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This paper analyses how financial instability can emerge due to technological 5 

displacement and asset stranding along mitigation pathways limiting global warming 6 

to 1.5°C or 2°C. To do so, it develops a model for the study of transition risks with 7 

an embedded financial system with bank and non-bank financial agents and an 8 

explicit representation of asset stranding as the decommissioning of excess high-9 

carbon capital. The framework is used to simulate decarbonisation pathways and 10 

carbon price paths embedded in scenarios provided by the Network for Greening the 11 

Financial System (NGFS). The model follows the literature in showing that more 12 

climate-ambitious and more technically constrained scenarios yield higher transition 13 

risks. It further shows that distinct types of financial institutions are not equally 14 

affected by different transition scenarios. For instance, banks are much less affected 15 

in delayed-action scenarios than non-bank institutions. The model also illustrates the 16 

importance of accounting for the reaction of the financial sector along decarbonisation 17 

scenarios. Finally, by studying decarbonisation pathways from various integrated 18 

assessment frameworks, I show the necessity to consider a wide array of scenarios 19 

generated by different models. 20 
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Introduction 26 

Former Governor of the Bank of England Mark Carney coined the “transition risk 27 

concept” in an epoch-making speech at Lloyd’s in 2015. On this occasion, he suggested 28 

that a rapid transition to a low-carbon economy would leave substantial amounts of 29 

impaired, “stranded,” assets in its wake and thus imperil the viability of the global 30 

financial system. 31 

Following this speech, a consortium of central banks and financial regulators, the 32 

Network for Greening the Financial System (NGFS), developed a conceptual and 33 

operational apparatus to study transition risks (Bertram et al., 2020). This 34 

framework takes the form of a portfolio of reference scenarios, simulated by a suite 35 

of well-established Integrated Assessment Models (IAMs). Three kinds of scenarios 36 

were retained. “Orderly” scenarios feature a smooth transition, in which technological 37 

availability and/or sufficiently progressive climate action preclude financial 38 

disturbances. “Disorderly” scenarios are more constrained technologically, are more 39 

climate ambitious or feature late climate action. These aspects may result in a brisk 40 

adjustment triggering financial instability. “Hot House World” scenarios include little 41 

or no climate action. These scenarios have been mobilised in “climate stress tests” to 42 

assess the extent of transition risk along these scenarios (Allen et al., 2020; Battiston 43 

et al., 2021; ECB, 2021a; Fazekas et al., 2021). 44 

Yet, most models used in these studies do not include an embedded financial sector. 45 

They remain focused on non-financial companies (Allen et al., 2020; Fazekas et al., 46 

2021) and offer little insight into the financial sector proper
1
. Also, they do not 47 

account for the financial instability consequences of stranded assets, although it is a 48 

key aspect of the low-carbon transition (Jacquetin, 2021).  49 

Further, most macroeconomic modules used in these studies rely on neoclassical or 50 

Neo-Keynesian assumptions, which treat the low-carbon transition as a negative 51 

macroeconomic shock. Yet, more Keynesian underpinnings would emphasise 52 

multiplier effects and a positive macroeconomic effect from the transition effort, 53 

 

1
 Exceptions include ESRB (2016) or ECB (2021a). 
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which may temper the extent of transition risks, including in “disorderly” transitions 54 

(Fazekas et al., 2021). In addition, focusing on negative macroeconomic shocks may 55 

occult instability potentials emerging from long-run structural change, which may be 56 

more relevant for a long-run phenomenon like the low-carbon transition. 57 

To tackle these issues, this paper develops a model at the world level, embedding a 58 

financial sector, with a simple representation of transition dynamics that can be used 59 

to compare scenarios and their variants from different IAMs. I measure the impact 60 

of transition risks on both financial and non-financial companies and account for 61 

asset stranding, represented as the premature decommissioning of high-carbon assets. 62 

Conversely, because I include an embedded financial sector, I can represent how the 63 

financial sector will reorganise around a transition pathway. The model builds on the 64 

ecological Stock-Flow Consistent (SFC) models literature (see Dafermos et al., 2017a; 65 

Jackson, 2019; Monasterolo and Raberto, 2018). It prolongs existing proposals by 66 

focusing on financial transition risks along reference mitigation pathways and carbon 67 

price schedules. I further implement a method to account for asset stranding on non-68 

financial companies’ balance sheets. I finally adopt a clear distinction between an 69 

emerging “challenger” low-carbon sector and an adapting “incumbent” high-carbon 70 

sector to focus on large-scale technical displacement. 71 

I simulate a sample of scenarios proposed by the NGFS (Bertram et al., 2020). Unlike 72 

other exercises based on SFC models (Gourdel et al., 2022), I force my model to 73 

match the decarbonisation trajectory of each scenario. In parallel, I apply an 74 

exogenous carbon tax to mimic the implementation of climate policy. I first focus on 75 

results measuring the realisation of transition risks (defaults, asset price decreases) 76 

and then examine their actual impact on financial institutions’ viability.  77 

The model shows first that distinguishing between transition risk realisations and 78 

financial agents’ vulnerability is crucial. For instance, higher default rates may not 79 

bear large consequences if portfolios are well-diversified. Second, financial agents are 80 

differentially affected depending on the transition scenario. Banks seem more affected 81 

by early-action, disruptive scenarios, while non-bank agents are more vulnerable to 82 

delayed action. Finally, I show that results can significantly differ across IAMs for 83 

the same scenario. 84 
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Section 1 describes the NGFS’s framework and motivates the paper. Section 2 85 

presents the model used to run the simulation. Section 3 describes my calibration 86 

strategy and Section 4 my translation of NGFS scenarios into the model’s term. 87 

Section 5, before discussions and concluding remarks, will present the main results 88 

of the study. 89 

  90 
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1 The NGFS approach and scenarios 91 

1.1 The NGFS climate risk narrative 92 

For the study of climate-related risks, the NGFS designed a reference conceptual 93 

framework based on the trade-off between transition and climate damage (physical 94 

risks) highlighted by Mark Carney (2015). Waiting for too long before transitioning 95 

would imply climate change, entailing systemic risks for the financial system (ECB, 96 

2021a). On the other hand, the low-carbon transition will entail a massive 97 

reallocation of resources throughout the economy. If carried out disruptively, it could 98 

trigger downward asset revaluations in some sectors, with adverse financial 99 

instability consequences (van der Ploeg, 2020). By contrast, a smooth low-carbon 100 

transition would limit financial instability, with gradually phased-in climate policies, 101 

anchored expectations and progressive technical change. 102 

1.2 The NGFS scenarios 103 

This narrative led the NGFS to propose three types of scenarios (Bertram et al., 104 

2020)
2
, summarised in Fig. 1-1. 105 

 

2
 These scenarios correspond to the NGFS’s 2020 scenario vintage. A new series was published in 2021 

(NGFS, 2021), exploring fragmented policy action and refining previous scenarios. Yet, because this series 

has not yet been used in prospective exercises, I chose to focus on results from the 2020 vintage in the 

body of the article. For results for the 2021 vintage, see Annex A2. 
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Figure 1-1 106 

 107 

Taken from Bertram et al. (2020). Figures indicate  108 

the number of IAMs by which the scenario is generated 109 

Physical risks depend on whether climate targets (1.5°C or 2°C) are achieved. 110 

Scenarios going 2°C were dubbed “Hot House World” and include two variants: a 111 

prolonging of current trends and a scenario in which countries follow their Paris 112 

pledges (NDCs). 113 

Other scenarios suppose the achievement of a climate goal. The extent of transition 114 

risks depends on three elements. Starting the transition late, usually in 2030 instead 115 

of 2020, would require disruptive climate action in the short run. This disruptive 116 

course of events could have adverse financial stability outreaches. Another factor of 117 

transition risks is climate ambition. Targeting a 1.5°C requires changes in the 118 

economy than targeting 2°C. Finally, a greater availability of carbon dioxide removal 119 

(CDR)
3
 technologies decreases transition risks.  120 

 

3
 These technologies include Carbon Capture and Storage (CCS), Direct Air Capture (DAC) or 

afforestation (Giannousakis et al., 2020). Because they allow for negative emissions in the long run, they 

reduce the need for sharp decarbonisation in the short run. 
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The NGFS has produced two broad categories of transition scenarios: “Orderly” 121 

transition scenarios entail an immediate climate action and fulfil at least one of these 122 

two conditions: (i) 2°C target or (ii) high CDR availability. By contrast, “Disorderly” 123 

scenarios feature delayed climate actions or climate-ambitious but technology-124 

constrained scenarios. 125 

These scenarios were simulated by well-established Integrated Assessment Models 126 

(IAMs): MESSAGEix-GLOBIOM (Krey et al., 2016), GCAM (JGCRI, 2019) and 127 

REMIND-MagPIE (Luderer et al., 2015). I summarise Model/scenario 128 

correspondences in Table 1-1. 129 

Table 1-1 Summary of model-scenario correspondences 130 

Model 
Current 

Policies 
NDCs 

2°C – 

High 

CDR 

2°C – 

Low CDR 

1.5°C – 

High 

CDR 

1.5°C – 

Low CDR 

Delayed – 

High 

CDR 

Delayed – 

Low CDR 

GCAM x  x      

MESSAGE x x x x x x x  

REMIND x x x x x x x x 

1.3 Applications of the 2020 vintage: innovations and 131 

limits 132 

This scenario matrix has been used in “climate stress tests” (Allen et al., 2020; ECB, 133 

2021a; Fazekas et al., 2021). These exercises measure the extent of physical and 134 

transition risks along scenarios. Early studies focussed on the real-economy side of 135 

transition risks (Fazekas et al., 2021). More recent works have intended to 136 

systematically link real-economy developments to financial variables, like default 137 

probabilities for companies and changes in asset prices (Daumas, 2021). 138 
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Yet, in these studies, the financial sector is rarely explicitly modelled, with two 139 

consequences. The probability of default and/or asset price losses are not related to 140 

loss metrics for financial institutions
4
. Hence, the impact of financial losses on the 141 

viability of financial institutions is not measured. Besides, the macroeconomic 142 

consequences of the financial sector’s reorganisation around the transition are yet to 143 

be explored (Daumas, 2021). This could take the form of higher interest rates or less 144 

reliable sources of funding for high-carbon companies (Ivanov et al., 2020). It could 145 

harm further their financial viability.  146 

Then, the financial consequences of asset stranding are under-assessed. Most 147 

theoretical models have remained focused on real stranding (Coulomb et al., 2019; 148 

van der Ploeg and Rezai, 2020). Applied studies linking financial and real-economy 149 

models do not explore the consequences of balance sheet losses on financial instability 150 

(Jacquetin, 2021)
5
. Hence the need to go beyond only a shock approach and provide 151 

a dynamic view of transition risks encompassing stranded assets.  152 

Finally, stress tests are based on the idea of applying a “strong but plausible shock”. 153 

However, the structure of traditional economic models may require that these shocks 154 

be “unreasonably large” to detect any meaningful effect (Borio, 2014). This reliance 155 

on large macroeconomic shocks poses identification issues within traditional 156 

modelling frameworks applied to the low-carbon transition (Allen et al., 2020). This 157 

is further problematic because potential disturbances are expected to arise more from 158 

the displacement of carbon-intensive productions than from large, symmetrical, 159 

macroeconomic shocks. Indeed, risks can emerge from structural changes, with some 160 

activities being displaced to the benefit of others, even though macroeconomic effects 161 

are not large. Decarbonisation pathways rarely exhibit high costs for the transition 162 

in terms of GDP  Finally, that the that low-carbon transition should have negative 163 

 

4
 An exception is ECB (ECB, 2021a), which computes loss-given default. However, because they include 

physical damage even in transition scenarios, disentangling the pure transition-risk content of these losses 

is not possible. The authors nonetheless attribute most shocks to physical damage arising in delayed-

action scenarios. 
5
 An exception is Botte et al. (2021), who measure stranding as an asset’s inability to generate enough 

income to cover its financing costs. Asset losses (scrapping, or permanent stranding) are a consequence of 

stranding proper and occur, within their agent-based model once firms go bankrupt. However, they do 

not explore the possibility for write-offs on balance sheets that may fragilize an agent’s financial position. 
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macroeconomic consequences is not given, since investment expenses for the 164 

transition may trigger multiplier effects (Cambridge Econometrics, 2020; Fazekas et 165 

al., 2021).  166 

1.4 A complementary approach 167 

Given these limits, this article proposes a complementary approach to transition 168 

risks. It will develop a structural change Stock-Flow Consistent (SFC) model able to 169 

accommodate NGFS scenarios. 170 

Stock-Flow Consistent models start from a balance-sheet representation of the 171 

economy and are structured around an inventory of financial flows (Godley, 2012; 172 

Nikiforos and Zezza, 2017). They embed the financial system within the economy 173 

(Godley and Lavoie, 2007), allow for financial frictions (Dafermos et al., 2017a) and 174 

adopt a realistic description of credit relationships (Lavoie, 2014). Hence, this 175 

approach has been increasingly considered a viable complementary for the study of 176 

transition risks (NGFS, 2020). For our purpose, it allows for the measure of the effect 177 

of financial sector preparedness and reorganisation on the transition risk content of 178 

decarbonisation pathways.  179 

The model further builds on (post-)Keynesian macroeconomic foundations, which 180 

allow for strong multiplier effects. This allows the transition to have positive 181 

macroeconomic effects. I thus adopt an optimistic view of the transition, which allows 182 

me to focus on the structural change content of transition risks. The model also 183 

includes supply-side constraints in the form of inflationary pressures. I do not 184 

incorporate climate damage, similarly to Allen et al. (2021)
6
, to analytically isolate 185 

transition risks.  186 

The model builds on previous proposals put forward by the literature (Dafermos et 187 

al., 2017a; Jackson, 2019; Monasterolo and Raberto, 2018). Because I focus on large-188 

 

6
 The inclusion of physical damage (ECB, 2021a; Gourdel et al., 2021), albeit relevant, would make it 

difficult to disentangle the net effect of transition risks. In addition, large uncertainties surround damage 

functions (Burke et al., 2015), calling for caution in adopting them. 
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scale structural change, I adopt a sectoral disaggregation inspired by Caiani et al. 189 

(2012) and represent the low-carbon transition as a process through which an 190 

incumbent high-carbon sector must face the emergence of a low-carbon challenger.  191 

Finally, the paper introduces a representation of asset stranding. It will take the form 192 

of asset decommissioning that will harm firms’ financials
7
. Relatedly, I also explicitly 193 

model loan vintages to allow for a more rigorous representation of credit 194 

relationships.  195 

 

7
 This approach differs from the seminal work of Jackson (2019), who considered asset stranding as 

structural underutilisation. I chose to model sheer asset decommissioning to explore more directly balance-

sheet shows and brisk asset devaluation effects. 
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2 The model 196 

This section depicts the general modelling strategy deployed in the model and 197 

provides an overview of key relationships and equations. An exhaustive description 198 

of the model is postponed to Annexes.  199 

2.1 M odelling architecture 200 

The model is at a world scale. It features a non-financial and a financial sector, a 201 

representative household, a government and a central bank. The economy is 202 

structurally operating below full-capacity (Palley, 2021). As usual in SFC 203 

frameworks, output is demand-determined, with the utilisation rate of capital moving 204 

with aggregate demand. Non-financial companies comprise two consumption good 205 

branches and an investment good sector. Financial companies include banks and non-206 

bank financial institutions. Expectations are adaptive or trend-following depending 207 

on the variable. 208 

It aims to depict a transition to a low-carbon economy in which an incumbent, high-209 

carbon ( ) capital stock is progressively replaced by a low-carbon ( ), non-emitting 210 

alternative. These two firms produce the same consumption good with a Leontief 211 

technology. They service a monopolistic-competition market. Prices are a mark-up 212 

on top of labour costs. Markups move with utilisation to figure inflationary pressures 213 

