
   
 

Overview 
To achieve net-zero emissions target by 2050, cost optimization-based energy system models are commonly 

used to generate national or global decarbonization pathways informed by techno-economic and environmental 
considerations. However, there are multiple retrospective studies showing that past transitions have not been in line 
with cost-optimal model solutions due to societal complexities (Morgan and Keith, 2008; Trutnevyte, 2016; Wen et 
al., 2022a). Existing models have thus been criticized for neglecting societal realities and producing practically 
infeasible scenarios (Geels et al., 2016; Schubert et al., 2015; Trutnevyte et al., 2019). At the same time, there are an 
increasing number of studies experimenting with integration of societal factors into models, such as public attitudes 
(Cotterman et al., 2021; Koecklin et al., 2021) or investment risks (Polzin et al., 2021), but few papers provide 
evaluative evidence (Fisch-Romito et al., 2024; Wen et al., 2023). In this study, we evaluate the performance of 
integrating various societal factors (EU climate policy, perceived seriousness of climate change in the public, and 
country-specific and technology-specific investment risks) into national-level optimization-based electricity systems 
models in 31 European countries. Through hindcasting in 1990–2019, we obtain evidence on how the integration of 
societal factors impacts model solutions and how these modelled pathways compare with real-world transitions in 
terms of past accuracy.  

Methods 
We integrate three societal factors in cost optimization-based electricity system models D-EXPANSE 

(Trutnevyte, 2016; Wen et al., 2022a) for 31 European countries (EU27, Iceland, Norway, Switzerland, and UK): 
EU climate policy (as emission targets), Perceived seriousness of climate change in the public (as acceptance of 
emission targets), and Investment risks. With these factors, wgenerate six model versions. The reference model 
version is the original Techno-economic model version that excludes societal factors, even exogenous emission 
targets and energy policies (Trutnevyte, 2016; Wen et al., 2022b). The EU climate policy model version includes the 
European emission targets in model as a proxy for EU climate policy (Delreux and Ohler, 2019), which means that 
additional emission constraints are set based on the European emission targets. For non-European countries like 
Iceland, Norway, Switzerland, and UK, we assume the same EU climate policy. The Perceived seriousness of 
climate change model version considers national public attitudes towards climate change according to the past 
survey data (European Commission, 2023). On top of the EU climate policy model version, here the national 
emission constraints are additionally adjusted with attitudes data in every country. The Investment risks model 
version considers investment risks, modelled by applying different country- and technology-specific weighted 
average costs of capital (WACC) instead of the uniform assumption from the reference model version (Polzin et al., 
2021). EU climate policy with investment risks model version integrates both the EU climate policy and investment 
risks in each country. The Perceived seriousness of climate change model version combines all three societal factors 
by applying attitudes-adjusted emissions targets and modelling country- and technology-specific investment risks. 

Second, we assess the accuracy of the generated national electricity system transition pathways by hindcasting 
in all these European countries in 1990 – 2019, using data from Jaxa-Rozen et al. (2022). We use the accuracy 
indicators of symmetric Mean Absolute Percentage Error (sMAPE) and Root Mean Squared Logarithmic Error 
(RMSLE) to evaluate the performance of the model regarding total CO2 emissions, installed capacity and annual 
generation of each technology (Wen et al., 2022a).  

Results 
We first look into the impact of the integration of three societal factors of EU climate policy, perceived 

seriousness-adjusted climate policy, and investment risks on 35 quantities: CO2 emissions, installed capacity and 
annual generation by technology (Figure 1). If we compare the performance of Techno-economic model version 
with other model versions, we find that there are 13 out of 31 countries (in green) that have better accuracy in EU 
climate policy model version. An evident accuracy improvement is observed in Portugal, followed by Austria, 
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Sweden, Italy, Finland, and Luxembourg. For these 13 countries, also Croatia and Ireland, similar levels of 
improvements are seen under Perceived seriousness-adjusted climate policy model version. By observing the model 
versions Investment risks, EU climate policy, and Perceived seriousness-adjusted climate policy, we find that the 
inclusion of investment risks tends to increase the accuracy in 24 or 25 out of 31 countries, albeit sometimes very 
little. This indicates that the inclusion of investment risks on top of EU climate policy in general has still improved 
the hindcasting accuracy of electricity system transition modeling. 

Furthermore, we examine the disaggregate error of each quantity across all countries to see the impact of 
highlighted societal factors on the model accuracy. For all the quantities, there are evident distinction between 
model versions with and without investment risks. The disaggregate errors (in Figure 2) show that compared to the 
Techno-economic model version, the accuracy (quantified by sMAPE) of CO2 emissions has been improved or be 
almost the same, with one or multiple societal factors in 29 out of 31 countries, except in Cyprus and Norway, while 
the improvements in installed capacity and the annual generation depend on the country and technology. 

