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Abstract 16 

A net zero transition is likely to generate substantial and irreversible economic transformation. High-17 
carbon industries and their related occupations will disappear, while new low-carbon industries and 18 
occupations will be created. In the aggregate, the impact of the transition on GDP and employment 19 
is commonly projected to be relatively moderate. However, such estimates hide drastic distributional 20 
issues that are sectorally and regionally concentrated. Here, we use three sectorally detailed and 21 
regionally disaggregated macroeconomic models to explore the possible levels and impacts of 22 
structural change in a net zero transition consistent with the well below 2oC goal of the Paris 23 
Agreement. In addition to the expected decline in the carbon-intensive industries, we observe 24 
secondary impacts, particularly in the services sectors, that vary significantly between models. The 25 
risks entailed with structural change involve worsening economic disparity and societal division that 26 
could exacerbate existing socioeconomic and political polarisation. Impact assessments of 27 
decarbonisation should consider such distributional issues to avoid post-industrial decline and 28 
widening socioeconomic inequalities. 29 

 30 

Keywords 31 

Structural change, Post-industrial decline, Multi-sectoral macroeconomic modelling, Climate policy 32 

 33 

1. Introduction 34 

The low-carbon transition necessary to achieve the objectives of the Paris Agreement for mitigating 35 
climate change is, by design, transformative for the global economy (Mercure et al., 2021a; IPCC, 36 
2022a). The energy supply sector, together with industry, transport, and households must evolve to 37 
use new methods and low-carbon technologies and strive to reduce aggregate energy and material 38 
use. At the same time, old systems, carbon-intensive manufacturing and fossil-based production 39 
processes, durable goods and their value chains must be phased out (Geels et al., 2017).  40 

For the economy and the well-being of workers and citizens, the transition could have impacts more 41 
pervasive than could be foreseen by simple aggregate economic models, including some 42 
established Integrated Assessment Models (IAMs). While the impacts of the transition on aggregate 43 
variables including global GDP and employment are projected to be relatively moderate in many 44 
models (ILO, 2018; IEA, 2021; IPCC, 2022a), significant disparities could be created both between 45 
and within countries and sectors due to the simultaneous birth and death of industries and 46 
occupations (Carley & Konisky, 2020; Fragkos et al., 2021).   47 



  
 

  
 

The form and shape of decarbonisation policies affect the degree of distributional disparity that their 48 
impacts generate (Markkanen & Anger-Kraavi, 2019). Structural changes are by definition 49 
unavoidable during a transition from high-carbon (sunset henceforth) industries to low-carbon 50 
(sunrise henceforth) industries and activities (Freeman & Louçã, 2001). The degree of mobility of 51 
workers, capital and skills between sectors is widely debated but could have large impacts on 52 
structural and societal changes (Fallick, 1993; Spencer et al., 2018).  53 

The common assumption in standard economic theory that capital will re-allocate itself from sunset 54 
to sunrise activities may be misleading (Mercure, 2022). As a result, economic expectations will, and 55 
perhaps already look bleak in regions that are economically focused on activities that lie in the ageing 56 
sunset paradigm of fossil-based energy and carbon-intensive industries (Carley & Konisky, 2020). 57 
This not only includes industries directly involved with the extraction, transport, and combustion of 58 
fossil fuels, but also the manufacturing of internal combustion engines, production of steel, cement 59 
and petrochemicals, heavy manufacturing, and plastics industries. These industries are often 60 
geographically concentrated (Arthur, 1990; Krugman, 1991; Caldecott et al., 2017). Such regions 61 
could therefore be at risk of post-industrial decline and the ability of agents to adapt depends to a 62 
large degree on their social and regional mobility. Price, income, and wealth barriers can emerge 63 
within countries between regions of high affluence in comparison to regions affected by post-64 
industrial decline, notably in housing markets, hindering mobility from occupations in the sunset 65 
regime towards sunrise ones (Lux & Sunega, 2012; Martin et al., 2016). 66 

Meanwhile, the future will naturally look bright in regions that are already oriented towards the new 67 
sunrise technologies. This could include not only low-carbon cleantech (e.g., solar photovoltaics, 68 
wind turbines), but also, in a broader emergent tech ecosystem, artificial intelligence, automation, 69 
biotechnology, batteries, and electric mobility. Early warning signs of division, disparity and 70 
discontent have emerged in various parts of the world. This includes the ‘Gilets Jaunes’ protests in 71 
France against new taxes on fuels (Hope, 2019). At face value, this could be interpreted to mean 72 
that the ‘political acceptability’ of carbon taxes is low (Jewell & Cherp, 2020), yet a more critical 73 
analysis of the structure of socio-economic transformation and sectoral interdependencies can help 74 
illuminate why such discontent arises even though the predicted aggregate economic and 75 
employment impacts are so moderate. What must also be recognised is that, without such a 76 
transformation, the physical effects of climate change will drive stark inequalities (Hallegatte & 77 
Rozenberg, 2017) and have impacts across the economy (IPCC, 2022b). 78 

In this paper, we use three well-established, highly detailed sectoral macroeconomic models to 79 
explore the disparities and structural change that emerge within the economy through a net zero 80 
transition. This aims to better understand distributional issues between countries and sectors and to 81 
contribute to an emergent literature on structural change, which can help the design of resilient, fair, 82 
and socially acceptable climate policies towards achieving a just transition. We build on work by 83 
Lefèvre et al. (2022) where a new research agenda for global structural change in the mitigation 84 
context was proposed, to investigate the possible ranges, levels and directions of structural change 85 
impacts that can be expected in different economic sectors and regions in a net zero transition. We 86 
employ models widely used for impact assessment in policy circles that are built upon different 87 
theoretical economic bases (demand-led and supply-driven models, see Mercure et al., 2019). 88 

To address these research goals, we begin in Section 2 by drawing from the Great Waves framework 89 
to provide a historical perspective on disruptive innovation and the characteristics of economic 90 
transformation. We then situate this perspective in the context of the low-carbon transition. Section 91 
3 outlines the methodology and the theoretical differences between the three models used. Section 92 
4 presents model results, exploring the key aspects of structural change focusing on specific sectors 93 
and regions. Section 5 discusses the model-based projections of Section 4, extracting insights for 94 
future research. Section 6 concludes the research.  95 



  
 

  
 

2. Structural change and the low-carbon transition – a framework   96 

2.1. The Great Waves of innovation 97 

Many scholars have noted that economies can be characterised by cycles of varying timeframes. 98 
Work on long cycle theory was pioneered by Nikolai Kondratiev and Joseph Schumpeter and 99 
focused on the occurrence of economic oscillations of around 40-60 years. Both Kondratiev and 100 
Schumpeter attributed this cycle to technological change (Barnett, 1998). This was said to be due to 101 
the temporal clustering of innovations and the process of ‘creative destruction’; where new products 102 
and technologies displace older systems, methods, and occupations (Schumpeter, 1939).  103 

Freeman & Louçã (2001) identify five technological revolutions or ‘Great Waves’, from the age of the 104 
steam engine at the start of the 19th century to the more recent IT revolution. Whilst the technologies 105 
and industries were different, each technological revolution saw a cycle involving (Perez, 2003) (see 106 
Mercure, 2022 for a recent update and detailed analysis):  107 

 The development of a new constellation of connected innovations with revolutionary collective 108 
potential  109 

 Product innovation and exponential diffusion of the new constellation, starting the displacement 110 
of existing ways of doing things in older incumbent industries 111 

 Process innovation, expansion and consolidation in the new technological regime, completing 112 
the displacement of previous ways of doing things 113 

 Saturation, growth decline and possible obsolescence of the new regime as innovation 114 
opportunities deplete 115 

In all these technological revolutions, saturation in the mature paradigm coincides with the 116 
development of a constellation of sunrise industries, beginning a period of co-existence between the 117 
two paradigms. At this time, the opportunities and fortunes of different parts of the economy begin 118 
to diverge (Perez, 2003). Process innovation, where entrepreneurs seek ways to achieve the same 119 
output at a lower cost, causes unemployment in the sunset industries while accelerated investment 120 
and high-profit margins lead to high rates of growth in the sunrise industries. The end of a Great 121 
Wave is therefore a turbulent and uneven period and post-industrial decline has been observed and 122 
documented in specific sectors and regions towards the end of each of the past five Great Waves 123 
(Freeman & Louçã, 2001).  124 

What emerges from the transitions and Great Waves analysis is a product life cycle that corresponds 125 
to a sectoral life cycle, and in turn, this generates an economic cycle that is sectorally, and often 126 
regionally, significant. Research and development (R&D) investment inversely relates to the age of 127 
sectors (Grubb, 2014), going in decreasing order from biotech, artificial intelligence, computers, 128 
chemicals, electricity, steel, engines, other metals, agriculture and so on. This matches six 129 
successive industrial revolutions in reverse historical order: biotech and artificial intelligence (2010-130 
present), information technology (1970s-2010), petrochemicals and combustion engines (1920-131 
1970s), heavy engineering and electricity (1870s-1910s), the steam engine (1830s-1870s) and 132 
textiles (1770s-1830s) (Freeman & Louçã, 2001; Perez, 2003).  133 

