the Base case results, 
in this case too, 
certain variations 
across the model 
results are observed 
which can be 
explained by the 
same reasons as 
listed for the Base 
case.   

The increase in 
renewables in 
electricity generation 
compared with the 
Base case in 2030 are 

more or less comparable for DNE 21 
and MESSAGE (Figure 11). 
Assumptions on higher share of 
renewables together with the 
endogenous technology learning which 
causes faster cost reduction, lead to 
much higher penetration of renewables 
for GMM. Although assumptions on 
fuel prices are the same (exceptions are 
MESSAGE and DNE 21), due to the 
variations in techno-economic 
parameters, different timing of 
technology penetration and the 
availability constraints of renewable 
resources, patterns of the substitution 
by additional renewables electricity 
generation vary at some extent from 
model to model (Figure 11). DNE21 
with its nuclear free future electricity sector, replaces primarily coal by renewables. For GMM too, 
coal is hard  hit followed by nuclear.  In case of MESSAGE, substitution by renewables is equally 
distributed to all conventional sources, natural gas, oil, coal and nuclear.  
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Figure 12: Global electricity generation mix for renewables.  
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Due to the same reasons as 
mentioned above, the 
technology mix of renewable 
sources contributing to the 
additional generation differs 
across  the models (Figure 12). 
For DNE 21 and MESSAGE, 
which have already high hydro 
base case, not much scope 
exists to increase the large 
hydro generation. While, for 
GMM, large hydro contributes 
respectively 34% and 27% of 
the incremental generation in 

2030 and 2050. All models project large increase in generation from bio-energy. DNE 21 which has a 
low wind base case, projects a large increase in wind especially in 2050, whereas, other two models 
project moderate increase. DNE21 keeps solar out from electricity generation in both base case as well 
as in this case. GMM, which has a very nominal use of solar in the base case, projects a large increase 
of solar. MESSAGE which has a large presence of solar in the Base case, projects a moderate increase. 
Only GMM projects a large increase in geothermal, while other two keeps it almost away from power 
generation.  

Due to its linkage with MACRO, MESSAGE projects a fall, although very nominal, in total primary 
energy consumption in Case 1 in 2050. The other two models project a marginal increase in the range 
of  1-3.6%. The increase may be attributed to the use of 33% as conversion efficiency for renewables 
to the primary energy equivalent. Low efficiency leads to higher primary energy requirement than 
those of the thermal power plants with efficiency of 40-50% or even higher replaced by the 
renewables.   

A consequence of replacing coal in electricity generation, all models show a significant reduction in 
coal consumption. Except GMM that projects a growth in gas consumption in 2050, gas consumption 
too generally falls. Both GMM and MESSAGE reduce nuclear consumption substantially because of 
its expensive nature.   

Figure 13 presents the primary energy intensity in the Base case and Case 1 which are roughly 
comparable across the models. Because of the increase in primary energy consumption as explained 
earlier, there is marginal increase in primary energy intensity in the Case 1.  Due to the variation in use 
of renewables and nature of substitution (fuel mix) that takes place with renewables, and type of 
baseline defined, the amount of CO2 reduction differs from model to model. MESSAGE, which has a 
low CO2 baseline, projects 2% reduction in CO2 intensity over the baseline in both the years 2030 and 
2050 (Figure 14). In 2030, DNE21 and GMM project the reduction as respectively 4.5% and 6.2%. In 
2050, figures are respectively 12.5%. and 11%.  
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Figure 14: Global CO2 intensity and reduction (%) in Case 1 
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Regional Models 
Similar to the base 
case, the results of 

MARKAL–
MATTER and 
PRIMES are 
compared since they 
cover roughly the 
same region, 
followed by a brief 
summary of the 
results from the 

MARKAL-Nordic 
relative to its Base 
Case. 

Both the models 
show reduction in 
coal based generation 

over the Base case in 
the order of 8-10% 
in 2020 and about 
17- 20% in 2030 
(Figure 15). They 
showed large impact 
on gas based 
generation, 
reduction is about 
25% in 2020 and in 
the range of 27-32% 
in 2030. While 
MARKAL-
MATTER does not 
show any impact on 
nuclear, PRIMES 
projects a reduction 
in nuclear 
respectively by 8% 
and 28% over the 
Base case in 2020 and 2030. While first model projects very nominal increase in large hydro 
production, PRIMES projects a large increase in the order of 36-38% over the Base case (Figure 16). 
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Figure 16: Regional renewable electricity generation mix 
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Figure 17: Regional primary energy intensity  Figure 18: Regional CO2 intensity 
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Both the models project a large increase in the use of wind and bio energy sources for electricity 
generation.  These two sources together contribute nearly 90% of the additional generation from non-
hydro renewables. While PRIMES project about doubling of wind generation over the Base case, 
MARKAL-MATTER increases the generation by about factor of 10. Tidal and geothermal are 
important sources among others.  

Both the models project a comparable primary energy-GDP intensity (Figure 17). As explained in the 
case of world model results, primary energy intensity increases too for the regional model in the Case 

1. Given the 
differences in 

geographical 
coverage, CO2 

intensity 
figures and 
their reduction 
in Case 1 are 
more or less 

comparable 
for 

MARKAL-
MATTER and 

PRIMES 
(Figure 18).  

 

 

 

 

Figure 19: National electricity generation mix2 

Concerning sources for electricity generation in the Nordic region, impact is more serious on coal.  
Generation from this source is decreased by 52% and 68% respectively in 2010 and 2020 as compared 
to the base case. The region shows very nominal increase in large hydro production and no impact on 
nuclear. It projects a large increase in use of wind and bio energy sources for electricity generation.  
These two sources together contribute 90% of the additional generation from non-hydro renewables.  