(Godley and Lavoie, 2007; Rowthorn, 1977). Nominal wages are determined based 214 

on expected inflation and output growth, while productivity grows with output. 215 

Investments are funded in three ways: accumulated funds, bank loans, on which firms 216 

pay interest and principal and equity emissions, on which NFCs pay dividends. A 217 

representative Bank ( ) extends loans and perform both price and quantity 218 

rationing. Interest rates rise with observed firms’ leverage, while quantity rationing 219 

increases with firms’ portion of profits dedicated to paying interests and principals. 220 

I also allow for loan vintages to better represent the dynamics of principal repayments 221 

and interest changes. A representative Non-Bank Financial Institution (𝑁𝐵𝐹𝐼) 222 

purchases equities, collects household savings and pays households a financial income 223 

based on collected dividends. Banks and NBFIs also purchase government bonds and 224 

NBFIs hold deposits at banks to make for possible shortfalls. 225 
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The government (𝐺) in this model collects taxes (including a carbon tax), provides 226 

transfers and targets a constant deficit. The central bank (𝐶𝐵) applies a constant 227 

base rate, provides advances to close banks’ balance sheets if needed and buys the 228 

residual of government bonds, if necessary (Lavoie, 2014).  229 

Finally, households (𝐻) collect wages from their labour work and are paid financial 230 

income by NBFIs they possess Units of. Households possess Banks through their own 231 

funds and Investment Good firms and collect the profits of these two sectors. 232 

Households consume and hold three kinds of financial assets: deposits, high-powered 233 

money and NBFI units.  234 

A general picture of the model is given in Figure 2-1. Stock-flow tables show in 235 

Annex. 236 
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Figure 2-1 A Diagrammatic Representation of the Model 237 

 238 
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2.2 Decarbonisation process 239 

Consumption good producers (Incumbents and Challengers) conduct decarbonisation 240 

through two channels. First, in the spirit of Caiani et al. (Caiani et al., 2012), a 241 

newcomer, challenger  sector will emerge and compete with the incumbent ( ) 242 

sector, which possesses the high-carbon capital stock at the start of the transition. 243 

The challenger only invests in low-carbon capital and will snatch market shares from 244 

incumbents. In parallel, the incumbent sector will try to adapt its production process 245 

by retrofitting part of its high-carbon capital stock into a low-carbon alternative
8
. 246 

Both types of firms shape the consumption-good sector which is assumed to bear the 247 

whole decarbonisation effort. Capital goods are bought from an investment good ( ) 248 

sector which, because it does not employ capital, is non-polluting. The pace and 249 

intensity of the transition depend on an exogenous decarbonisation target.  250 

Formally, the model will target a share of low-carbon capital  251 

𝑆𝐿,𝑡 
𝑇  to be achieved at the next model stage to be consistent with the simulated 252 

decarbonisation:  253 

𝑆𝐿𝑡
𝑇 = (1 −

𝐸𝑡+1
𝑥𝐼𝑁𝑡휀

(1 − 𝑆𝐼𝑁𝑡))

𝜁

(1) 254 

With 𝐸𝑡+1 the emissions to be achieved in 𝑡 + 1, 𝑥𝐼𝑁𝑡 real consumption serviced by 255 

the incumbent sector, 휀 the carbon intensity of production, 𝑆𝐼𝑁𝑡 the market share of 256 

incumbents, 휁 < 1 an adjustment parameter to ensure that emissions follow the 257 

targeted path. By contrapose, incumbents determine 𝑆𝐻𝑡
𝑇 = 1 − 𝑆𝐿𝑡

𝑇  the desired share 258 

of high-carbon capital. If there is excess capital, they anticipate an amount of real 259 

stranding corresponding to this excess capital. In a bid to hedge against conversion, 260 

companies will convert a fraction of their capital stock by equating the investment 261 

cost of converting with the expected balance-sheet loss due to stranding. Once 262 

 

8 I assume for simplicity that the high-carbon sector only retrofits its current stock and does not invest in 

a low-carbon alternative. Sensitivity checks with a simple allocation rule for investment showed similar 

results.  
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conversion demand is determined, the Challenger sector invests in the residual 263 

desired low-carbon capital stock to match the target. Figure 2-2 summarises the 264 

decarbonisation process. 265 

The choice of a challenger-incumbent structure to depict decarbonisation is 266 

motivated by the desire to clearly represent that the low-carbon transition will entail 267 

a large-scale transformation of our economies, with important amounts of stranded 268 

assets (Daumas, 2021). This is further justified by the important cross-sectoral 269 

interactions that may exist between high and low emitters (Cahen-Fourot et al., 270 

2021; Godin and Hadji-Lazaro, 2020), which invite to consider a whole high-carbon 271 

production system instead of sole sectors. It finally allows me to picture a losing 272 

sector, which can only adapt to the low-carbon transition at a cost and explicitly 273 

represent winners. 274 

2.3 Asset stranding 275 

The model also features a representation of asset stranding through the 276 

decommissioning of capital vintages. Over the course of the transition, Incumbents 277 

will face excess capital with respect to decarbonisation goals. To avoid large losses 278 

on their balance sheet, they will convert a fraction of this expected excess capital 279 

into low-carbon capital. The residual is sheer stranding, whose nominal value will 280 

represent a shock to incumbents’ balance sheets. 281 
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 282 

Figure 2-2 – The model’s decarbonisation process 283 

 284 

NB: We call “low-carbon” a non-emitting or “zero-carbon” alternative. Although the wording is not exact, it is consistent with the literature. We also keep it for simplicity in comparing high- and low-carbon capital285 
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2.4 Financial instability 286 

The low-carbon transition will negatively affect the incumbent sector in four ways: 287 

- Loss in market shares and proceeds 288 

- Carbon tax 289 

- Higher credit rationing 290 

- Asset stranding will increase leverage and make banks ask for higher interest 291 

rates. 292 

Because it will have to carry out very large investments, the challenger sector may 293 

also face higher credit rationing and interest rates if its leverage and debt service 294 

ratio increase, in a “green bubble” fashion (Nauman, 2021; Semeniuk et al., 2021).  295 

These factors will increase the financial fragility of incumbents and affect in turn 296 

financial institutions in several ways. 297 

First, non-financial companies (NFCs) can default on their loans depending on their 298 

illiquidity, measured through their total cash inflow to total cash outflow ratio based 299 

on an independent probability function taken from Dafermos et al. (2017a): 300 

𝜑𝑁𝑃𝐿ℓ𝑡
=

1

1 + 𝜑0 exp(𝜑1 − 𝜑2휄ℓ𝑡)
(2) 301 

Where 𝑁𝑃𝐿 stands for “non-performing loans” and with 𝜑0, 𝜑1 and 𝜑2 calibrated 302 

parameters. 휄ℓ𝑡 is a measure of consumption firms’ illiquidity (ℓ ∈ {𝐼𝑁, 𝐶𝐻}), 303 

computed as the ratio of all financial outflows (wages, dividends, interests, taxes…) 304 

to financial inflows (proceeds, loans, equity funding). Based on this equation, an 305 

increase in financial outflows (like a carbon tax) or a decrease in inflows (lower 306 

proceeds, credit rationing) will result in higher default probabilities.  307 

An increase in 𝜑𝑁𝑃𝐿ℓ𝑡
will increase the amount of non-performing loans in the 308 

economy, which will be a hit to banks’ own funds. This in turn affects the financial 309 

viability of banks, measured by their capital adequacy ratio, i.e., the ratio of their 310 

own funds to their loan exposure. Banks can alleviate the shock by modulating their 311 

purchases of government bonds. 312 
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Finally, NBFIs are affected through diminished dividends from incumbents, which 313 

may force them to dissave from their deposits to pay the financial income due to 314 

households. Because the demand for incumbent equity will diminish with the sector’s 315 

market share, capital losses can arise. NBFIs absorb such losses with deposits. Figure 316 

2-3 summarises these channels.317 
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Figure 2-3 – Paths to financial instability within the model 318 

319 
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3  Calibration and scenarios 320 

3.1 General calibration method 321 

The model was first calibrated by ensuring equality between supply and demand 322 

under various constraints at a “year zero”, assuming a 2% expected growth for output. 323 

Solving was performed with Excel’s non-linear generalised reduced gradient 324 

algorithm, with corporate markups as solving variables. To allow the model to reach 325 

a steady state, this “year zero” is calibrated to target 2019 values for key variables 326 

after around twenty simulation periods (including year zero). Targeted variables 327 

include nominal world GDP, the nominal value of the capital stock, the wage share, 328 

labour intensities and inflation rates. Because the model has its own monetary unit 329 

and price indices, no real variable was targeted. Also, given my simplified 330 

representation of the financial sector and the lack of consistent data at a world level, 331 

the values of financial stocks (loans, deposits) were calibrated based on key ratios 332 

(e.g., leverage) and applied to ensure stock-flow consistency. The model is labelled 333 

in tens of billion US$. Calibration was realised by disregarding the Covid crisis to 334 

stick closest to decarbonisation pathways. 335 

3.2 Targeted endogenous variables 336 

The value of the target nominal world GDP and target inflation are drawn from the 337 

World Bank database (2022). The nominal value of the capital stock, the wage share 338 

and labour intensities are drawn from the World Input-Output Database (Timmer 339 

et al., 2015). Because it is assumed that the capital stock at the start of the transition 340 

is polluting, it is attributed in full to the incumbent sector. Labour intensity is 341 

supposed to be higher for conversion to represent the fact that retrofitting is costly. 342 

Table A3-1 summarises key targeted endogenous variables and the starting value 343 

yielded after twenty simulation periods. All are satisfactorily in line with actual 344 

values. An exception is default propensities, which are underestimated. I keep this 345 

calibration to avoid too high default propensities in baseline scenarios (see Section 346 

4).  347 
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3.3 Parameters 348 

Data on capital intensities, the capital stock, productivities, wage rates and income 349 

shares at the world level were drawn from the World Input-Output Database, 350 

(Timmer et al., 2015). The target utilization rate was drawn from Botte’s (2017) 351 

estimate of the normal utilization rate in the U.S. The Kaldor-Verdoorn effect was 352 

calibrated based on Dafermos et al. (2017). Payout ratios were derived from an 353 

average at the world level (McCrum, 2018), while leverage ratios were taken from 354 

Graham et al. (2014) and Ferrari et al. (2018). Data on the maturity of industrial 355 

and commercial loans were drawn from the World Bank (2022). The starting-point 356 

CAR (18%) corresponds to the unweighted CAR of EU banks (ECB, 2020). 357 

Coefficients on default probability equations were set to allow for a 2-3% default 358 

probability throughout the baseline run, which corresponds to a weighted average 359 

over national default over gross debt drawn from the World Bank (2022). Absent 360 

data on credit rationing practices, I set coefficients to allow for 2% credit rationing 361 

over the baseline run. Interest rates were calibrated to match a weighted average of 362 

rates for commercial loans given by the World Bank (2022). Coefficients ruling 363 

demand for high-powered money and government bonds on deposits were calibrated 364 

instrumentally. Banks’ payout ratio was set conservatively at 40%, which is roughly 365 

the lower bound for payout ratios within the European Union between 2000 and 2020 366 

(Muñoz, 2020). For NBFIs, Tobin coefficients were calibrated instrumentally by 367 

respecting verticality and horizontality conditions (Godley and Lavoie, 2007). The 368 

proportion of reinvested deposits and the dividend payout ratio were chosen to ensure 369 

sufficient nominal demand for securities. 370 

The consumption function was calibrated to yield a growth rate of around 2% after 371 

twenty iterations, within the lines of central IPCC hypotheses (Riahi et al., 2017).  372 

The normal government deficit was taken from World Bank (2022). Tax rates were 373 

calibrated by applying the world-average corporate (Bray, 2021) and personal income 374 

(Global Economy, 2020) tax rates. Subsidies and transfers amount, at a world scale, 375 

to 43% of total government expenses, which themselves amount to 23% of GDP 376 

(World Bank, 2022). As a result, transfers amount to a rough 10% of world GDP. 377 

Since no data were available on the dispatch between firms and households, I 378 

allocated half to firms and half to households. I assume that investment good firms 379 
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do not receive subsidies, while incumbents and challengers receive subsidies based on 380 

their market share. 381 

Finally, parameters on the nominal wage-setting equation and in the law of motions 382 

ruling mark-ups were calibrated to reach an inflation rate close to 2% in 2020. Table 383 

A3-2 summarises parameter values. 384 

3.4 Scenario implementation 385 

3.4.1 The NGFS scenarios 386 

I detail here the various narratives and scenarios used by the NGFS, that were 387 

expounded in Section 1.  388 

- “Hot House World” scenarios, which feature insufficient transition efforts, are of 389 

two kinds: 390 

o “Nationally Determined Contributions” (NDCs) scenarios suppose that 391 

Nation-States abide by their NDCs. 392 

o “Current Policy” scenarios, which are long-run projections of current 393 

policy and technological trends. They lead to higher emissions than 394 

NDCs. 395 

- “Orderly” scenarios depict a world in which climate policy is introduced early 396 

and smoothly and/or with high technological availability. These scenarios include 397 

2°C-consistent scenarios with greater or lesser carbon dioxide removal (CDR) 398 

availability and a 1.5°C scenario with high CDR availability. 399 

-  “Disorderly” scenarios are of two kinds: 400 

o Delayed-action scenarios feature late and sudden policies. The 401 

adjustment occurs in 2030. Two delayed-action scenarios were designed, 402 

with either low or high CDR availability. Delayed-action scenarios also 403 

suppose that Nation-States follow their NDCs between 2020 and 2030. 404 

o Disorderly scenarios also include a climate-ambitious, 1.5°C scenario 405 

with low CDR availability. 406 

I expand this scenario portfolio by running “Disruptive Action” scenarios in which 407 

sharp climate policies are introduced from the “Current Policy” scenario. This is 408 

meant to simulate a “worst-case” transition risk scenario. Further, assuming that 409 

countries will abide by their NDCs between 2020 and 2030 seems misplaced given 410 

the slow progress in decarbonisation at the world level. It is also a way to 411 
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operationalise my choice of the “Current Policy” scenario as a baseline (see below) 412 

for delayed-action scenarios.  413 

To build it, I assume that the carbon price and emission trajectories follow those of 414 

the “Current Policy” scenario up to 2030. Then, I make the model target the 415 

decarbonisation pathway of the NGFS’s Delayed-Action scenario diminished 416 

uniformly by 20% to approximate a more intense decarbonisation effort while 417 

applying a 20% higher carbon price schedule. Table 3-1 summarises all scenarios and 418 

Figure 3-1 offers a visualisation of carbon price paths and decarbonisation schedules. 419 

Table 3-1 Scenario Summary and Reference IAM s 420 

Scenario Simulated by Description 

Current policy 
GCAM, MESSAGE, 

REMIND 

Scenario prolonging current trends in 

policy and technological development 

Nationally Determined 

Contributions 
MESSAGE, REMIND 

Scenario assuming that NDCs are 

respected 

2°C–Early Action–High 

CDR 

GCAM, MESSAGE, 

REMIND 

 

