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Abstract

This paper analyzes how fiscal and macroprudential policies can jointly stabilize in-

flation, support output, and contain emissions after a surge in fossil fuel prices. In a

New-Keynesian E-DSGE model with disaggregated energy sectors and banking fric-

tions, we compare energy production subsidies, energy consumption subsidies, and car-

bon subsidies. While fiscal measures alone often raise carbon emissions, pairing them

with sector-specific macroprudential tools—taxes on dirty-energy loans or subsidies on

clean-energy loans—reallocates credit, strengthens macroeconomic stabilization, and

curbs emissions volatility. Welfare analysis shows that combining production subsi-

dies with “green” macroprudential support substantially reduces household welfare

losses relative to fiscal measures alone. Our results show that carefully designed policy

packages can cushion macroeconomic shocks without sacrificing climate objectives.
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1 Introduction

Global fossil fuel prices started to soar in early 2022 upon Russia’s invasion of Ukraine.

Combined with the repercussions from the COVID-19 pandemic related to a rise in food

prices and supply bottlenecks, overall consumer prices surged, with inflation rates increasing

by more than 10% in many European countries. Fiscal and monetary policymakers in the

euro area (EA) responded with a broad range of relief measures to ease the burden of

inflation and especially higher energy costs on households and firms. Yet, an unintended

consequence of such measures is that they can counteract another important policy goal, that

is, the reduction of carbon emissions as outlined for example in the European Commission’s

Green Deal.1 Can relief measures be crafted to both stabilize inflation while not impeding

the green transition?

Using a New-Keynesian E-DSGE framework with disaggregated energy sectors and bank-

ing frictions, we show that the answer is, yes, creating such measures is possible. To this

end, we first show how a persistent fossil-price shock raises headline and core inflation in

the model, contracts output, and shifts production away from “dirty” into “clean” energy.

We then evaluate three fiscal relief tools—energy-production subsidies (which cut both CPI

and core inflation and boost output), energy-consumption subsidies (which only trim CPI

inflation but depress output), and carbon subsidies (whose effects lie between the two).

Our central contribution is to demonstrate that pairing any of these with sector-specific

macroprudential taxes on dirty-energy loans not only preserves their macroeconomic sta-

bilization benefits, but also reorients bank lending towards clean energy, thereby boosting

green investment and offsetting the unintended emissions rise of the policies.

Our starting point is the standard New-Keynesian model of e.g., Christiano et al. (2005);

Smets and Wouters (2007) with financial intermediaries as in Gertler and Karadi (2011), ex-

tended to include disaggregated energy-production and energy-consumption sectors. Energy

enters our framework in a disaggregated fashion both on the consumption and production

side.2 This detailed setup is particularly useful allowing us to explore the effectiveness of

different types of fiscal interventions, such as subsidies on the production and consump-

tion of energy utilized by intermediate good firms for production and on consumption of

households, but also carbon subsidies, which target the carbon-intensive nature of energy

production directly. The disaggregated multi-sector setup also allows for the possibility of

sector-specific macroprudential policy where the central bank sets taxes or subsidies on sec-

1For more details on the European Union’s Fit-for-55 package, see
https://www.consilium.europa.eu/en/policies/green-deal/fit-for-55/.

2In particular, households consume a composite final consumption good, which consists of energy and
a consumption good excluding energy. An intermediate good is produced by monopolistically competitive
firms using value added (a capital-labour bundle) and an energy composite. Energy in turn is produced
by perfectly competitive energy providers, who bundle clean and dirty energy inputs produced by monop-
olistically competitive dirty and clean energy producers, respectively. Each of the dirty and clean energy
firms in turn produce their inputs by combining sector-specific value added with natural resources (fossils
vs. renewables). As a by-product of production in the dirty energy sector, carbon emissions are released
into the atmosphere.
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toral bank assets to alter their weight in bank portfolios and alter the degree of sector-specific

financial frictions.

In line with an adverse supply shock, our analysis first highlights the effects of a price

shock of fossil resources as it propagates through the model. On impact, a persistent increase

in the fossil fuel price leads headline CPI and core inflation to jump; GDP falls as higher

energy costs feed into consumption prices and marginal costs of intermediate good producers,

prompting households to cut back on consumption and firms on investment. In a calibration

of the model to the Euro Area, a 50 percent, persistent fossil-resource price shock leads

headline CPI inflation to jump on impact by 1.3 percentage points and core inflation by 0.6

points, while GDP falls approximately 1.2 percent. At the sectoral level, our model shows

that producers substitute away from costly dirty energy toward cleaner inputs, which reduces

dirty-energy output and investment but boosts green investment even as the composite

energy price rises. In the background, financial frictions amplify the real effects in the

model via a standard financial accelerator: Declines in firm asset prices erode bank equity,

make leverage constraints bind and widen lending spreads to non-financial firms. As is well

known, this tighter credit environment forces firms to cut back on investment and working-

capital finance, further depressing output and reinforcing the initial shock.

Second, in the disaggregated production economy of the model with financial frictions,

our analysis focuses on the role of fiscal policies and macroprudential policies—as well as their

interaction—to make our central point. Our model distinguishes between three untargeted

energy-related fiscal measures: Energy production subsidies to firms, energy consumption

subsidies, and carbon subsidies (i.e. the inverse of a carbon tax) whereby the price of dirty

energy used for production is directly targeted. To evaluate their quantitative effect, our

analysis calibrates each fiscal policy measure to cost 1 percent of GDP on impact, financed

by lump-sum transfers. We then let the subsidy rate evolve as a highly persistent AR(1)

process and compute joint impulse-response functions and present-value multipliers to the

fossil-price shock under each fiscal policy scenario.

These policy measures yield distinct outcomes: An energy production subsidy most

effectively lowers both core and headline CPI inflation and raises aggregate output by sub-

stantially cutting intermediate firms’ marginal costs; an energy consumption subsidy only

mechanically reduces headline CPI inflation but raises core inflation and contracts output

by boosting consumption-driven energy demand and raising firms’ marginal costs; carbon

subsidies deliver intermediate disinflation and output support by partially offsetting the sub-

stitution away from dirty energy. In terms of emissions, carbon subsidies, not surprisingly,

lead to the largest increase in carbon emissions. Production and consumption subsidies

only modestly raise emissions because they do not markedly alter the relative prices of dirty

versus clean energy inputs.

Our analysis then introduces sector-specific macroprudential tools and shows their ef-

fects: A tax on “dirty” energy assets and a subsidy on “clean” energy assets. These tools

enter the incentive-constraint of banks and thereby reshape the portfolio weights in banks’
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asset allocations, without altering aggregate deposits. A “Brown” macroprudential tax on

dirty-energy loans thus tilts bank lending toward clean energy and intermediate-goods firms,

cushioning output and investment while more sharply curbing dirty-energy finance and emis-

sions. Conversely, a “Green” subsidy on clean-energy loans amplifies green investment even

further at similar macroeconomic cost. Both tools meaningfully dampen banks’ leverage-

constraint tightening after a fossil-price shock, reducing lending spreads and moderating the

financial accelerator effect.

As a central, novel contribution of our analysis, we then show how these macroprudential

policy measures interact with fiscal policy measures: When the macroprudential measures

accompany energy production or carbon subsidies, a policymaker can largely neutralize the

unintended emissions boost of fiscal relief without sacrificing inflation or output stabiliza-

tion. Policy packages that combine the various energy policies with “Brown” or “Green”

macroprudential policies can achieve greater carbon-emissions volatility reduction than the

fiscal policies by themselves: By taxing dirty-energy assets or subsidizing clean-energy as-

sets in bank portfolios, macroprudential tools can tilt credit away from high-carbon sectors

towards low-carbon investment. This reallocation interacts with the price incentives of

the underlying energy subsidy, dampening swings in dirty-energy production and delivering

larger reductions in carbon-emissions volatility than a subsidy alone.

Welfare analysis in consumption-equivalent terms complements the analysis of these joint

policies: As we show, combining production subsidies with “Green” macroprudential support

further lowers households’ welfare losses substantially relative to subsidies alone. Because

the production subsidy already boosts output and smooths consumption by cutting firms’

marginal costs, layering on a “Green” macroprudential subsidy further eases banks’ lending

into clean-energy investment, dampens the financial accelerator, and stabilizes consumption

even more.

Overall, our analysis speaks to the use of policy tools as the macroeconomic environment

shifts away from the stable inflation and favorable supply-side dynamics of the Great Mod-

eration, and towards a regime marked by more persistent supply shocks, elevated inflation

volatility, and a more complex inflation-output trade-off. Traditionally, central banks have

“looked through” temporary cost-push shocks such as fossil fuel price surges. However, in

an environment where such shocks are larger, more persistent, and more likely to spill over

into core inflation measures this premise may no longer hold. Moreover, the green transition

itself introduces additional structural change that may alter relative prices and generate

sectoral reallocation costs.

Against this backdrop, fiscal and macroprudential authorities assume an even more crit-

ical role, especially in the Euro Area where monetary policy is constrained by a single

mandate and institutional architecture. Our framework enables capturing and analyzing

these shifts and offers policy-relevant insights into the stabilization benefits of joint tar-

geted fiscal and macroprudential measures that can mitigate inflationary pressures while

supporting the green transition in this new regime.
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Related literature

Our work is related to the still scarce literature assessing the implications of fiscal and

monetary policy in mitigating increases in energy prices in DSGE model-based studies.

Papers closely related to ours are those that study the supply-side effect of energy price

shocks. Baqaee and Farhi (2019), Baqaee and Farhi (2022) and Bachmann et al. (2022),

find that rises in energy prices have a very limited effect on GDP, given realistic substitution

elasticities. Kharroubi and Smets (2023) analyze how negative energy supply shocks can

manifest as negative demand shocks, or a Keynesian supply shock. However, since these

papers abstract from nominal rigidities, they do not feature a role for monetary policy.

By contrast, Bodenstein et al. (2011) and Pataracchia et al. (2023) incorporate a role for

monetary policy through nominal rigidities.

More recently, Erceg et al. (2024), explore how energy subsidies can help address the

consequences of energy price increases in closed and open economy models. Similar to

us, they find that an energy consumption subsidy is less preferable, but in their analysis

the mechanism hinges on the international nature of the policy (i.e. whether it is applied

globally or in a closed economy). Our paper is complementary, but employs a granular setup

of energy production, focusing on a framework with financial frictions that amplify effects

of shocks and fiscal and macroprudential policies. Additionally, our analysis considers their

impact on carbon emissions.

Much less vast, but closely related to our paper, is the literature featuring microeconomic

heterogeneity and energy-related issues. Känzig (2023) and Auclert et al. (2023) study

the macroeconomic effects of energy price shocks in energy-importing economies using a

heterogeneous-agent New Keynesian model. While our paper focuses on similar questions it

considers heterogeneity on the supply side of the economy combined with a banking sector.

Another stream of papers study climate mitigation policies in models with financial

intermediaries (Benmir and Roman (2020); Diluiso et al. (2021); Nakov and Thomas (2023);

Bartocci et al. (2022); Ferrari and Nispi-Landi (2022); Carattini et al. (2021), among others).

Relative to these works, our framework includes a role for disaggregated energy and a focus

around the ability of fiscal and macroprudential policy instruments to mitigate the effects

of energy price increases.