There is practically no change in the primary energy-GDP intensity over the Base case (Figure 17). 
Because of very low share of fossil fuel in total primary energy consumption, the Nordic region has a 
low CO2 intensive primary energy supply which further falls by about 50% in 2020 in the Case 1. 

 

National Models  
TIMES Germany has analysed two cases. Case 1A does not consider the possibility of  renewable 
electricity import while Case 1B includes that. Similar to the Base case, a brief summary of the results 
in terms of  impacts over the Base case is presented for each country. Since assumed minimum share 
on renewable electricity is low, Italy shows very marginal impact in the Case 1 over the base case 
(Figure 19). It projects a reduction of natural gas based electricity generation. A larger reduction in gas 
based electricity generation compared to coal is expected in USA and the generation from nuclear will 
increase. The impact is distributed equally on coal and gas for the Netherlands. In case of no import, 
Germany reduces the gas based generation by more than 50% from the Base case, while coal based 
generation falls at a lesser extent. However in case of import, the reduction is much higher in coal than 
gas. All countries project very nominal increase or no increase from large hydro. The entire additional 
renewable electricity comes from other renewable sources, like, wind, solar, bio-energy etc. Wind and 

                                                 
2 For Italy, the share is based upon fuel equivalent input and hydro is aggregated with the renewables. 
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bio-energy are considered to be main sources to increase the renewable electricity generation in all 
these countries. For USA, generation from geothermal is expected to double in Case 1.  
A marginal increase in energy intensity is projected for USA in the Case 1. For other three countries, 
energy intensity is expected to fall. A marginal fall in CO2 intensity for the years 2010 and 2020 is 
projected for the Netherlands and Italy. For the other two countries, it is about 3% in 2010 and in the 
range of 6-8% in 2020. 
 

Cost of higher renewable use policy  
Higher use of renewable electricity increases the cost of the energy supply. However, reporting format 
varies from model to model. MESSAGE reports increase in global electricity production cost by 
respectively 0.16 eurocents and 0.22 euro cents per kWh for 2010 and 2050 in Case1 compared to the 
Base case. GMM model estimates the shadow price (green certificate price) of global renewable 
electricity generation as 3.7 euro cents and 2.8 euro cents per kWh in 2030 and 2050 respectively. The 
reduction in the later period is again attributed to technology learning which drives a faster decline in 
cost of some renewable technologies over time. DNE21 assumes no electricity trade across the global 
regions and reports a shadow price increase of a little less than 0.2 euro cents per kWh in 2030 and of 
about 0.2 to 0.27 euro cents per kWh in 2050 in Case 1 for most of the regions.  

MARKAL-NORDIC reports a negligible increase in shadow price of electricity for the Nordic region. 
Prices of green certificate are projected for the region as respectively 3.6 euro cents and 2.5 euro cents 
per kWh in 2010 and 2020. PRIMES reports the increase in average electricity tariff for EU-15 
countries as 0.16 and 0.95 eurocents per kWh respectively in 2010 and 2030. PRIMES estimates the 
green certificate values as 2.4 euro cents and 3.8 euro cents per kWh for the years 2010 and 2030, 
comparable with Nordic region. MARKAL–MATTER projects a negligible increase in shadow price 
of electricity over base case in 2030 for the Western Europe, for 2050, it increases by 0.9 euro  cents 
per kWh. NEMS reports the increase in electricity price for USA as 0.06 and 0.14 euro cents per kWh 
in 2010 and 2020 respectively over the base case. According to M-M-Italy, if learning is not assumed, 
the extension of the present national policy of “green certificates” obligation without changes is 
economically unsustainable.  

Concluding remarks 
Most of the models project large hydro to reach its saturation level in terms of production in the base 
case itself. Additional contribution from renewables comes mainly from wind and bio-energy. Some 
models projects significant increase in solar, geothermal or tidal sources. Renewable sources primarily 
substitute coal in electricity generation. When coal generation is constraint, gas based generation is 
substituted instead. In some cases, nuclear is replaced too. Primary energy intensity increases mainly 
caused by use of the conversion factor of primary energy equivalent as 0.33. Cost of electricity supply  
increases, however, are less than 1 euro cents per kWh.  Some models report the green certificate 
values for Europe or the other World regions as about 2.5-3.5 euro cents per kWh. 

 Case 2: Carbon Permit Trading 
This case study focused on emission trading to meet CO2 emission reduction targets (the "Flexibility 
mechanisms" of the Kyoto protocol). For given reduction target the models examined the evolution of 
the energy system under the assumption of a global trade of carbon permits. The following models 
participated in this case study: 

• global models: AIM, DNE21, GEM-E3, GMM, MESSAGE, POLES 

• regional model: PRIMES;  

 

Designing the policy simulation  
In order to evaluate the policies a target for GHG emissions reduction was chosen which is described 
as the Soft Landing Scenario.  In this scenario, CO2 concentrations are stabilized in the long-term at 
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approximately 550 ppmv and all countries participate in emissions reductions.  The timing of 
participation varies among countries, beginning with the Annex B countries, the US joins in 2010 and 

all countries are participating by 2045.  The Annex B countries continue their reduction effort after the 
first commitment period. For example, if a country has a GHG target of 5 percent below 1990 levels 
for the first commitment period it, then its reductions by 2030 must be 0.95*0.95 = 0.9025, about 10 
percent below 1990.  For non Annex B countries targets are based on each countries’ 2010 emissions, 
the GDP per capita and the population projections. This global emissions and resulting atmospheric 
concentration of the scenario are similar to the WRE 550 scenario (Figure20). 