2°C–Early Action– Low 

CDR 
MESSAGE, REMIND 

1.5°C–Early Action– High 

CDR 
MESSAGE, REMIND 

1.5°C–Early Action–Low 

CDR 
MESSAGE, REMIND 

2°C–Delayed Action–High 

CDR 
MESSAGE, REMIND 

Brisk shift in climate policy in 2030, 

from NDC 2°C–Delayed Action–Low 

CDR 
REMIND 

2°C Target–Disruptive 

Action–High CDR 

MESSAGE, REMIND 

(Homemade variant) Brisk shift in climate policy in 

2030, from Current Policies 2°C Target–Disruptive 

Action–Low CDR 

REMIND 

(Homemade variant) 

3.4.2 Baseline Scenario 421 

Most NGFS-based exercises consider either NDCs or “orderly” scenarios (Allen et al., 422 

2020) references. Yet, Nation-States are lagging in implementing their NDCs (UNEP, 423 

2021). Also, if choosing an “orderly” scenario for a baseline is useful in contrasting 424 
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orderly and disorderly transitions, it does not allow to assess the potentially 425 

disruptive   effects of “orderly” transitions.  426 
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Figure 3-1 Emission schedules and carbon price paths across NGFS scenarios 427 

428 
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As a result, I chose the “Current Policy” scenario as my baseline. 429 

3.4.3 M odel-specific variants and model uncertainty  430 

I simulate all model-scenario pairs. IAMs differ in terms of functional forms and 431 

modelling strategies. This can drive differences in decarbonisation pace, technological 432 

penetration and carbon price schedules for the same scenario and beg to explore 433 

“model uncertainty” (Kriegler et al., 2015) in studying transition risks.  434 

3.4.4 Scenario translation 435 

IAMs are large-scale tools with a very granular depiction of decarbonisation outcomes 436 

and a rich array of outcomes. This model adopts a simpler representation of climate 437 

mitigation. Hence, to reproduce NGFS scenarios, I reduce them to an emission 438 

schedule and a carbon price path. For each scenario, the model is forced to target an 439 

exogenous emission schedule through slower or faster low-carbon technology 440 

penetration (see Section 2). To mimic climate policy, a carbon tax schedule is 441 

imposed upon firms in parallel. Because the IAMs mobilised by the NGFS typically 442 

display their results with a timestep of five to ten years, while my model’s timestep 443 

is yearly, I generate yearly emission and carbon price path through order-2 444 

polynomial interpolation
9
. Finally, the emission intensity 휀 is calibrated by dividing 445 

the 2020 emissions given by the scenario under consideration by total real output.  446 

This model does not incorporate carbon dioxide removal (CDR) technologies, while 447 

all scenarios imply net negative emissions. However, in most scenarios, net negative 448 

emissions appear only after 2050, outside the period concentrating most transition 449 

risks. Therefore, I assume that low-carbon technology penetration includes implicitly 450 

negative emission technologies and set post-2050 net negative emissions to zero in 451 

the schedule targeted by the model. The lack of CDR technologies is encapsulated in 452 

steeper carbon price and decarbonisation schedules. 453 

 

9 Robustness checks were run with simple linear interpolation and results did not change. 
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3.4.5 M acroeconomic assumptions 454 

The model is further calibrated to match some macroeconomic assumptions. On GDP 455 

growth, I follow the NGFS scenarios (Bertram et al., 2020), which are calibrated on 456 

the assumptions of the second, “Middle-of-the-Road”, Shared Socioeconomic pathway 457 

(Riahi et al., 2017). This entails targeting a 2% growth rate baseline. For indicators 458 

usually not displayed by IAMs but present in my model, like inflation, I keep the 459 

macroeconomic assumptions used to calibrate the model at year zero (see Table A4-460 

1).  461 
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4 Results 462 

Scenarios are run over a 2020-2100 period. To stick to the literature, I focus on the 463 

2020-2050 period, which will likely concentrate transition risks (ECB, 2021b).  464 

4.1 Outcomes of interests 465 

I consider four outcomes of interest related to financial instability (Table 1). I focus 466 

on “sunset” industries, represented by the incumbent sector. 467 

Table 4-1 Description of outcomes of interests 468 

Default probability and equity prices are usual metrics in NGFS-based exercises 469 

(Allen et al., 2020; ECB, 2021a). Default probabilities show how much banks could 470 

be fragilized along a transition path, while equity price measure the extent of asset 471 

losses on stock exchanges. These variables measure realisations of transition risks, 472 

respectively of credit and market risks. 473 

Outcome Description Variable (Symbol) 

Default probability of 

Incumbent firms – Index, 

Base 100 in 2020 

Default probability increasing with 

sector’s illiquidity 
100( ) 

Equity prices – Incumbent 

– Index, Base 100 in 2020 

Ratio of nominal demand for equity to 

the real number of securities 
 

Capital Adequacy Ratio 
Ratio of own funds to loan exposure 

(Unweighted) 
𝑡 

Year-to-year change in 

NBFI deposits 

Measure of the shock to the buffer stock 

for NBFI  
100 (

𝐷𝑁𝐵𝐹𝐼𝑡−1
𝐷𝑁𝐵𝐹𝐼𝑡−1

) 
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Once these realisations measured, remains to gauge their actual effect on financial 474 

institutions’ financial health. The capital adequacy ratio measures the actual 475 

vulnerability of banks to transition shocks, while changes to NBFI deposits measure 476 

that of NBFIs. Indeed, NBFI a decrease in NBFI deposits will denote capital losses 477 

(see Annex 5 for a demonstration). 478 

Results are presented as follows. I first present metrics showing the realisation of 479 

transition risks. I then move on to examine variables measuring how banks and 480 

institutions bear the losses associated with the first two variables. To draw a 481 

systematic link between the decarbonisation effort implied by each model and 482 

financial instability, Figures will be composed of decarbonisation schedules with 483 

colour shades corresponding to the value of the variable of interest.  484 
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4.2 Realisations of transition risks 485 

Starting with incumbents’ default probability, results are displayed on Figure 4-1, 486 

Panel (a).  487 

Default probability in baseline and NDC scenarios stay around starting values of 488 

2.5%. The slight increase over NDC scenarios in the short run compared to baseline 489 

arises from the greater decarbonisation effort in the NDC scenario. Default 490 

probabilities increase in all early-action scenarios. In the case of REMIND, they 491 

increase with scenario stringency. However, MESSAGE exhibit roughly equivalent 492 

default propensities across scenarios. This is because MESSAGE’s decarbonisation 493 

schedules are highly similar in the short run
10

 across scenarios. 494 

REMIND shows slightly lower default propensities relative to MESSAGE and 495 

GCAM. This feature is due to the steeper decarbonisation schedule of these two 496 

models in the short run. The bulk of the effect seems to be driven by technical change. 497 

REMIND tends to yield the highest carbon prices of the model sample. Thus, if 498 

carbon prices were mainly responsible for default probabilities, one would expect 499 

higher default propensities for REMIND-generated trajectories, while it is not what 500 

it is observed. 501 

In 2°C scenarios, the wave of defaults dies down in the longer run, while default 502 

surges emerge in the medium to long run in 1.5°C scenarios. These spikes can be 503 

attributed to credit rationing and interest hikes episodes, which are concomitant with 504 

asset stranding. The fact that for REMIND, stranding schedules are steeper and 505 

decarbonisation efforts more stringent in the medium run, leads to brisk increases in 506 

default propensities earlier than for MESSAGE. These spikes can also be imputed to 507 

higher carbon price schedules in the longer run, which may push incumbents’ 508 

illiquidity ratios higher than in other trajectories. 509 

 

10
 This feature may be due to our interpolation procedure. Results should therefore be considered 

cautiously. Significant differences in terms of decarbonisation schedule shapes across IAMs for the same 

scenario is nonetheless a well-established result of the model intercomparison literature. 
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Delayed-action scenarios also show high default propensities in the short to medium 510 

run after the implementation of climate policy. For MESSAGE, default propensities 511 

are lower than in all early-action scenarios and span over a slightly longer period. 512 

For REMIND, “Disruptive” scenarios show steep increases in default propensities, 513 

which reach higher levels than in the 2°C-Early Action-High CDR scenario and lower 514 

than in the 1.5°C-Early Action-Low CDR. Higher default propensities also last 515 

longer. Plain “Delayed” scenarios, by contrast, exhibit default propensities in line 516 

with and sometimes lower than, some orderly scenarios. These results are consistent 517 

with ECB (2021a) for Europe. Here, they are attributable to multiplier effects and 518 

to low-carbon capital penetration and capital conversion in NDC scenarios. Because 519 

incumbents convert their capital stock before belated climate policy, they can absorb 520 

policy shocks. Plus, higher growth due to the necessarily rapid penetration of low-521 

carbon capital results in higher proceeds. This allows firms to grow away from 522 

financial difficulties. By contrast, “Disruptive” scenarios feature no or lesser 523 

conversion and do not allow incumbents to bear at least part of the shock, resulting 524 

in higher default. Inflationary pressures are also higher in “Disruptive” scenarios. This 525 

weighs on aggregate demand and counterbalances the multiplier effects of low-carbon 526 

investment. 527 

Results on incumbent equity price are displayed on Figure 4-1, Panel (b). Compared 528 

to baseline, NDC scenarios feature slowdowns in incumbent equity price growth, but 529 

no decrease.  530 

In early-action scenarios, the extent and speed of asset price decreases depend on the 531 

stringency of the scenario. The Early Action-1.5°C-Low CDR scenario shows the 532 

sharpest drop and the Early Action-2°C-High CDR the least steep diminutions. Price 533 

trajectories follow closely that of decarbonisation schedules.534 
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Figure 4-1 Transition Risk Realisations 535 

 536 
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No orderly, early-action scenario features very sharp drops in asset prices, with prices 537 

remaining almost throughout at around 80% of their 2020 value. It suggests that 538 

early-action scenarios exhibit “erosion risks” in the marketplace (Giese et al., 2021), 539 

as the incumbent sector loses market shares, which may be sufficiently progressive 540 

to avoid significant disruptions. Finally, REMIND shows sharper losses for very 541 

stringent scenarios than MESSAGE.  542 

Delayed-action scenarios, by contrast, show sharper asset price drops, with shocks 543 

amounting to 30-40 basis points over two to three years. It is due first to the sudden 544 

decrease in dividends from incumbents and to the rapid development of the 545 

challenger sector, which diverts savings from the purchase of incumbent equity. This 546 

is mostly the case for REMIND-generated scenarios, equity prices for MESSAGE 547 

scenarios following more concave paths. 548 

4.3 Financial institutions’ vulnerability to transition risk 549 

realisation 550 

How does this translate into vulnerability for financial institutions? Starting with 551 

banks, I display results for the evolution of their Capital Adequacy Ratio (CAR) in 552 

Figure 4-2, Panel (a). 553 

Decreases in CAR appear because retained earnings are not enough to cover both 554 

additional non-performing loans and additional loan exposures. Decreases in CAR 555 

are confined to the short run (maximum five years after the introduction of climate 556 

policy). They are also limited, with a maximum three-point decrease in the Early 557 

Action-1.5°C-Low CDR scenario for REMIND.558 
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Figure 4-2 Impact on Financial Companies 559 

 560 
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Climate-ambitious and technically constrained scenarios exhibit larger shocks 561 

because banks’ total exposures increase (due to the development of the Challenger 562 

sector) and because of higher absolute NPLs (due to the shrinking of the Incumbent 563 

Sector).
11

  564 

Also, banks seem able to navigate “Plain delayed-action” scenarios, with no or small 565 

decreases in CAR. This feature is due to the low increase in default propensities in 566 

Plain Delayed-action scenarios (see above), but also to the relative diversification of 567 

banks’ portfolio loans before the introduction of climate policy. Current Policy and 568 

NDC scenarios feature a progressive development of the challenger sector, which is 569 

another source of profits for banks. In NDCs, the incumbent also converts part of its 570 

capital stock and limits its exposure to policy shocks. The rapid development of the 571 

challenger necessary to meet climate targets allows also banks to mitigate their 572 

exposures and reap more profits. By contrast, “Disruptive Delayed-action” scenarios 573 

exhibit sizeable shocks to CAR only for REMIND-generated pathways. 574 

CARs show important cross-model variation. In GCAM, even a smooth transition 575 

yields high CAR shocks, while MESSAGE exhibits higher losses for “orderly” 576 

transitions and lesser risks for the early-action disorderly scenario. MESSAGE also 577 

exhibit lower CAR shocks in its low CDR scenario. These divergences follow the 578 

differences in decarbonisation schedules.  579 

Regarding NBFIs, results are displayed in Figure 4-2, Panel (b).580 

NBFIs seem more vulnerable than banks in facing transition risks, with deposits 581 

being reduced by down to 10% over the course of the transition. Disorderly scenarios 582 

show much steeper decreases in NBFI liquidity, especially for high climate targets, 583 

or technologically constrained scenarios. They are also much more long-lived. Finally, 584 

some orderly scenarios feature very sluggish NBFI deposit growth by the mid-2030, 585 

suggesting that residual transition risks may emerge in the medium run. 586 

 

11
 These results are not driven by the fact that the challenger emerges from a zero market share in early-

action scenarios. Robustness checks were run allowing for a 2%-market share for the challenger sector – 

to avoid a high growth in loan-taking from the challenger – and results did not change. 
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This decrease in NBFIs’ deposit-to-asset ratio is due to the fall in the incumbents’ 587 

equity price. It is also because challengers aim to keep their equity price constant, 588 

which precludes capital gains. However, NBFI deposits recover in the long run except 589 

for the Early Action-2°C-High CDR projection. This is due to the recovery of high-590 

carbon equity prices and the increase in challenger equity prices at the end of the 591 

transition.  592 

5 Discussion and conclusions 593 

The model’s findings can be summarised along three lines. 594 

Quantitatively, the model yields limited credit transition risks, except for stringent 595 

scenarios. Market risks, on the other hand, seem more sizeable. 596 

Qualitatively, credit transition risks seemed to matter more in early-action scenarios 597 

but appeared quite marginal in delayed-action scenarios. This highlights the 598 

importance of modelling banks’ adaptation to the transition. Market risks are more 599 

important in delayed-action scenarios. Finally, the main determinant of transition 600 

risks seems to be primarily technological availability. 601 

Methodologically, the transition risk content of a scenario depends on the model used 602 

to generate the scenario. Different IAMs show distinct decarbonisation paces in the 603 

short and long run for the same scenario. Hence, it seems crucial to compare different 604 

model results to fully map the uncertainty associated with transition risks. For 605 

instance, I only managed to broadly reproduce the distinction for REMIND-606 

generated scenarios. In that case, delayed-action scenarios did not mandatorily result 607 

in higher credit transition risks than early-action scenarios. This can be attributed 608 

to my macroeconomic assumptions allowing for slack and multiplier effects and to 609 

my modelling of an aggregated banking sector. Further, GCAM and MESSAGE show 610 

distinct decarbonisation schedules and carbon price hypotheses. Hence, the dynamics 611 

of transition risks drifted from the orderly/disorderly distinction. This calls for 612 

caution in generalising a dichotomy that may hold only for a certain population of 613 

IAMs. 614 
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This study also examined how transition shocks propagate to the financial sector and 615 

showed that sizeable transition risk realisations need not come with important shocks 616 

to financial institutions.  617 

Finally, accounting for the balance sheet effects of stranded assets and asset 618 

decommissioning seems important in fully grasping financial disturbances arising 619 

from sunset industries. 620 

This model is built around a series of simplifying assumptions that could drive these 621 

results to a certain extent.  622 

This general transition risk picture is conservative due to the positive macroeconomic 623 

effects exhibited by the model. Compared to similar models, assumptions of slack, no 624 

capacity constraint in the investment sector, constant returns to scale and a positive 625 

relationship between growth and productivity significantly lower the private costs of 626 

the low-carbon transition. Capital conversion is particularly easy due to the absence 627 

of increasing costs, which allows incumbent firms to diversify their production process 628 

more easily than could be expected.  629 

Also, leverage from within the financial sector is not modelled, while credit between 630 

financial institutions represents today the greater share of banks’ exposures (Finance 631 