A key question is how and where the low-carbon transition fits in this historical perspective. While 134 
the above technological revolutions appear to be driven in many cases by the private sector, 135 
entrepreneurs and innovation, the low-carbon transition is understood as normatively driven, 136 
originating from the need to address climate change (Semieniuk et al., 2021). Yet technological 137 
change is often accidental (e.g., Garud & Karnøe, 2003) and the public sector has been influential 138 
in developing many technologies (Mazzucato, 2018) and even at least partially driving some past 139 
transitions (e.g., the decision of the British military to convert its naval fleet from coal to oil-powered 140 
accelerating the pace of the transition towards the internal combustion engine and petrochemicals 141 
(Ediger & Bowlus, 2018)). Therefore, it is possible that climate policy is accelerating a transition that 142 
might have occurred naturally over time, but not soon enough to mitigate climate change. 143 

Indeed, the transition away from fuel combustion and heat towards electric means of harvesting 144 
energy is motivated not only by climate policy, but also by lower wage bills, increased efficiency, and 145 
lower operational costs (Way et al., 2022), traded off against higher capital costs (Ondraczek et al., 146 
2015). Moreover, renewable technologies, in particular solar photovoltaics, could be fast 147 



  
 

  
 

approaching a tipping point where their levelized cost is at parity with or below the fossil fuel 148 
equivalents (Nijsse et al., 2023). In the Great Waves framing, this could point to a period of co-149 
existence between paradigms. Process innovation, saturation, and overall exhaustion of opportunity 150 
characterise the carbon-intensive sectors, while the cleantech sectors are defined by high growth 151 
and a jump in productivity over the old paradigm. This raises questions about what we can expect 152 
to happen in regions and communities aligned with and dependent on the old carbon-intensive 153 
paradigm. Looking at historical transitions can provide some insight. 154 

2.2. Post-industrial decline and the just transition 155 

Deindustrialisation and the associated post-industrial decline have been widely studied, especially 156 
in the context of the closure of coal mines, steel, chemical and textile industries in the latter part of 157 
the 20th century in the North of England (Mah, 2009; Martin et al., 2016; Thorleifsson, 2016; 158 
Johnstone & Hielscher, 2017; Gherhes et al., 2020), Scotland (Lever, 1991; Walsh et al., 2010), 159 
elsewhere in Europe (Walsh et al., 2010) and the Great Lakes region in the US and Canada (Mah, 160 
2009). Deindustrialisation leads not only to loss of income and poverty but also to a loss of identity 161 
(Mah, 2009; Thorleifsson 2016; Johnstone & Hielscher, 2017) as communities typically develop tight-162 
knit cultures around organised industrial work. The loss of those industries has led historically to 163 
migration and depopulation, and for those who have not or could not leave, socio-economic decline 164 
(Mah, 2009).  165 

Regions affected by deindustrialisation in Europe rank lowest for health and life expectancy in each 166 
country (Walsh et al., 2010). The disappearance of once dominant large industries can also leave 167 
communities with stymied entrepreneurial capabilities, hindering their recovery in the long run 168 
(Gherhes et al., 2020) and reinforcing socio-economic divergence within countries (Gardiner et al., 169 
2013; Martin et al., 2016). Meanwhile, transitions are commonly characterised by strong resistance 170 
from incumbent industries and actors (Geels, 2002; Fouquet, 2016; Markard et al., 2020). From the 171 
perspective of the actors at the losing end of the transition, the motivating factors are straightforward: 172 
loss of affluence, income, employment, purpose, and social status (Baran et al., 2020).  173 

With a working life of around 40 years (Jarvis et al., 2015), it is highly likely that a substantial number 174 
of individuals, young and old, will see their skills become obsolete during a rapid transition before 175 
the end of their working lives. Furthermore, since industries are typically geographically clustered 176 
(Arthur, 1990), this process leads to regional concentrations of similar or related skills becoming 177 
obsolete in large numbers (e.g., coal miners), making it challenging for the local economy to absorb 178 
into new occupations required for the sunrise sectors and activities. The challenge in transitions is 179 
therefore not just about re-training. For workers unwilling or unable to migrate, without substantial 180 
opportunities, a skill excess glut can imply long-term involuntary unemployment and subsequently 181 
further persisting social dislocation.  182 

In perhaps one of the most infamous examples of post-industrial decline, the UK coal transition of 183 
the 1980s transformed the socio-economic landscape of many former coal mining communities, with 184 
long-standing impacts. Despite previously being one of the UK's most important strategic industries 185 
of the early 20th century (Mitchell, 1984), by the 1960s, UK coal mines were facing increasing 186 
competition from other fuels that offered economic and environmental advantages. Policymakers 187 
adopted a policy of 'controlled rundown' of the coal mining industry in response (Ashworth & Pegg, 188 
1986). Following the miners' strike of 1984-1985, major job losses occurred, leading many workers 189 
to take early retirement and others to receive incapacity benefits (Foden et al., 2014). Over 30 years 190 
on, former coal mining areas still lag far behind the UK average for metrics including employment 191 
and education and have rates above the national average for deprivation, state benefit claimants, 192 
and chronic health conditions (Beatty et al., 2019). This kind of persisting social dislocation is not 193 
unique to the UK's coal transition and can also be witnessed in Detroit and the Great Lakes region 194 
following the partial decline of the automobile industry there (Draus et al., 2010).  195 

For the most part, these historical transitions were not supported by policy to account for disparities 196 
and the uneven impacts of structural change and therefore created new and exacerbated existing 197 
inequalities. In the current low carbon transition, literature has emerged on the need for a 'just 198 
transition' (Abraham, 2017; Spencer et al., 2018; Weller, 2019). This is a movement that seeks 199 
strategies for climate policy to both address climate change and mitigate present and expected new 200 



  
 

  
 

inequalities (Markkanen & Anger-Kraavi, 2019). Originating from the US labour movement of the late 201 
1990s, the just transition concept has evolved to address issues of equity and justice surrounding 202 
the mitigation of climate change, gaining considerable attention through the UN’s Sustainable 203 
Development Goals (SDGs) and the Paris Agreement (Bang et al., 2022) as well as national climate 204 
transition strategies. Initiatives to promote a just transition have included financial support for the 205 
unemployed, regional training schemes, and international transition fund schemes (Krawchenko & 206 
Gordon, 2021).  207 

This literature addresses some of the issues that have been hindering progress in rolling out 208 
ambitious climate policies, typically related to regional communities predominantly employed in high-209 
carbon industries. For example, due to the expected impacts of European climate policy on the coal-210 
producing country of Poland, the latter has lobbied the European Commission considerably and 211 
negotiated with other member states for concessions, otherwise threatening to block further climate 212 
policies at the European level (Brauers & Oei, 2020). Similar socio-economic challenges may also 213 
be at the root of political polarisation around climate policy in some countries (Kurz et al., 2010; 214 
Vona, 2019).  215 

In the context of the low carbon transition, most of the literature on deindustrialisation and social 216 
dislocation has focused on the decline of the coal industry (Burke et al., 2019; Weller, 2019; Baran 217 
et al., 2020; Svobodova et al., 2021; Young et al., 2023). Communities dependent on the oil and gas 218 
industries will soon face similar challenges (Carley & Konisky, 2020) and broader concerns exist 219 
surrounding the potential extent of spill-over effects to other areas of the economy (Raimi et al., 220 
2022). These challenges must also be considered alongside the socioeconomic impacts and 221 
inequalities that climate change is already causing through natural disasters (Rusca et al., 2023; 222 
Smiley et al., 2022), biodiversity loss (Pörtner et al., 2023), disease epidemics (Ebi & Hess, 2020), 223 
and more. 224 

However, this is not to say that post-industrial decline is an unavoidable consequence of climate 225 
policy and a low-carbon transition. The Ruhr region in Germany transitioned from an economy 226 
geared around the coal extraction and steel manufacturing industries to a region dominated by a 227 
knowledge-based service-oriented economy. Strategic economic diversification managed by the 228 
regional and federal governments as well as trade union involvement and comprehensive retraining 229 
schemes led to an economic transition that avoided widespread social dislocation (Galgóczi, 2014; 230 
Arora & Schroeder, 2022; Dahlbeck et al., 2022).   231 



  
 

  
 