Finally, our work relates to the broader literature assessing the interaction between cli-

mate outcomes and the economy, which also feature an energy sector of different granularity

into the framework. Golosov et al. (2014) is one of the first contributions to add fossil fuel

(oil and coal) inputs in an otherwise standard DSGE model. For additional contributions,

see e.g., Annicchiarico and Di Dio (2015), Airaudo et al. (2022), Varga et al. (2021), Coenen

et al. (2024), among others. The focus of all these studies, relative to ours, however, lies on

the impact of carbon taxation in affecting macroeconomic outcomes.

This paper consists of 5 sections. Section 2 provides an overview of the model’s main
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elements and presents the calibration. Section 3 presents quantitative analysis describing

the propagation of a shock to the price of fossil resources. Section 4 explores the effectiveness

of a set of energy subsidies, while section 5 illustrates how macroprudential policies can be

utilized in parallel to energy subsidies to mitigate the increase in carbon emissions. Finally,

section 6 concludes. An Appendix reports results from additional exercises and robustness

checks, and provides a detailed model description.

2 Model

Our framework consists of a closed-economy New Keynesian model with financial inter-

mediaries and disaggregated energy production and use. On the demand side, households

consume a composite final consumption good, which is composed of energy and a consump-

tion good excluding energy. On the supply side, the intermediate good is produced by

monopolistically competitive firms using value added (a capital-labour bundle) and an en-

ergy composite aggregated in CES fashion. They then sell the intermediate good to perfectly

competitive firms for private consumption, private investment and government consumption

purchases. The energy composite is produced by energy producers, who bundle clean and

dirty energy inputs produced by monopolistically competitive dirty and clean energy pro-

ducers, respectively. Each of the dirty and clean energy producers produce their inputs by

combining sector-specific value added with natural resources (fossils vs. renewables).

An important feature of our model lies in the presence of financial frictions: Production

in all sectors requires financing from banks to purchase the sector-specific capital input. As

a result, firms issue shares to banks, in the form of equity. Banks collect liabilities in the

form of deposits from households, and given a motivation for maturity transformation and

subject to an (occasionally-binding) leverage constraint, attach a positive spreads on their

loans to firms, which are also sector-specific.

On the policy side, the framework is closed as follows: The fiscal authority applies

distortionary subsidies (taxes if positive) on the production and consumption of energy

different levels, as shown below, financed by lump-sum transfers from households. The

central bank implements a Taylor rule that features interest rate smoothing.

In what follows, we provide a brief description of the main model elements, with a focus

on the energy sector and financial intermediaries. A full model description is found in

Appendix B, while Figure 1 provides a schematic illustration of the model’s structure.

2.1 Households

There is a continuum of identical households of measure 1. Households consume a basket of

energy and non-energy goods, work in each of the three sectors, and invest their savings into

bank deposits and short-term government bonds. Labor is perfectly mobile across sectors.

6



The discounted utility of the household is given by

E0

∞∑
i=0

βt

[
(Ct+1 − hCt+i−1)

(1−γ) − 1

1− γ
− χ

1 + φ
L1+φ
t+i

]
(1)

where E0 is the expectation operator, 0 < βt < 1 is the (time-varying) discount rate,

0 < h < 1, and γ, χ, φ > 0. Lt is total labor supplied across the three value-added producing

sectors, and Ct is a composite consumption good, which is produced by a competitive firm

that bundles an energy consumption good, EC
t , and a consumption good excluding energy,

CX
t using the CES aggregator:

Ct =

[
ω

1
ϵc
c

(
EC
t

) ϵc−1
ϵc + (1− ωc)

1
ϵc

(
CX
t

) ϵc−1
ϵc

] ϵc
ϵc−1

(2)

where ωc represents the share of energy in the composite consumption bundle and ϵc > 0 is

the elasticity of substitution between the two goods. As ϵc → 0, the two inputs are perfect

complements, whereas if ϵc → ∞, they are perfect substitutes.

The demand for energy is given by

EC
t = ωc

(
(1 + τ ect )PE,t

PC,t

)−ϵc
Ct (3)

where PC,t is the price of the final consumption good, and PE,t is the price of energy. Notably,

τ ect is a distortionary subsidy (tax if positive) levied as a negative surcharge on the price of

the energy good used for consumption.

2.2 Production

2.2.1 Intermediate goods producers

The intermediate good used for private consumption, private investement, and public con-

sumption, are composites of differentiated intermediate-good varieties, Y (j)m,t, which are

produced by monopolistically competitive firms indexed by j. These firms combine value

added, KL (j)m,t, which consistas of a Cobb-Douglas capital-labour bundle, together with

an energy composite of energy used into production, E (j)Yt , using a CES technology. To

simplify notation, in what follows we abstract from the firm-specific index j.

Ym,t =

[
ω

1
ϵm
m (KLm,t)

ϵm−1
ϵm + (1− ωm)

1
ϵm

(
EY
t

) ϵm−1
ϵm

] ϵm
ϵm−1

(4)

where ωm represents the share of value added in the production of the intermediate good,

and ϵm > 0 is the elasticity of substitution between value added (in the intermediate good

production sector) and the energy composite. The demand for the energy good by interme-
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diate good producers is given by

EY
t = P ϵm

m,t (1− ωm)Ym,t ((1 + τ eyt )PE,t)
−ϵm (5)

where PE,t denotes the price of the energy good, and τ eyt is a subsidy (tax if positive) levied

as a negative surcharge on the price of aggregate energy demanded by producers. In contrast

to τ ect , this subsidy operates on the supply side.

Intermediate good producers are monopolistically competitive, setting their prices in a

staggered manner as in Calvo (1983) with backward-looking indexation. In each period, an

intermediate good firm is able to adjust its price with probability 1−ψm. Accordingly, each
firm chooses the reset price P ∗

m,t to maximize expected discounted profits subject to the re-

striction on the adjustment frequency. The first order condition following price optimisation

is given by

Et

∞∑
j=0

ψjΛt,t+j

[
P ∗
m,t

Pm,t+j
− ςmPm,t+j

]
Ym,t+i (i) = 0 (6)

where Λt,t+j represents the stochastic discount factor and ςm = ζm
ζm−1

is the markup.

2.2.2 Energy producers

Perfectly competitive energy producers produce the energy composite, Et, by combining

clean, Eg,t, and dirty, Ef,t, energy inputs using a CES technology

Et =

[
ω

1
ϵe
e E

ϵe−1
ϵe

g,t + (1− ωe)
1
ϵe E

ϵe−1
ϵe

f,t

] ϵe
ϵe−1

(7)

where ωe represents the share of clean energy in the production of energy and ϵe > 0 is the

elasticity of substitution between clean and dirty energy inputs.

Letting PEg ,t and PEf ,t be the price of clean and dirty energy, respectively, the price of

energy is given by

PE,t =
[
ωeP

1−ϵe
Eg ,t

+ (1− ωe)
((
1 + τDt

)
PEf ,t

)1−ϵe] 1
1−ϵe

(8)

where the price of dirty energy used in production is also subject to a subsidy, τDt . Note

that τDt can be interpreted as a carbon subsidy in our model, as in similar frameworks of

energy-generation (see, e.g., Coenen et al. (2024) which analyze the role of carbon taxation).

Carbon emissions Carbon emissions are released into the environment as a by-product

of production in the dirty energy sector, which utilizes in turn both a fossil resource and a

sector-specific capital-labour bundle, as we explain below:

Mf,t = ϖEf,t (9)
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where ϖ measures the carbon intensity, that is the share of emissions produced by the

production of one unit of dirty energy.

2.2.3 Clean and dirty energy producers

Clean and dirty energy inputs are themselves composites of sector-specific value added

(Cobb-Douglas capital-labour bundles) and a natural resource, produced by monopolistically

competitive clean and dirty energy producers. The dirty energy producer, produces dirty

energy, Ef,t using sector-specific value added, KLf,t, and a natural resource, Ft, interpreted

as fossil fuels, using a CES technology

Ef,t =

[
ω

1
ϵf

f KL

ϵf−1

ϵf

f,t + (1− ωf )
1
ϵf F

ϵf−1

ϵf

t

] ϵf
ϵf−1

(10)

Similarly, the clean energy producer, produces clean energy, Eg,t using sector-specific

value added, KLg,t, and a natural resource, Gt, interpreted as renewable resources, using

the CES technology

Eg,t =

[
ω

1
ϵg
g KL

ϵg−1

ϵg

g,t + (1− ωg)
1
ϵg G

ϵg−1

ϵg

t

] ϵg
ϵg−1

(11)

where ωf , ωg represent the shares of value added in the production of clean and dirty energy,

respectively and ϵf,ϵg > 0 are the elasticities of substitution between value added and the

fossil or renewable resource.3

Finally, as in the case of intermediate good producers, dirty and clean energy firms also

set their prices as in Calvo (1983) with backward-looking indexation and sector-specific

markups.

2.3 Banks

Banks collect short-term deposits from households and use them, together with equity capital

to purchase corporate and government bonds. Corporate bonds provide funding for non-

financial firms in each of the three production sectors to finance their capital acquisitions.

For each sector s ∈ {m, f, g}, the rate of return on the security Rs,t+1 is given by

Rs,t+1 =
Zs,t+1 + (1− δs)Qs,t+1

Qs,t

(12)

Let Nt be the amount of net worth that a banker has at the end of period t, Bb
t the

deposits received from households, and Sbs,t the quantity of financial claims on non-financial

3We assume that fossil and green resources are a fixed endowment, and that the price of each resource
adjusts instantaneously to meet aggregate demand, hence: Ft = F and Gt = G.
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firms that the bank holds. The intermediary’s balance sheet is then given by

Qm,tS
b
m,t +Qf,tS

b
f,t +Qg,tS

b
g,t = Nt +Bb

t (13)

Net worth accumulates from retained earnings and is therefore given by the difference

between earnings on assets (firm securities) and interest payments on liabilities (household

deposits). The evolution of net worth can therefore be expressed as

Nt+1 = (Rm,t+1 −Rt+1)Qm,tS
b
m,t+(Rf,t+1 −Rt+1)Qf,tS

b
f,t+(Rg,t+1 −Rt+1)Qg,tS

b
g,t+Rt+1Nt

(14)

The banker’s objective is to maximize the discounted stream of payouts back to the

household, or differently, its terminal wealth until it exits the industry. If Vt (Nt) denotes

the end-of-period value function then the banker maximizes

Vt (Nt) = max{Ss,t+1}EtΛt,t+1 [(1− σ)Nt+1 + σVt+1 (Nt)] (15)

To motivate a limit on the bank’s ability to obtain deposits, banks face a moral hazard

problem, in which at the beginning of the period the banker can choose to divert a fraction

θ of funds from the assets it holds and transfer the proceeds back to the household. Hence

for depositors to be willing to lend to bankers, the value of the bank, Vt (Nt), must not be

lower than the fraction of divertible funds:

Vt (Nt) ≥ θ
(
Qm,tS

b
m,t +ΨfQf,tS

b
f,t +ΨgQg,tS

b
g,t

)
(16)

where Ψg,Ψf are sectoral absconding rates. The different absconding rates on firm assets

give rise to imperfect substitutablity between these securities in the bank’s balance sheet

and therefore to limited arbitrage. An additional consequence is that risk premia become

sector-specific and increase proportionately to sectoral absconding rates.