The policy option investigated in this case study uses flexibility mechanisms namely emission trading 
between the parties. It is, however, assumed that Russia and other eastern European countries will sell 
only 50 percent of their emission permits stemming from “hot air” by 2010.  No banking is allowed. 
There is no use of the Clean Development Mechanism. 

Since the scenario defines global emission trading, only the results of the world models are 
summarised in the following sections. 
 

Results 
The decline in energy intensity is similar for four of the five models, and generally quite modest, about 
5 percent lower than the baseline by 2050.  This is largely due to the energy intensity improvements 
already assumed in the baseline (Figure 21).  The decline in carbon intensity is quite different across 
the models, although three exhibit similar characteristics up to 2030, a 10 to 15 percent decline (Figure 
22).  Emissions reduction by reducing the carbon intensity seems to be significantly higher than those 
achieved by reducing energy intensity. 
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Figure 20: Global CO2 emissions target and resulting atmospheric concentrations of the Soft-Landing scenario 

compared with the WRE550 scenario 
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Figure 21: Relative change of Carbon intensity for the 

Soft-Landing case 
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Figure 22: Relative change of Energy intensity for 

the Soft-Landing case 
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Figure 23 allows to compare at a glance 
how the different model achieve the 
emission reduction as defined in the soft-
landing case. The projection as to how the 
energy system would be changed to meet 
emission reduction targets vary to a 
considerable extent. While MESSAGE 
meets the target by reducing carbon 
intensity3 only, AIM is mainly reducing 
the energy intensity to meet the target. 
The other models show that both energy 
and carbon intensities will be reduced. 

Change to primary energy demand 
varies widely among the models, 
ranging from zero to minus 30 
percent.  This outcome is principally 
due to the differing baseline 
assumptions. 

All models indicate a significant 
decline in the use of coal.  Reductions 
range from 40 to 60 percent less than 
the baseline (Figure 24).  The decline 
in oil demand is also similar across 
the models, with four of the five 
showing declines of about 10 percent 
by 2030.  Changes to natural gas 
demand are different among the 
models, again largely due to 
substantial differences in the baseline.  

However, by 2030 three of the models show declines of 5 to 15 percent. 

In the baseline all models, except one indicate a substantial increase in nuclear generation.   The 
outlier actually predicted a significant decline.  In the Soft Landing Scenario, all models except one 

suggest an increase in nuclear of up to 
50 percent relative to the baseline.  The 
model that indicated a decline in its 
baseline projection shows a spectacular 
increase of nuclear generation in this 
scenario. 

Three models have similar changes to 
the use of renewable fuels, increasing 
about 10 percent over the projection 
period all of which is concentrated in 
the electricity sector.  

The share of the different fuel in gross 
world energy consumption differs 
considerably across the models. While 
one model that achieves emission 
reduction mainly through increased 

energy intensity maintains coal as the main energy source, the others reduce by a high share of 

                                                 
3 The MESSAGE model version used for this case study does not have an elastic demand and therefore the 
energy intensity cannot be changed as result of the carbon constraint. 
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Table 1: Carbon permit prices 

[€95/tC] 2010 2020 2030 2040 2050 

MESSAGE 141.9 53.5 39.8 41.7 40.5 

DNE21 0 99.8 135.0 169.8 222.4 

GEM-E3 20.2 42.5 68.9   

GMM 45.2 58.8 35.5 70.2 75.2 

AIM 40.5 62.2 106.1 142.6 117.2 

POLES 16.5 79.0 129.3   

NEWAGE 32.1 61.7 80.1   
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renewables, gas and nuclear (up to 15%).  
Carbon prices vary significantly across models and over time.  In 2010, prices vary from zero to about 
€140 per ton of CO2 with three models in the range of €30 to €40 per ton.  In 2020, four of the models 
give carbon values between €55 and €65 per tonne . By 2030, the lower prices in 2010 tend to have 
increased and higher prices tend to have declined.  The range in 2030 is somewhat narrower than 
2010, between €35 and €135 per tonne.  In 2050, carbon prices tend to be similar to 2030, except for 
one model (Table 1). The apparently considerable differences in carbon prices can be partially 
explained by the fact that due to the difference in the baseline projections, the emission targets as 
defined in the soft landing case translate in different relative reductions. In general the soft landing 
scenario as used here produces increasing carbon values over the time horizon and hence fulfills the 
criteria used for its design. The scenario avoids drastic rises in carbon value. A sectorial analysis with 
the General equilibrium models GEM-3 shows that the overall level of production is reduced due to 
the decreased demand for fuels and energy-intensive inputs caused by the imposed carbon value. 
Consumption and investment at the global level are also reduced by 1.38% and 1.03% respectively, 
resulting in the reduction of the world gross domestic product by 1.39% (all results for 2030). 

 

Concluding remarks 
Most of the models suggest that the 
absolute contribution of gas to 
meet the energy demand remains 
almost at the same level for the 
soft landing case as compared to 
the baseline at least until 2030. 
Four models give a difference of 
8% or less. 

The oil consumption is reduced in 
all of the models. However, in 
2030 all models see a reduction of 
less than 10%. None of the models 
foresees a major change in the 
structure of the transport sector and 
thus the substitution potential is 

limited. 

The results seem to suggest that policies that encourage fuel switching to less carbon intensive fuels 
appear to be more useful than improving energy efficiency.  Some care is required in the interpretation 
of this conclusion, since demand side technologies are not very detailed in the majority of the world 
models used. 

Flexibility mechanisms may be an efficient approach to GHG reductions, but the price of permits is 
subject to a high degree of uncertainty. Even with the same basic assumptions the permit price still 
shows significant variations across the models. The different breakdown into regions between models 
plays a role. 
 