3. Methods 232 

Section 2 highlights the need to better anticipate the rise and decline of economic sectors in certain 233 
geographical areas. We propose a first step in this direction – using macroeconomic models to 234 
explore the possible ranges, levels, and directions of structural change in different economic sectors 235 
and regions in a net zero transition. This analysis aims to provide insights that go beyond the 236 
conventional assessment of economic impacts at the aggregate level to capture structural change 237 
and distributional impacts which must be mitigated in a just transition. We begin this section by first 238 
providing an overview of how macroeconomic models can offer insights into structural changes 239 
before presenting a description of the three macroeconomic models used in this study. 240 

3.1 Modelling low-carbon transition impacts 241 

Obtaining quantitative insights on the sectoral and regional impacts of a net zero transition using 242 
macroeconomic models requires a high level of sectoral and regional disaggregation of industrial 243 
output, demand for goods and services, employment, and an adequate temporal resolution. 244 
Advanced representations of innovation and technological change dynamics disaggregated across 245 
the economy are also required. Furthermore, international trade and sectoral interdependencies are 246 
crucial as they provide the necessary interconnections linking agents, products, industries, and 247 
regions to one another. Unlike many of the IAMs frequently used for the assessment of climate 248 
change mitigation scenarios, the models included in this study (E3ME-FTT, GEM-E3-FIT and 249 
Imaclim-R) include many of the features that mean they are useful tools to obtain insights into 250 
decarbonization induced structural change effects.  251 

Macroeconomic models also frequently report impacts of climate policy that vary both in terms of the 252 
magnitude and even the direction of change. In some models, without accounting for the financial 253 
consequences of climate change, stringent climate policy results in a short-run reduction in GDP 254 
relative to a counter-factual baseline whereas in other models, the opposite occurs, and climate 255 
policy can drive a short-run GDP boost. The main source of this short-run divergence stems from 256 
the economic theoretical underpinnings of the models which can be broadly categorised as 257 
equilibrium (supply-led) economics and non-equilibrium (demand-led) economics (Mercure et al., 258 
2019). Here, we use models from both paradigms to allow us to consider a wider range of potential 259 
impacts and to capture macroeconomic uncertainties. 260 

3.2 Macroeconomic model descriptions  261 

E3ME-FTT is an advanced non-equilibrium macro-econometric model based on a demand-led 262 
economic framework. It covers the world in 71 regions with a sectoral disaggregation of 70 sectors 263 
of industrial production in the EU and 44 sectors for non-EU regions. Intermediate production in 264 
supply chains is represented through a combination of input-output relationships between sectors 265 
and bilateral trade relationships between regions. It features both financial and physical energy flows 266 
in its econometric representations based on IEA data in 22 fuel user types (Cambridge 267 
Econometrics, 2022). FTT (Future Technology Transformation) is a family of evolutionary models of 268 
detailed decision-making and S-curve technology diffusion processes. It represents technological 269 
decision-making by heterogeneous agents in specific sectors, and the evolution of fleets of 270 
technologies from birth to death. Currently, the FTT family covers the power, road transport, 271 
residential heating, and steel sectors (Mercure et al., 2018; Lee et al., 2019; Vercoulen et al., 2023). 272 

GEM-E3-FIT is an advanced Computable General Equilibrium (CGE) model, hybrid with bottom-up 273 
energy, electricity, and transport modules, ensuring that the economic system in all scenarios 274 
remains in general equilibrium. It represents the global economy as a set of 46 interconnected 275 
regional and national economies, each composed of 52 production sectors (also connected by input-276 
output and bilateral trade links). Prices determine the interactions between a group of representative 277 
firms and a representative household for each regional (or national) economy. Here, prices are also 278 
used to minimize production costs and to allow households to maximise their intertemporal welfare 279 
whilst conforming to a budget constraint (Capros et al., 2013; Paroussos et al., 2019). The model 280 
formulates production technologies in an endogenous manner allowing for a price-driven derivation 281 



  
 

  
 

of all intermediate consumption and the services from capital and labour. In the electricity sector, a 282 
bottom-up approach is adopted for the representation of the different power-producing technologies 283 
(Fragkos et al., 2021). On the demand side, the model formulates consumer behaviour and 284 
distinguishes between durable (equipment) and consumable goods and services and explicitly 285 
represents energy-related technologies in buildings and road transport. 286 

Imaclim-R is a multi-sectoral Computable General Equilibrium (CGE) model, hybrid with bottom-up 287 
sectoral modules (fossil fuel extraction, electricity, buildings, and transport). It represents the global 288 
economy as a set of 12 interconnected regional and national economies, each composed of 19 289 
production sectors (also connected by input-output and trade links). It features consistent input-290 
output accounting of both economic and physical energy flows. The model simulates dynamic 291 
trajectories in yearly steps through the recursive and hard-linked succession of static 292 
macroeconomic equilibria and bottom-up sectoral modules. It explicitly represents the constraints 293 
affecting technical flexibilities and their interplay with macroeconomic trajectories by describing 294 
economic patterns in a world with market imperfections, partial use of production factors (labour and 295 
capital) and imperfect expectations for investment decisions. Within macroeconomic equilibria, a 296 
representative household in each regional economy maximizes its utility under both economic and 297 
time budget constraints. Productive sectors supply for demand under short-run technical and 298 
productive capacity constraints. Between two economic equilibria, bottom-up modules simulate 299 
technical adjustments to demand and price changes under imperfect foresight with explicit 300 
technologies for the electricity and transport sectors. In the electricity sector, a bottom-up approach 301 
is adopted for the representation of the different power-producing technologies. For the demand 302 
side, the model represents energy-related technologies in buildings and road transport. 303 

Key model characteristics and differences in theory and assumptions are summarised in Table 1. 304 
E3ME-FTT is a demand-driven, non-equilibrium model that assumes that both labour and capital are 305 
not fully utilized, whereas GEM-E3-FIT and Imaclim-R are supply-driven, general equilibrium models 306 
that assume capital is fully utilised in the baseline scenario. In addition, GEM-E3-FIT and Imaclim-307 
R, in their standard macroeconomic closure1, assume that investment is exclusively financed by 308 
savings and there are no savings unused. Therefore, decarbonisation that requires larger investment 309 
volumes will lead to the “crowding-out” of investment in other productive sectors. Meanwhile, E3ME-310 
FTT assumes that financing for projects is not constrained by the financing of other projects 311 
elsewhere in the economy, and therefore that investment is not directly constrained by the saving 312 
behaviour of agents. Involuntary unemployment is recognised in all three models. In each of these 313 
models, climate impacts are not captured. For further comparison of equilibrium and non-equilibrium 314 
modelling paradigms, see Mercure et. al (2019). For further comparison of the E3ME-FTT, GEM-E3-315 
FIT, and Imaclim-R models, see Lefèvre et al (2022).  316 

                                                
1 GEM-E3-FIT can adopt a financial mechanism that relaxes this constraint. See Paroussos et al. (2019) for more detail. 



  
 

  
 

 E3ME-FTT GEM-E3-FIT Imaclim-R 

Model type Macroeconometric 
(E3ME), hybrid with 
bottom-up 
evolutionary modules 
(FTT) 

CGE model, hybrid 
with bottom-up 
modules 

CGE model, hybrid 
with bottom-up 
modules 

Macroeconomic 
theory branch 

Non-equilibrium 
(Demand driven) 

Equilibrium (Supply 
driven) 

Equilibrium (Supply 
driven) 

Technological 
change 

Endogenous (power, 
road transport, 
domestic heat, and 
steel sectors) 

Endogenous (power, 
road transport, 
heating) 

Endogenous (power, 
road transport) with 
high inertia 

Labour market 
representation 

Imperfect and flexible 
labour markets 

Imperfect and flexible 
labour markets, 5 skill 
levels are represented 

Imperfect labour 
markets with limited 
flexibility 

Investment & 
Finance 

No crowding out, no 
fixed limit on finance 

Crowding-out, finance 
is constrained 

Crowding-out, finance 
is constrained 

Sector coverage 43 (70 in the EU) 52 19 

Regional coverage 71 countries and 
regions 

46 countries and 
regions 

12 countries and 
regions 

Table 1. Overview of the key macroeconomic model similarities and differences. 317 

3.3 Study design 318 

To explore possible ranges, levels, and directions of structural change impacts in a low-carbon 319 
transition, we develop baseline and global net zero emission scenarios for the macroeconomic 320 
models mentioned above. The baseline only includes currently implemented energy and climate 321 
policies without intensification in the future (see Lefèvre et al., 2022 for more detail on structural 322 
change in a baseline scenario). Net zero scenarios show the impact of ambitious climate and energy 323 
policies on economic structural change up to 2050. 324 