The banker’s maximization problem is to choose its portfolio of Sbs,t to maximize 15

subject to 16. We assume that the incentive constraint is always binding, so that positive

excess returns emerge in equilibrium. This incentive constraint in turn places a constraint

on the bank’s leverage ratio, ϕt, which defines the bank’s portfolio as a share of its net

worth:

ϕt =
Qm,tS

b
m,t +ΨfQf,tS

b
f,t +ΨgQg,tS

b
g,t

Nt

(17)

Notably, the share of dirty and clean energy securities that enter the bank’s balance

sheet constraint are weighted by the sectoral absconding rates and as such burden the

banks’ balance sheet capacity differently than intermediate good assets.
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2.4 Fiscal policy

Revenues of the government consist of new issuance of government debt, receipts from the

different energy-related taxes, lump-sum taxes, and transfers from the central bank, zt.

Together they finance expenditures on government consumption, which are assumed to be

a constant share of output, Gt = ḡYt, and interest payments on debt.4

The (consolidated) government budget constraint is then given by

PG
t Gt − Tt =

∑
s

(Rs,t −Rt)B
p
t−1 + τ ect PE,tE

C
t + τ ct PC,tCt + τ eyt PE,tE

Y
t + τDt PEf ,tE

f
t (18)

2.5 Calibration

Our analysis quantifies the effect of energy shocks and various policies for the Euro Area,

with parameter values shown in Table 1. The bulk of the parameters are based on Coenen

et al. (2018), and are partly calibrated and partly estimated on EA data using standard

Bayesian methods.

The steady state shares of different energy components are obtained from the OECD,

KLEMS, and Eurostat databases. The steady-state share of energy in consumption is 5.5%

of GDP. The steady-state share of energy in production is 7.2% of GDP. The share of clean

energy in total energy is 29.3%. The largest component in the production and imports of

clean energy in the euro area is renewables, whereas for dirty energy it consists of oil, coal,

and gas. The share of fossil/green resources in the production of value added in each energy

sector is 73%.

Regarding the energy-related structural parameters, the analysis calibrates the elastici-

ties of substitution using evidence from the literature.5 Following Bodenstein et al. (2011)

and Coenen et al. (2024), the energy consumption good and the consumption good excluding

energy are imperfect complements, with elasticity of substitution, ϵc, set at 0.4. Similarly,

the substitution elasticity between the energy composite and value added in each of the

intermediate good, ϵm, dirty energy, ϵf , and clean energy sectors, ϵg, is set to 0.4, also im-

plying imperfect complementarity. In turn, we set the substitution elasticity between dirty

and clean energy, ϵe, in aggregate energy production to 1.8 following Papageorgiou et al.

(2017) who estimate CES production functions of dirty and clean energy inputs for a panel

of 26 countries using sectoral data. A value of ϵe > 1 implies that clean and dirty energy

bundles are (imperfect) substitutes rather than complements, and this specification is also

consistent with Acemoglu et al. (2012) and Varga et al. (2021).6

Finally, the remaining, financial-sector parameters are calibrated following Karadi and

4Given that government revenues are redistributed to households in a lump-sum fashion, the associated
tax rates in the steady state are calibrated to zero.

5In Appendix A.1, we perform sensitivity on the elasticities of substitution across different energy sources
as well as the energy shares described above.

6These substitution elasticities combined with the steady state shares imply the quasi-shares reported
in Table 1, namely ωm, ωc, ωg and ωf .
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Nakov (2020), and the Taylor rule is calibrated according to Coenen et al. (2024).

3 Fossil Price Shocks and Financial Frictions

Our analysis first traces out the impact of an increase in the price of fossil resources on

aggregate macroeconomic variables as well as its differential effects across the dirty and clean

energy sectors. Our analysis then shows that the presence of financial frictions amplifies the

shock’s propagation through the banking sector.

3.1 Fossil resource price increase

Global commodity price increased by more than 100% during the 2021-2022 period. Against

the backdrop of this experience, our analysis illustrates the channels at work in our model by

considering a one-period increase in the fossil resource price of 50% with persistence equal

to 0.85. This benchmark also allows for a comparison with similar studies in the literature:

for example, Coenen et al. (2024) assume a 20% permanent increase in the price of fossil

resources while using an estimated model of the euro area; Pataracchia et al. (2023) assume

a 10 USD increase in the Brent oil price with estimated persistence of 0.85. The dynamics

in the price of the fossil resource for our exercise are depicted in the left panel of Figure 2,

and remain unchanged for the remainder of the paper.

At the aggregate level, the increase in the fossil energy price leads to higher headline

and core inflation, and lower output. On the nominal side, as energy is directly used in

consumption, the increase in the fossil resource price feeds directly through to the price of

the final consumption good.CPI headline inflation increases by around 1.3 p.p. Dirty energy

producers, which utilize fossil resources for production of the dirty energy input, experience

an increase in their marginal costs, which they pass on to producers of the intermediate

good, and thereafter to the final-good producers. Overall, core inflation increases by around

0.6 p.p. On the real side, the fall in current and expected future real income of households

causes them to cut back on consumption, while non-financial firms experience a fall in their

current and expected future profitability, causing them to cut back on investment. Overall,

the decline in aggregate demand contributes to lowering GDP by around 1.2% in the short

term. Figure 3 displays the associated dynamics.

At the sectoral level, substitution away from dirty to clean energy takes place, mitigating

aggregate energy quantity and price effects. Following an increase in the price of dirty energy,

aggregate energy providers substitute away from utilizing more costly dirty energy and into

utilizing less costly clean energy for the production of the aggregate energy good used

in intermediate good production. The increased demand for clean energy places upward

pressure on the price of the clean energy input. Due to imperfect substitutability across

energy inputs, in equilibrium, the effect from the fall in dirty energy dominates, implying a

reduction in aggregate energy and an increase in the aggregate energy price by around 15%.
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This negative supply shock and the associated substitution effects are captured by the right

panel of Figure 2 while Figure 3 captures the substitution dynamics.

In our setup, firms in each of the dirty, clean, and intermediate good sectors utilize

sector-specific sector-specific capital (and labor) for production. As a result, sectoral in-

vestment patterns are in line with the sectoral relative price effects: investment in the dirty

energy sector declines while investment in the clean energy sector increases. Given the

sector-specific nature of capital and investment goods in our model, a fossil price shock

therefore contributes to endogenously incentivizing “green investment.” However, invest-

ment in the intermediate good sector, which represents the majority of investment in the

economy, declines following from the reduced demand and higher price of aggregate energy.

The financial sector contributes to an amplification of the real effects of fossil price shocks

through a classic financial accelerator mechanism. In the steady state of the model—before

the fossil price shock materializes—the leverage constraint of banks is slack. As dirty energy

producers reduce their production of dirty energy inputs, prices of assets used to finance

capital in the dirty energy sector decline. Analogously, the increase in the demand for clean

energy production puts upward pressure on the price of clean energy assets. However, in

line with movements in real allocations across energy sectors, the overall effect on bank

equity is negative. The latter is largely due to the reduction in asset prices of intermediate

good producers, which demand fewer capital services for intermediate good production,

following from the increase in the aggregate energy price. The fall in bank equity causes the

leverage constraint of financial intermediaries to become binding, forcing them to further

restrict lending to non-financial firms across the dirty energy and intermediate good sectors.

The tightening of leverage constraints contributes to increasing lending spreads across assets,

amplifying the reduction in the demand for financing capital on behalf of non-financial firms.

By contrast, in a model without financial frictions, the economy would experience a milder

contraction following a fossil price increase. Figure 6 illustrates this difference. Without

leverage constraints, lending premia faced by non-financial firms are absent, mitigating the

reduction in production. At the sectoral level, in a model without financial frictions, the

economy moves more strongly towards the production of clean energy, while investment

in the intermediate good sector declines by less. Instead, the response of dirty energy

production across an economy with and without financial frictions is more similar (and

carbon emissions as a byproduct). This result follows from the exogenous impact of fossil

price shock on the dirty energy sector.

What happens if banks face different absconding rates on dirty versus clean energy

assets? Brown assets carry extra market risks—carbon pricing, regulation, reputational

concerns, asset stranding, and climate-hedging—which, together with strong ESG-driven

demand for green securities (see Bolton and Kacperczyk 2021; Pastor et al. 2021; Pedersen

et al. 2021), underscores the need to introduce asymmetry. We do so in a further model

exercis, calibrating Ψf = 1.5 and Ψg = 1, so that dirty energy commands a higher steady-

state risk premium. Consequently, clean-energy investment expands more following the
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fossil-price shock, since its lending spread rises by less. Figure 6 illustrates this effect with

the dashed blue IRFs.

The importance of the financial transmission channel is supported by a growing body of

literature. This literature highlights how financial transmission can amplify macroeconomic

fluctuations originating from fossil fuel price shocks. Hamilton (2009) documents how sharp

oil price increases prior to the 2008 crisis contributed to financial stress by weakening corpo-

rate balance sheets and tightening credit conditions. Similarly, Battiston et al. (2017) show

that climate-related exposures, including those tied to fossil assets, can transmit risks to the

financial system through banks’ lending portfolios. These findings align with the framework

of Gertler and Karadi (2011), where shocks that reduce firm net worth—such as unexpected

increases in fossil energy prices—lead to higher lending spreads via tighter financial con-

straints. Recent empirical evidence by Delis et al. (2022) further confirms that firms with

high carbon exposure face higher credit spreads, especially when fossil price volatility or

transition risk increases. The Banque de France (2023) highlights that energy price shocks

can impact financial stability through increased volatility and credit risks. These studies

collectively support the mechanism by which fossil price shocks and climate-related risks

raise financial frictions, leading to amplified macroeconomic effects.

Moreover, there is recent work by institutions such as the Network for Greening the

Financial System (2022), the Financial Stability Board (2025) and the US Federal Re-

serve, which focus on broader climate-related financial risks; these frameworks highlight

that abrupt adjustments in fossil fuel prices—whether due to physical risks, transition poli-

cies, or market disruptions—can play an important role, providing evidence of a key channel

through which energy-related shocks can impact financial stability.7

4 Energy Subsidies

This section highlights the propagation mechanisms of different energy-related fiscal policies

on the macroeconomy and on carbon emissions, in particular in mitigating the inflationary

consequences of fossil resource price increases, recognizing that such schemes may tem-

porarily adversely affect carbon emissions. Our analysis of these fiscal policies focuses on

untargeted price measures through an aggregate energy subsidy and distinguishes between

subsidies to firms and subsidies to households. It also considers a carbon subsidy, whereby

the production of dirty energy is subsidized. For illustration, we also compare the trans-

mission channels of each subsidy relative to a VAT decrease, whose properties are familiar.

The effects of these instruments differ, as we show, and our analysis gauges these differences

using impulse response functions in deviations from the exogenous fossil price increase, and

fiscal and emission multipliers.

7For instance Federal Reserve Board (2021) notes that climate change-related financial risks pose both
micro- and macroprudential concerns, potentially affecting financial stability.
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4.1 Inspecting energy-related fiscal policies

Sevral experiments establish our findings. The setup is the same across types of subsidies.

As a starting point, we always first calculate the share of revenues (as a % of GDP) that

arise from each subsidy in the steady state. We then separately increase each subsidy

rate from its (0) steady state value in order to generate an (ex-ante) decrease in government

revenues by 1% on impact, which are subsequently redistributed to households in a lump-sum

fashion.8 From period 1 onwards, each subsidy follows an AR(1) process, with autoregressive

coefficient of 0.85, equal to that of the fossil resource price shock whoseeffects we rac out

and report.