Case 3: Efficiency Standards 
This case study examines the impact of efficiency standards on the supply and demand sectors, in 
terms of energy savings, fuel switching, technological options, costs and emissions etc. Improvement 
on efficiency will be achieved through efficiency improvement in existing technologies, penetration of 
new technologies and fuel switching. Models employed are as follows:  

global models -AIM, DNE 21, GMM, MESSAGE;  

regional models - PRIMES;   
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national models - MARKAL-MACRO-Italy, NEMS, NEV-NL, TIMES. 
 

Designing the policy simulation 
Initially, seven cases were formulated. Five of them address respectively measures for the road 
transport (Case3-T),  residential sector (Case3-R), service sector (Case3-S), industrial sector (Case3-I), 
power sector (Case3-P). One of the remaining two combines measures for all sectors (Case3-C) and 
other one (Case3- CO2) considers CO2 emissions from Case3-C as target. Based on the available 
information, partners arrived at the sector-wise efficiency targets at the regional level.  For power 
sector, the improvement is applied to the average efficiency of the all fossil power plants together 
including CHP. For industry sector, it is the improvement in the average energy intensity. Similarly, 
for residential and service sectors, it is the average end-use efficiency improvement. However, for the 
transport sector, efficiency improvement is targeted for the passenger car only.  

In reality, the global models, except AIM, that does not model demand sectors, did the simulation for 
the power sector only and in addition, two models did Case3-CO2. AIM did the Case 3-CO2 as well, 
however since it used the CO2 emissions from the Case3-C as a target while other two used the same 
from Case 3-P, results are not compatible. Except AIM and GMM, other two global models scaled 
down the proposed improvement targets to avoid infeasibilities. PRIMES conducted only Case3-C for 
the EU-15 region. Among national models, NEMS and TIMES carried out all the above-listed 
ACROPOLIS cases. Instead of ACROPOLIS targets, NEV-NL implemented the Government’ energy 
efficiency policy for the building sectors in Netherlands. Similarly, MARKAL-MACTO-Italy analyses 
the impact of the governmental decree of April 24, 2001 which prescribes demand side management 
activities to all distributors and retailers of electricity and natural gas. 

Results 
Global models 

It should be noted that, the regional efficiency targets implemented by the models are not uniform. 
MESSAGE with considerable efficiency improvements in the baseline scenario itself, relaxed the 
efficiency target significantly, leading to relatively small impacts compared to the other models. DNE 
21 too scaled down the target to 6,25% in 2050 for OECD as against the proposed target of 18,25%. 
AIM and GMM implemented the regional targets proposed by the ACROPOLIS project.  

Case3-P 
AIM, and MESSAGE  showed no changes in the total final energy demand over the Base case . DNE 
21 projects it to reduce respectively by about 4% and 8% in the years 2030 and 2050 over the Base 
case, while GMM projects a marginal increase in 2050. Concerning fuel sources contributing to the 
final demand, MESSAGE shows marginal impacts on some of the fuels while DNE21 and GMM 
show noticeable changes. Electricity consumption falls. GMM reduces the final consumption of 
natural gas by diverting it to the power generation. 
Consequence to the final demand, GMM and DNE 21 project large reduction in electricity generation 
(Figure 26). Regarding fuel mix, in AIM, the fuel mix change is effected by price changes therefore in 
the current case study, which only applies efficiency improvement standards for power generation, 
AIM shows very marginal changes in the fuel mix. MESSAGE projects large reduction in coal based 
generation while the shares of natural gas, nuclear and renewables to increase. Other two models 
which implemented higher efficiency targets, indicate  even larger reduction in coal based generation. 
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 Even the most 
efficient coal 
technologies fail to 
enter into the power 
generation mix.  Both 
of them met the 
efficiency target 
through fuel 
switching. In 2050, 
when efficiency 
targets become more 
stringent, both the 
models increase the 
generation from 
nuclear and ‘Other 
fuel’ comprising of 
hydrogen, methanol 
etc. by large amount. 
While DNE 21 

makes the large 
reduction in gas 
based generation 
too, it is the opposite 
for GMM. DNE 21 
makes a moderate 
increase in hydro, 
whereas, generation 
from renewables 
increases by large 
amount for GMM. 
Concerning the total 
primary energy 
consumption, AIM 
with more stringent 

efficiency 
improvement target 
than the others,  
projects the highest 
reduction, about 5% 
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Figure 28: Global CO2 emissions in case 3 and reduction (in % and in 
Y2 axis) over the base case. 
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of the Base case consumption in the later periods. It is contributed by large reduction in coal followed 
by other fossil fuels. As stated earlier, AIM does not allow any fuel substitution in efficiency 
improvement case. MESSAGE projects significant reduction in coal consumption. Renewables 
compensate the reduction leading to no change or marginal change in total primary energy 
consumption over the Base case. Other two models project some reductions in total primary energy 
consumption. DNE 21 projects the coal consumption as respectively 50% and 60% less from the Base 
case in 2030 and 2050. Figures are in the similar range for GMM. In 2030, DNE 21 replaces coal 
mainly by natural gas, however, in 2050 when target becomes stricter natural gas consumption falls; 
oil, nuclear and renewables partially replace both the fuels. In 2050, GMM replaces coal, although not 
fully, by other fossil sources together with nuclear and renewables.  

Other than AIM, energy intensity remains comparable across the models in base line as well as in Case 
3P (Figure 27). It throughout remains at a slightly higher level for AIM. Since it  implements the 
ACROPOLIS efficiency improvement targets, projects the increasing improvement over the Base case 
over time. For GMM and DNE 21, improvement in energy intensity over Base case increases till 2030 
and thereafter it falls. This can be explained by the use of higher renewables and nuclear in these later 
periods in Case 3 which when applied with the conversion factor for primary energy equivalent of 
0.33 amount to the higher primary energy consumption. As expected MESSAGE projects marginal 
improvement. 