Watch, 2019). Introducing these dimensions would likely exacerbate instability 632 

potentials (Battiston et al., 2017; Stolbova et al., 2018). 633 

The model seems also particularly optimistic regarding the development of the 634 

challenger sector, which does not entail financial disturbances or “green bubble” 635 

dynamics. This could be due to my assumption of symmetric risk default propensity, 636 

while newcomers may carry greater intrinsic risk. Conversely, a shrinking sector could 637 

be growingly sensitive to illiquidity and carry more risk as its market share decreases. 638 

Further, as is usual with post-Keynesian SFC models, expectations are backward-639 

looking. Such structures mechanically restrict the hedging behaviour of agents, which 640 

may not diversify their activities sufficiently to avoid the carbon tax. For instance, 641 

that firms incur high losses in non-stringent scenarios could be because they do not 642 

smooth their carbon tax bill over time. Relatedly, like in most SFC frameworks, the 643 

model lacks a meaningful asset pricing theory. Asset prices are defined passively as 644 

the ratio between nominal demand for equity and the real amount of outstanding 645 
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equity, with only a very loose relationship to firms’ financials and especially no 646 

forward-looking pricing process. 647 

Also, the model’s financial sector is short-sighted and only reacts to developments in 648 

the real economy, while capital reallocation could occur autonomously based on 649 

decarbonisation expectations (Battiston et al., 2020).  650 

Further, because the model only features aggregated banking and NBFI sectors, it 651 

implicitly assumes that all agents populating these aggregates are equally exposed to 652 

transition risks and that they move their exposures harmoniously. This could explain 653 

the relative innocuity of delayed-action scenarios, with banks all reshuffling their 654 

portfolios harmoniously at the same time. Yet, the literature documents a very 655 

skewed distribution of exposures, with some large players concentrating the largest 656 

vulnerabilities,(Baer, 2020; Battiston et al., 2017). This calls for a more disaggregated 657 

picture, which could be done by applying an agent-based framework to our financial 658 

system. 659 

Also, the way the model figures decarbonisation is crude, with a readily available 660 

non-polluting capital, which amounts to a silver bullet. Diversifying portfolios or 661 

come up as a fully decarbonised sector is easier. This also drives the growth effects 662 

of the model: because a readily viable alternative is available, decarbonising through 663 

production curtailments is useless. This may overestimate multipliers. 664 

Finally, the model in its current shape is not meant to explore particular policies 665 

(Monasterolo and Raberto, 2019) or the effect of various assumptions on investor 666 

expectations (Dunz et al., 2021). My work comes closest to a recent SFC proposal 667 

by Gourdel et al. (2021). I nonetheless adopt a simpler modelling proposal and focus 668 

exclusively on transition risks, while Gourdel et al. (2021) include damage from 669 

climate change (physical risks). Further, the authors leave actual emissions free, 670 

leading to small decarbonisation efforts (around 20% decrease by 2050 for Europe). 671 

This model, by contrast, intends to quantify what it would take to abide by a 672 

decarbonisation schedule. To the extent that such decarbonisation pathways are 673 

“optimal” in the sense of flowing from the optimisation programme of various IAMs, 674 

the model is meant to adopt a normative rather than positive view of transition risks. 675 
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Yet, although further model refinements are needed, this framework is easy enough 676 

to modulate and accommodate different carbon price paths while linking them to 677 

emission targets. Hence, it could be a simple tool to explore a broad array of scenarios 678 

generated by a large set of models and compare outcomes linked to financial 679 

instability. Applications of robust decision-making or scenario discovery methods 680 

(Lempert, 2019) could represent sound applications of this framework. This may help 681 

complement traditional scenarios with a financial-instability view. 682 

My results also have policy implications. They first suggest that mitigating market 683 

risks is a priority compared to credit risks, which have received more attention within 684 

the literature (Basel Committee, 2021). They also call for caution in labelling ex-ante 685 

“orderly” or “disorderly” a possible transition path. As the model showed, carbon price 686 

assumptions and the timing of decarbonisation can change significantly financial 687 

instability prospects. At the very least, a much better metric to assess the 688 

“orderliness” of a transition scenario would be to consider its short-run 689 

decarbonisation targets, which can be very demanding even in early-action scenarios 690 

targeting “only” a carbon budget consistent with a 2°C warming.  Another 691 

methodological takeaway is that focusing on default propensities and asset prices 692 

may not be helpful, in that it may not reflect the actual shock suffered by financial 693 

institutions. Finally, given the significant difference between scenarios assuming high 694 

and low CDR availability and in view of the uncertainties surrounding these 695 

technologies, regulators should take seriously the issue of technological risks for the 696 

transition. 697 

  698 
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Annexes 912 

A1. M odel Description 913 

A1.1 Non-financial sectors 914 

A1.1.1. Production and employment 915 

Consumption-good firms supplies a homogenous consumption good  with a Leontief 916 

technology: 917 

𝑥ℓ𝑡
𝑠 = min(휆ℓ𝑡𝑁ℓ𝑡 , 휅ℓ𝜔ℓ𝑡) (𝐴1) 918 

With ,  the time index and where  and  are respectively 919 

employed labour and total capital stock in sector .  and  are respectively the 920 

labour and capital intensity in sector . Because the incumbent sector possesses both 921 

high- and low-carbon capital, we have: 922 

휅𝐼𝑁 = 휅
𝐻𝑆𝐼𝑁𝑡

𝐻 + 휅𝐿(1 − 𝑆𝐼𝑁𝑡
𝐻 ) (𝐴2) 923 

Where ,  denotes the capital intensity for high- and low-carbon 924 

capital, respectively and  the share of high-carbon capital in the total of the 925 

incumbent sector. Because the challenger sector only invests in low-carbon capital, 926 

. I assume that capital intensities are the same for both types of capital, 927 

such that . Capital intensities are held constant. 928 

To best represent the dynamics of asset stranding, I allow for capital vintages. The 929 

high or low-carbon capital stock of both sectors can be represented as a vector  930 

of capital vintages: 931 

𝑏ℓ𝑡
𝑗
=

(

 
 

(1 − 𝛿𝑗)𝑡𝑘ℓ0
𝑗

(1 − 𝛿𝑗)(𝑡−1)𝑘ℓ1
𝑗

…

𝑘ℓ𝑡
𝑗

)

 
 

(𝐴3) 932 

 933 
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Where ,  is the natural depreciation rate of capital, which is supposed 934 

to be the same for both high- and low-carbon capital.  935 

It is assumed that capital stocks only differ by their time of installation and 936 

therefore have the same productivity . As a result, we can sum to obtain the 937 

total real -type capital stock for sector : 938 

𝜔ℓ
𝑗
=∑((1 − 𝛿𝑗) )𝑡−𝑛𝑘ℓ𝑛

𝑗

𝑡

𝑛=0

(𝐴4) 939 

For the incumbent sector, total real capital stock  is given by 𝜔𝐼𝑁
𝐻
𝑡
+𝜔𝐼𝑁

𝐿
𝑡
 and 940 

𝜔𝐶𝐻𝑡 = 𝜔𝐶𝐻
𝐿
𝑡
. 941 

The valuation of capital good is made at historical costs, i.e., at their purchase 942 

price: 943 

𝐵ℓ𝑡
𝑗
=

(

 
 

(1 − 𝛿𝑗)𝑡𝑘ℓ0
𝑗
𝑝0
𝑗

(1 − 𝛿𝑗)(𝑡−1)𝑘ℓ1
𝑗
𝑝1
𝑗

…

𝑝𝑡
𝑗
𝑘ℓ𝑡
𝑗

)

 
 

(𝐴5) 944 

With  the purchase price of the -type of capital good. By summing, we obtain 945 

the total value of the -type capital stock for sector : 946 

Ωℓ
𝑗
=∑(1 − 𝛿𝑗)𝑡−𝑛𝑘ℓ𝑛

𝑡

𝑛=0

𝑝𝑛
𝑗 (𝐴6) 947 

Like in Monasterolo et al. (2018), the investment good sector only employs labour. 948 

It also uses a Leontief technology and produces two kinds of investment goods ,949 

 950 

𝑖𝑡
𝑗𝑠
= 휆𝐼𝐺

𝑗

𝑡
𝑁𝐼𝐺𝑖
𝑗 (𝐴7) 951 

With  and  respectively the labour intensity in producing the -type of 952 

capital and the number of people employed. The investment good sector also 953 

provides a capital conversion service (from high- to low-carbon)  for the 954 

incumbent sector, which also employs labour: 955 
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𝑜𝑡
𝑠 = 휆𝐼𝐺

𝑜
𝑡
𝑁𝐼𝐺ℓ
𝑜 (𝐴8) 956 

With notations like the above. 957 

In all sectors, output is demand-determined, and inventories are assumed away such 958 

that market always clear. capital is plentiful and structurally underutilised, with the 959 

utilisation rate of capital 
12

defined as: 960 

𝑢ℓ𝑡 =
𝑥ℓ𝑡
𝑑

휅ℓ𝜔ℓ𝑡
(𝐴9) 961 

Where  denotes demand and 𝑥ℓ𝑡
𝑠 = 𝑥ℓ

𝑑 ∀𝑖, 𝑡.  962 

Output is dispatched across sectors based on their share of capital in total: 963 

𝑥𝐶𝐻𝑡
𝑑 = 𝑥𝑡

𝑑
𝜔𝐶𝐻𝑡

𝜔𝐼𝑁𝑡 +𝜔𝐶𝐻𝑡
= 𝑥𝑡

𝑑𝑆𝐶𝐻𝑡 (𝐴10) 964 

𝑥𝐼𝑁𝑡
𝑑 = 𝑥𝑡

𝑑(1 − 𝑆𝐶𝐻𝑡) (𝐴11) 965 

Where  is total demand for the consumption good, determined as the sum of real 966 

household and government consumption: 967 

𝑥𝑡
𝑑 = 𝑐𝑡 + 𝑔𝑡  968 

Nominal values are determined by multiplying real value by their price. I assume 969 

that the consumption good is sold at the same price  regardless of the producer: 970 

𝑋𝐼𝑁𝑡 = 𝑥𝐼𝑁𝑡𝑝𝑥𝑡 (𝐴12) 971 

𝑋𝐶𝐻𝑡 = 𝑥𝐶𝐻𝑡𝑝𝑥𝑡 (𝐴13) 972 

 

12
 If utilization in one sector reaches one, its assumed that all existing residual 

demand is addressed to the other sector. The model is further calibrated to avoid 

that any of the utilization rates goes above 1.  
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I finally define  the aggregate sectoral utilisation rate, with  denoting the whole 973 

consumption good sector: 974 

𝑢𝑥𝑡 =
𝑥𝑡
𝑑

휅𝐼𝑁𝜔𝐼𝑁𝑡 + 휅𝐶𝐻𝜔𝐶𝐻𝑡
(𝐴14) 975 

For the incumbent sector, I assume that output demand is allocated between high- 976 

and low-carbon capital such that the utilization rate is equal across the two kinds of 977 

capital.  978 

Since there is no intermediate consumption, nominal value-added is defined as: 979 

𝑉𝐴𝐼𝑁𝑡 = 𝑋𝐼𝑁𝑡 (𝐴15) 980 

𝑉𝐴𝐶𝐻𝑡 = 𝑋𝐿𝐶𝑡 (𝐴16) 981 

And real value added is defined by deflating nominal value added by the 982 

corresponding price, namely: 983 

𝑣𝑎𝐼𝑁𝑡 = 𝑥𝐼𝑁𝑡 (𝐴17) 984 

𝑣𝑎𝐶𝐻𝑡 = 𝑥𝐶𝐻𝑡 (𝐴18) 985 

I assume that government and households are served equally by both sectors. 986 

Labour in the consumption good sector is determined as follows: 987 

𝑁ℓ𝑡 =
𝑥ℓ𝑡
𝑑

휆ℓ𝑡
(𝐴19) 988 

It is determined in the same way in the investment good sector 989 

𝑁𝐼𝐺𝑡
𝑗
=
𝑖ℓ
𝑗𝑑

휆𝐼𝐺
𝑗

𝑡

(𝐴20) 990 

𝑁𝐼𝐺𝑡
𝑜 =

𝑜𝑡
𝑑

휆𝐼𝐺
𝑜
𝑡

(𝐴21) 991 

Labour productivities for different activities are calibrated at the starting point. It is 992 

assumed that they are the same for consumption good sectors, such that 휆𝐶𝐻𝑡 =993 

휆𝐼𝑁𝑡 . They are all assumed to grow with total real value-added growth: 994 
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 995 

휆𝑥𝑡 = 휆𝑥𝑡−1(1 + 휈𝜆𝑔𝑣𝑎𝑡−1) , ∀𝑡 (𝐴22) 996 

휆𝐼𝐺𝑡
𝑗
= 휆𝐼𝐺𝑡−1

𝑗
(1 + 휈𝜆𝑔𝑣𝑎𝑡−1), 𝑗 ∈ {𝐻, 𝐿}, ∀𝑡 (𝐴23) 997 

휆𝐼𝐺𝑡
𝑜 = 휆𝐼𝐺𝑡−1

𝑜 (1 + 휈𝜆𝑔𝑣𝑎𝑡−1), ∀𝑡 (𝐴24) 998 

 999 

With  1000 

𝑔
𝑣𝑎𝑡
=
𝑣𝑎𝑡 − 𝑣𝑎𝑡−1
𝑣𝑎𝑡−1

𝐴25  1001 

And 𝑣𝑎𝑡 total real value added, defined below. 1002 

With 휈𝜆 a calibrated parameter. This simplification is meant to translate an average 1003 

Kaldor-Verdoorn relationship to each sector, typically detected at the macroeconomic 1004 

level (Carnevali et al., 2020). 1005 

Finally, I assume a competitive labour market with homogenous skills, such that 1006 

the nominal wage rate is the same for all activities. Its growth depends on past 1007 

inflation and output growth, to mimic an expectation-augmented Phillips curve: 1008 

1 + 휈𝑤1𝑔𝑝
𝑥𝑡−1

 + 휈𝑤2𝑔𝑣𝑎𝑡−1
𝐴26  1009 

With: 1010 

𝑔
𝑝
𝑡

=
𝑝
𝑥𝑡
− 𝑝

𝑥𝑡−1

𝑝
𝑥𝑡−1

𝐴27  1011 

  1012 
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A1.1.2. Pollution 1013 

Emissions are supposed to be embodied in production through an emission intensity 1014 

휀, that is held constant. As a result, the high-carbon incumbent emits  gigatons of 1015 

CO2 proportionately to its share of output produced with high carbon capital: 1016 