Figures 7 and 8 present the impulse responses of different energy subsidies when combined

with a shock to the fossil resource price. The solid black lines represent the case of no

subsidies. Relative to the fossil price shock, overall, the results illustrate how an energy

production subsidy can lower both core inflation (i.e. inflation excluding energy) and CPI

inflation and increase aggregate output, while an energy consumption subsidy can only lower

CPI inflation, but increase core inflation and reduce aggregate output. In turn, a carbon

subsidy, lies in the middle, lowering both CPI and core inflation and increasing aggregate

output, but to less of an extent relative to the energy production subsidy.9

Energy production subsidies An energy production subsidy (dashed green lines) con-

sists of a negative surcharge on the price of aggregate energy utilized by intermediate good

firms for production of the intermediate good. This subsidy directly lowers the after-subsidy

energy price faced by producers resulting in a significant fall in their marginal costs. Lower

marginal costs are subsequently passed over to final good firms resulting in a reduction in

core inflation relative to the fossil price increase.

To see this more clearly, note that marginal costs are a CES aggregate of the after-

subsidy energy price and the contribution from wages and the return to capital in the

intermediate good sector. In equilibrium, the lower after-subsidy energy price raises the

production of energy, and given the complementarity of energy with value added in the

intermediate good sector, also increases capital and labour demand, pushing up the real

wage and the return from sector-specific capital. In equilibrium however, and given the

imperfect complementarity with the energy price, their contribution towards marginal costs

of intermediate good firms does not compensate for the decrease arising from the fall in

after-subsidy energy prices.

On the real side, given the fall in marginal costs, energy production is increased, allowing

for an increase in investment, consumption and hence GDP. On the financial side, the

increased demand for capital across sectors, pushes up asset prices, relaxing bank balance

8This specification implies that the fiscal authority runs a balanced budget, allowing to circumvent the
confounding of the analysis from any effects related to financing decisions of the government

9The relative differences in magnitudes across different energy-related are summarized informatively by
reporting fiscal multipliers, following Uhlig (2010), in Appendix A.2.
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sheet constraints, and allowing additional financing to be extended to non-financial firms

for investment.

Energy consumption subsidies Next, our analysis highlights the impact of a subsidy

to the price of energy consumed by households (dashed blue lines). The main difference to

the energy production subsidy is that the energy consumption subsidy does not contribute

towards reducing marginal costs of intermediate good firms. Instead, in equilibrium, as

the consumption subsidy increases the demand for energy used for consumption, the (after-

subsidy) price of energy faced by firms rises, contributing modestly, but still visibly, to

an increase in marginal costs, and hence core inflation. Instead, CPI inflation declines on

impact following from the (mechanical) reduction in the post-subsidy energy price included

in the aggregate consumption bundle. Notably, in the medium term, CPI inflation remains

persistently above the case of no subsidies (black solid lines) as the subsidy decays, but the

demand for energy consumption remains elevated.

On the real side, faced with higher energy prices, intermediate good firms (marginally)

reduce their use of energy for production and consequently also their demand for labour

and capital in the intermediate good sector, bringing down aggregate investment. Given the

imperfect complementarity between energy goods and non-energy consumption goods for

households, the lower relative price of energy for consumption, lowers the demand for non-

energy consumption goods, driving down overall consumption. The decline in investment in

the intermediate good sector combined with the overall fall in consumption contribute to a

decline in GDP.

Carbon subsidies A carbon subsidy (dotted red lines) is attached to the price of dirty

energy, used for production of the dirty energy good, which is demanded, together with

clean energy, for production of aggregate energy. Overall, as will become clear, the effects

of a carbon subsidy on inflation and real activity lie inbetween those of a subsidy on energy

consumption and a subsidy on energy production.

The subsidized dirty energy price leads aggregate energy producers to limit their sub-

stitution towards clean energy that arises as a result of the fossil price shock, and towards

utilizing the now less costly, subsidized dirty energy. Similar to the effects f the fossil re-

source price shock, the degree to which this occurs is driven by the elasticity of substitution

between clean and dirty energy, ϵe, which in line with empirical evidence in Papageorgiou

et al. (2017) is calibrated equal to 1.8, motivating the case of imperfect substitutatibility

between the two inputs. Inverseley to a fossil resource price shock however, the aggregate

(post-tax) price of aggregate energy now falls, while energy used for production and con-

sumption increases, as the subsitution towards dirty energy compensates for the relative

reduction in clean energy.

The lower aggregate energy price faced by firms limits the increase in core inflation, by

mitigating the increase in marginal costs of intermediate good firms, while the lower energy
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price faced by households for consumption of energy goods contributes to a decline in CPI

inflation. However, since the passthrough of the dirty energy price into the aggregate enery

price is mitigated by nominal rigidities at the level of dirty energy production, the effects on

core inflation are more modest relative to the energy production subsidy. Equivalently, they

are also more modest on CPI inflation relative to the energy consumption subsidy. As a

result, the effects on aggregate consumption and investment, and hence GDP, lie inbetween

the cases of subsidies on energy production and energy consumption.

4.2 Effects on the financial sector and carbon emissions

Th different policies have different effects on financial sector variables and on carbon emis-

sions, as Figure 9.

The presence of financial frictions per se contributes towards amplifying the mechanisms

previously discussed. The subsidy on energy production as well as the carbon subsidy in-

crease capital demand of non-financial firms, putting downward pressure on clean and dirty

energy asset prices, and limit the increase in lending spreads, particularly those of the in-

termediate good sector, which represents a sizeable share of the economy. As a result, the

balance sheet of financial intermediaries improves relative to the case without subsidies,

leading their leverage constraint to become less binding, and asset prices to increase. Over-

all, the adverse feedback loop between non-financial firms and financial intermediaries is

mitigated following energy production and carbon subsidies.

However, an energy consumption subsidy does little to affect bank net worth and lending

spreads, deriving from the fact that overall consumption and intermediate good production

declines relative to the case without subsidies. This occurs because the energy consump-

tion subsidy increases the relative price of non-energy consumption goods, and puts upward

pressure on marginal costs of intermediate good firms by affecting the (after-subsidy) aggre-

gate energy price, following from an increase in production of (clean and dirty) energy to

meet the increased demand for its consumption. In this case, while overall bank net worth

remains unchanged, the portfolio composition of banks is shifted towards dirty and clean

energy producers rather than intermediate good producers.

Finally, recall that emissions are a byproduct of production in the dirty energy sec-

tor. Therefore, as production of dirty energy responds following changes in energy-related

subsidies, emissions also respond proportionately. A carbon subsidy, which rewards the pro-

duction of dirty energy by lowering its price, although balanced in terms of its impact on

inflation and output, leads to the largest increase in carbon emissions relative to the case

without subsidies. Instead, energy consumption and production subsidies only modestly

increases emissions, as they do not significantly affect the relative prices of dirty and clean

energy inputs, utilized for the production of aggregate energy.10

10Sensitivity analysis in Appendix A.1 shows that macroeconomic and environmental outcomes hinge on
key elasticities and energy shares. Notably, larger energy shares in production or consumption amplify the
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5 Macroprudential Policy

Energy subsidies evidently contribute towards temporarily slowing down the “green transi-

tion” brought about by an increase in fossil prices. The analysis in this section shows a key

insight of this paper: A comprehensive set of macroprudential policies can be introduced

to compensate for transition risks. When the government has access to macroprudential

taxes and subsidies, which can be imposed on sectoral bank assets in bank portfolios, the

emission increases from energy subsidies can be mitigated, without leading to adverse effects

on macroeconomic outcomes.11

Given that banks face a moral hazard problem, macroprudential taxes and subsidies

operate by affecting the bank’s ability to obtain deposits. Recall the expression for the

value of the bank (eq. 49 from section 2) Vt (Nt), which we now modify by introducing τΨ,f

and τΨ,g:

Vt (Nt) ≥ θ
(
Qm,tS

b
m,t + (1 + τΨ,f )ΨfQf,tS

b
f,t + (1 + τΨ,g)ΨgQg,tS

b
g,t

)
(19)

where Ψg,Ψf are sectoral absconding rates and τΨ,g, τΨ,g are macroprudential taxes (subsi-

dies when negative).

The macroprudential policies effectively introduce imperfect substitutablity between dif-

ferent securities in the bank’s balance sheet and therefore limit arbitrage. They are in-

herently equivalent to sector-specific absconding rates that are due to differential risk of

assets in steady state portfolios, with the difference that macroprudential policies involve

fiscal redistribution through the government to agents. Notably, such a macroprudential

tax-subsidy policy scheme is also employed by Aoki et al. (2016) and Carattini et al. (2021),

among others.

The different taxes/subsidies attached to the intermediate good, clean and dirty energy

sector assets motivating their imperfect substituability in bank portfolios can be rationalized

following empirical evidence. For example, Bolton and Kacperczyk (2021); Pastor et al.

(2021); Pedersen et al. (2021)) show that the risk premium of green assets is negative, a

negative “greenium.” This justifies using sector-specific macroprudential policies according

to which the policymaker can respond to systematic market risk associated with e.g., brown

assets, such as carbon pricing, regulation, reputational concerns, asset stranding and climate

hedging risks. Or, likewise, a macroprudential subsidy on clean energy assets can be used

overall impact of fossil price shocks and subsidies, particularly on inflation and emissions, while preserving
the relative ranking of policy tools—most notably, carbon subsidies consistently drive the largest increase
in emissions by lowering the relative price of dirty energy. Additionally, higher substitution elasticities
across energy types, production inputs, and consumption bundles dampen or amplify the effects of fossil
price shocks and subsidies by enabling greater reallocation. In contrast, lower elasticities lead to stronger
adjustments through reduced output or altered input use.

11An additional policy tool which the central bank can employ to alter the portfolio compositions of
financial intermediaries consists of sectoral asset purchases. However, given the more sizeable macroeconomic
effects of such a policy it would also undo some of the effects of energy subsidies towards mitigating the
inflationary consequences of fossil resource price shocks.
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to respond to the recent high demand for green assets from Environmental, Social, and

Governance (ESG) investors lowering their expected return.

Relative to a benchmark without macroprudential policy, what is the effect of a “Brown”

and a “Green” macroprudential policy? Figure 10 illustrates this comparison, comparing a

“Brown macroprudential policy”, where the policymaker places a tax on dirty energy assets

(dashed red lines) to a “Green macroprudential” policy where instead a subsidy is placed

on clean energy assets (dotted green lines). Solid blue lines refer to the benchmark without

any macroprudential policies.

A clear set of results arises: A macroprudential tax on dirty energy assets in bank

balance sheets tilts bank portfolios away from dirty energy assets and into assets used for

the production of clean energy and for the intermediate good relativ to the benchmark. So,

while the policy enables the dirty energy asset price to decline by less, less bank financing

is extended to dirty energy firms for production of the dirty energy input, which is instead

allocated to clean energy firms and firms that produce the intermediate good. Given the

large share of intermediate good assets in production, aggregate investment and output fall

by less. At the same time, since the banking sector becomes less exposed to dirty energy,

bank equity drops by less, “green investment” increases by more, and the reduction in

emissions is stronger.

Instead, a macroprudential policy that subsidizes clean energy assets (dotted green lines)

tilts bank portfolios towards clean energy assets and away from dirty energy assets. The

increase in clean energy investment is more sizeable under such a policy, as the macropru-

dential subsidy lowers the clean energy asset price more significantly, preventing banks from

investing in dirty energy assets with higher excess returns. Similar to the “Brown” macro-

prudential policy, a “Green” macroprudential policy also mitigates the contraction in GDP

but contributes less towards reducing emissions.