Except, AIM, CO2 emissions for other models are comparable (Figure 28). DNE 21 and GMM, 
through efficiency improvement along with switching to clean fuel, project much higher reduction. In 
contrast, AIM although implements higher efficiency targets, projects relatively low reduction since 
fuel switching is not effected by efficiency targets as mentioned before. 

 

Case3-CO2  

Results from DNE 21 and GMM are compared. As mentioned earlier, although AIM has done this 
case however the case definition is not compatible with other two models. Both the models project 
higher reduction in final energy demand over the Base case compared to the Case3-P. Fuel-wise 
impacts are different too than in the Case3-P. For DNE 21, electricity consumption falls too in CO2 
constraint case, but at a lower amount, and for GMM, the electricity consumption is only marginally 
higher compared to the Case3-P. While, Case 3-P of DNE 21 shows very marginal impact on other 
fuels, CO2 constraint case, reduces the consumption of all fuels, especially the fossil ones. GMM 
which increases heat consumption significantly in Case3-P, does not show any impact on it in this 
case. Impacts on fossil fuels are also relatively less. DNE21 reduces the total electricity generation 
however, at a lower amount than in Case3-P. For GMM, the reduction in power production is only 
slightly higher in Case3-P. Regarding sources for power generation, DNE 21 reduces only coal based 
generation unlike in Case 3P which has a large reduction in generation from gas, renewables as well. 
Coal based generation is about 26% and 51% lower than the Base case in 2030 and 2050 as compared 
to 64% and 88% in the Case3-P. Renewables including hydro substitute coal in CO2 constrained case, 
while Case3-P uses other sources (methanol, hydrogen etc) along with nuclear to replace coal. For 
GMM, impact on coal in Case3-CO2  is roughly similar to the DNE 21 results. In 2030, nuclear and 
renewables together partly substitute coal in both the cases. However, Case 3-P uses the ‘other 
sources’ to substitute the remaining part, whereas, the other case opts for the natural gas.  
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In this case, both the 
models show slightly 
higher reduction in 
the total primary 
energy consumption 
over the Base case 
than the other one. 
Consequence to the 
power generation, 
coal is hard hit in this 
case too, but at a 
relatively lower 
amount. DNE21 cuts 
down other fossil 
fuels consumption 
too, as against 
significant increase in 
consumption of gas in 
2030 and oil in 2050 
in Case 3P. Use of 
renewables is much 

higher to achieve the CO2 emissions target 
than the efficiency target. However, 
increase in use of nuclear which played 
significant role in 2050 in the Case 3-P, is 
nominal. In 2030, for GMM, similar to 
Case3-P, both nuclear and renewables play 
equal role in fossil fuel substitution. In 
2050, just opposite to the Case 3-P, nuclear 
plays the dominant role followed by the 
renewables. 

Regional  and national models  
A brief summary of the results in Case 3-C 
(combined measures) compared to the base 
case is presented for EU-15 countries, USA, 
Germany and Italy covered respectively by 
PRIMES, NEMS, TIMES and MARKAL -

MACRO. 

EU-15 countries 

PRIMES projects a reduction in final energy demand in  the Case 3 for this region (Figure 29). 
Reduction is contributed primarily by electricity, natural gas and oil. Consequently, electricity 
generation falls in Case 3 over  the Base case, leading to 20% less additional capacity requirement 
during 2000-2020 compared to the Base case.  Gas combined cycle contributes about 52% of the 
reduction, remaining amount is shared by hydro, wind, and small gas turbine etc.  

Combined efficiency measures lead to about 9% and 12% reduction in the primary energy intensity in 
2010 and 2020 respectively over the Base case (Figure 30). PRIMES predicts continuously falling CO2 
emissions in Case 3 for EU-15 countries. Emissions in 2020 is about 7% lower than the current level 
and about 10% lower than the Base case emissions in 2020 (Figure 31).  
 
National countries-USA, Germany and Italy 

Final energy demand is expected to fall in all countries in the Case 3 (Figure 29). Reduction is 
contributed primarily by electricity, natural gas and oil, however, in Germany, electricity consumption 
goes up marginally in Case 3 mainly due to the additional demand from the transport sector.  
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Figure 30: Regional and national primary energy 
intensity 
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Consequently, electricity generation falls in all countries and increases in Germany in case 3 over  the 
Base case.  Additional capacity requirement falls by about 20-24%  in USA, 10% in Italy and goes up 
by 7% in Germany. In USA, coal and gas combined cycle together contribute about 85% of the 
reduction. In Germany, to meet the both additional electricity requirement and efficiency targets of the 
power sector, gas combined cycle increases its capacity by 8 GW, coal reduces it by 7 GW. Gas- CHP 
and lignite-steam turbine increase the capacity marginally. 

Figure 30 presents the primary energy intensity for three countries. Combined efficiency measures 
case in USA projects about 6% and 9% reduction in primary energy intensity in 2010 and 2020 
respectively over  the base case. In Germany, energy intensity improves continuously, reductions from 
the base  case are respectively 5% and  8% respectively in 2020 and 2030. Reduction in energy 
intensity is marginal for Italy. CO2 emissions in USA continue to increase in Case 3 as well, however, 
there are some reduction over the base case around 7% and 10% respectively in 2010 and 2020 
(Figure 31). In Germany combined efficiency measures lead to reduction in CO2 emissions by around 
7% and 11% respectively in 2020 and 2030, whereas, reduction in these two years are not significant 
in Italy. 
 