𝐸𝑡 = 휀𝑥𝐼𝑁𝑡

𝜔𝐼𝑁𝑡
𝐻

𝜔𝐼𝑁𝑡
𝐻 + 𝜔𝐼𝑁𝑡

𝐿
= 휀𝑥𝐼𝑁𝑡

𝜔𝐼𝑁𝑡
𝐻

𝜔𝐼𝑁𝑡
𝐴28  1017 

A carbon tax is levied in these emissions given by: 1018 

𝑇𝐶 = 휃𝑐𝑡𝐸𝑡 (𝐴29) 1019 

Where 휃𝑐𝑡 is the time-varying price of a gigaton of CO2. 1020 

A1.1.3. Prices and profits 1021 

Prices are determined as a markup on top of unit costs (Lavoie, 2014). Since there is 1022 

no intermediate consumption, unit costs reduce to labour costs.  1023 

𝑈𝐶ℓ𝑡 =
𝑤𝑡
휆ℓ𝑡

(𝐴30) 1024 

𝑈𝐶𝐼𝐺𝑡
𝑗
=
𝑤𝑡
휆
𝐼𝐺𝑡
𝑗

(𝐴31) 1025 

𝑈𝐶𝐼𝐺𝑡
𝑜 =

𝑤𝑡
휆
𝐼𝐺𝑡
𝑗

(𝐴32) 1026 

Consumption good sector 1027 

I suppose that 휆𝐼𝑁𝑡 = 휆𝐶𝐻𝑡∀𝑡. It follows that 𝑈𝐶𝐶𝐻𝑡 = 𝑈𝐶𝐼𝑁𝑡 = 𝑈𝐶𝑥𝑡. As mentioned 1028 

above, I also consider that there is no price competition between challengers and 1029 

incumbents, such that the homogenous consumption good  is sold at the same price 1030 

whatever the seller: 1031 

𝑝𝑥𝑡 = (1 + 휇𝑥𝑡)𝑈𝐶𝑥𝑡 (𝐴33) 1032 

With  an aggregate markup for the whole sector, which evolves as follows:  1033 

휇𝑥𝑡 = 휇𝑥𝑡−1 + 휂1(𝑢𝑋𝑡 − 𝑢𝑋
𝑇) − 휂2(𝜋𝑥𝑡

∗ − 𝜋𝑁̅̅ ̅̅ ) (𝐴34) 1034 
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Following Rowthorn (1977), firms first modulate their markup according to the 1035 

distance between the utilization rate and their desired utilization rate . The idea 1036 

is that in situations close to full employment, firms’ monopoly power increases as 1037 

they do not have to compete for market shares. 1038 

On the one hand modulate their markup to reach an exogenous profitability target 1039 

 writing as follows, with: 1040 

𝐴35  1041 

 is defined as the net profitability of sector  and  is the principal 1042 

repayment charge of sector ℓ at time . I apply this correction to allow firms to 1043 

account for all their capital costs in renewing their markups. Indeed, our accounting 1044 

definition of net profitability only considers interest charges
13

: 1045 

Πℓt
N = Πℓt − 𝑅ℓt − 𝑇ℓ𝑡 + 𝑟𝐷𝑡−1𝐷ℓt−1 + 𝜏ℓ𝑡 (𝐴36) 1046 

Where  is gross operating profits,  is the interest charge,  are total taxes, 1047 

 the interest rate on deposits of the previous period,  is the amount of 1048 

deposits held by the firm in the previous period –on which it earns interest and  1049 

are government subsidies. Gross operating profits are defined as follows: 1050 

Π𝑖𝑡 = 𝑋ℓ𝑡 −𝑊ℓ𝑡 (𝐴37) 1051 

With 𝑊ℓ𝑡 = 𝑤𝑡𝐿ℓ𝑡, ℓ ∈ {𝐶𝐻, 𝐼𝑁} the wage bill. 1052 

Dividends are paid out of net profits based on a constant payout ratio and are zero 1053 

if net profits are negative: 1054 

𝑑ℓ𝑡 = max(0, 휉ℓ𝛱ℓ𝑡
𝑁) (𝐴38) 1055 

 

13
 This definition is consistent with usual accounting, which does not report principal 

repayment in the computation of profits. 
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The residual forms retained earnings , which are used to meet principal 1056 

repayment and fund current investment expenses.  1057 

Investment good sector 1058 

Prices are also composed of a markup on top of unit costs, supposed constant across 1059 

investment and conversion services. 1060 

𝑝𝑡
𝑗
= (1 + 휇𝐼𝐺𝑡)𝑈𝐶𝐼𝐺𝑡

𝑗
, 𝑗 ∈ {𝐻, 𝐿} (𝐴39) 1061 

𝑝𝑡
𝑜 = (1 + 휇𝐼𝐺𝑡)𝑈𝐶𝐼𝐺𝑡

𝑜 (𝐴40) 1062 

 The markup in the investment good sector also evolves to target a constant 1063 

profitability, averaged out across investment goods and services: 1064 

휇𝐼𝐺𝑡 = 휇𝐼𝐺𝑡−1 + 휂(𝜋𝐼𝐺𝑡−1
𝑁 − 𝜋𝐼𝐺

𝑁̅̅ ̅̅ ) (𝐴41) 1065 

With: 1066 

𝜋𝐼𝐺𝑡
𝑁 =

Π𝐼𝐺𝑡
𝑁

𝑖𝑡
𝐻𝐶 + 𝑖𝑡

𝐿𝐶 + 𝑜𝑡
(𝐴42) 1067 

Because the investment good sector does not invest and does not face capital costs, 1068 

there is no need to correct for principal repayment. Further, because the investment 1069 

sector does not hold deposits, net profitability reduces to operating surplus corrected 1070 

for taxes and transfers 1071 

Π𝐼𝐺t
𝑁 = Π𝐼𝐺𝑡 − 𝑇𝐼𝐺𝑡 + 𝜏𝐼𝐺𝑡 (𝐴43) 1072 

And gross operating surplus is given by: 1073 

Π𝐼𝐺𝑡 = 𝑝𝑡
𝐻𝑖𝑡
𝐻 + 𝑝𝑡

𝐿𝑖𝑡
𝐿 + 𝑝𝑡

𝑜𝑜𝑡 − 𝑤𝑡(𝑁𝐼𝐺
𝐻 + 𝑁𝐼𝐺

𝐿 + 𝑁𝐼𝐺
𝑜 ) (𝐴44) 1074 

All profits are paid in full to households, which are assumed to own the sector. 1075 

  1076 
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 1077 

A1.1.4. Technological penetration and target investment 1078 

I assume that investment is purely demand-determined. This choice is motivated by 1079 

our modelling purpose: introducing a profit motive could prevent sectors from 1080 

investing enough to meet decarbonisation targets. Firms, given capital intensities, 1081 

will compute a target capital stock that they will try to reach to meet the demand 1082 

they expect for the next period.  1083 

First, total expected demand is determined as follows: 1084 

𝑥𝑡
𝑒 = 𝑥𝑡(1 + 𝑔𝑥𝑡) (𝐴45) 1085 

𝑔𝑥𝑡 =
(𝑥𝑡 − 𝑥𝑡−1)

𝑥𝑡−1
(𝐴46) 1086 

I further assume that firms target the same utilisation rate . Because capital stocks 1087 

have the same capital-output ratio, firms can derive an aggregate target for the real 1088 

capital stock for the next period:  1089 

𝜔𝑥𝑡
𝑇 =

𝑥𝑡
𝑒

𝑢𝑥
𝑇휅𝑥

(𝐴47) 1090 

Once this target set, we can determine the target share of low and high-carbon capital 1091 

𝑆𝐿𝐶𝑡
𝑇 . Since the model is meant to simulate existing decarbonisation trajectories, this 1092 

share is determined based on an exogenous decarbonisation schedule 𝐸𝑡
𝑇 . After some 1093 

manipulation, this yields the following law motion for the target share of low-carbon 1094 

capital: 1095 

𝑆𝐿𝐶𝑡
𝑇 = (1 − (

𝐸𝑡+1
𝑇

𝑥𝐻𝐶𝑡
) (
1 − 𝑆𝐶𝐻𝑡

𝑒
))

𝜁

(𝐴48) 1096 

Where, 𝐸𝑡+1
𝑇  is the emission target for the next period, 𝑒 is the emission intensity of 1097 

polluting output and 휁 < 1 is a parameter calibrated to match more closely emission 1098 

schedules in each scenario. If 𝑆𝐿𝐶𝑡
𝑇 = 0, the challenger sector does not emerge. 1099 
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Once 𝑆𝐿𝐶𝑡
𝑇  determined, we can derive the targeted real high-carbon capital stock as 1100 

follows: 1101 

𝜔𝑡
𝐻𝑇 = (1 − 𝑆𝐿𝐶𝑡

𝑇 )𝜔𝑥𝑡
𝑇 (𝐴49) 1102 

Incumbent firms will then compare this target to their total high-carbon stock : 1103 

- If 𝜔𝑡
𝐻𝑇 −𝜔𝑡

𝐻 > 0, the incumbent firm formulates a target investment  1104 

that also makes for the natural depreciation of capital , which is the sum 1105 

across all vintages of natural depreciation. In that case, target high-carbon 1106 

investment is given by: 1107 

 1108 

𝑖𝐼𝑁𝑡
𝐻𝑇 = 𝜔𝑡

𝐻𝑇 − 𝜔𝑡
𝐻 + Δ𝐻𝑡  (𝐴50) 1109 

 1110 

- If , then there is excess high-carbon capital, that the firm may 1111 

have to scrap. I denote  the expected stranding based on the targeted high-1112 

carbon capital stock. In that case, I assumed that firms make only for total 1113 

natural depreciation , which is the sum across all vintages of natural 1114 

depreciation. Target high-carbon investment writes: 1115 

 1116 

𝑖𝐼𝑁𝑡
𝐻𝑇 = Δ𝑡

𝐻 (𝐴51) 1117 

In this latter case, firms anticipate a stranding  they will try to hedge against. To 1118 

do so, they will try to convert a fraction  of their capital stock. To do so, they first 1119 

compute the nominal value of the expected stranding  (see Annex). Then, they 1120 

solve this equation for  1121 

𝜒𝑡
0𝑝𝑡
𝑜𝜔𝑡

𝐻 = 𝑄𝑡
𝑒 (𝐴52) 1122 

And target the following conversion quantity: 1123 

𝑜𝑡
𝑇 = 𝜒𝑡

𝑜𝜔𝑡
𝐻 (𝐴53) 1124 

That is, firms redirect the balance sheet cost they expect to the retrofitting of their 1125 

capital stock. Incumbents do not invest in low-carbon capital to make for natural 1126 

depreciation of their retrofitted machines: 1127 
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𝑖𝐼𝑁𝑡
𝐿 = Δ𝐼𝑁𝑇

𝐿 (𝐴54) 1128 

Once conversion demand is formulated, the challenger invests in low-carbon capital 1129 

by considering expected stranding and conversion demand: 1130 

𝜔𝐶𝐻𝑡
𝑇 = 𝜔𝑥𝑡

𝑇 − (𝜔𝐻
𝑇 − 𝑜𝑡

𝑇 − (𝑞𝑡
𝑒 − 𝑜𝑡

𝑇)) − (𝜔𝐶𝐻𝑡
𝐿 + 𝑜𝑡

𝑇) (𝐴55) 1131 

𝑖𝐶𝐻
𝐿𝑇

𝑡
= 𝜔𝐶𝐻𝑡

𝑇 − 𝜔𝐶𝐻𝑡 + Δ𝐶𝐻
𝐿

𝑡
(𝐴56) 1132 

These investment targets determined; we can define their nominal counterparts: 1133 

𝐼𝐼𝑁𝑡
𝐻𝑇 = 𝑝𝑡

𝐻𝑖𝐼𝑁𝑡
𝐻𝑇 (𝐴57) 1134 

𝑂𝑡
𝑇 = 𝑝𝑡

𝐿𝑜𝑡 (𝐴58) 1135 

𝐼𝐼𝑁
𝐿𝑇

𝑡
= 𝑝𝑡

𝐿𝑖𝐼𝑁
𝐿𝑇

𝑡
(𝐴59) 1136 

𝐼𝐼𝑁𝑡
𝑇 = 𝐼𝐼𝑁𝑡

𝐻𝑇 + 𝑂𝑡
𝑇 + 𝐼𝐼𝑁𝑡

𝐿𝑇 (𝐴60) 1137 

𝐼𝐶𝐻
𝐿𝑇

𝑡
= 𝑝𝑡

𝐿𝑖𝐶𝐻
𝐿𝑇

𝑡
(𝐴61) 1138 

A1.1.5. Funding and investment constraints 1139 

Investments are funded with past accumulated deposits, current retained earnings, 1140 

loans and equity emissions. 1141 

I assume that firms fund a constant fraction of their planned investment expenses 1142 

with bank loans: 1143 

𝑁𝐿ℓ𝑡
𝑑 = 𝜓ℓ𝐼ℓ𝑡

𝑇 (𝐴62) 1144 

With 𝜓ℓ = �̅� ∀ℓ 1145 

 Banks will only accommodate a fraction  of this loan demand at 1146 

each point in time: 1147 

𝑁𝐿ℓ𝑡 = (1 − 𝜛ℓ𝑡)𝑁𝐿ℓ𝑡
𝑑 (𝐴63) 1148 

Firms will also emit equity under the constraint of not reducing their value on the 1149 

market. That is, firms will emit the minimum amount of security between the one 1150 
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allowing them to target their expected equity price and the gap between desired 1151 

investment, loan supply and available funds. 1152 

𝑎ℓ𝑡 = 𝑎ℓ𝑡−1 +max

(

 
 
0,𝑚𝑖𝑛

(

 
 
𝐴ℓ𝑡 − 𝐴ℓ𝑡−1 − (𝑝𝑎ℓ𝑡

𝑒 − 𝑝𝑎ℓ𝑡−1
)
𝑎ℓ𝑡−1
𝑝𝑎ℓ𝑡
𝑒
,

𝐼ℓ𝑡
𝑇 − 𝑁𝐿ℓ𝑡 − (𝐷ℓ𝑡−1 + 𝑅𝐸ℓ𝑡−1) − Γℓ𝑡−1) 

𝑝𝑎ℓ𝑡
𝑒

)

 
 

)

 
 

(𝐴64) 1153 

Where  is the real amount of equity issued by the firm,  the nominal demand 1154 

for this firm’s equity from NBFIs,  expected prices and  the actual price. 1155 

Expected prices are determined through adaptive expectations: 1156 

𝑝𝐴ℓ
𝑒 = 𝑝𝐴ℓ𝑡−1

𝑒 + 휂𝑒 (𝑝𝐴ℓ𝑡−1
𝑒 − 𝑝𝐴ℓ𝑡−2

) (𝐴65) 1157 

As usual in SFC modelling, I assume that equity prices clear the market by balancing 1158 

nominal demand for equity  and real supply of equity  1159 

𝑝𝑎ℓ𝑡
=
𝐴ℓ𝑡
𝑎ℓ𝑡

(𝐴66) 1160 

This results in the following budget constraints: 1161 

𝐼𝐶𝐻𝑡
𝑐 = 𝑅𝐸𝐶𝐻𝑡 + Δ𝐷𝐶𝐻𝑡 + Δ𝑎𝐶𝐻𝑡𝑝𝑎𝐶𝐻𝑡

+ 𝑁𝐿𝐶𝐻𝑡 − Γ𝐶𝐻𝑡 (𝐴67) 1162 

𝐼𝐼𝑁𝑡
𝑐 = 𝑅𝐸𝐼𝑁𝑡 + Δ𝐷𝐼𝑁𝑡 + Δ𝑎𝐼𝑁𝑡𝑝𝑎𝐼𝑁𝑡

+ 𝑁𝐿𝐼𝑁𝑡 − Γ𝐼𝑁𝑡 (𝐴68) 1163 

Where  stands for “constrained” and indicates the maximum amount of investment 1164 

expenses firms can afford given available internal and external funds. Actual sectoral 1165 

investments thus write: 1166 

𝐼ℓ𝑡 = min(𝐼ℓ𝑡
𝑐 , 𝐼ℓ

𝑇) , ℓ ∈ {𝐶𝐻, 𝐼𝑁} (𝐴69) 1167 

If 𝐼ℓ𝑡
𝑇 < 𝐼ℓ𝑡

𝑐 , firms pocket the residual as deposits. In the case of the incumbent sector, 1168 

which invests in three different items, constrained high-carbon and low-carbon 1169 

investment and conversion write as follows: 1170 

𝐼𝐼𝑁𝑡
𝐻 = 𝐼𝐼𝑁𝑡

𝑐
𝐼𝐼𝑁𝑡
𝐻𝑐

𝐼𝐼𝑁𝑡
𝑇

(𝐴70) 1171 
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𝑂𝑡 = 𝐼𝐼𝑁𝑡
𝑐
𝑂𝑡
𝑇