For renewable technologies, there is no clear tendency of accuracy improvement with integrating EU climate 
policy only (such as onshore wind power in Figure 2), except for Austria and Portugal, where there is accuracy 
increase in biomass, onshore wind power and waste incineration deployment. The inclusion of investment risks has 
the most impact on waste incineration (with ten countries with higher accuracy and five countries lower accuracy), 
followed by biomass and onshore wind power. The waste incineration is often overestimated in the Techno-
economic version (like in Bulgaria and Malta) than in the model versions with investment risks, where the incentive 
of its installation is restrained. For onshore wind power, the accuracy only decreases when investment risks are 
included in Greece and Ireland, since the installation for gas is favored over onshore wind power with more 
investment interests. The Perceived seriousness-adjusted climate policy versions have mostly the same results as EU 
climate policy versions, except for the annual generation for onshore wind power in Ireland. With co-evolution of 
EU climate policy (or perceived seriousness-adjusted climate policy) and investment risks, there is an accuracy 
increase (26%) regarding solar PV deployment in Cyprus. Otherwise, there is no accuracy improvement for solar PV 
and offshore wind power, and there is a slightly increase in biogas (within 12% in Italy, Norway, Portugal) and 
geothermal power deployment (within 10% in Iceland and Italy) across all the countries. 

For low-carbon incumbent technologies, there are an increase or decrease of accuracy of annual generation for 
nuclear power in 15 out of 31 countries and for hydro dams in 9 countries (Figure 2). The inclusion of investment 
risks tends to improve the accuracy of the generation for nuclear power, especially in Latvia and the Netherlands. 
For combustion-based technologies (Figure 2), it is noticed that the accuracy of their annual generation is not always 
the same as the installed capacities (especially for gas and oil), unlike renewable technologies and low-carbon 
incumbent technologies. The accuracy of gas power generation tends to improve by including societal factors (in 16 
countries, with seven countries being exceptions). Usually, the accuracy of gas power generation increases by 
including investment risks, making gas more competitive with nuclear power and hard coal, as seen in the real 
world. However, in France, the UK, Greece, Malta, Norway, and Slovenia, the opposite effect is observed. The 
accuracy of generation for oil mostly decreases, especially due to investment risks, although sometimes the accuracy 
of its installed capacity increases. The accuracy of brown coal is mostly increased, especially in Austria, under all 
the model versions with societal factors. For certain cases, including one or multiple societal factors lead to similar 
accuracy increases or decreases, such as generation for gas in Norway and Portugal, hard coal in Finland. and brown 
coal in Austria. On the other hand, the coevolution of multiple factors has a remarkable impact on the model. For 
example, in Sweden, the accuracy of gas generation improves only when multiple societal factors are considered, 
although this inclusion decreases the accuracy of hydro dam generation. 

Conclusions 
In this study, using hindcasting with electricity system model D-EXPANSE in 1990–2019, we investigated the 

impact of integrating societal factors into cost optimization-based electricity system modeling of transition pathways 
in 31 European countries. We found that there is no straightforward response of one or several societal factors 
always improving the hindcasting performance of the model. The results showed that the inclusion of societal 
factors can increase to some extent the performance of generated transition pathways. The national CO2 emissions 
are more accurately modeled when incorporating any of the three societal factors compared to techno-economic 
modeling. Compared to the model versions with EU climate policy and Perceived seriousness-adjusted climate 
polic, the integration of investment risks makes an important impact on the modeled pathways and tends to improve 
the accuracy in many countries. The technology-disaggregated results demonstrate that with our societal factors 
included, the performance is improved for certain incumbent technologies like gas, brown coal,  and nuclear power, 
but not necessarily for other technologies. This research provides valuable insights to inform modeling of societal 
factors in cost optimization-based bottom-up models. 
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Figures 

 
Figure 1. The accuracy (quantified by RMSLE) of the model versions with societal factors compared to the Techno-
economic model version. Five model versions are compared: EU climate policy, Perceived seriousness-adjusted 
climate policy, Investment risks, EU climate policy with investment risks, Perceived seriousness-adjusted climate 
policy with investment risks. Compared to the Techno-economic model version, countries in green show higher 
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accuracy, countries in gray have the same performance and countries in orange have worse accuracy in the 
compared model version. 

 

Figure 2. The disaggregated accuracy (sMAPE) of estimating technology-specific generation of onshore wind, 
nuclear power, gas, net import, and total CO2 emissions under the five model versions compared with the Techno-
economic model version. The green color indicates a higher accuracy, gray color indicates the same performance 
and orange color indicates a worse performance. 
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List of modeled countries and their country codes used for visualization: Austria (AUT), Belgium (BEL), Bulgaria 
(BGR), Croatia (HRV), Cyprus (CYP), Czechia (CZE), Denmark (DNK), Estonia (EST), Finland (FIN), France 
(FRA), Greece (GRC), Hungary (HUN), Ireland (IRL), Iceland (ISL), Italy (ITA), Latvia (LVA), Lithuania (LTU), 
Luxembourg (LUX), Malta (MLT), The Netherlands (NLD), Norway (NOR), Poland (POL), Portugal (PRT), 
Romania (ROU), Slovakia (SVK), Slovenia (SVN), Switzerland (CHE), Sweden (SWE), United Kingdom (GBR). 
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