Costs and benefits of efficiency standards policy 
MESSAGE with significantly relaxed efficiency targets, shows a relatively small increase in the total 
energy system cost over the Base case during 2000-50. By scaling down the efficiency targets for  
OECD and EFESU, DNE 21 projects 13% increase, while GMM which implements the ACROPOLIS 
target enhances it by 19% during the same period. DNE 21 neither has reported GDP losses due to the 
demand reduction nor included any energy conservation costs. GMM projects the increase in shadow 
price of electricity as respectively 2.2 and 0.5 euro cents per kWh in 2030 and 2050 in Case 3.  
Respective figures are 0.2-0.3 euro cents for MESSAGE. PRIMES projects a reduction in the average 
electricity tariff by 0.01 and 0.5 euro cents in respectively 2010 and 2030.  

CO2 emissions reduction is one of the benefits from the efficiency increase. The average cost4 of CO2 
reduction as 66 euro and 187 euro per ton respectively for DNE 21 and GMM (Table 2). While DNE 
21 meets the efficiency target by both, reduction in final demand as well shifting to expensive 
technologies, GMM, meets it only through shifting to the expensive efficient fossil or non-fossil 
technologies which explains the higher costs. However, it should be noted that DNE 21 does not 

include the cost of energy 
conservation that leads to 
demand reduction.  

Both DNE 21 and GMM 
have done CO2 constraint 
scenario which suggests that 
the combining measures both 
in demand as well supply 
side in terms of moderate 
reduction in final demand 
and use of fossil fuels in 
power generation along with 
moderate increase in 
renewables and nuclear may 
be more economic to abate 
same amount of CO2. In this 
case, while DNE21 projects 
a cost increase of 8 euro per 
ton of CO2, GMM projects 
as a case of double benefits 

                                                 
4 differences in total system costs/cumulative CO2 reduction 
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Figure 31: Regional and national CO2 emissions in Case 3 and 
reduction (in % in the right Y axis) over the base 



ACROPOLIS  

 103

of reduction in both CO2 emissions and system costs over the Base case. However, these two models 
have not included the cost of energy conservation. 

NEMS estimates the marginal cost of reducing approximately 990 mt of CO2 in 2025 as 26 euro per 
tonne. MARKAL-MACRO projects the reduction in energy system costs for Italy. The promotion of 
energy efficiency policies has a positive effect on GDP (about +0.1% in 2020). End users, in particular 
families in households, are pushed to behave more rationally and buy more efficient devices. 
Economic resources saved in the purchase of energy goods are used to increase the production of non-
energy goods. Average cost of CO2 reduction through efficiency measures is expensive for Germany. 

Table 2: Average cost of CO2 reduction 

Model Region Time horizon Case Cost (euro/t) 
AIM World 2000-50 power sector Na 
DNE21 World 2000-50 power sector 66..28 
GMM World 2000-50 power sector 187.04 
MESSAGE World 2000-50 power sector 39.33 
NEMS USA 2025 Carbon constrained 26.00* 
TIMES Germany 2000-50 combined measures 135.77 

* marginal costs  

Concluding remarks 
Global models without detail representations of demand side, implemented the efficiency 
improvement target only for the fossil power plants (exception is AIM). They penalize coal heavily as 
a source for power generation. Efficiency target is met through shifting to fuels like natural gas,  
nuclear, renewables or even to the expensive sources like hydrogen, methanol etc, leading to 
substantial increase in the energy supply cost. GMM and DNE 21 have run a CO2 constrained case for 
the whole energy system and conclude that same amount of emissions can be achieved at a much 
lower cost through combined measures such as, final demand reduction, moderate reduction in coal 
use and shifting to renewables or nuclear for power generation. However, these models have not 
included the cost of energy conservation leading to energy savings.  

Regional/national models, implemented the efficiency measures in both demand as well supply side. 
PRIMES projects continuously falling CO2 emissions in Case 3 for EU-15 countries, however cost is 
not available. Emissions in 2020 is about 7% lower than the current level and about 10% lower than 
the Base case emissions in 2020. MARKAL-MACRO concludes that efficiency improvement brings 
double benefits for Italy in terms of  the reduction in CO2 emissions as well as energy system costs. 
NEM estimates CO2 emissions in USA to be about 3 percent below 2000 levels in 2025 as against 21% 
increase in the Base case. TIMES suggests efficiency improvement measures as expensive options to 
combat CO2 emissions in Germany. 

Case 4: Internalisation of external costs 
Fuel cycle externalities are the costs imposed on society and the environment that are not accounted 
for by the producers and consumers of energy, i.e. the costs are not included in the market price. The 
externalities include damage to the natural and built environment, such as effects of air pollution on 
health, buildings, crops, forests and global warming; occupational disease and accidents; and reduced 
amenity from visual intrusion of plant or emissions of noise. Traditional economic assessment of fuel 
cycles has tended to ignore these effects. However, there is a growing interest in adopting a more 
sophisticated approach involving the quantification of these environmental and health impacts of 
energy use and their related external costs. 