The scenarios are compliant with an end of century carbon budget of between 600-700 GtCO2 and 325 
reach global net zero emissions between 2060-2065. We consider this to be in line with the Paris 326 
Agreement target to limit warming to well below 2oC, with similar budgets featured in such scenarios 327 
in IPCC’s AR6 Working Group III (IPCC, 2022a). In all three models, the net zero scenario includes 328 
a combination of market-based (e.g., carbon pricing) and regulatory (e.g., clean technology support) 329 
policies. Table S1 (supplementary material) shows the policy packages in each of the net zero 330 
scenarios. The amount of cumulative global negative emissions is limited to below 50 GtCO2 in 2050. 331 
Between 2020-2050, the average annual global carbon intensity reductions in the net zero scenarios 332 
are between 5.8 and 7.5 percent. All scenarios include the short-term socio-economic impacts of the 333 



  
 

  
 

COVID-19 pandemic. We develop a consistent aggregation of economic sectors (described in Table 334 
S2 – supplementary material) and include results for major fossil fuel exporter and importer 335 
economies.  336 



  
 

  
 

4. Results 337 

We begin this section by describing and contrasting the trajectories the three models describe at the 338 
economy-wide level in a net zero scenario. In the second part of this section, we show the impact of 339 
a net zero transition on disaggregated metrics including sectoral output and employment.  340 

4.1. Regional socio-economic impacts of a net zero transition 341 

At the aggregate level, we find considerable differences in the economic output projections between 342 
the models that illustrate alternative possible storylines of the net zero transition. These differences 343 
are linked to different visions and economic theories embedded in the models. We note three key 344 
differences: i) the flexibility of the economy, socio-technical, labour, and energy systems in the short 345 
to medium run, ii) the availability of capital for low carbon investments and the resulting stimulus 346 
effect in sunrise sectors, and iii) alternative visions and databases for modelling fossil fuel markets 347 
and the distribution of declining production between countries. 348 

4.1.1. Aggregate level differences between regions and models 349 

While a net zero transition will inevitably generate different impacts in different parts of the world, we 350 
identify four broad country groups (Table 2) according to i) the degree to which the models report 351 
similar outcomes and ii) the aggregate GDP impacts of a net zero transition presented in Figure 1. 352 
Group 1 represents regions where the model results are similar, with all models projecting some of 353 
the most significant negative impacts on GDP in a net zero transition. Countries in Group 1 are major 354 
fossil fuel exporter economies with a high carbon intensity (Russia, Saudi Arabia). In Group 2, GDP 355 
impacts are less severe. The trajectories described by the models are still fairly similar, where 356 
negative GDP impacts are still mostly reported. Like the regions in Group 1, Group 2 consists of 357 
fossil fuel exporters, though these countries have a more moderate carbon intensity and are more 358 
economically diversified than those in Group 1.  359 

The transition trajectories described by the models begin to diverge across models in Group 3. 360 
E3ME-FTT, the simulation-based non-equilibrium model, describes positive GDP impacts while the 361 
equilibrium models continue to project net costs. Overall, GDP impacts (positive or negative) are the 362 
most limited in Group 3 which describes developed Global North fossil fuel importing regions with a 363 
low carbon intensity (EU, Japan). Group 4 exhibits the lowest level of model result similarity with 364 
strong positive GDP impacts in E3ME-FTT in contrast to notable losses in the other models. This 365 
group represents emerging economies that are fossil fuel importers with a higher carbon intensity 366 
(China, India).  367 

Altogether, as Figure 1 shows, and in line with other models featured in IPCC AR6, a net zero 368 
scenario in each of the models generates mostly small to moderate impacts on aggregate GDP 369 
(IPCC, 2022a). The models largely agree that fossil fuel exporter economies will witness a negative 370 
GDP impact in a net zero transition. This is mainly driven by the loss of exports due to lower global 371 
demand for fossil fuels. As a result, countries in Group 1 fare the worst as they are more dependent 372 
on fossil fuel rents than the exporters in Group 2, who have more diversified exports. Furthermore, 373 
the models also mostly agree that impacts, whether positive or negative, are particularly limited in 374 
economies with lower carbon intensities (Groups 2 and 3). The picture is more nuanced in fossil fuel 375 
importer economies, where E3ME-FTT projects that a net zero transition has the potential to 376 
increase GDP.  377 



  
 

  
 

Group Degree of 
model 
similarity  

GDP impacts Countries Fossil fuel 
Importer or 
exporter  

Economic 
Carbon 
intensity 

1 High Largest 
negative impacts 

Russia, 
Saudi Arabia 

Exporter High 

2 High/medium Small - moderate 
positive or 
negative impacts 

Brazil, 
Canada, US 

Exporter Medium 

3 Low/medium Smallest positive 
or negative 
impacts 

EU, Japan Importer Low 

4 Low Largest positive 
or negative 
impacts 

China, India Importer High 

Table 2.  Description of four common country groups derived from economic carbon intensity, fossil 378 
fuel exporter/importer status, and the size of the aggregate GDP changes in a net zero transition. 379 

 380 

 381 

Figure 1. Discounted cumulative GDP differences from baseline (3% discount rate) in 2050 for each 382 
study region in E3ME-FTT, GEM-E3-FIT, and Imaclim-R.  383 



  
 

  
 

4.1.2. Drivers of aggregate level model result difference 384 

The difference in the trajectory of aggregate GDP between E3ME-FTT and the two other models 385 
described in Section 4.1.1 is largely due to the absence of crowding-out of low-carbon investments 386 
on other investments. There is no limit on the availability of the money supply or finance in E3ME-387 
FTT. The model also has a flexible supply that can more readily adapt to the demand and evolution 388 
of technical systems and the capital stock than the other models. 389 

Furthermore, a stimulus effect is generated from the investment required to develop low-carbon 390 
technologies and sectors. Fossil fuel importer countries are key winners of the transition in E3ME-391 
FTT as decarbonisation facilitates improved trade balances. This effect benefits most countries 392 
worldwide since fossil fuel production is concentrated in a limited number of countries. The reverse 393 
effect occurs in fossil fuel exporting countries in E3ME-FTT, where the loss of activity amplifies 394 
through drastic losses of investment, with scrapped capital not assumed to be recycled towards 395 
other activities. In addition, E3ME-FTT adopts a representation of fossil fuel markets based on a 396 
detailed extraction costs dataset (Mercure et al., 2021b) that penalizes the high-cost producers 397 
(USA, Canada) in a more pronounced way than the other models. 398 

While the largest differences between models can be explained by the contrasting macro-innovation 399 
theory representation, the two equilibrium models also often project GDP impacts of differing 400 
magnitude. Both GEM-E3-FIT and Imaclim-R project negative GDP impacts in all regions in a net 401 
zero scenario, but such impacts are almost always more negative in Imaclim-R. This is due to the 402 
higher flexibility of technical systems as embedded in the CES (constant elasticity of substitution) 403 
production functions and in the bottom-up modules to represent energy and transport systems in 404 
GEM-E3-FIT (Fragkos & Fragkiadakis, 2022). This means that the energy system in Imaclim-R is 405 
characterised by greater inertia. Additionally, a more flexible labour market in GEM-E3-FIT limits 406 
short to medium-run transition costs. 407 

4.2 Structural change in a net zero transition 408 

Whilst the economic impacts of a net zero transition might well appear relatively moderate for most 409 
countries at the aggregate level, we find substantial sectoral variation regarding the direction and 410 
magnitude of change in both output and employment. This reflects the potential for climate policy to 411 
induce large-scale structural change, with uneven impacts between sectors and regions (Lefèvre et 412 
al., 2022). The sectoral impact of a net zero transition on output is shown in Figure 2, expressed as 413 
the percentage difference from baseline. Despite the different theoretical underpinnings of the 414 
models, a common narrative of structural change in a net zero transition emerges, where the models 415 
report similar sectoral trajectories.  416 

4.2.1 A common storyline of structural change 417 

First, in line with the aim of the net zero scenarios, the fossil fuel sector’s share of total GDP falls 418 
rapidly in every region. This contraction in contribution to overall GDP is particularly considerable in 419 
the fossil fuel exporter economies in Group 1 that are currently less well economically diversified. 420 
Figure 3 also shows that employment in the fossil fuel sector falls in every region in all models in the 421 
net zero scenarios, consistent with the sectoral output. Again, the most substantial losses are 422 
projected in large fossil fuel-producing regions, where a greater portion of the total workforce is 423 
currently employed in the fossil fuel sector. Furthermore, the fossil fuel trade balance (exports-424 
imports) generally worsens in fossil fuel exporter countries as their hydrocarbon exports decrease 425 
(Figure S1 – supplementary material).  Simultaneously, the fossil fuel trade balance generally 426 
improves in importer countries, as decreased demand for fossil fuels reduces their import bill.  427 

Meanwhile, the electricity sector witnesses an increase (albeit limited) in its share of total GDP in 428 
almost all regions as electrification of the road transport and heating sectors accelerates as these 429 
sectors decarbonise. This is also reflected in an increase in electricity sector employment in all 430 
regions. The energy-intensive sector's share of total GDP also increases across most regions. In 431 



  
 

  
 