𝐼𝐼𝑁𝑡
𝑇

(𝐴71) 1172 

𝐼𝐼𝑁𝑡
𝐿 = 𝐼𝐼𝑁𝑡

𝑐
𝐼𝐼𝑁𝑡
𝐿

𝐼𝐼𝑁𝑡
𝑇  (𝐴72) 1173 

Once actual nominal investment expenses are determined, real investment 1174 

demand is determined by dividing by corresponding prices. Demanded capital I 1175 

delivered in the next period and corresponds to an additional row in the capital 1176 

vintage vector . Real conversion entails a decrease in the stock of high-carbon 1177 

capital and an increase in the stock of low-carbon capital of the incumbent sector. 1178 

High-carbon vintages are converted based on their share in total high-carbon 1179 

capital. Finally, natural depreciation is always comprised in newly added capital 1180 

vintages. 1181 

Finally, when actual conversion  is determined, actual asset stranding can be 1182 

computed as follows: 1183 

𝑞𝑡 = 𝑞𝑡
𝑒 − 𝑜𝑡 (𝐴73) 1184 

I assume that asset stranding affects in priority the oldest capital vintages. The 1185 

nominal value of stranded assets  is removed from the balance sheet of the 1186 

incumbent sector and is modelled as a balance sheet shock. 1187 

Total investment 𝐼𝑡 = 𝐼𝐼𝑁𝑡 + 𝐼𝐶𝐻𝑡 defines nominal value added in the investment good 1188 

sector. Real value added is obtained by deflating with the corresponding price indices. 1189 

A1.2 Households 1190 

In the model, households consume and save. They hold three assets: bank 1191 

deposits (𝐷𝐻), cash (𝐻𝐻) and NBFI units (𝑈). 1192 

 Household determine their consumption expenditures based on past 1193 

consumption (𝐶𝑡−1), expected available income (𝑌𝐷𝑡
𝑒) and expected wealth, namely 1194 

(𝑉𝑡−1
𝑒 ) : 1195 

𝐶𝑡 = 𝐶𝑡−1 + 𝛾𝐶(𝛼𝑌𝐷𝑌𝐷𝑡
𝑒 + 𝛽𝑉𝑉𝑡−1

𝑒 ) (𝐴74) 1196 



 
60 

With  1197 

𝑌𝐷𝑡
𝑒 = 𝑌𝐷𝑡−1

𝑒 − 휂(𝑌𝐷𝑡−2
𝑒 − 𝑌𝐷𝑡−1) (𝐴75) 1198 

𝑉𝑡
𝑒 = 𝑉𝑡−1

𝑒 − 휂(𝑉𝑡−2
𝑒 − 𝑉𝑡−1) (𝐴76) 1199 

Real consumption demand is determined by deflating total expenditures by the price 1200 

of the consumption good: 1201 

𝑐𝑡 =
𝐶𝑡
𝑝𝑥𝑡

(𝐴77) 1202 

Households hold a constant fractions of their wealth as high-powered money and 1203 

NBFI units. Deposits are a buffer: 1204 

𝐻𝑡 = 𝛼𝐻𝑃𝑀𝑉𝑡
𝑒 (𝐴78) 1205 

𝑈𝑡 = 𝛼𝐻𝑃𝑀𝑉𝑡
𝑒 (𝐴79) 1206 

𝐷𝐻𝑡 = 𝐷𝐻𝑡−1 + 𝑌𝐷𝑡 − 𝐶𝑡 − (𝐻𝐻𝑡 − 𝐻𝐻𝑡−1) − (𝑈𝑡 − 𝑈𝑡−1) (𝐴80) 1207 

With  disposable income defined as: 1208 

𝑌𝐷𝑡 = 𝑊𝑡 + 𝑖𝐷𝑡−1𝐷𝐻𝑡−1 + 𝐹𝑡 + Π𝐼𝐺𝑡 + Π𝐵𝑡 + 𝜏𝐻𝑡 − 𝑇𝐻𝑡 (𝐴81) 1209 

Where  is the economy-wide wage bill equal to 𝑊𝐶𝐻𝑡 +𝑊𝐼𝑁𝑡 +𝑊𝐼𝐺𝑡,  is 1210 

financial incpme from non-bank financial institutions,  bank profits,  profits 1211 

from the investment good sector,  government transfers to households and  1212 

household taxes. 1213 

A1.3  Financial sector 1214 

A1.3.1. Banks 1215 

Banks collect deposits, extend loans, buy government bonds and take on 1216 

central bank advances to close their balance sheets. They also collect deposits from 1217 

firms, households and NBFIs. They finally fix interest rates, performing price 1218 

rationing and implement quantity rationing when faced with loan demand. 1219 
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A.1.3.1.1 Interest rates, credit rationing and 1220 

defaults 1221 

Interest rates consist in a mark-up on top of the risk-free interest rate, which is fixed 1222 

by the central bank as usual in SFC modelling (Caiani et al., 2012; Dafermos et al., 1223 

2017b; Godley and Lavoie, 2007; Lavoie and Daigle, 2011): 1224 

𝑟𝐿ℓ𝑡
= 𝑟𝑐𝑏 + 휇ℓ𝑡 (𝐴82) 1225 

Mark-ups are sector-specific (ℓ = {𝐼𝑁, 𝐶𝐻}) and are composed of three components: 1226 

휇ℓ = 휇̅𝑏𝑎𝑛𝑘 + 𝜎ℓ + 𝜎𝑙𝑒𝑣(𝑙𝑒𝑣ℓ𝑡 − 𝑙𝑒𝑣
̅̅ ̅̅ ) (𝐴83) 1227 

With 휇̅ a minimum profit mark-up on top of the risk-free interest rate and 𝜎𝑖 sector-1228 

specific markups, held constant. 𝜎𝑙𝑒𝑣 is a reaction to observed leverage 𝑙𝑒𝑣ℓ𝑡 relative 1229 

to a “normal” leverage 𝑙𝑒𝑣̅̅ ̅̅  in each sector, defined as follows: 1230 

𝑙𝑒𝑣ℓ𝑡 =
𝐿𝑖

𝐷ℓ𝑡 + Ωℓ𝑡
𝐻 + Ωℓ𝑡

𝐿
(𝐴84) 1231 

Credit constraint is based on the financial health of banks and the borrowing firm: 1232 

𝜛ℓ𝑡 =
1

1 + 𝜛0 exp (𝜛1 −𝜛2𝑑𝑠𝑟ℓ𝑡 +𝜛3(𝐶𝐴𝑅𝑡−1 − 𝐶𝐴𝑅
̅̅ ̅̅ ̅̅ ))

(𝐴85) 1233 

Where:  1234 

𝑑𝑠𝑟ℓ𝑡 =
𝐾𝑐𝑜𝑠𝑡ℓ𝑡
Πℓt

(𝐴86) 1235 

And: 1236 

𝐶𝐴𝑅 =
𝑂𝐹𝑡

𝐿𝐼𝑁𝑡 + 𝐿𝐶𝐻𝑡
(𝐴87) 1237 

With 𝑂𝐹𝑡 the Banks’ own funds and 𝐿ℓ𝑡 the total loan stock outstanding for sector 1238 

ℓ, defined below. 1239 

Default probabilities write as follows 1240 
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𝜑𝑁𝑃𝐿ℓ𝑡
=

1

1 + 𝜑0 exp(𝜑1 − 𝜑2휄ℓ𝑡)
𝐴88  1241 

With 휄ℓ𝑡 the ratio of all cash outflows to all cash inflows of a given sector: 1242 

휄ℓ𝑡 = 𝐴89  1243 

 With total capital cost. Logistic shapes for default probabilities and credit 1244 

rationing probabilities are well-established functional forms in SFC and agent-based 1245 

modelling (Dafermos et al., 2017b). Logistic shapes (under the form of logit 1246 

econometric models) also have empirical validity, as they are widely used to estimate 1247 

default propensities (Allen et al., 2020; Cathcart et al., 2020) and credit rationing 1248 

(Becchetti et al., 2011; Rahji and Fakayode, 2009). To keep things simple, I limit the 1249 

number of arguments for each function to those employed in Dafermos et al. (2017). 1250 

Symmetrically to capital stocks in the consumption good sectors, I model loan 1251 

vintages, which allow for a realistic representation of principal repayment, capital 1252 

costs and of loan maturity. Banks’ loan assets on firm  are represented as a vector 1253 

 writing: 1254 

𝜑
𝑁𝑃𝐿

𝑡

𝜑
𝑁𝑃𝐿ℓ𝑡

𝐴90  1255 

With ,  the amount of the loan vintage at its time of extension to firm ℓ 1256 

and  the principal repayment flow for loan vintage  to firm  paid at time 1257 

 (loans being repaid from the period following their issuance onwards). I 1258 

assume finally that defaults 𝜑𝑁𝑃𝐿ℓ𝑡 are distributed homogenously amongst past loans. 1259 

When the loan principal is repaid, it is erased from the bank’s books. 1260 

The total loan stock for a given sector  obtains by summing all components of the 1261 

 vector at each time step. The total loan stock for the whole economy  is the 1262 

sum over all sectors. 1263 
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Loans of different vintages have the same maturity . Following a well-established 1264 

formula for loan repayment with constant annuity, the annual capital cost 1265 

corresponding to the vintage taken at time  by firm ℓ, , which includes both 1266 

repayment and interest: 1267 

𝐴91  1268 

With , that is the actual loan amount extended to firm ℓ at time 𝑠 and 1269 

 the interest rate on this loan contract. The total capital cost is constant. 1270 

The interest paid on this precise vintage evolves with principal repayment and 1271 

reaches zero when the loan reaches maturity. Correcting again for non-performing 1272 

loans, it writes: 1273 

𝜑
𝑁𝑃𝐿𝑖𝑡

𝐴92  1274 

The principal repayment is the residual and writes: 1275 

𝛾𝑖𝑡
𝑠 = Ξ𝑖𝑡

𝑠 − 𝜌𝑖𝑡
𝑠 (𝐴93) 1276 

Hence, the interest part of the capital cost decreasing with time and the repayment 1277 

charge will increase. Bu accounting identity, total loan stocks follow the law of 1278 

motion: 1279 

𝐿ℓ𝑡 = 𝐿ℓ𝑡 + 𝑁𝐿ℓ𝑡 − Γℓ𝑡 −𝑁𝑃𝐿ℓ𝑡 (𝐴94) 1280 

With  is the sum of all default loans on all vintages for sector ℓ. 1281 

A.1.3.1.2 Regulatory obligations 1282 

Banks must hold a certain fraction of their deposits as high-powered money: 1283 

𝐻𝑃𝑀𝐵𝑡 = 휂𝐵𝐷𝑒𝑝𝐷𝑡 𝐴95  1284 

With 𝐷𝑡 = 𝐷𝐻𝑡 + 𝐷𝑁𝐵𝐹𝐼𝑡 + 𝐷𝐶𝐻𝑡 + 𝐷𝐼𝑁𝑡 the total amount of deposits. 1285 
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Banks balance sheet is closed by demanding advances central bank 𝐽𝐶𝐵, like in 1286 

Dafermos et al. (2017a): 1287 

𝐽𝐶𝐵
𝑑 = 𝐽𝐶𝐵𝑡−1 + 𝐿𝑡 − 𝐿𝑡−1 − 𝐻𝑃𝑀𝐵𝑡 − 𝐻𝑃𝑀𝐵𝑡−1 − (𝐷𝑡 − 𝐷𝑡−1) − 𝑅𝐸𝐵𝑡 + 𝐺𝐵𝐵𝑡 − 𝐺𝐵𝐵𝑡−1(𝐴96) 1288 

Where  is the total loan stock at time 𝑡 and 𝐺𝐵𝐵  the amount of government 1289 

bonds held by banks.  1290 

Banks pay interests on advances. 1291 

I finally assume as in Dafermos et al. (2017b), that if banks fall below a minimum 1292 

capital adequacy ratio 𝐶𝐴𝑅𝑚𝑖𝑛, the government steps in to bail banks out. The 1293 

bailout Θ𝐵𝑡takes the form of a capital transfer directed to own funds. 1294 

A.1.3.1.3   Bank profits and retained earnings 1295 

Bank profits write as follows: 1296 

Π𝐵𝑡 = 𝑅𝐶𝐻𝑡 + 𝑅𝐼𝑁𝑡 + 𝑟𝐵𝑡−1𝐺𝐵𝐵𝑡−1 − 𝑟𝐷𝑡−1𝐷𝑡−1 − 𝑟𝐶𝐵𝐽𝐶𝐵𝑡−1 (𝐴97) 1297 

Where 𝑟𝐶𝐵 is the interest on central bank advances. 1298 

Dividends  are a constant fraction of profits: 1299 

𝑑𝐵𝑡 = 휉𝐵Π𝐵𝑡 (𝐴98) 1300 

And retained earnings write: 1301 

𝑅𝐸𝐵𝑡 = (1 − 휉𝐵)Π𝐵𝑡 𝐴99  1302 

Banks will use part of their retained earnings to buy make for non-performing loans 1303 

that harm their own funds and target a constant capital adequacy ratio. Own funds 1304 

write as follows: 1305 

𝑂𝐹𝑡 = 𝑂𝐹𝑡−1 −𝑁𝑃𝐿𝑡 + 𝛼𝑅𝐸𝐵𝑡
𝑅𝐸𝐵𝑡 + Θ𝐵𝑡 (𝐴100) 1306 

With  1307 

𝛼𝑅𝐸𝐵𝑡
= min (1,max (0,

𝐶𝐴𝑅̅̅ ̅̅ ̅̅ ∗ 𝐿𝑡 − 𝑂𝐹𝑡−1 + 𝑁𝑃𝐿𝑡
𝑅𝐸𝐵𝑡

)) (𝐴101) 1308 
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Which is defined to target , a normal capital adequacy ratio. Retained earnings 1309 

that are not used to make for non-performing loans are used to purchase government 1310 

bonds to avoid accumulating dormant capital, on top of a fraction of deposits: 1311 

𝐺𝐵𝐵
𝑑 = 𝛼𝐷𝐷𝑡 + (1 − 𝛼𝑅𝐸𝐵𝑡

) 𝑅𝐸𝐵𝑡 (𝐴102) 1312 

With such behavioural equations, banks always manage to reach their target capital 1313 

adequacy ratio, except when retained earnings are insufficient.  1314 

A1.3.2. Non-bank financial institutions 1315 

The non-bank financial sector mimics funds providing firms with market finance. 1316 

They plainly are financial intermediaries that take some of household savings to 1317 

invest it into equities and government bonds, greatly inspired from Burgess et al.’s 1318 