The internalisation of external costs of electricity generation was the subject of this case study of 
ACROPOLIS. In total nine models participated in the case study:  

global models -AIM, DNE 21, GMM, MESSAGE, POLES 

regional models – PRIMES (EU-15), MARKAL-MATTER (Western Europe), MARKAL-NORDIC 
(Scandinavia)  



ACROPOLIS  

 104

national models – TIMES (Germany) 

 

Designing the Policy Simulation 
This scenario assumes an internalisation of all external cost of electricity generation by the year 2010 
and beyond. The external cost has been derived using the ExternE results as a basis. ExternE was 
launched in 1991 by the European Commission. In several projects a consistent 'bottom-up' 
methodology has been developed and applied to evaluate the external costs associated with a range of 
different fuel cycles within a coherent framework. However, since ExternE gives site specific results 
for individual technology configurations, the ExternE results had to be adjusted and scaled before they 
could be introduced in the energy models. The main parameters used to do this adjustment were 
population density, fuel specification (sulphur content), power plant efficiency and environmental 
technologies (flue gas desulphurisation, DeNOx, Dedust) applied. The average external costs by type 

of electricity generation by standard power plants 
broken down by pollutants are shown in Tables 3 
and 4. It should be noted that the external cost 
taken into account does not include damages 
through climate change 
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  Figure 32:  Evolution of global SOx emissions in the baseline and relative changes ExternE vs.
baseline 

Table 3: External cost per ton of pollutant 

 €/t 
NOX 7000 
SOX 8000 
particulates 14000 

Table 3: External cost of electricity generation by type 

DESOX DENOX Dedust External costs 
(no climate effect 

considered) 

 External costs 
(no climate effect 

considered) 

  

(%) (%) (%) (Eurocents/kWh)  (Eurocents/kWh) 

Coal    
type 1 0 0 0 16.6 Biomass 0.3 
type 2 0 50 80 5.3 Nuclear 0.5 
type 3 90 50 99.5 2.1 Wind 0.1 
type 4 99 75 99.5 1.9 Solar 0.1 
Gas    
boiler - 0 0 2.8   
combined - 90 90 0.3   
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Results 
As expected the internalisation of external costs of electricity generation showed a considerable effect 
of the emissions of air pollutants (SOx, NOx, particulates). In Figure 32 this effect is demonstrated by 
the evolution of SOx emissions. For all models the effect is very pronounced in the first years but 
tends to be less apparent towards the end of the time horizon of the models (2030-2050). The reason 
for this is that the new technologies available and used in the future are less polluting, so the 
penalising effect of the external cost is small and in the range of price differences of fuels. Table 3 
shows that the differences of external cost between renewables, nuclear, new gas plants and advanced 
clean coal technologies are relatively small. 

The reduction of air pollution coincides with a reduced use of coal (Figure 33). Coal as a fuel entails 
the highest external costs, especially if no environmental technologies for cleaning the exhaust gases 
are applied. As for the emissions, also the coal consumption approaches the consumption of the 
reference case towards the end of the time horizon. For DNE21 the consumption of coal in 2050 is 
almost on the same level as in the reference case. The changes reach up to a reduction of more than a 

third for POLES in 2010, which projects the sharpest change amongst the models. On average across 
the models approximately 15% less coal is used over the time horizon. 

Figures 34 and 35 show the electricity generation by fuels comparing the ExternE case (E)  with the 
baseline (B) for the global as well as the regional and national models. It becomes obvious that in the 
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Figure 34: Net electricity generation by fuel type,  externalties case (E) compared with 

baseline(B) - Regional models 
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Figure 33: Coal consumption in the ExternE case and relative changes compared with the baseline 
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long run coal is not replaced as fuel for electricity generation but maintains its role as the number one 
fuel in word electricity generation. However, it sees it shares reduced, while natural gas, renewables 
and nuclear gain importance. 

The changes are more drastic on a regional level, where the share of coal sometimes less than halved. 
Like in the case of Scandinavia (MARKAL-Nordic) coal is replaced completely, but PRIMES also 
projects sharp decrease in coal based electricity generation. It is interesting to see, however, that in a 
country like Germany (TIMES) the biggest share of electricity generation remains to be based on coal 
(please note that a nuclear phase out is assumed) (see Figure 34). 

A detailed analysis of the results reveals that beyond fuel switching a considerable amount of 
technology switching takes place. If in the reference case a considerable part of the coal for electricity 
generation is burnt in conventional coal power plants, in the ExternE case advanced coal technologies 
play a very important role. This is shown in Figure 36, where the conventional coal technologies (coal) 
loose significant share, while the advanced coal technologies (Adv. Coal) are better off. If 
conventional coal technology is used then almost exclusively with environmental technologies fitted 
(DeNOx, DeSOx).  

The internalisation of external cost of electricity generation is triggering a development of the energy 
systems towards advanced technologies with low impact on local air pollution. This change, as 
compared to the reference scenario goes along with higher investment and generation cost. Especially 
in the beginning -depending on the structure of the power sector - this leads to considerable increases 
of the electricity price under the assumption of the ExternE scenario. Table 5 shows the evolution of 
the shadow price for electricity taken from the MESSAGE model. For an implementation of a policy 
of internalisation of external cost obviously special care has to be taken to avoid drastic disruptions 
and the additional cost should be carefully phased in. 
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Figure 35: Net electricity generation by fuel type, externalties case (E) compared with 

baseline(B) – Global models 
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As a consequence 
of the effects 
described above 
and the patterns of 
coal use, the 
emissions of 
carbon dioxide 
show a similar 
behaviour. In 2010 
the reductions in 
CO2 are 
considerable, but 
as time goes by the 
emission trajectory 
is approaching the 
trajectory of the 
baseline (Figure 
37). All the world 
models coincide in 
a reduction of 
approximately 5% 
in 2040 and all but 
GMM approach 
the emission level 
of the baseline in 
2050. For 
comparison the 

emission 

trajectory of the soft landing scenario of ACROPOLIS is given in Figure 37. This trajectory 
corresponds to a 550 ppm CO2 concentration stabilisation scenario, which is frequently used 
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Figure 36: Global Electricity generation by technology in 2050 in TWh 
(GMM model) 

€cents95/kWh 2010 2020 2030 2040 2050
Baseline 3.96 4.16 4.35 4.51 4.81
Externality case 5.91 5.31 4.71 4.96 5.07
Difference 1.95 1.15 0.35 0.45 0.26

Table 5: Shadow price for electricity generation (MESSAGE model) 
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Figure 37: CO2 emission projections for the Externality case and comparison with the Baseline 
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as a normative scenario for sustainable development. It is evident, that internalisation of external cost 
of electricity (excluding the effects on climate change) will not lead to reduce CO2 emissions at a level 
that would probably keep climate change at acceptable levels.  
 