E3ME-FTT and GEM-E3-FIT, this is largely driven by an increased demand for critical materials on 432 
account of a greater share of solar photovoltaics in electricity systems.  433 

4.2.2 Net zero transition impacts beyond the fossil fuel sector 434 

A key feature in the process of decline in high-carbon industries is the impact on the intermediate 435 
production of goods and services that occurs across those value chains, which goes far beyond the 436 
fossil fuel sector itself. This includes output losses in manufacturing and construction for projects 437 
that do not happen (relative to a counterfactual baseline scenario). This also includes vehicles and 438 
machinery that are never produced, fuel that is never distributed, steel for pipelines that is never 439 
ordered, and so on. Therefore, downward pressure in many sectors develops, particularly amongst 440 
fossil fuel exporters due to the more significant loss of activity in the fossil fuel sector. At the same 441 
time, rapid growth occurs in the renewable energy sectors driven by net zero policy which also has 442 
knock-on effects in other areas of the economy though these are less pronounced in GEM-E3-FIT 443 
and Imaclim-R due to the crowing-out of investment assumed in CGE models. 444 

Figure 2 shows that in many countries a substantial part of this contraction of GDP stems from the 445 
services sectors, which provide a rough barometer of the general economic situation. This is 446 
because the services account for the largest share of GDP globally and they generally become the 447 
end recipients of income generated in most other sectors as salaried workers spend their wages 448 
(e.g., on food, clothing, etc.). In fossil fuel importer economies, however, the models show different 449 
trajectories for the services sector, due to the different ways they portray the creation of (or 450 
competition for) financial resources for the investment required for decarbonisation. For fossil fuel 451 
importer countries in Groups 3 and 4, E3ME-FTT generally projects increased service sector output 452 
and employment in a net zero scenario whilst GEM-E3-FIT and Imaclim-R typically project a 453 
somewhat limited contraction.  454 

This is, again, a direct consequence of the assumptions around economic equilibrium and crowding-455 
out effects, where a stimulus effect from building activity related to low-carbon technologies in E3ME-456 
FTT drives an increase in demand. Meanwhile for GEM-E3-FIT and Imaclim-R, the cost of the 457 
transition reduces the demand for services as financial resources are limited and additional 458 
investment requirements for decarbonisation puts stress on the capital markets (“crowding-out” 459 
effect). This cancels investment in other productive sectors and increases the price of capital in the 460 
entire economy (Fragkos & Paroussos, 2018). These changes in output are directly reflected in 461 
employment projections of the models (see Figure 3). 462 

There are similar contrasting outcomes in the construction sector, where in E3ME-FTT, output and 463 
employment increase relative to a baseline scenario. This is due to climate policy that induces large-464 
scale investment in low-carbon capital in the form of renewable infrastructure. In GEM-E3-FIT and 465 
Imaclim-R, the impact of a net zero transition on the construction sector is slightly negative for most 466 
regions, as the negative impacts of GDP losses counterbalance the increased demand for 467 
construction to build the new low-carbon infrastructure (e.g., renewable energy plants, enhanced 468 
renovation of buildings, recharging infrastructure etc.).  469 

As indicated in Section 4.1.1, the model results are the most different for China and India, where 470 
E3ME-FTT projects output and employment gains across several sectors while the two equilibrium 471 
models project almost an economy-wide decline relative to a baseline scenario. While the models 472 
agree that China and India can both improve their trade balances in a net zero transition by reducing 473 
their imports of fossil fuels, the direction and magnitude of change in other sectors are less clear. 474 
For instance, the services sector in E3ME-FTT grows both in terms of output and employment whilst 475 
the opposite occurs in GEM-E3-FIT and Imaclim-R. Once again, this is due to decreased economic 476 
growth driven by climate policy under the strict closure rule of General Equilibrium models.  477 



  
 

  
 

478 
Figure 2. Contributions of a range of sectors to the relative aggregate output difference from baseline 479 
in a net zero scenario for E3ME-FTT, GEM-E3-FIT, and Imaclim-R.  480 



  
 

  
 

481 
Figure 3. Contributions of a range of sectors to the relative aggregate employment difference from 482 
baseline in a net zero scenario for E3ME-FTT, GEM-E3-FIT, and Imaclim-R.   483 



  
 

  
 

5. Discussion 484 

Using three sectorally and regionally disaggregated macroeconomic models of different theoretical 485 
foundations, we show that the transition to a low-carbon economy will generate substantial uneven 486 
impacts on economic output (Figure 2), employment (Figure 3), and trade (Figure S1) both within 487 
and between economies. The results described in Section 4 show that, in a net zero transition, some 488 
sectoral trends are more certain than others. Most notably, large-scale unemployment will emerge 489 
in the fossil fuel sector, especially in fossil fuel exporting regions. Employment losses could be 490 
witnessed in other areas of the economy, through supply chain linkages with the sunset sectors.  491 

There is still significant uncertainty regarding the degree of losses in the service sectors in particular, 492 
as the three models present often contrasting directions of change due to their different theoretical 493 
positions concerning the creation of investment capital and their degree of optimism regarding the 494 
flexibility of sociotechnical systems. It is not possible at this stage to claim with any degree of 495 
certainty which trajectory the future will be closer to. In fact, since investment capital is neither 496 
limitless (as in E3ME-FTT) nor fully crowded-out (as in GEM-E3-FIT and Imaclim-R), the future 497 
trajectory of the economy could lie between the boundaries delimited by these models (Pollitt & 498 
Mercure, 2018). It is also important to highlight that because these models do not consider the 499 
physical impacts of climate change and their economic consequences, further inaction on climate 500 
change will lead to additional socioeconomic impacts and inequalities that are not represented here. 501 
Therefore, delaying or avoiding all policy to support the transition on the grounds of justice is ill 502 
considered. 503 

5.1 Limits of aggregate metrics 504 

An important insight of this study is that structural change is much larger in magnitude than the 505 
aggregate impacts of a net zero transition. For an ordinary household, emerging economic pressures 506 
will depend starkly upon which sector(s) and region its working family members live and work in, in 507 
contrast with any definition of a representative agent (or average person) as commonly used in 508 
economic and Integrated Assessment modelling. The decarbonisation impacts on financial, 509 
economic, social, health and standard of living metrics for certain households could be extreme, 510 
even if ‘average’ or ‘median’ impacts across households are moderate or zero. Additionally, these 511 
disparities could be particularly important in post-growth and degrowth scenarios given that these 512 
scenarios not only project more significant aggregate GDP impacts (due in part to less ambitious 513 
requirements for technological change) (Keyßer and Lenzen, 2021; Nieto et al., 2020), but also 514 
require a differentiated down- or upscaling of different sectors depending on ecological and social 515 
importance (Hickel et al., 2021). 516 

The frequently used aggregate metric of ‘consumption loss’ or ‘GDP loss’ as used in standard policy 517 
assessments could therefore be misleading, as it could be interpreted as the amount of consumption 518 
or income lost by all households in a region because of climate policy. In contrast, we show here 519 
that moderate aggregate consumption loss can mean important benefits for some households, 520 
simultaneous to the end of entire livelihoods and communities for others (e.g., employees in regions 521 
that rely significantly on the fossil fuel industry), even within the same regions. Those differences in 522 
turn can fuel societal inequality, socioeconomic division, and political polarisation.  523 

Regardless of whether stringent climate policies adequate to achieve ambitious emission reduction 524 
targets are developed and implemented, technology is constantly changing in a transition towards 525 
higher energy efficiency, renewable energy sources, and increasing electrification in the present 526 
economic trajectory (Way et al., 2022; Nijsse et al., 2023). With ambitious climate policies, where 527 
the aim of a just transition is ignored, the accelerated rate of structural change could destabilise 528 
many parts of the economy from the incumbent supply chains, labour markets, and financial markets 529 
(Semieniuk et al., 2021). Destabilisation could also be significant in alternative pathways looking at 530 
low or degrowth transitions (Hickel et al., 2021) or in scenarios with limited mitigation and strong 531 
climate change impacts across the economy. This rapid evolution of the socio-technical regime must 532 
be recognised as it could become the dominant source of socio-economic transformation for the next 533 
few decades, driving key socio-economic indicators and even political processes.   534 



  
 

  
 

5.2 Post-industrial decline in a net zero transition 535 

Focusing only on the aggregate impacts of climate policy could risk contributing to a transition that 536 
is unjust and is in danger of creating stranded capital, labour, skills (Mercure et al., 2021c), and even 537 
entire regions (Spencer et al., 2018) that become precluded from many of the opportunities 538 
presented by the sunrise sectors. As highlighted in Section 2.2, similar industry tends to cluster due 539 
to an agglomeration effect (Arthur, 1990). This means that whole cities or even countries may have 540 
formed and grown around certain industrial activities. For example, Fort McMurray, an urban service 541 
area in Northern Canada, might not have existed without the development of the tar sands industry. 542 
Similarly, Rotterdam could have been a less prominent city without the development of its 543 
petrochemical industry, which powers mobility and many other industrial activities upstream of the 544 
Rhine River in Germany and elsewhere.  545 