To what extent can the alternative macroprudential tools presented above complement

the different energy subsidies in mitigating the ensuing increase in carbon emissions from

fiscal policy, while not distorting the macroeconomic benefits provided by them? Tables 2

to 5 report the stabilization properties of different configurations of energy subsidies with

“Green” and “Brown” macroprudential polices against a fossil price shock, by reporting the

variance of CPI and core inflation, GDP and consumption, lending spreads, and carbon

emissions, calculated as the percent (or percentage point) deviation of each variable from

its steady state value over 40 quarters.

Results illustrate that absent macroprudential policy, energy subsidies (either on the

production, or consumption side, but also carbon taxes) stabilize inflation rates, real activ-

ity, lending spreads, while increasing carbon emissions, in line with the discussion in section

4. Allowing for “Brown” and “Green” macroprudential policies contributes to less stabiliza-

tion of carbon emissions, which now implies their greater decline, while real and nominal

variables are little affected. Since the policies operate by affecting the corresponding as-

set prices, “Brown” macroprudential policy primarily operates by stabilizing dirty energy
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lending spreads, while “Green” macroprudential policy by stabilizing clean energy lending

spreads, in relative terms.

Finally, Table 6 illustrates the welfare losses (measured in % from the steady state,

in consumption equivalents) for each fiscal-macroprudential policy package.12 The results

indicate that a subsidy on energy production lowers welfare losses by approximately 73%

relative to the no-subsidy case while a subsidy on energy consumption raises welfare losses

by roughly 30% relative to the baseline (though absolute welfare losses remain small). The

results are driven by the expansionary nature of energy production subsidies, which enable

lowering consumption volatility and hence benefit households which hold a preference for

smoother consumption due to consumption habits. Accompanying energy production sub-

sidies with “Green” macroprudential policy further lowers welfare losses by another 20% by

stabilizing clean and dirty energy spreads and hence mitigating the amplification of fossil

price shocks through the banking sector.13

It is worth acknowledging that the proposed macroprudential taxes on energy assets

are best understood as permanent macroprudential measures rather than short-run inter-

ventions. They are designed to structurally tilt bank portfolios away from dirty energy

and towards clean energy and intermediate goods, thereby supporting the green transition

while maintaining macroeconomic stability. As a permanent tool, the taxes ensure sustained

pressure on banks to adjust their exposures, helping to internalize climate-related financial

risks and reinforcing long-term investment shifts. However, permanence also brings poten-

tial drawbacks: Policies could reduce banks’ flexibility to respond to future technological

or market changes, risk misallocating credit if the definition of “dirty” assets evolves, and

expose the system to competitiveness concerns if similar measures are not adopted globally.

Political economy pressures could also undermine the credibility and stability of the policy

over time. By contrast, if the taxes were only temporary, they might not induce durable

changes in financing patterns or could create uncertainty. If implemented in an anticipated

manner over time, they might weaken their effectiveness in promoting green investment.

Thus, viewing these policies as permanent aligns with the objective of embedding climate

risk considerations deeply into the financial system, despite the trade-offs they entail.

12Specifically, we report the cumulative quarterly change in consumption over 10 years that would leave
households indifferent in utility flows between the package and the baseline where only fossil price shocks
are present.

13Note that in our model, carbon emissions—being a by-product of dirty energy production without
feeding back into the economy—do not impose an additional welfare loss. An alternative specification
where emissions affect productivity via a damage function (as in e.g., Golosov et al. (2014), or enter directly
into household utility as a proxy for “green preferences” would not change the ranking of policies but
quantitatively improve on welfare losses. Quantitatively, our welfare analysis can therefore be seen as a
lower bound.
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6 Conclusion

This paper has developed a New-Keynesian E-DSGE model featuring energy disaggregation

and financial intermediaries to comprehensively understand the propagation and interaction

of production-side and consumption-side energy-related subsidies as well as macroprudential

policies through the bank lending channel. Our analysis shows that relative to the fossil price

shock, an energy production subsidy can lower both core inflation (i.e. inflation excluding

energy) and CPI inflation and increase aggregate output, while an energy consumption

subsidy can only lower CPI inflation, but increase core inflation and reduce aggregate output.

In turn, a carbon subsidy lies in the middle, lowering both CPI and core inflation and

increasing aggregate output, but less than an energy production subsidy. Given that such

instruments are targeted at raising the production of energy, to the extent that additional

dirty energy is used for production, carbon emissions increase.

Recognizing that energy subsidies contribute towards temporarily slowing down the

“green transition” that is brought about by an increase in fossil prices, we show that a

comprehensive set of macroprudential policies can be introduced to compensate for the

newly emerging transition risks. When the government has access to macroprudential taxes

and subsidies, which can be imposed on sectoral bank assets in bank portfolios, the emis-

sion increases from energy subsidies can be mitigated, without leading to adverse effects on

macroeconomic outcomes.

Notably, our closed economy model does not capture the changes in domestic vis a vis

international relative prices that may materialize as a result of changes in the supply of

fossil resources, which from the perspective of the EA are typically imported. Allowing for

fossil resources to be imported via the modeling of a second fossil-exporting region is an

extension of the model that can be pursued in future research, which would arguably not

meaningfully impact the the qualitative predictions of the analysis, but have implications

for the magnitudes of the responses of real and nominal variables following energy-related

subsidies.

An additional consideration absent in our model relates to the modeling of endogenous

technological change, which arguably will impact the effects of energy-related subsidies over

the medium to longer term, as the efficiency of clean energy improves thereby placing down-

ward pressure on the price of clean energy assets. We leave this to future research.

Note: During the preparation of this work the authors used ChatGPT in order to proof-

read the paper. After using this tool/service, the authors reviewed and edited the content

as needed and take full responsibility for the content of the publication.
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Figure 1: A schematic illustration of the model’s structure
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Table 1: Parameter values

Households
β 0.995 Discount factor
γ 1.5 Risk aversion coefficient
h 0.62 Habit
φ 0.7 Inverse of the Frisch elasticity of labor supply
χ 25 Disutility of labor
ωc 0.05 Quasi-share of energy in consumption
ϵc 0.4 El. of subst. energy and non-energy good

Goods producers
ϵ 6 El. of subst. between final goods varieties
ωm 0.92 Quasi-share of value added
ϵm 0.4 El. of subst. value added and energy
αm 0.33 Capital share, value added
δm 0.025 Depreciation rate
ψm 0.92 Probability of keeping the price fixed

Energy producers
ωe 0.3 Quasi-share of clean energy
ϵe 1.8 El. of subst. clean and dirty energy
ωg, ωf 0.3, 0.3 Quasi-share of value added
ϵg, ϵf 0.25, 0.25 El. of subst. energy input and natural resource
αg, αf 0.33, 0.33 Capital share, value added
δg, δf 0.0125, 0.02 Depreciation rate
ψg, ψg 0.25, 0.25 Probability of keeping the price fixed
ϖ 380 Carbon intensity

Financial intermediaries
σ 0.955 Survival rate of bankers
θ 0.18 Fraction of divertible funds
ψg 0.8 Relative absconding rate, clean assets
ψf 1.2 Relative absconding rate, dirty assets
κ 0.0129 Transfers to new bankers

Government
ḡ 0.21 Share of government consumption, steady state
κi 0.8 Taylor rule, smoothing
κπ 2 Taylor rule, weight on inflation
κy 0.1 Taylor rule, weight on output
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Figure 2: Shock to the fossil resource price

Notes: A temporary increase in the fossil resource price by 50% following an

AR(1) process with persistence 0.85.

Figure 3: Aggregate effects of a fossil resource price shock

Notes: Impulse responses to the fossil resource price shock shown in Figure 2
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Figure 4: Sectoral effects of a fossil resource price shock

Notes: Impulse responses to the fossil resource price shock shown in Figure 2

Table 2: Stabilization effects of fiscal-macroprudential policy packages - inflation

CPI inflation Core inflation

Baseline Brown Mpru Green Mpru Baseline Brown Mpru Green Mpru

No subsidy 0.126 0.133 0.117 0.024 0.026 0.022
τE

y
0.061 0.067 0.057 0.004 0.005 0.003

τE
c

0.022 0.024 0.022 0.015 0.016 0.014

τP
d

0.042 0.046 0.039 0.010 0.010 0.009

Notes: Variance of different macroeconomic variables following a fossil price

shock, and when accompanied with different fiscal and macroprudential config-

urations. The variance is calculated over their percentage point deviation from

their steady state values in annualized terms over 40 quarters.
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Figure 5: Financial sector effects of a fossil resource price shock

Notes: Impulse responses to the fossil resource price shock shown in Figure 2

Table 3: Stabilization effects of fiscal-macroprudential policy packages - output, consumption

GDP Consumption

Baseline Brown Mpru Green Mpru Baseline Brown Mpru Green Mpru

No subsidy 0.113 0.128 0.107 0.001 0.001 0.001
τE

y
0.031 0.038 0.027 0.000 0.001 0.000

τE
c

0.133 0.148 0.126 0.002 0.002 0.002

τP
d

0.047 0.054 0.045 0.001 0.001 0.001

Notes: Variance of different macroeconomic variables following a fossil price

shock, and when accompanied with different fiscal and macroprudential con-

figurations. The variance is calculated over the % deviations of each variable

from its steady state value over 40 quarters.
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Figure 6: Role of financial frictions

Notes: Impulse responses to the fossil resource price shock shown in Figure

2 in a model with leverage-constrained banks (blue lines) and without banks

(dashed red lines). Solid blue lines refer to the economy with equal absconding

rates across assets (ψf = ψg = 1). Dashed blue lines refer to the case where

Ψf = 1.5,Ψg = 1

Table 4: Stabilization effects of fiscal-macroprudential policy packages - lending spreads

Dirty energy Clean energy

Baseline Brown Mpru Green Mpru Baseline Brown Mpru Green Mpru

No subsidy 0.213 0.204 0.188 0.213 0.200 0.191
τE

y
0.040 0.042 0.032 0.040 0.041 0.033

τE
c

0.227 0.216 0.199 0.227 0.211 0.203

τP
d

0.071 0.070 0.062 0.071 0.069 0.063

Notes: Variance of different macroeconomic variables following a fossil price

shock, and when accompanied with different fiscal and macroprudential config-

urations. The variance is calculated over their percentage point deviation from

their steady state values in annualized terms over 40 quarters.
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Figure 7: Effects of energy subsidies on prices

Notes: Impulse responses from alternative energy-related subsidies following a

resource price shock as in Figure 2. Black solid lines refer to the case of no

subsidies.

Table 5: Stabilization effects of fiscal-macroprudential policy packages - carbon emissions

Carbon emissions

Baseline Brown Mpru Green Mpru

No subsidy 0.075 0.087 0.075
τE

y
0.052 0.060 0.053

τE
c

0.056 0.065 0.056

τP
d

0.026 0.030 0.025

Notes: Variance of different macroeconomic variables following a fossil price

shock, and when accompanied with different fiscal and macroprudential con-

figurations. The variance is calculated over the % deviations of each variable

from its steady state value over 40 quarters.
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Figure 8: Effects of energy subsidies on the real economy

Notes: Impulse responses from alternative energy-related subsidies following a

resource price shock as in Figure 2. Black solid lines refer to the case of no

subsidies.