(2016) treatment of insurance and pension funds. Pension funds sell fund units 𝑈𝑡 to 1319 

households at a constant price and use the collected savings to three types of financial 1320 

assets: government bonds ( , equity from incumbents (  and equity 1321 

from challengers . They also hold deposits (  on which they earn 1322 

interest. If NBFI fall short of rolling funds, the government step in to fill the gap 1323 

through a transfer . NBFI collect financial income from their assets (dividends 1324 

and interests on government bonds), which constitute their profits: 1325 

Π𝑁𝐵𝐹𝐼𝑡 = 𝑟𝐵𝑡−1𝐵𝑁𝐵𝐹𝐼𝑡−1 + 𝑑𝐼𝑁𝑡 + 𝑑𝐶𝐻𝑡 + 𝑟𝐷𝑡−1𝐷𝑁𝐵𝐹𝐼𝑡−1 (𝐴103) 1326 

I assume that NBFIs modulate their retained earnings to target a constant 1327 

deposit-to-profit ratio 𝛼𝑁𝐵𝐹𝐼
Π , without accounting for a potential bailout. Retained 1328 

earnings cannot go beyond the current profit flow. After some manipulation, the law 1329 

of motion writes: 1330 

𝑅𝐸𝑁𝐵𝐹𝐼𝑡 = min (
𝛱𝑁𝐵𝐹𝐼𝑡 , 𝛼𝑁𝐵𝐹𝐼

𝛱 𝛱𝑁𝐵𝐹𝐼𝑡 − 𝐷𝑁𝐵𝐹𝐼𝑡−1 − (𝑈𝑡 − 𝑈𝑡−1) + 

(𝑝𝐴𝐼𝑁𝑡
(𝑎𝐼𝑁𝑡 − 𝑎𝐼𝑁𝑡−1) + 𝑝𝐴𝐻𝐶𝐻(𝑎𝐶𝐻𝑡 − 𝑎𝐶𝐻𝑡−1) + 𝐵𝑁𝐵𝐹𝐼𝑡 − 𝐵𝑁𝐵𝐹𝐼(𝑡−1))

) (𝐴104) 1331 

With this formula, nothing forbids retained earnings to be negative. In that case, 1332 

NBFIs dissave from their deposits to hand out a higher financial income  to 1333 

households: 1334 

𝐹𝑡 = Π𝑁𝐵𝐹𝐼𝑡 − 𝑅𝐸𝑁𝐵𝐹𝐼𝑡 (𝐴105) 1335 
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Asset allocation is determined through a Tobin portfolio choice model (Godley 1336 

and Lavoie, 2007): 1337 

(

𝐺𝐵𝑁𝐵𝐹𝐼𝑡−1
𝐴𝐼𝑁𝑡
𝐴𝐶𝐻𝑡

) =

(

 
 
(

휆0𝑡
𝐵𝐺

휆0𝑡𝐼𝑁

휆0𝑡
𝐶𝐻

)+ (

휆11 휆12 휆13
휆21 휆22 휆23
휆31 휆32 휆33

)(

ℎ𝐵𝐺𝑡
𝑒

ℎ𝐼𝑁𝑡
𝑒

ℎ𝐶𝐻𝑡
𝑒

)

)

 
 
𝜐𝑡 (𝐴106) 1338 

Deposits are a buffer stock: 1339 

𝐷𝑁𝐵𝐹𝐼𝑡 = 𝐷𝑁𝐵𝐹𝐼𝑡−1 + 𝑈𝑡 − 𝑈𝑡−1 −

(𝑝𝐴𝐼𝑁𝑡
(𝑎𝐼𝑁𝑡 − 𝑎𝐼𝑁𝑡−1) + 𝑝𝐴𝐻𝐶𝐻(𝑎𝐶𝐻𝑡 − 𝑎𝐶𝐻𝑡−1) + 𝐵𝑁𝐵𝐹𝐼𝑡 − 𝐵𝑁𝐵𝐹𝐼(𝑡−1)) +

Θ𝑁𝐵𝐹𝐼𝑡

(𝐴107) 1340 

 stands for the total funds available for asset purchases, defined as: 1341 

𝜐𝑡 = 𝜐𝑡−1 + 𝑈𝑡 − 𝑈𝑡−1 + 𝛼𝐷𝑁𝐵𝐹𝐼𝐷𝑁𝐵𝐹𝐼𝑡−1 (𝐴108) 1342 

NBFIs use the funds collected through the sale of Units to fund asset purchases, 1343 

plus a constant fraction of their accumulated deposits 𝛼𝑁𝐵𝐹𝐼  to avoid accumulating 1344 

unnecessarily dormant capital 1345 

ℎ𝑖𝑡
𝑒 ’s (𝑖 ∈ {𝐵𝐺, 𝐼𝑁, 𝐶𝐻} are expected returns on assets, which depend on dividends 1346 

and expected capital gains: 1347 

 The 휆𝑗,𝑘, (𝑗, 𝑘) ∈ [|1,3|] × [|1,3|] are reaction parameters respecting Tobin’s 1348 

condition (Godley and Lavoie, 2007). The basic Tobin model does not easily make 1349 

for structural change through the assumption of constant equilibrium portfolio shares 1350 

휆0. I therefore give these parameters the following law of motions: 1351 

휆0𝑡
𝐵𝐺 = 휆0

𝐵𝐺̅̅ ̅̅ ̅ (𝐴109) 1352 

휆0𝑡𝐼𝑁
= (1 − 휆0

𝐵𝐺̅̅ ̅̅ ̅)𝑆𝐼𝑁𝑡 (𝐴110) 1353 

휆0𝑡
𝐵𝐺 = (1 − 휆0

𝐵𝐺̅̅ ̅̅ ̅)𝑆𝐶𝐻𝑡 (𝐴111) 1354 

Fixing the structure share of government bond, the structural share in NBFI 1355 

portfolios of the two consumption-good sub-sectors evolves with their market share.  1356 
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Finally, capital gains write: 1357 

𝐶𝐺𝑁𝐵𝐹𝐼𝑡 = 𝐴𝐼𝑁𝑡−1 (𝑝𝐴𝐼𝑁𝑡
− 𝑝𝐴𝐼𝑁𝑡−1

) + 𝑎𝐶𝐻𝑡−1 (𝑝𝐴𝐶𝐻𝑡
− 𝑝𝐴𝐶𝐻𝑡−1

) (𝐴112)
1358 

They are imputed to households’ wealth, since who own the units that used to 1359 

purchase assets 1360 

A1.4 Central bank 1361 

The central bank fixes the interest rate and charges it on advances. It is held fixed 1362 

throughout: 1363 

𝑟𝐶𝐵𝑡 = 𝑟𝐶𝐵̅̅ ̅̅ (𝐴113) 1364 

The central bank provides advance on demand (which is a redundant equation, 1365 

typical of SFC models (Godley & Lavoie, 2017): 1366 

𝐴𝑠 = 𝐴𝑑 (𝐴114) 1367 

And the central bank purchases the residual amount of government bonds if it is 1368 

positive, to ensure equality being bond supply and bond demand: 1369 

𝐺𝐵𝐶𝐵𝑡 = 𝐺𝐵𝐶𝐵𝑡−1 + {

𝐺𝐵𝐺𝑡
𝑠 − 𝐺𝐵𝐺𝑡−1

𝑠 − 𝐺𝐵𝐵𝑡
𝑑 − 𝐺𝐵𝐵𝑡−1

𝑑 − 𝐺𝐵𝐺𝑁𝐵𝐹𝐼𝑡
𝑑

−𝐺𝐵𝐺𝑁𝐵𝐹𝐼𝑡
𝑑  𝑖𝑓 Δ𝐵𝐺𝑡

𝑠 − Δ𝐵𝐺𝐵𝑡
𝑑 − Δ𝐵𝐺𝑁𝐵𝐹𝐼𝑡

𝑑 > 0

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(𝐴115) 1370 

Central bank profits write: 1371 

Π𝐶𝐵𝑡 = 𝑟𝐶𝐵𝑡𝐽𝐶𝐵𝑡−1 + 𝑖𝐵𝐺𝐺𝐵𝑐𝑏𝑡−1 (𝐴116) 1372 

The central bank pays them in full to the government 1373 

A1.5 Government 1374 

The government spends in consumption goods, manages taxes and transfers 1375 

and rescues the banking sector through a contingent bailout. Along transition paths, 1376 

the government levies a carbon tax, whose proceeds are not recycled.  1377 
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 I assume that the government spends a constant proportion of last-period 1378 

nominal value-added: 1379 

𝐺𝑡 = 𝛾𝐺𝑜𝑣𝑡𝑉𝐴𝑡−1 (𝐴117) 1380 

Real government consumption writes: 1381 

𝐴118  1382 

With: 1383 

𝐴1191384 

That is, the government targets a deficit as fraction of GDP, denoted by . 1385 

The government levies other taxes on household available income and on the gross 1386 

profits of the three non-financial firms of the model: investment good, challengers 1387 

and incumbents. 1388 

𝑇𝐻𝑡 = 휃𝐻𝑌𝐷𝑡 (𝐴120) 1389 

𝑇ℓ𝑡 = 휃ℓΠℓ𝑡 , ℓ ∈ {𝐼𝐺, 𝐶𝐻} (𝐴121) 1390 

𝑇𝐻𝐶𝑡 = 휃𝐻𝐶Π𝐻𝐶𝑡 + 휃𝑐𝑡𝐸𝑡 (𝐴122) 1391 

 Incumbents also pay a carbon tax  proportional to emissions  at a rate . 1392 

𝑇𝑡 = 𝑇𝐻𝑡 + 𝑇𝐼𝐺𝑡 + 𝑇𝐶𝐻𝑡 + 𝑇𝐼𝑁𝑡 + 𝑇𝐶𝑡 (𝐴123) 1393 

The tax receipt is split between subsidies to producers and households. I define total 1394 

subsidies as: 1395 

𝜏𝑡 = 𝛼𝜏𝑉𝐴𝑡−1 (𝐴124) 1396 

With 𝛼𝜏 = 0.1 and: 1397 

𝜏𝐻𝑡 =
𝛼𝜏𝑉𝐴𝑡−1

2
(𝐴125) 1398 

𝜏𝐼𝐺𝑡 = 0 (𝐴126) 1399 
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𝜏𝐼𝑁𝑡 = 𝑆𝐼𝑁𝑡
𝛼𝜏𝑉𝐴𝑡−1

2
(𝐴127) 1400 

𝜏𝐶𝐻𝑡 = (1 − 𝑆𝐼𝑁𝑡)
𝛼𝜏𝑉𝐴𝑡−1

2
(𝐴128) 1401 

The central bank pays all its profits 𝛱𝐶𝐵𝑡 to the government. 1402 

Finally, if the capital adequacy ratio of banks falls below a threshold 𝐶𝐴𝑅𝑚𝑖𝑛, the 1403 

government can optionally effectuate a capital transfer to the banking sector to avoid 1404 

a financial crash. 1405 

The government funds its deficits by emitting bonds: 1406 

Δ𝐺𝐵𝑡
𝑠 = 𝐺𝑡 + 𝜏𝑡 + 𝑖𝐺𝐵𝐺𝐵𝑡−1

𝑠 − 𝑇𝑡 − Π𝐶𝐵 + Θ𝑁𝐵𝐹𝐼𝑡 + Θ𝐵𝑡 (𝐴129) 1407 

Where 𝐺𝐵𝑡 is the total amount outstanding of government bonds at time . I assume, 1408 

also to keep things simple, that government bonds are perpetuities, hence that there 1409 

is no principal repayment. The interest rate on bonds is constant and so is their 1410 

price. 1411 

I also restrict government debt 𝐵𝐺 to be always positive. If 𝐺𝐵𝑡 < 0, I impose 𝐺𝐵𝑡 =1412 

0 and assume that the government pays the excess to households as transfers. 1413 

A1.6 Accounting 1414 

I finish by presenting key accounting identities. 1415 

A1.6.1. Values-Added 1416 

𝑉𝐴𝑡 = 𝐶𝑡 + 𝐼𝑡 + 𝑂𝑡 + 𝐺𝑡 = 𝑉𝐴𝐼𝑁𝑡 + 𝑉𝐴𝐶𝐻𝑡 + 𝑉𝐴𝐼𝐺𝑡
= 𝑊𝐵𝐼𝑁𝑡 +𝑊𝐵𝐶𝐻𝑡 +𝑊𝐵𝐼𝐺𝑡 + Π𝐼𝑁𝑡 + Π𝐶𝐻𝑡 + Π𝐼𝐺𝑡

(𝐴130) 1417 

 1418 

𝑣𝑎𝑡 = 𝑐𝑡 + 𝑖𝑡 + 𝑔𝑡 = 𝑣𝑎𝐼𝑁𝑡 + 𝑣𝑎𝐶𝐻𝑡 + 𝑣𝑎𝐼𝐺𝑡 (𝐴131) 1419 

A1.6.2. Net-lending positions 1420 
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Households 1421 

𝑁𝐿𝑃𝐻𝑡 = 𝑌𝐷𝑡 − 𝐶𝑡 = 𝐷𝐻𝑡 − 𝐷𝐻𝑡−1 + 𝐻𝐻𝑡 − 𝐻𝐻𝑡−1 + 𝑈𝑡 − 𝑈𝑡−1 (𝐴132) 1422 

Challengers 1423 

𝑁𝐿𝑃𝐶𝐻𝑡 = 𝑅𝐸𝐶𝐻𝑡 − 𝐼𝐶𝐻𝑡 = (𝐷𝐶𝐻𝑡 − 𝐷𝐶𝐻𝑡−1) − (𝐿𝐶𝐻𝑡 − 𝐿𝐶𝐻𝑡−1) − 𝑝𝐴𝐶𝐻𝑡
(𝑎𝐶𝐻𝑡 − 𝑎𝐶𝐻𝑡−1)(𝐴133) 1424 

Incumbents 1425 

𝑁𝐿𝑃𝐶𝐻𝑡 = 𝑅𝐸𝐼𝑁𝑡 − 𝐼𝐼𝑁𝑡 = (𝐷𝐼𝑁𝑡 − 𝐷𝐼𝑁𝑡−1) − (𝐿𝐼𝑁 − 𝐿𝐼𝑁𝑡−1) − 𝑝𝐴𝐼𝑁𝑡
(𝑎𝐼𝑁𝑡 − 𝑎𝐼𝑁)(𝐴134)  1426 

Banks 1427 

𝑁𝐿𝑃𝐵𝑡 = 𝑅𝐸𝐵𝑡 + Θ𝐵

= (𝐿𝑡 − 𝐿𝑡−1) + (𝐺𝐵𝐵𝑡 − 𝐺𝐵𝐵𝑡−1) + (𝐻𝐵𝑡 − 𝐻𝐵𝑡−1) − (𝐽𝐶𝐵𝑡 − 𝐽𝐶𝐵𝑡−1) − (𝐷𝑡 − 𝐷𝑡−1)
(𝐴135) 1428 

NBFI 1429 

𝑁𝐿𝑃𝑁𝐵𝐹𝐼𝑡 = 𝑅𝐸𝑁𝐵𝐹𝐼𝑡 + Θ𝑁𝐵𝐹𝐼

= 𝑈𝑡 − 𝑈𝑡−1 − (
𝐷𝑁𝐵𝐹𝐼𝑡 − 𝐷𝑁𝐵𝐹𝐼𝑡−1 + 𝑝𝐴𝐼𝑁𝑡

(𝑎𝐼𝑁𝑡 − 𝑎𝐼𝑁)