This concentration of industry will lead to regionally concentrated output and employment losses in 546 
a net zero transition. In such regions, output losses are unlikely to be confined to the high-carbon 547 
industries and they will instead likely impact the service sectors too (Raimi et al., 2022) as 548 
households have less disposable income to spend on food, retail, and other goods. Just as regions 549 
aligned with the sunset technological paradigms in previous transitions were (Freeman & Louçã, 550 
2001), regions currently highly dependent on carbon-intensive activities could be at serious risk of 551 
post-industrial decline in a net zero transition. Left unmitigated, this could mean such areas become 552 
left behind by the transition, potentially unable to take advantage of the economic opportunities 553 
offered by the sunrise cleantech industries.  554 

5.3 Implications for climate policy and future work 555 

Addressing post-industrial decline after the fact is challenging, as evidenced by the persistence of 556 
poor socioeconomic outcomes in many former industrial areas (Draus et al., 2010; Beatty et al., 557 
2019). Where programs have been successful, they have been at high cost (Arora & Schroeder, 558 
2022). While lessons can be learned from previous examples of economic transitions, adequate 559 
policy frameworks should be highly region and sector-dependent (Dahlbeck et al., 2022). Vocational 560 
training and relocation schemes for displaced workers in sunset industries and related supply chains 561 
are likely to be important tools to address disparities. Such schemes can be (at least partly) funded 562 
by increasing carbon tax revenues.  563 

However, redistributive policy alone is unlikely to be adequate to deal with post-industrial decline, 564 
especially considering that fossil fuel exporter economies in particular will be faced with a reduced 565 
fiscal space (as shown by Figure S1 – supplementary material) from which to fund transition support 566 
initiatives due to losses of exports. Instead, transformative economic policy could be more effective 567 
to enable former fossil fuel dependent regions to capture the opportunities of the transition. This 568 
could include economic diversification schemes that utilise existing regional economic capabilities 569 
to develop new export opportunities (Mealy & Teytelboym, 2022). 570 

International mechanisms can play a role too, as demonstrated by the recent Just Energy Transition 571 
Partnerships, where the European Union and other countries in the Global North financially support 572 
the acceleration of energy system decarbonisation in the Global South. The partnerships explicitly 573 
acknowledge calls for a just transition, placing focus on supporting affected communities in this 574 
transition (European Commission, 2021). Such partnerships are currently supporting transition 575 
efforts in Indonesia, Senegal, South Africa, and Vietnam (Simpson et al., 2023). 576 

Research to further investigate the regional disparities both between and within countries is also 577 
needed to help inform future discussions on structural change induced by ambitious climate policy.  578 
Coupled with this, advanced modelling tools that offer a high sectoral and regional disaggregation 579 
of outputs embedded in economy-wide frameworks with endogenous trade impacts are required to 580 
identify risks and opportunities for national and subnational regions and sectors and to support 581 
effective decision-making and design of efficient and just industrial, labour, climate, and economic 582 
policy. Finally, given the call to explore alternative pathways with different growth assumptions, e.g. 583 
degrowth and post-growth scenarios (Li et al., 2023), the same methodology could be applied in 584 



  
 

  
 

future research to investigate potential levels of structural change and disparities in such disruptive 585 
development pathways (Lefèvre, 2023).    586 



  
 

  
 

6. Conclusion  587 

Analysis of the economic impacts of climate policy in a sustainability transition must evolve to 588 
examine both regional and sectoral disparities caused by the transformation away from fossil fuels 589 
and related carbon- and energy-intensive industries. This paper aims to kickstart an investigation of 590 
structural change in a low-carbon transition by comparing the disaggregated outputs of three leading 591 
sectorally disaggregated macroeconomic models of contrasting economic schools of thinking. We 592 
find that structural change impacts, when measured on a sectoral and regional basis, are much 593 
stronger and more drastic (either positive or negative) than the impacts observed at the aggregate 594 
economy-wide level.  595 

Given that aggregate level impacts are typically moderate, this suggests that socio-economic impact 596 
assessments of decarbonization could usefully move their focus away from aggregate metrics such 597 
as GDP or consumption and towards detailed sectoral and regional analyses. However, assessment 598 
outcomes, particularly the impact a net zero transition will have on the services sectors, also vary 599 
depending on which model is used under which theoretical framework. This suggests that attention 600 
must be given to better identify the sources of investment and growth available to economic sectors 601 
and geographical regions. We call for the development of modelling tools and analytical practices 602 
that can explore, with ever greater detail, the regional and sectoral impacts and societal 603 
transformations induced by climate policy and innovation.   604 



  
 

  
 

Acknowledgements 605 

The research leading to these results was supported by funding from the European Union’s Horizon 606 
2020 research and innovation program under grant agreement No 821124 (NAVIGATE) and under 607 
grant agreement No 101022622 (ECEMF). 608 

 609 

Declaration of Competing Interest 610 

The authors declare that they have no known competing financial interests or personal relationships 611 
that could have appeared to influence the work reported in this paper. 612 

 613 

CRediT authorship contribution statement  614 

Cormac Lynch: Conceptualization, Methodology, Software, Formal analysis, Writing – original draft. 615 

Yeliz Simsek: Conceptualization, Methodology, Software, Formal analysis, Writing – original draft. 616 

Jean-François Mercure: Conceptualization, Methodology, Software, Formal analysis, Writing – 617 
original draft, supervision, project administration, funding acquisition.  618 

Panagiotis Fragkos: Conceptualization, Methodology, Writing – review & editing, project 619 
administration, funding acquisition.  620 

Julien Lefèvre: Conceptualization, Methodology, Writing – review & editing, project administration, 621 
funding acquisition.  622 

Thomas Le Gallic: Conceptualization, Methodology, Software, Writing – review & editing. 623 

Kostas Fragkiadakis: Conceptualization, Methodology.  624 

Dimitris Fragkiadakis: Conceptualization, Methodology. 625 

Leonidas Paroussos: Conceptualization, Methodology. 626 

Florian Leblanc: Conceptualization, Methodology, Software, Writing – review & editing. 627 

Femke Nijsse: Conceptualization, Methodology, Writing – review & editing.  628 



  
 

  
 

7. References 629 

Abraham, J. (2017). Just transitions for the miners: Labor environmentalism in the Ruhr and 630 
Appalachian coalfields. New Political Science, 39(2), 218-240. 631 

Arora, A., & Schroeder, H. (2022). How to avoid unjust energy transitions: insights from the Ruhr 632 
region. Energy, Sustainability and Society, 12(1), 19. 633 

Arthur, W. B. (1990). ‘Silicon Valley’ locational clusters: when do increasing returns imply 634 
monopoly? Mathematical social sciences, 19(3), 235-251. 635 

Ashworth, W. and Pegg, M. (1986). The History of the British Coal Industry: 1946-82 – The 636 
Nationalized Industry, Vol. 5, Oxford University Press 637 

Bang, G., Rosendahl, K. E., & Böhringer, C. (2022). Balancing cost and justice concerns in the 638 
energy transition: comparing coal phase-out policies in Germany and the UK. Climate Policy, 1-16. 639 

Baran, J., Szpor, A., & Witajewski-Baltvilks, J. (2020). Low-carbon transition in a coal-producing 640 
country: A labour market perspective. Energy Policy, 147, 111878. 641 

Barnett, V. (1998). Kondratiev, Long Cycles and Economic Conjuncture. In Kondratiev and the 642 
Dynamics of Economic Development (105-142). Palgrave Macmillan, London. 643 

Brauers, H., & Oei, P. Y. (2020). The political economy of coal in Poland: Drivers and barriers for a 644 
shift away from fossil fuels. Energy Policy, 144, 111621. 645 

Beatty, C., Fothergill, S., & Gore, A. (2019). The State of the Coalfields 2019: Economic and social 646 
conditions in the former coalfields of England, Scotland and Wales. Sheffield Hallam University. 647 

Burke, P. J., Best, R., & Jotzo, F. (2019). Closures of coal‐fired power stations in Australia: local 648 
unemployment effects. Australian Journal of Agricultural and Resource Economics, 63(1), 142-649 
165. 650 

Caldecott, B., Sartor, O., & Spencer, T. (2017). Lessons from previous ‘coal transitions’ high-level 651 
summary for decision-makers. IDDRI synthesis report.  652 

Cambridge Econometrics (2022). E3ME Model Manual. https://www.e3me.com/wp-653 
content/uploads/sites/3/2022/12/E3MEManual2022-1.pdf 654 