Table 6: Welfare losses from fiscal-macroprudential policy packages

Welfare losses

Baseline Brown Mpru Green Mpru

No subsidy 0.072% 0.073% 0.068%
τE

y
0.019% 0.020% 0.015%

τE
c

0.093% 0.09%3 0.088%

τP
d

0.054% 0.052% 0.053%

Notes: Welfare losses following a fossil price shock, and when accompanied

with different fiscal and macroprudential configurations. Welfare losses are

calculated with respect to the steady state (as a %, in consumption equivalent

units).
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Figure 9: Effects of energy subsidies on the financial sector and carbon emissions

Notes: Impulse responses from alternative energy-related subsidies following a

resource price shock as in Figure 2. Black solid lines refer to the case of no

subsidies.
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Figure 10: Effects of macroprudential policies

Notes: Impulse responses to the fossil resource price shock shown in Figure 2

“Brown” macroprudential policy (τψ,D = −0.01; dashed red lines) and “Green”

macroprudential policy (τψ,C = −0.01; dotted green lines). Solid blue lines

correspond to the case without macroprudential policies (τψ,D = τψ,C = 0)
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Appendix:

Fiscal and Macroprudential Policies During an Energy Crisis

Romanos Priftis, European Central Bank. E-mail: romanos.priftis@ecb.europa.eu

Raphael Schoenle, Brandeis University and CEPR. E-mail: schoenle@brandeis.edu

Abstract

Section A.1 provides additional robustness checks around alternative parmateri-

sations of energy shares and elasticities of substitution. Section A.2 presents fiscal

multipliers on output and carbon emissions following different energy subsidies. Fi-

nally, section B presents the model in detail.

A Additional Results

A.1 Sensitivity analysis

We explore the robustness of our results against alternatives that differ in the steady-state

shares of energy used for consumption and production, the elasticity of substitution affecting

different energy inputs in the corresponding CES aggregators, and alternative monetary

policy rules, targeting CPI vs. core inflation.

A.1.1 Shares of energy in production and consumption

Figure A.1 illustrates impulse responses following a fossil resource prick shock (black lines)

and impulse responses following an energy production subsidy (green lines), an energy con-

sumption subsidy (blue lines), and a carbon subsidy (red lines). It compares the results

from our original calibration against the case of a higher share of energy in production,

(15% instead of 8%; dashed lines), and against a calibration with a higher share of energy

in consumption, (15% instead of 5%; dotted lines). The fossil resource price shock remains

as in Figure 2, while subsidies are separate AR(1) processes of magnitude 1% of GDP with

persistence equal to 0.85.

The results indicate that overall higher energy shares amplify the effects of fossil price

shocks as well of all subsidies, and operate through their effects on magnifying the change

in the price of the aggregate consumption bundle (in the case of higher energy used in

consumption) and through a larger change in intermediate good firms’ marginal costs (in

the case of higher energy used in production.

The real effects of subsidies and fossil price shocks follow the dynamics and mechanisms

described above, with analogous amplification depending on the calibration of energy shares.

Qualitatively however, the relative effects across subsidies are maintained under the alterna-

tive calibrations. It is worth highlighting, that regardless of the calibration of energy shares,
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an energy production subsidy uniquely operates by affecting the demand for energy for in-

termediate good producers and hence energy used for production, with negligible differential

effects on the consumption of energy.

Regarding carbon emissions, the effects are correspondingly larger the higher the share

of energy in consumption and production, with carbon subsidies yielding the largest increase

across energy-related subsidies, due to the fact that they operate by lowering the relative

price of dirty energy.

A.1.2 Elasticities of substitution across different inputs

Figures A.2 - A.4 provide a sensitivity around different calibration assumptions surrounding

the elasticities of substitution of different CES bundles.

Figure A.2 performs a sensitivity analysis around ϵe, the elasticity of substitution of be-

tween dirty and clean energy inputs required to produce the aggregate energy bundle. For

higher values of ϵe, the ability of aggregate energy providers to reallocate across clean vs.

dirty energy inputs becomes easier in the medium-term. Following fossil price shocks and

carbon subsidies, the effects on inflation and on emissions are mitigated (less inflationary

with a lower drop in emissions following fossil price shocks, and less disinflationary and

lower increase in emissions following carbon subsidies). Moreover, for a lower ϵe, implying

imperfect complementarity between clean vs. dirty energy inputs, the real and nominal ef-

fects follow the same dynamics, however rather than occurring through a weaker reallocation

across energy sectors, the effects operate by reducing the aggregate production of energy

by more. This contributes to a dampened increase in emissions following carbon subsidies.

Notably, as ϵe only affects the reallocation across energy sectors, energy consumption and

energy production subsidies yield the same effects as they operate on the aggregate energy

price faced by firms and households.

Next, Figure A.3 performs a sensitivity analysis around ϵm, the elasticity of substitution

of between value added and energy required to produce the intermediate good used for final

consumption and investment purposes. For higher values of ϵm, the ability of intermediate

good firms to substitute away from more costly energy following fossil price shocks leads to

a reduction in the production of energy, but an increase in the use of capital and labour

for production of the intermediate good. Overall, this puts upward pressure on core and

CPI inflation, while emissions fall by more. The analogous inverse mechanism is operative

for subsidies on the production of energy, implying greater disinflationary effects combined

with a stronger increase in the use of energy for production and emissions. The effects

of energy consumption subsidies instead are similar across different values of ϵm, as they

operate on affecting the relative price of energy faced by households, and contribute little to

raising firm marginal costs (and hence core inflation) following only a negligible increased

demand for energy; this can be seen by the identical effects of different values of ϵm on

energy consumption across subsidy types.
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Finally, Figure A.4 performs a sensitivity analysis around ϵc, the elasticity of substitution

between energy and non-energy goods in households’ aggregate consumption bundles. For

high values of ϵc, energy and non-energy consumption goods become more substitutable,

suggesting that following fossil price shocks, which increase the price of aggregate energy,

households more easily move towards non-energy goods for consumption purposes, lowering

their energy consumption and mitigating the increase in CPI inflation. Instead, an energy

consumption subsidy is now less disinflationary for high values of ϵc, and increases core

inflation by more, as it lowers the relative price of energy goods in consumption by a greater

magnitude. As a result, while energy used for production declines, the mix between dirty

and clean energy inputs tilts towards the dirty energy sector, contributing towards a stronger

increase in emissions. Notably, the effects of energy productions subsidies instead are similar

across different values of ϵe, as they operate on affecting the relative price of energy faced

by firms.
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Figure A.1: Robustness: Shares of energy in consumption and production

Notes: Impulse responses following a fossil resource price shock (black lines), an energy production

subsidy (green lines), an energy consumption subsidy (blue lines), and a carbon subsidy (red lines).

Solid lines refer to the baseline (Base) calibration with ωm = 0.92 and ωc = 0.05. Dashed lines

refer to a calibration with a higher share of energy in production ωm = 0.85. Dotted lines refer

to a calibration with a higher share of energy in consumption ωc = 0.15. Variables are expressed

in percent deviations from steady state values. CPI and core inflation are in percentage point

deviations from steady state values. The fossil resource price shock is as in Figure 2. Subsidies

follow an AR(1) process of magnitude 1% of GDP with persistence equal to 0.85.
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Figure A.2: Robustness: Elasticity of substitution between clean and dirty energy

Notes: Impulse responses following a fossil resource price shock (black lines), an energy production

subsidy (green lines), an energy consumption subsidy (blue lines), and a carbon subsidy (red lines).

Solid lines refer to the baseline (Base) calibration with ϵe = 1.8. Dashed lines refer to a calibration

with a higher elasticity of substitution between clean and dirty energy ϵe = 0.3. Dotted lines refer

to a calibration with a lower elasticity ϵe = 0.9. Variables are expressed in percent deviations from

steady state values. CPI and core inflation are in percentage point deviations from steady state

values. The fossil resource price shock is as in Figure 2. Subsidies follow an AR(1) process of

magnitude 1% of GDP with persistence equal to 0.85.
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Figure A.3: Robustness: Elasticity of substitution between value added and energy

Notes: Impulse responses following a fossil resource price shock (black lines), an energy production

subsidy (green lines), an energy consumption subsidy (blue lines), and a carbon subsidy (red lines).

Solid lines refer to the baseline (Base) calibration with ϵm = 0.4. Dashed lines refer to a calibration

with a lower elasticity of substitution between value added and energy ϵm = 0.1. Dotted lines refer

to a calibration with a higher elasticity ϵm = 1.5. Variables are expressed in percent deviations

from steady state values. CPI and core inflation are in percentage point deviations from steady

state values. The fossil resource price shock is as in Figure 2. Subsidies follow an AR(1) process

of magnitude 1% of GDP with persistence equal to 0.85.
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Figure A.4: Robustness: Elasticity of substitution between energy and non-energy consump-
tion good

Notes: Impulse responses following a fossil resource price shock (black lines), an energy production

subsidy (green lines), an energy consumption subsidy (blue lines), and a carbon subsidy (red lines).

Solid lines refer to the baseline (Base) calibration with ϵc = 0.4. Dashed lines refer to a calibration

with a lower elasticity of substitution between energy and non-energy consumption good ϵm = 0.1.

Dotted lines refer to a calibration with a higher elasticity ϵm = 1.5. Variables are expressed

in percent deviations from steady state values. CPI and core inflation are in percentage point

deviations from steady state values. The fossil resource price shock is as in Figure 2. Subsidies

follow an AR(1) process of magnitude 1% of GDP with persistence equal to 0.85.
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A.2 Fiscal and emission multipliers

The relative differences in magnitudes across different energy-related subsidies can be sum-

marized informatively by reporting fiscal multipliers. We calculate fiscal multipliers in

present value terms following Uhlig (2010). Formally, the present value multiplier at horizon

h is given by:

MPV
t =

∑t
h=0R

−h
(
X̂h −X

)
∑t

h=0R
−h
(
R̂evh −Rev

) (1)

where R denotes the real interest rate on government debt at the steady state, and X̂h and

R̂evh are the responses of the variable of interest (e.g. output, emissions, etc.) and revenues,

relative to their steady states, X and Rev, respectively.

Figure A.5 and Table A.7 report present value fiscal multipliers for output and emissions

following a 1% reduction in revenues (as a % of GDP) across different fiscal instruments. In

line with the discussion in section 4.1 the present value multiplier for the energy production

subsidy is largest from period 4 onwards and converges to 1.67 in the long run. Instead,

the energy consumption subsidy implies a negative present value multiplier throughout the

horizon and converges to -0.26 in the long run. The carbon subsidy produces an intermediate

effect, with a present value multiplier greater than 1 in the long run.

Regarding carbon emissions, their path is proportionate to the increase in the production

of dirty energy. Therefore, a carbon subsidy which lowers the relative price of dirty energy

leads to the highest emission multiplier, which is around 6 in the long run. Following again

the discussion in section 4.1, the long run emission multiplier of the energy production

subsidy is greater than the long run emission multiplier of the energy consumption subsidy.

We also compare against a reduction in VAT. In contrast to subsidies targeted at the

price of energy (faced by different agents in the model), a VAT reduction lowers the price of

aggregate consumption and is therefore blind to its composition between energy and non-

energy consumption goods. As a result, the reduction in the relative price of consumption

relative to the investment good, translates to an increase in overall consumption but at

the expense of a decline in aggregate investment. Overall, while the effects on output are

positive, they are quantitatively small leading to a present value multiplier on output that

is 0.36 on impact but turns negative in the long run. Finally, given that a VAT decrease

eventually lowers production, the present value emission multiplier for VAT converges to

zero.