+𝑝𝐴𝐶𝐻𝑡
(𝑎𝐶𝐻𝑡 − 𝑎𝐶𝐻𝑡−1) + 𝐺𝐵𝑁𝐵𝐹𝐼𝑡 − 𝐺𝐵𝑁𝐵𝐹𝐼𝑡−1

)
(𝐴136) 1430 

Government 1431 

𝑁𝐿𝑃𝐺𝑡 = 𝑇𝑡 + Π𝐶𝐵𝑡 − 𝐺𝑡 − 𝜏𝑡 − 𝑟𝐺𝐵𝐺𝐵𝑡−1 − Θ𝑁𝐵𝐹𝐼𝑡 − Θ𝐵𝑡 = 𝐺𝐵𝑡 − 𝐺𝐵𝑡−1 (𝐴137) 1432 

Central Bank 1433 

𝑁𝐿𝑃𝐶𝐵𝑡 = 0 = 𝑟𝐺𝐵𝐺𝐵𝐶𝐵𝑡−1 + 𝑖𝐶𝐵𝐽𝐶𝐵𝑡−1 − Π𝐶𝐵𝑡
= (𝐺𝐵𝐶𝐵𝑡 − 𝐺𝐵𝐶𝐵𝑡−1) + (𝐽𝐶𝐵𝑡 − 𝐽𝐶𝐵𝑡−1) − (𝐻𝑡 − 𝐻𝑡−1)

(𝐴138) 1434 

By virtue of stock-flow consistencies, all net lending positions sum up to zero. 1435 

A1.6.3. Wealth 1436 

Households 1437 

𝑉𝐻𝑡 = 𝐷𝐻𝑡 + 𝐻𝐻𝑡 + 𝑈𝑡  + 𝑂𝐹𝑡  = 𝐷𝐻𝑡−1 + 𝑂𝐹𝑡 − 𝑂𝐹𝑡−1 + 𝑌𝐷𝑡 − 𝐶𝑡 (𝐴139) 1438 
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Incumbents 1439 

𝑉𝐼𝑁𝑡 = 𝐷𝐼𝑁𝑡 + Ω𝐼𝑁𝑡 − 𝐿𝐼𝑁𝑡 − 𝐴𝐼𝑁𝑡 (𝐴140) 1440 

Challengers 1441 

𝑉𝐶𝐻𝑡 = 𝐷𝐶𝐻𝑡 + Ω𝐶𝐻 − 𝐿𝐶𝐻𝑡 − 𝐴𝐶𝐻𝑡 (𝐴141) 1442 

NBFIs 1443 

𝑉𝑁𝐵𝐹𝐼𝑡 = 𝐷𝑁𝐵𝐹𝐼𝑡 + 𝐴𝐼𝑁𝑡 + 𝐴𝐶𝐻 − 𝑈𝑡 (𝐴142) 1444 
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A1.7 Stock-Flow Consistency Tables 1445 

A1.7.1. Transaction-Flow M atrix 1446 

 
 

 
Households Incumbent Firms Challenger Firms 

Investment Good 

Firms 
Banks NBFI Government Central Bank 

Sum 

 Flow Current Current Capital Current Capital Current Current Capital Current Capital Current Current 

T
ra

n
sa

ct
io

n
s 

Consumption             0 

 Households             0 

 Government             0 

Investment             0 

Conversion             0 

Value-Added              

Primary Income 

Distribution 

Wages             0 

Gross Profits             0 

Secondary 

Income 

Distribution 

Taxes             0 

Transfers             0 

F
in

an
ci

a
l 
p
ay

m
en

ts
 

Interests               

 Deposits             0 

 Loans             0 

 Bonds             0 

 Advances             0 

Dividends             0 

Financial Income             0 

Contingent Bailouts             0 

Disposable income              

Retained Earnings              

Net lending position              

F
lo

w
-o

f-
F
u
n
d
s 

High-Powered Money             0 

Deposits              

New Loans             0 

Principal Repayment             0 

Bonds            
 

0 

Equity     
 

    
 

  
0 

Advances             0 

Sum 0 0 0 0 0 0 0 0 0 0 0 0 0 
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A1.7.2. Balance sheet matrix 1447 

 1448 

 Asset Households Incumbents Challengers Investment 

good 

Banks NBFIs Government Central 

Banks 

Sum 

B
a
la

n
c
e
 s

h
e
e
t 

H igh-carbon capital          

Low-carbon capital          

H igh-Powered 

M oney 

        0 

Units         0 

Deposits         0 

Loans         0 

Bonds         0 

Advances         0 

Equity         0 

Own Funds         0 

R
e
v
a
lu

a
ti

o
n
 M

a
tr

ix
 N on-performing 

loans 

        0 

Equity  

  

  -

 

  0 

Asset Stranding          

Own funds 

 

       0 

N et Worth         

 



 
74 

 1449 

A2. NGFS 2021 Vintage 1450 

Starting with a description of the scenarios, I follow by a display of the results for 1451 

the NGFS’s 2021 scenario vintage for the same metrics as in the body of the article 1452 

(Incumbents’ default probability and equity price, Banks’ CAR and NBFI deposits). 1453 

As can be seen, results are in line with those of the 2020 scenario. 1454 

Figure A2-1 – NGFS 2021 Scenario Description  1455 

Borrowed from NGFS (2021). NB: The Delayed-Action scenario introduces a brisk shift in climate policy 1456 
from the Current Policy Scenario, as opposed to that of the 2020 vintage, which introduced climate 1457 
policies from the NDC scenarios.  1458 
 1459 
 1460 
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Figure A2-2 – 2021 Vintage – Transition risk realisations 1461 

 1462 

 1463 
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Figure A2-4 – 2021 Vintage – Impact on Financial Companies (Vulnerability) 1464 

1465 
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A3. Calibration Tables 1466 

Table A3.1 – Target values for endogenous before the 1467 

start of the transition 1468 

220 Description Target Value Reached Value 

 

Nominal GDP 8761 

(World Bank, 

2022) 

8737 

 

High-Carbon 

capital stock 

(total capital 

stock in 2019) 

22632* 

(WIOD, 2016) 
21907 

 

Real value-added 

growth 

Around 2.4% 

(World Bank, 

2022) 

2.36% 

 

Inflation Rate Around 2% 

(World Bank, 

2022) 

1.95% 

 
Wage Share 49% 

(WIOD ,2016) 
49.1% 

 
Bank’s Capital 

Adequacy Ratio 

18% 

(ECB, 2020) 
18% 

 

Leverage Ratio of 

Incumbents 

(Whole Economy 

in 2020) 

45% 

(Consistent with 

US and European 

data (Ferrari and 

Antonecchia, 

2018; Graham et 

al., 2014)) 

46% 

 

Average default 

propensity 

2.48% 

(World Bank, 

2022) 

2.28% 
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Credit constraint 

on incumbents 

1-3% 

(Reasonable 

values) 

2.68% 

 

Labour 

productivities 

except conversion 

4 

(WIOD, 2016) 
4.32 

 

Labour 

productivity for 

conversion 

7 

(Reasonable 

range of values) 

7.21 

 

Government 

deficit (% GDP) 

1.8% 

(Word Bank, 

2022) 

1.6% 

*  1469 

 1470 

 1471 

  1472 
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Table A3-2 – Parameters 1473 

Parameter Description Value Justification/Source 

휈  

Sensitivity of nominal 

wage growth to past 

CPI inflation 

0.665 

Calibrated to reach 

inflation around 2% in 

baseline 

(OECD, 2022) 

Sensitivity of nominal 

wage growth to past 

growth 

1.1 

Calibrated to reach 

inflation around 2% in 

baseline 

(OECD, 2022) 

Sensitivity of 

productivity growth 

value-added growth 

0.825 

Calibrated based on 

Dafermos et al.’s (2017) 

estimate 

 

Sensitivity of markup 

to drift from target 

utilisation rate 

0.04 

Calibrated to reach a 2% 

inflation rate on average 

over baseline 

(OECD, 2022) 

 
Depreciation rate – 

Low-carbon capital 
0.05 Reasonable range of values 

 
Depreciation rate – 

High-carbon capital 
0.05 Reasonable range of values 

 
Interest rate on 

government bonds 
0.02 

Average on country data 

(World Bank) 

 
Interest rate on 

deposits 
0.02 

Average on country data 

(World Bank) 

 

Interest rate on 

central bank 

advances 

0.01 
Early-2020 Fed rate 

(FRED, 2022) 

 

Sensitivity of 

consumption to 

available funds 

0.054 

Calibrated to yield a 

growth rate close to 2% on 

average over baseline 
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Specific sensitivity 

coefficient – Expected 

Available income 

0.85 

 

Specific sensitivity 

coefficient 

- Expected Wealth 

0.02 

 
Tax rate on available 

income 
29% 

Global average effective 

personal income tax rate  

(Global Economy, 2020) 

 
Tax rate on 

incumbent profits 

23.54% 

Global corporate income 

tax rate 

(Bray, 2021) 

 
Tax rate on 

challenger profits 

 

Tax rate on 

investment good 

profits 

 

Target utilisation 

rate in the 

consumption good 

sector 

0.75 Botte (2017) 

 
Capital intensity 1.279203217 WIOD (2014) 

 
Parameter ruling 

adaptive expectations 
0.1 

Calibrated to yield an 

average 2% growth rate in 

baseline 

(Riahi et al., 2017) 

𝑀 Maturity of loans 8 World Bank (2022) 

𝜎𝑙𝑒𝑣 
Sensitivity of interest 

to observed leverage 
0.025 

Calibrated to match a 

weighted average on 

commercial rates of 5-7% 

(World Bank, 2022) 
휇̅ Markup on base rate 0.055 
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Parameter ruling 

minimum default 

probability 

10.06 Calibrated to yield a 2.48% 

average default probability 

in baseline 

(World Bank, 2022) 
 

Parameter ruling 

sensitivity of default 

probability to 

liquidity ratio 

7.7 

 

Fraction of deposits 

held in government 

bonds by banks 

0.05 
Chosen within a reasonable 

range of values 

 
Fraction of deposits 

held in cash by banks 
0.05 

 

Parameter ruling 

maximum credit 

rationing 

4.5 

Calibrated to yield a 2-3% 

credit rationing over 

baseline on average 

 

Parameter ruling 

sensitivity of credit 

rationing to debt 

service ratio 

1 

 

Parameter ruling 

sensitivity of credit 

rationing to deviation 

from target capital 

adequacy ratio 

6 

 

Prudential threshold 

for government 

bailout of banks 

0.08 

Prudential ratio retained 

by Basel III  

(BIS, 2022) 

 
Proportion of deposits 

reinvested by NBFIs 
0.1 

Calibrated to ensure a 

positive trend in equity 

price in baseline 

 
Target deposits to 

profit ratio of NBFIs 
0.01 

Calibrated to ensure 

sufficient financial income 

for households 
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Diagonal Tobin 

Portfolio coefficients 

0.05 if  

-0.025 

otherwise 

Chosen within a range of 

reasonable values 

 
Dividend-payout ratio 

of banks 
0.4 

Chosen conservatively from 

the minimum payout ratio 

of EU banks since 2000 

(Muñoz, 2020) 

 
Dividend-payout ratio 

of firms 
0.5 

Average across world 

regions from various 

sources 

(Factset, Datastream, Citi 

Research ; McCrum, 2018) 

𝑙𝑒𝑣̅̅ ̅̅  Normal leverage 0.5 

Benchmark value for a 

sustainable leverage on 

financial market (Kurt, 

2021) 

𝑁𝐿𝑃𝐺
𝑉𝐴

̅̅ ̅̅ ̅̅ ̅
 

Target government 

deficit 
1.7% World Bank (2022) 

𝛼𝜏 
Coefficient ruling 

subsidies 
0.1 World Bank (2022) 

 

Parameter ruling 

technological 

penetration 

0.85 
Calibrated to follow 

decarbonisation pathways 

𝜓𝐿𝐶 , 𝜓𝐻𝐶 
Investment-to-debt 

ratio 
0.5 

Chosen within a reasonable 

range of values 

 1474 

 1475 

 1476 

 1477 

A4. Emission and carbon prices (2021 Vintage) 1478 
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Figure A4-3 – Emissions and carbon prices (2021 Vintage) 1479 

 1480 
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Table A4-1 – Target values for key variables in 1481 

baseline 1482 

Variable Description 

Target 

Value 

Average 

over 

baseline - 

GCAM 

Average 

over 

baseline - 

MESSAGE 

Average 

over 

baseline - 

REMIND 

 

Real value-

added growth 

Around 2% 

(Riahi, 

2017) 

1.98% 2% 1.97% 

 

Inflation Rate 

Around 2% 

(World 

Bank, 2022) 

2.3% 2.3% 2.3% 

 

Wage Share 49% 

(WIOD 

,2016) 

47.6% 47.6% 47.6% 

 

Average 

default 

propensity 
2.48% 

(World 

Bank, 2022) 

2.57% 2.57% 2.6% 

 

Credit 

constraint on 

incumbents 

1-3% 

(Reasonable 

values) 

2% 2% 2% 

 

Government 

deficit 

1.8% 

(Global 

Economy, 

2022) 

2% 2% 2% 
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 1484 

A5.  Demonstrations 1485 

A5.1 Link between NBFI deposits and asset 1486 

prices 1487 

To see it, let us first recall that: 1488 

1489 

 1490 

We can then easily show that: 1491 

 1492 

Rearranging, we have: 1493 

 1494 

As a result, with a given change in nominal equity demand , a decrease 1495 

in the price of equity  will mechanically increase . 1496 

This arises because NBFIs buy an important amount of real equity at a low price to 1497 

compensate for the drop in asset prices. To fund this purchase, they must draw on 1498 

their rolling funds. This feature figures the balance-sheet shock incurred by equity 1499 

holders when prices go down. 1500 

A5.2 Technological penetration 1501 

Let us start from the identity: 1502 

𝐸 = 𝑥𝐼𝑁𝑡휀
𝜔𝐼𝑁
𝐻

𝜔𝐼𝑁𝑡
 1503 

Recalling that the incumbent sector is the only holder of carbon-intensive capital and 1504 

that capital shares correspond to market approximate market shares, we can write: 1505 

 1506 
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𝐸𝑡 ≈ 𝑥𝐼𝑁𝑡휀
(1 − 𝑆𝐿𝑡)(𝜔𝐼𝑁𝑡 + 𝜔𝐶𝐻𝑡)

(1 − 𝑆𝐼𝑁𝑡)(𝜔𝐼𝑁𝑡 + 𝜔𝐶𝐻𝑡)
= 𝑥𝐼𝑁𝑡휀

(1 − 𝑆𝐿𝑡)

(1 − 𝑆𝐼𝑁𝑡)
 1507 

Which, after rearranging, yields: 1508 

𝐸𝑡
𝑥𝐼𝑁𝑡휀

(1 − 𝑆𝐼𝑁𝑡) ≈ (1 − 𝑆𝐿𝑡) 1509 

⇔ 𝑆𝐿𝑡 ≈ 1 −
𝐸𝑡
𝑥𝐼𝑁𝑡휀

(1 − 𝑆𝐼𝑁𝑡) 1510 

Replacing 𝑆𝐿𝑡 by 𝑆𝐿𝑡
𝑑  the desired share of low-carbon capital and 𝐸𝑡 by the desired 1511 

emissions in 𝑡 + 1 𝐸𝑡+1
𝑑 , we get: 1512 

𝑆𝐿𝑡
𝑇 ≈ 1 −

𝐸𝑡+1
𝑑

𝑥𝐼𝑁𝑡휀
(1 − 𝑆𝐼𝑁𝑡) 1513 

To make for the approximation, I add a 휁 term to make the function more concave 1514 

and define 𝑆𝐿𝑡
𝑑  as 1515 

𝑆𝐿𝑡
𝑇 = (1 −

𝐸

𝑥𝐼𝑁𝑡휀
(1 − 𝑆𝐼𝑁𝑡))

𝜁

 1516 