Capros, P., Van Regemorter, D., Paroussos, L., Karkatsoulis, P., Fragkiadakis, C., Tsani, S., 655 
Charalampidis, I., Revesz, T., Perry, M., Abrell, J. (2013). GEM-E3 model documentation. JRC Sci. 656 
Policy Rep. 26034. 657 

Carley, S., & Konisky, D. M. (2020). The justice and equity implications of the clean energy 658 
transition. Nature Energy, 5(8), 569-577. 659 

Dahlbeck, E., Gärtner, S., Best, B., Kurwan, J., Wehnert, T., & Beutel, J. (2022). Analysis of the 660 
historical structural change in the German hard coal mining Ruhr area (case study). 661 

Draus, P. J., Roddy, J. K., & Greenwald, M. (2010). A hell of a life: addiction and marginality in 662 
post-industrial Detroit. Social & cultural geography, 11(7), 663-680. 663 

Ebi, K. L., & Hess, J. J. (2020). Health Risks Due to Climate Change: Inequity In Causes And 664 
Consequences. Health Affairs, 39(12), 2056-2062. 665 

Ediger, V.Ş. and Bowlus, J.V. (2018). A farewell to king coal: geopolitics, energy security, and the 666 
transition to oil, 1898–1917. The Historical Journal, 62(2), 427-449. 667 



  
 

  
 

European Commission (2021). France, Germany, UK, US and EU launch ground-breaking 668 
International Just Energy Transition Partnership with South Africa. 669 
https://ec.europa.eu/commission/presscorner/detail/en/IP_21_5768 670 

Fallick, B. C. (1993). The industrial mobility of displaced workers. Journal of Labor Economics, 671 
11(2), 302-323. 672 

Foden, M., Fothergill, S., & Gore, T. (2014). The state of the coalfields: Economic and social 673 
conditions in the former mining communities of England, Scotland and Wales. Sheffield Hallam 674 
University Centre for Regional Economic and Social Research. 675 

Fouquet, R. (2016). Historical energy transitions: Speed, prices and system transformation. Energy 676 
Research & Social Science, 22, 7-12. 677 

Fragkos, P., & Fragkiadakis, K. (2022). Analysing the macro-economic and employment 678 
implications of ambitious mitigation pathways and carbon pricing. Frontiers in Climate, 66. 679 

Fragkos, P., Fragkiadakis, K., Sovacool, B., Paroussos, L., Vrontisi, Z., & Charalampidis, I. (2021). 680 
Equity implications of climate policy: Assessing the social and distributional impacts of emission 681 
reduction targets in the European Union. Energy, 237, 121591. 682 

Fragkos, P., & Paroussos, L. (2018). Employment creation in EU related to renewables expansion. 683 
Applied Energy, 230, 935-945. 684 

Freeman, C. and Louçã, F. (2001). As time goes by: From the industrial revolutions to the 685 
information revolution. Oxford: Oxford University Press. 686 

Galgóczi, B. (2014). The long and winding road from black to green. International journal of labour 687 
research, 6(2). 688 

Gardiner, B., Martin, R., Sunley, P., & Tyler, P. (2013). Spatially unbalanced growth in the British 689 
economy. Journal of Economic Geography, 13(6), 889-928. 690 

Garud, R., & Karnøe, P. (2003). Bricolage versus breakthrough: distributed and embedded agency 691 
in technology entrepreneurship. Research policy, 32(2), 277-300. 692 

Geels, F. W., Sovacool, B. K., Schwanen, T., & Sorrell, S. (2017). Sociotechnical transitions for 693 
deep decarbonization. Science, 357(6357), 1242-1244. 694 

Geels, F. W. (2002). Technological transitions as evolutionary reconfiguration processes: a multi-695 
level perspective and a case-study. Research policy, 31(8-9), 1257-1274. 696 

Gherhes, C., Vorley, T., & Brooks, C. (2020). Making sense of industrial decline: How legacies of 697 
the past influence the development of entrepreneurship cultures in formerly industrialized places. 698 
Entrepreneurship & Regional Development, 32(9-10), 899-921. 699 

Grubb, M. (2014). Planetary economics: energy, climate change and the three domains of 700 
sustainable development. Routledge. 701 

Hallegatte, S., & Rozenberg, J. (2017). Climate change through a poverty lens. Nature Climate 702 
Change, 7(4), 250-256. 703 

Hickel, J., Brockway, P., Kallis, G., Keyßer, L., Lenzen, M., Slameršak, A., Steinberger, J. & Ürge-704 
Vorsatz, D. (2021). Urgent need for post-growth climate mitigation scenarios. Nature Energy, 6(8), 705 
766-768. 706 

Hope, M. (2019). The march of climate policy. The Lancet Planetary Health, 3(7), 295–296. 707 



  
 

  
 

IEA (2021). World Energy Outlook 2021: https://www.iea.org/reports/world-energy-outlook-2021: 708 
IEA 709 

International Labour Organisation (ILO) (2018). World employment and social outlook: Greening 710 
with jobs. http://www.ilo.org/wcmsp5/groups/public/—dgreports/—dcomm/—711 
publ/documents/publication/wcms_628654.pdf: ILO. 712 

IPCC (2022a). Climate Change 2022: Mitigation of Climate Change. 713 
https://www.ipcc.ch/report/ar6/wg3: IPCC. 714 

IPCC (2022b). Climate Change 2022: Impacts, Adaptation and Vulnerability. 715 
https://www.ipcc.ch/report/ar6/wg2: IPCC. 716 

Jarvis, A. J., Jarvis, S. J., & Hewitt, C. N. (2015). Resource acquisition, distribution and end-use 717 
efficiencies and the growth of industrial society. Earth System Dynamics, 6(2), 689-702. 718 

Jewell, J., & Cherp, A. (2020). On the political feasibility of climate change mitigation pathways: is 719 
it too late to keep warming below 1.5° C?. Wiley Interdisciplinary Reviews: Climate Change, 11(1), 720 
e621. 721 

Johnstone, P., & Hielscher, S. (2017). Phasing out coal, sustaining coal communities? Living with 722 
technological decline in sustainability pathways. The Extractive Industries and Society, 4(3), 457-723 
461. 724 

Keyßer, L. T., & Lenzen, M. (2021). 1.5 C degrowth scenarios suggest the need for new mitigation 725 
pathways. Nature communications, 12(1), 2676. 726 

Krawchenko, T. A., & Gordon, M. (2021). How do we manage a just transition? A comparative 727 
review of national and regional just transition initiatives. Sustainability, 13(11), 6070. 728 

Krugman, P. (1991). History and industry location: the case of the manufacturing belt. The 729 
American Economic Review, 81(2), 80-83. 730 

Kurz, T., Augoustinos, M., & Crabb, S. (2010). Contesting the ‘national interest’ and maintaining 731 
‘our lifestyle’: A discursive analysis of political rhetoric around climate change. British journal of 732 
social psychology, 49(3), 601-625. 733 

Lee, S. C., Pollitt, H., & Fujikawa, K. (2019). Energy, Environmental and Economic Sustainability in 734 
East Asia: Policies and Institutional Reforms. Routledge. 735 

Lefèvre, J. (2023). Integrated assessment models and input–output analysis: bridging fields for 736 
advancing sustainability scenarios research. Economic Systems Research, 1-24. 737 

Lefèvre, J., Le Gallic, T., Fragkos, P., Mercure, J. F., Simsek, Y., & Paroussos, L. (2022). Global 738 
socio-economic and climate change mitigation scenarios through the lens of structural change. 739 
Global Environmental Change, 74, 102510. 740 

Lever, W. F. (1991). Deindustrialisation and the Reality of the Post-industrial City. Urban Studies, 741 
28(6), 983-999. 742 

Li, M., Keyßer, L., Kikstra, J.S., Hickel, J., Brockway, P.E., Dai, N., Malik, A. & Lenzen, M. (2023). 743 
Integrated assessment modelling of degrowth scenarios for Australia. Economic Systems 744 
Research, 1-31. 745 

Lux, M., & Sunega, P. (2012). Labour mobility and housing: the impact of housing tenure and 746 
housing affordability on labour migration in the Czech Republic. Urban Studies, 49(3), 489-504. 747 



  
 

  
 

Mah, A. (2009). Devastation but also home: Place attachment in areas of industrial decline. Home 748 
Cultures, 6(3), 287-310. 749 

Markard, J., Geels, F. W., & Raven, R. (2020). Challenges in the acceleration of sustainability 750 
transitions. Environmental Research Letters, 15(8), 081001. 751 

Markkanen, S., & Anger-Kraavi, A. (2019). Social impacts of climate change mitigation policies and 752 
their implications for inequality. Climate Policy, 19(7), 827-844. 753 

Martin, R., Sunley, P., Tyler, P., & Gardiner, B. (2016). Divergent cities in post-industrial Britain. 754 
Cambridge Journal of Regions, Economy and Society, 9(2), 269-299. 755 