It becomes clear from the analysis, that relative to the available fiscal instruments, energy

production subsidies are better suited to mitigate the contractionary effects of fossil price

shocks in the medium term, while only modestly slowing down the transition to a low-carbon

economy.
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Figure A.5: Present value fiscal multipliers for output and emissions

Notes: Present value fiscal multipliers for GDP and carbon emissions following

a temporary increase in energy subsidies equivalent to an (ex-ante) 1% of GDP

loss in government revenue, following an AR(1) process with persistence 0.85.

Present value multipliers are calculated as in eq. 1.

Table A.7: Present value fiscal multipliers for different fiscal instruments

Quarters

t = 1 t = 4 t = 8 t = 12 Long run

GDP
τE

y
0.36 0.48 0.52 0.53 0.53

τE
c

-0.04 -0.06 -0.07 -0.07 -0.07
τPd 0.25 0.33 0.37 0.37 0.37
τ c 0.36 0.44 0.45 0.45 0.45

Carbon emissions
τE

y
1.62 2.03 2.15 2.21 2.47

τE
c

0.55 1.25 1.71 1.90 2.05
τPd 3.34 4.67 5.12 5.30 5.74
τ c 0.16 0.26 0.27 0.25 0.05

Notes: Present value fiscal multipliers for GDP and carbon emissions following

a temporary increase in energy subsidies equivalent to an (ex-ante) 1% of GDP

loss in government revenue, following an AR(1) process with persistence 0.85.

Present value multipliers are calculated as in eq. 1
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B Model Description

B.1 Households

There is a continuum of identical households of measure 1. Households consume a basket of

energy and non-energy goods, work in each of the three sectors, and invest their savings into

bank deposits and short-term government bonds. Labor is perfectly mobile across sectors.

In any period t, a fraction f of households are bankers and the remaining fraction 1−f are

workers. Within the family, there is perfect consumption insurance. Workers supply labor

to each sector and return their (after-tax) wage income to the household. Bankers manage

financial intermediaries and also transfer their earnings back to the household. Households

save by depositing funds into intermediaries they do not own.

Bankers have a finite lifetime. In every period a household stays a banker with probability

σ and with probability (1− σ) it remains a worker. Hence, in every period a fraction

(1− σ) f of households becomes a worker. Exiting bankers are replaced by the same number

of (random) workers, keeping the relative shares of each household type fixed. Entering

bankers are assigned with an amount of start-up funds.

The discounted utility of the household is given by

E0

∞∑
i=0

βt

[
(Ct+1 − hCt+i−1)

(1−γ) − 1

1− γ
− χ

1 + φ
L1+φ
t+i

]
(2)

where E0 is the expectation operator, 0 < βt < 1 is the (time-varying) discount rate,

0 < h < 1, and γ, χ, φ > 0. Lt is total labor supplied across the three value-added producing

sectors, and Ct is a composite consumption good, which is produced by a competitive firm

that bundles an energy consumption good, EC
t , and a consumption good excluding energy,

CX
t using the CES aggregator:

Ct =

[
ω

1
ϵc
c

(
EC
t

) ϵc−1
ϵc + (1− ωc)

1
ϵc

(
CX
t

) ϵc−1
ϵc

] ϵc
ϵc−1

(3)

where ωc represents the share of energy in the composite consumption bundle and ϵc > 0 is

the elasticity of substitution between the two goods. As ϵc → 0, the two inputs are perfect

complements, whereas if ϵc → ∞, they are perfect substitutes.

The demand equations for energy and the consumption good excluding energy are given

by

EC
t = ωc

(
(1 + τ ect )PE,t

PC,t

)−ϵc
Ct (4)

CX
t = (1− ωc)

(
PCX ,t

PC,t

)−ϵg
Ct (5)

where PC,t is the price of the final consumption good, and PE,t and PCX ,t are the prices of

energy and the consumption good excluding energy, respectively. Finally, τ ect is a distor-
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tionary subsidy (tax if positive) levied as a negative surcharge on the price of the energy

good used for consumption.

Households save by holding perfectly substitutable deposits and short-term government

bonds, both of which are one-period real assets paying the gross return Rt. The total

quantity of short-term debt the household acquires is Bb
t . Households also receive real wage

income wt =
Wt

Pt
by supplying labor to the intermediate good sector and the two energy-

producing sectors.

The household budget constraint is

(1 + τ ct )PC,tCt +Bt = wtLt +Dt +RtB
b
t−1 + Tt (6)

where Dt are dividends, denoting the sum of payouts from the ownership of financial inter-

mediaries and non-financial firms (including start-up funds), τ ct is VAT levied on the price

of the consumption good, and Tt are lump-sum taxes (transfers if negative).

The household chooses Ct, Lt, B
b
t to maximize 2 subject to 6. The intertemporal Euler

equation determining the (aggregate) consumption/saving decision, and the intratemporal

condition determining optimal labor supply are:

EtΛt,t+1Rt+1 = 1 (7)

wt = χLφt µ
−1
t (8)

with

Λt,t+1 ≡ βt+1
µt+1

µt
(9)

and

µt (1 + τ ct )PC,t = (Ct − hCt−1)
−γ − βh(Ct+1 − hCt)

−γ (10)

denoting the stochastic discount factor and marginal utility of consumption, respectively.

B.2 Production

There are six types of non-financial firms in the model: intermediate good producers, clean

and dirty energy producers, capital goods producers, final good producers and final energy

producers.

B.2.1 Intermediate goods producers

The intermediate good used for private consumption, HC
t , private investement, HI

t , and pub-

lic consumption, HG
t , are composites of differentiated intermediate-good varieties, Y (j)m,t,

which are produced by monopolistically competitive firms indexed by j. These firms com-

bine value added, KL (j)m,t, with an energy composite of energy used into production,

E (j)Yt , using a CES technology. To simplify notation, in what follows we abstract from the
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firm-specific index j.

Ym,t =

[
ω

1
ϵm
m (KLm,t)

ϵm−1
ϵm + (1− ωm)

1
ϵm

(
EY
t

) ϵm−1
ϵm

] ϵm
ϵm−1

(11)

where ωm represents the share of value added in the production of the intermediate good,

and ϵm > 0 is the elasticity of substitution between value added (in the intermediate good

production sector) and the energy composite. The demand for the energy good by interme-

diate good producers is given by

EY
t = P ϵm

m,t (1− ωm)Ym,t ((1 + τ eyt )PE,t)
−ϵm (12)

where PE,t denotes the price of the energy good, and τ eyt is a subsidy (tax if positive) levied

as a negative surcharge on the price of aggregate energy demanded by producers. In contrast

to τ ect , this subsidy operates on the supply side.

In turn, production of value added is possible with a constant returns to scale technology,

combining sector-specific capital, Km,t and labor, Lm,t inputs:

KLm,t = (Km,t−1)
αm (Lm,t)

1−αm (13)

The demand for labor in the production of the intermediate good is given by

wtLm,t = (1− αm)MCm,t (ωmYm,t)
1

ϵm (KLm,t)
ϵm−1
ϵm (14)

whereas the demand for capital is

Km,t = ωmαm

(
Zt

MCKL,t

)−1(
MCKL,t
MCm,t

)−ϵm
Ym,t (15)

with MCm,t denoting the marginal cost associated with producing a unit of intermediate

good, MCKL,t the marginal cost associated with producing a unit of value added in the

intermediate good sector, and Zm,t gross profits per unit of capital:

MCm,t =
[
ωm (MCKL,t)

1−ϵm + (1− ωm) ((1 + τ eyt )PE,t)
1−ϵm

] 1
1−ϵm

(16)

MCKL,t =
1

ααm
m (1− αm)

1−αm Zαm
t w1−αm

t

(17)

ZtKm,t = αmMCm,t (ωmYm,t)
1

ϵm (KLm,t)
ϵm−1
ϵm (18)

Intermediate good producers are monopolistically competitive, setting their prices in a

staggered manner as in Calvo (1983) with backward-looking indexation. In each period, an

intermediate good firm is able to adjust its price with probability 1−ψm. Accordingly, each
firm chooses the reset price P ∗

m,t to maximize expected discounted profits subject to the re-
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striction on the adjustment frequency. The first order condition following price optimisation

is given by

Et

∞∑
j=0

ψjΛt,t+j

[
P ∗
m,t

Pm,t+j
− ςmPm,t+j

]
Ym,t+i (i) = 0 (19)

where Λt,t+j represents the stochastic discount factor and ςm = ζm
ζm−1

is the markup. Fol-

lowing from the law of large numbers, the relation for the evolution of the core price level

excluding energy is

Pm,t =
[
(1− ψm)

(
P ∗
m,t

)1−ζm
+ ψm (Pm,t−1)

1−ζm
] 1

1−ζm
(20)

B.2.2 Energy producers

Perfectly competitive energy producers produce the energy composite, Et, by combining

clean, Eg,t, and dirty, Ef,t, energy inputs using a CES technology

Et =

[
ω

1
ϵe
e E

ϵe−1
ϵe

g,t + (1− ωe)
1
ϵe E

ϵe−1
ϵe

f,t

] ϵe
ϵe−1

(21)

where ωe represents the share of clean energy in the production of energy and ϵe > 0 is the

elasticity of substitution between clean and dirty energy inputs.

Letting PEg ,t and PEf ,t be the price of clean and dirty energy, respectively, the price of

energy is given by

PE,t =
[
ωeP

1−ϵe
Eg ,t

+ (1− ωe)
((
1 + τDt

)
PEf ,t

)1−ϵe] 1
1−ϵe

(22)

where the price of dirty energy used in production is also subject to a subsidy, τDt . Note

that τDt can be interpreted as a carbon subsidy in our model, as in similar frameworks of

energy-generation (see, e.g., Coenen et al. (2024) which analyze the role of carbon taxation).

The demand for clean and dirty energy is given by:

Eg,t = ωgEt

(
PEg ,t

PE,t

)−ϵg
(23)

Ef,t = (1− ωg)Et

((
1 + τDt

)
PEf ,t

PE,t

)−ϵg

(24)

Carbon emissions Finally, carbon emissions are released into the environment as a by-

product of production in the dirty energy sector, which utilizes in turn both a fossil resource

and a sector-specific capital-labour bundle, as we explain below:

Mf,t = ϖEf,t (25)
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where ϖ measures the carbon intensity, that is the share of emissions produced by the

production of one unit of dirty energy.

B.2.3 Clean and dirty energy producers

Clean and dirty energy inputs are themselves composites of sector-specific value added

and a natural resource, produced by monopolistically competitive clean and dirty energy

producers. The dirty energy producer, produces dirty energy, Ef,t using sector-specific value

added, KLf,t, and a natural resource, Ft, interpreted as fossil fuels, using a CES technology

Ef,t =

[
ω

1
ϵf

f KL

ϵf−1

ϵf

f,t + (1− ωf )
1
ϵf F

ϵf−1

ϵf

t

] ϵf
ϵf−1

(26)

Similarly, the clean energy producer, produces clean energy, Eg,t using sector-specific

value added, KLg,t, and a natural resource, Gt, interpreted as renewable resources, using

the CES technology

Eg,t =

[
ω

1
ϵg
g KL

ϵg−1

ϵg

g,t + (1− ωg)
1
ϵg G

ϵg−1

ϵg

t

] ϵg
ϵg−1

(27)

where ωf , ωg represent the shares of value added in the production of clean and dirty energy,

respectively and ϵf,ϵg > 0 are the elasticities of substitution between value added and the

fossil or renewable resource.