Concluding Observations 
The purpose of the case study was to analyse a policy that internalizes the (non-climate related) 
external effects of electricity generation. The assessment suggests the following: 

In electricity production, the share of other renewables (wind, biomass, solar) and to a smaller degree 
hydropower increases. Coal generated electricity declines rapidly. However, in terms of technologies 
advanced coal power plants, gas combined cycles, wind, gas fuel cells gain significant market shares. 
The clear losers are traditional coal and gas-fired plants. 

Global carbon dioxide emissions are reduced compared to the baseline in the ExternE case. However, 
in the long run the internalization of external cost of electricity generation based on local air pollution 
will not be enough to reduce emissions of carbon dioxide to an extent that stabilizes the concentration 
at a level necessary to keep the global mean temperature from rising more than a tolerable limit.. 

Local pollutant emissions (SOx, NOx, particulates) drop significantly below the level of the baseline. 

The policy is expected to increase the costs of electricity production (the shadow price) considerable. 
A policy aiming at the internalization of external cost of electricity generation has to be carefully 
designed to avoid disruptions in the power sector and take into account the characteristics of the 
respective energy system. 

 

Policy conclusions 
The use of energy models as an instrument to design, implement and monitor energy polices seems 
more and more justified. Energy models have achieved in many cases a fair degree of detail and are 
able to replicate with appropriate accuracy the functioning of energy markets. If an well-formulated 
model is properly chosen and used, evidences attained from it are, in most of the cases, a very valuable 
tool for the design of policies concerning energy markets. However, general purpose energy models 
can indeed be used to tackle a wide variety of energy and environmental issues, with some 
independence of the main focus adopted (i.e. botton-up vs top-down). 
With respect to the specific policy options to mitigate climate change addressed in ACROPOLIS, 
especially for the electricity sector, the following points should be highlighted. 

• Obtaining significant GHG emission reductions can be achieved via a relatively broad 
portfolio of measures, and no fundamental drawback is expected on the joint adoption of most 
of them. For instance, a minimal renewable energy target via a green certificate market can 
contribute to the fulfilment of a broader more ambitious, multi-sectoral target. 

• Fuel switching is a process that seems to lead most energy markets towards less carbon-
intensive primary fuel mix. However this process could be accelerated if the proper incentives 
are put in place. On the other hand, the adoption of some other measures such as emission 
standards for coal-fired power plants may induce a change from “conventional” coal to 
“advanced” coal, discouraging a more radical fuel switch. 

• Natural gas seems to be a winning option in many sectors (industrial, space heating, power 
generation, etc). The higher gas demand is likely to raise gas prices. The great uncertainty to 
address is the evolution of these prices, ultimately linked to uncertainties in the pace of new 
reserve discoveries and of technological breakthroughs. 

• An increasing share of renewables in the primary energy mix is also a requisite to achieve a 
declining carbon emission profile. The role of renewables may change depending on the 
domestic resources and the demand profile of a given country. However, wind energy and 
biomass-based electricity are important vectors already growing in the power generation 
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sector almost on a world-wide basis. The role of photovoltaics in the power generation sector 
critically depends on its cost, but it is very likely to increase in the medium-long-term. Bio-
fuels are an option nearly competitive in the transportation sector, whereas the role of 
renewable-based hydrogen is still uncertain (at least for the next two decades). Low-
temperature solar thermal devices are expected to enter many markets in a generalised way to 
diminish the fossil-fuel energy demand of the residential sector. 

• Nuclear power generation is a technology whose role in curbing carbon dioxide emission from 
the electricity sector is and will be crucial, since it competes directly, within the present 
technological structure of the sector, mostly with coal-fired power plants. The uncertainties 
are related not only to the future deployment of advanced nuclear technologies and the 
possible lifetime extension of existing plants, but also (and mainly) to the acceptance and the 
perception of this technological option by the general public. 

• The potential of energy efficiency standards is particularly high in those sectors with relatively 
little responsiveness to price signals. In particular, energy efficiency standards seem to be a 
valuable tool to reduce final energy demand from the residential, transport and services 
sectors. 

• The costs associated with an ambitious, long-term, global target leading to a stabilisation of 
GHG concentrations would be significantly lower if flexibility mechanisms are put in place. 
The use of carbon emission trading across countries and sectors will certainly lower the costs. 
The implementation of trading together with other schemes (green electricity certificates, etc) 
poses no fundamental distortion or efficiency loss problem. 

• Alternative environmental protection policies based on price increases through charges rather 
than prescribing emission targets are in principle also compatible for pollutants other than CO2 
(SOx, NOx, and others) as a way of internalising external costs. It could also produce other 
benefits in addition to the curbing of carbon emissions. 

The ACROPOLIS project has produced useful insights in possible climate policy options derived by 
applying a range of energy models. However, the exercise could not tackle all issues. The potential 
impact of hydrogen, promising technologies likes fuel cells, the potential contribution of carbon 
sequestration are a selection of questions that could not be addressed in detail. These are issues that 
have to be looked at in the future. 

After having analysed policy options and compared results across models, future work should also 
concentrate in applying few specialised models for specific topics. This allows a more detailed 
scenario definition that closely reflects real policy and is less restricted by having to accommodate 
many different models. Such an approach could then also give more room to adapt the models 
specifically to the needs of the policy questions under concern and by this even improve the relevance 
and usefulness of the results obtained. 
 