Mazzucato., M. (2018). The Entrepreneurial State: Debunking Public vs. Private Sector Myths. 756 
Penguin Books. 757 

Mealy, P., & Teytelboym, A. (2022). Economic complexity and the green economy. Research 758 
Policy, 51(8), 103948. 759 

Mercure, J.F. (2022). Complexity Economics for Environmental Governance, Cambridge University 760 
Press, Cambridge, UK. 761 

Mercure, J.F., Sharpe, S., Vinuales, J.E., Ives, M., Grubb, M., Lam, A., Drummond, P., Pollitt, H., 762 
Knobloch, F. & Nijsse, F.J. (2021a). Risk-opportunity analysis for transformative policy design and 763 
appraisal. Global Environmental Change, 70, 102359. 764 

Mercure, J.F., Salas, P., Vercoulen, P., Semieniuk, G., Lam, A., Pollitt, H., Holden, P.B., Vakilifard, 765 
N., Chewpreecha, U., Edwards, N.R. & Vinuales, J.E. (2021b). Reframing incentives for climate 766 
policy action. Nature Energy, 6(12), 1133-1143. 767 

Mercure, J. F., Chester, D., Lynch, C., Jarvis, S., & Jarvis, A. (2021c). Stranded human and 768 
produced capital in a net-zero transition. 769 

Mercure, J. F., Knobloch, F., Pollitt, H., Paroussos, L., Scrieciu, S. S., & Lewney, R. (2019). 770 
Modelling innovation and the macroeconomics of low-carbon transitions: theory, perspectives and 771 
practical use. Climate Policy, 19(8), 1019-1037. 772 

Mercure, J.F., Pollitt, H., Edwards, N.R., Holden, P.B., Chewpreecha, U., Salas, P., Lam, A., 773 
Knobloch, F. and Vinuales, J.E. (2018). Environmental impact assessment for climate change 774 
policy with the simulation-based integrated assessment model E3ME-FTT-GENIE. Energy strategy 775 
reviews, 20, 195-208. 776 

Mitchell, B. R. (1984). Economic development of the British coal industry 1800-1914, CUP Archive. 777 

Nieto, J., Carpintero, Ó., Miguel, L. J., & de Blas, I. (2020). Macroeconomic modelling under 778 
energy constraints: Global low carbon transition scenarios. Energy Policy, 137, 111090. 779 

Nijsse, F.J., Mercure, J.F., Ameli, N., Larosa, F., Kothari, S., Rickman, J., Vercoulen, P. & Pollitt, 780 
H. (2023). The momentum of the solar energy transition. Nature Communications, 14(1), 6542.  781 

Ondraczek, J., Komendantova, N., & Patt, A. (2015). WACC the dog: The effect of financing costs 782 
on the levelized cost of solar PV power. Renewable Energy, 75, 888-898. 783 

Paroussos, L., Mandel, A., Fragkiadakis, K., Fragkos, P., Hinkel, J., & Vrontisi, Z. (2019). Climate 784 
clubs and the macro-economic benefits of international cooperation on climate policy. Nature 785 
Climate Change, 9(7), 542-546. 786 

Perez, C. (2003). Technological revolutions and financial capital. Edward Elgar Publishing. 787 



  
 

  
 

Pollitt, H., & Mercure, J. F. (2018). The role of money and the financial sector in energy-economy 788 
models used for assessing climate and energy policy. Climate Policy, 18(2), 184-197. 789 

Pörtner, H.O., et al. (2023). Overcoming the coupled climate and biodiversity crises and their 790 
societal impacts. Science, 380(6642). 791 

Raimi, D., Carley, S., & Konisky, D. (2022). Mapping county-level vulnerability to the energy 792 
transition in US fossil fuel communities. Scientific Reports, 12(1), 15748. 793 

Rusca, M., Savelli, E., Di Baldassarre, G., Biza, A., & Messori, G. (2023). Unprecedented droughts 794 
are expected to exacerbate urban inequalities in Southern Africa. Nature Climate Change, 13(1), 795 
98-105. 796 

Schumpeter, J. A. (1939). Business cycles. New York: Mcgraw-hill. 797 

Semieniuk, G., Campiglio, E., Mercure, J. F., Volz, U., & Edwards, N. R. (2021). Low‐carbon 798 
transition risks for finance. Wiley Interdisciplinary Reviews: Climate Change, 12(1), e678. 799 

Simpson, N., Jacobs, M., & Gilmour, A. (2023). Taking stock of Just Energy Transition 800 
Partnerships. ODI working paper. https://odi.org/en/publications/taking-stock-of-just-energy-801 
transition-partnerships/ 802 

Smiley, K. T., Noy, I., Wehner, M. F., Frame, D., Sampson, C. C., & Wing, O. E. (2022). Social 803 
inequalities in climate change-attributed impacts of Hurricane Harvey. Nature 804 
communications, 13(1), 3418. 805 

Spencer, T., Colombier, M., Sartor, O., Garg, A., Tiwari, V., Burton, J., Caetano, T., Green, F., 806 
Teng, F. & Wiseman, J. (2018). The 1.5 C target and coal sector transition: at the limits of societal 807 
feasibility. Climate Policy, 18(3), 335-351.  808 

Svobodova, K., Owen, J. R., & Harris, J. (2021). The global energy transition and place attachment 809 
in coal mining communities: Implications for heavily industrialized landscapes. Energy Research & 810 
Social Science, 71, 101831. 811 

Thorleifsson, C. (2016). From coal to Ukip: the struggle over identity in post-industrial Doncaster. 812 
History and Anthropology, 27(5), 555-568. 813 

Vercoulen, P., Lee, S., Han, X., Zhang, W., Cho, Y., & Pang, J. (2023). Carbon-Neutral Steel 814 
Production and Its Impact on the Economies of China, Japan, and Korea: A Simulation with E3ME-815 
FTT: Steel. Energies, 16(11), 4498. 816 

Vona, F. (2019). Job losses and political acceptability of climate policies: why the ‘job-killing 817 
argument is so persistent and how to overturn it. Climate Policy, 19(4), 524-532. 818 

Walsh, D., Taulbut, M., & Hanlon, P. (2010). The aftershock of deindustrialization—trends in 819 
mortality in Scotland and other parts of post-industrial Europe. The European Journal of Public 820 
Health, 20(1), 58-64. 821 

Way, R., Ives, M. C., Mealy, P., & Farmer, J. D. (2022). Empirically grounded technology forecasts 822 
and the energy transition. Joule, 6(9), 2057-2082. 823 

Weller, S. A. (2019). Just transition? Strategic framing and the challenges facing coal dependent 824 
communities. Environment and Planning C: Politics and Space, 37(2), 298-316. 825 

Young, T., Baka, J., He, Z., Bhattacharyya, S., & Lei, Z. (2023). Mining, loss, and despair: 826 
Exploring energy transitions and opioid use in an Appalachian coal community. Energy Research 827 
& Social Science, 99, 103046.   828 



  
 

  
 

8. Supplementary Material  829 

 E3ME-FTT GEM-E3-FIT Imaclim-R 

Emission pricing Yes – excluding 
households and road 
transport 

Yes - all sectors Yes – all sectors 

Phase out 
regulations 

Yes – power, 
domestic heating, 
road transport, and 
steel sectors 

Yes - through 
changes in fuel 
shares in demand 
sectors 

No 

Feed-in-tariff Yes No No 

Technology 
subsidies 

Yes - power, domestic 
heating, road 
transport, and steel 
sectors 

Yes, in heating and 
transport  

No 

Kick start 
procurement 
schemes 

Yes – power and 
transport sectors 

No No 

Fuel efficiency 
policy and 
regulations 

Yes Yes - especially in 
transport and 
buildings sectors 

No 

Table S1. Policies included in the net zero scenarios of each of the three models compared to the 830 
baseline scenario.  831 



  
 

  
 

Sector Description 

Agriculture Activities related to crop and livestock production and fishing. 

Construction General and specialized construction of buildings and civil 
engineering works. 

Electricity Activities related to the generation and distribution of electricity. 

Energy-intensive industries Heavy industry including iron and steel, non-metallic minerals, 
chemicals, non-ferrous metals, paper and pulp. 

Fossil fuels Activities related to the extraction, processing, and supply of 
coal, gas, and oil. 

Other industries Other manufacturing industries that are not included in the 
energy-intensive category. 

Services Tertiary sector. 

Table S2. Description of the study sectoral classification.  832 



  
 

  
 

833 
Figure S1. Absolute differences from baseline in the balance of trade (billion USD 2014) (sector 834 
exports – sector imports) in a range of sectors in a net-zero scenario for E3ME-FTT, GEM-E3-FIT 835 
and IMACLIM-R. Negative values indicate either loss of exports or gains of imports, while positive 836 
values conversely indicate losses of imports or gains in exports. 837 