In turn, value added in each energy sector is produced using the constant returns to scale

technologies

KLf,t = (Kf,t−1)
αf (Lf,t)

1−αf (28)

KLg,t = (Kg,t−1)
αg (Lg,t)

1−αg (29)

Demand for labor in the production of each energy good is given by

wtLf,t = (1− αf )MCEf ,t (ωfEf,t)
1
ϵf (KLf,t)

ϵf−1

ϵf (30)

wtLg,t = (1− αg)MCEg ,t (ωgEg,t)
1
ϵg (KLg,t)

ϵg−1

ϵg (31)

with MCEf ,t and MCEg ,t analogously defined to the marginal cost of intermediate goods

producers (equation 16). It follows that gross profits per unit of capital in each energy sector

can be expressed as

Zf,tKf,t = αfMCEf ,t (ωfEf,t)
1
ϵf (KLf,t)

ϵf−1

ϵf (32)

Zg,tKg,t = αgMCEg ,t (ωgEg,t)
1
ϵg (KLg,t)

ϵg−1

ϵg (33)

As in the case of intermediate good producers, dirty and clean energy firms also set their
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prices as in Calvo (1983) with backward-looking indexation and sector-specific markups,

giving rise to the following relations for the evolution of the clean and dirty energy price

levels, which are analogous to equation 20.

PEf ,t =

[
(1− ψf )

(
P ∗
Ef ,t

)1−ζf
+ ψf

(
PEf ,t−1

)1−ζf] 1
1−ϵf

(34)

PEg ,t =

[
(1− ψg)

(
P ∗
Eg ,t

)1−ζg
+ ψg

(
PEg ,t−1

)1−ζg] 1
1−ζg

(35)

B.2.4 Supply of natural resources

We assume that fossil and green resources are a fixed endowment, and that the price of each

resource adjusts instantaneously to meet aggregate demand, hence: Ft = F and Gt = G.
Letting PF ,t and PG,t denote the price of the fossil and renewable resource, respectively, then

the demand for each resource is given by

Ft = (1− ωf,t)Ef,t

(
PF ,t

PEf ,t

)−ϵf
(36)

Gt = (1− ωg,t)Eg,t

(
PG,t

PEg ,t

)−ϵg
(37)

B.2.5 Capital goods producers

Capital is produced by perfectly competitive capital producers, which use final goods as

an input and are subject to adjustment costs. They sell the new capital to firms in sector

s ∈ {m, f, g} at the price Qs,t. Given that households own capital producers, the objective

of the capital producer is to choose investment, Is,t to maximize profits. The latter arise

only outside the steady state and are redistributed lump-sum to households:

max Et

∞∑
τ=t

Λt,τ

{
Qi
s,τIτ −

[
1 + f

(
Is,τ
Is,τ−1

)
Is,τ

]}
(38)

The solution to the profit maximization problem then implies that the price of capital goods

is equal to the marginal cost of investment goods production:

Qs,t = 1 + f

(
Is,t
Is,t−1

)
+

Is,t
Is,t−1

f ′
(

Is,t
Is,t−1

)
− EtΛt,t+1

(
Is,t+1

Is,t

)2

f ′
(
Is,t+1

Is,t

)
(39)

The acquisition of capital by intermediate goods producers and dirty and clean energy

producers works as follows. At the end of period t, each firm is left with a capital stock

(1− δs)Ks,t. It then buys Is,t units of new capital from capital producers, so its capital
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stock in period t+ 1 is given by

Ks,t+1 = (1− δs)Ks,t + Is,t (40)

To finance new capital, the firm must obtain funding from a financial intermediary. For

each new unit of capital acquired, it issues a state-contingent claim to the future stream

of earnings from the unit. Given perfect competition, the value of this security Qs,t equals

the market price of the capital underlying the security. The period t+ 1 payoff is given by

Zs,t+1 = (1− δs)Qs,t+1, which denotes the sum of gross profits and the value of the leftover

capital. In turn, Zs,t for each sector s ∈ {m, f, g} correspond to the rates of return in

equations 18, 32, and 33.

B.2.6 Final good producers

Representative firms produce the final private consumption good, HC
t , private investement

good, HI
t , and public consumption good, HG

t using a constant elasticity of substitution

composite produced by the mass one of differentiated intermediate good producers

HC
t =

(ˆ 1

0

H (j)Ct
ϵ−1
ϵ dj

) ϵ−1
ϵ

(41)

HI
t =

(ˆ 1

0

H (j)It
ϵ−1
ϵ dj

) ϵ−1
ϵ

(42)

HG
t =

(ˆ 1

0

H (j)Gt
ϵ−1
ϵ dj

) ϵ−1
ϵ

(43)

Aggregating across the three final-goods, the demand for intermediate goods j is hence

H (j) t = H (j)Ct +H (j)It +H (j)Gt =

(
P (j)m,t
Pm,t

)−ϵ (
HC
t +HI

t +HG
t

)
with Pm,t =

(´ 1
0
P (j)m,t

ϵ−1
ϵ dj

) ϵ−1
ϵ
.

B.3 Banks

Banks collect short-term deposits from households and use them, together with equity capital

to purchase corporate and government bonds. Corporate bonds provide funding for non-

financial firms in each of the three production sectors to finance their capital acquisitions

and are interpreted as equity. For each sector s ∈ {m, f, g}, the rate of return on the security

Rs,t+1 is given by

Rs,t+1 =
Zs,t+1 + (1− δs)Qs,t+1

Qs,t

(44)

Let Nt be the amount of net worth (equity capital) that a banker has at the end of
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period t, Bb
t the deposits received from households, and Sbs,t the quantity of financial claims

on non-financial firms that the bank holds. The intermediary’s balance sheet is then given

by

Qm,tS
b
m,t +Qf,tS

b
f,t +Qg,tS

b
g,t = Nt +Bb

t (45)

Net worth accumulates from retained earnings and is therefore given by the difference

between earnings on assets (firm securities) and interest payments on liabilities (household

deposits)

Nt+1 = Rm,t+1Qm,tS
b
m,t +Rf,t+1Qf,tS

b
f,t +Rg,t+1Qg,tS

b
g,t −Rt+1B

b
t (46)

From 45 and 46, the evolution of net worth can be expressed as

Nt+1 = (Rm,t+1 −Rt+1)Qm,tS
b
m,t+(Rf,t+1 −Rt+1)Qf,tS

b
f,t+(Rg,t+1 −Rt+1)Qg,tS

b
g,t+Rt+1Nt

(47)

The banker’s objective is to maximize the discounted stream of payouts back to the

household, or differently, its terminal wealth until it exits the industry. If Vt (Nt) denotes

the end-of-period value function then the banker maximizes

Vt (Nt) = max{Ss,t+1}EtΛt,t+1 [(1− σ)Nt+1 + σVt+1 (Nt)] (48)

To motivate a limit on the bank’s ability to obtain deposits, banks face a moral hazard

problem, in which at the beginning of the period the banker can choose to divert a fraction

θ of funds from the assets it holds and transfer the proceeds back to the household. Hence

for depositors to be willing to lend to bankers, the value of the bank, Vt (Nt), must not be

lower than the fraction of divertible funds:

Vt (Nt) ≥ θ
(
Qm,tS

b
m,t +ΨfQf,tS

b
f,t +ΨgQg,tS

b
g,t

)
(49)

where Ψg,Ψf are sectoral absconding rates. The different absconding rates on firm assets

give rise to imperfect substitutablity between these securities in the bank’s balance sheet

and therefore to limited arbitrage. An additional consequence is that risk premia become

sector-specific and increase proportionately to sectoral absconding rates.

The banker’s maximization problem is to choose its portfolio of Sbs,t to maximize 48

subject to 49. By substituting inside Vt equations 47 and 48, the Lagrangean of the problem

can be expressed as

L = Et

{
Λt,t+1 (1− σ)

[
(Rm,t+1 −Rt+1)Qm,tS

b
m,t + (Rf,t+1 −Rt+1)Qf,tS

b
f,t

+(Rg,t+1 −Rt+1)Qg,tS
b
g,t +Nt (Rt+1)

]
+ σVt+1 (Nt+1)

}
+λt

[
Vt (Nt)− θ

(
Qm,tS

b
m,t +ΨfQf,tS

b
f,t +ΨgQg,tS

b
g,t

)]
(50)
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As is standard in these models, to solve the banker’s problem we postulate that the value

function is linear in net worth, so that Vt = υtNt. Defining Ωt+1 = 1− σ + σνt+1, the FOCs

of this problem are given by

∂L

∂Sm,t
: EtΛt,t+1Ωt+1 (Rm,t+1 −Rt+1) = λtθ (51)

∂L

∂Sg,t
: EtΛt,t+1Ωt+1 (Rg,t+1 −Rt+1) = λtθΨg (52)

∂L

∂Sf,t
: EtΛt,t+1Ωt+1 (Rf,t+1 −Rt+1) = λtθΨf (53)

We assume that the incentive constraint is always binding, so that λt > 0 and positive

excess returns emerge in equilibrium. If instead λt = 0 then financial markets would be

frictionless. This incentive constraint in turn places a constraint on the bank’s leverage

ratio, ϕt, which defines the bank’s portfolio as a share of its net worth:

ϕt =
Qm,tS

b
m,t +ΨfQf,tS

b
f,t +ΨgQg,tS

b
g,t

Nt

(54)

which by substituting equation 49 can be expressed as

ϕt =
υt
θ

(55)

The share of dirty energy securities that enter the bank’s balance sheet constraint are

weighted by the sectoral absconding rates and as such burden the banks’ balance sheet

capacity by more than intermediate good or clean energy assets.

Substituting 55 into 51 and using the envelope condition of problem 50, which is given

by EtΛt,t+1Ωt+1Rt+1 = υt − θυt, we can obtain an expression for the marginal value of net

worth as given by

υt =
θEtΛt,t+1Ωt+1Rt+1

θ − EtΛt,t+1 (Rm,t+1 −Rt+1)
(56)

Finally, total net worth evolves as the sum of retained earnings of surviving bankers, N o
t ,

and new bankers, Ny
t :

Nt = N o
t +Ny

t (57)

where funds of new bankers are the transfers received by exiting bankers and correspond to
κ

1−σ of total assets. Therefore, the evolution of net worth of surviving and new bankers is

given by:

N o
t = χ

[
(Rm,t −Rt)Qm,t−1S

b
m,t−1 + (Rf,t −Rt)Qf,t−1S

b
f,t−1

+(Rg,t −Rt)Qg,t−1S
b
g,t−1 +Rt

]
Nt−1

(58)

and

Ny
t = κ

(
Qm,tS

b
m,t−1 +Qf,tS

b
f,t−1 +Qg,tS

b
g,t−1

)
(59)
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B.4 Monetary policy

Conventional monetary policy follows from a Taylor-type rule targeting variations in core

inflation (i.e. inflation excluding energy) and output relative to their steady state levels:

it
it−1

=

(
it
it−1

)κi [(πm,t
π̄m

)κπ (Yt
Ȳ

)κy]1−κi
(60)

where κi > 0 is an interest rate smoothing parameter, κπ > 0 is the weight on variations in

core inflation, and κy > 0 the weight attached to variations in output.

B.5 Fiscal policy

Revenues of the government consist of new issuance of government debt, receipts from the

different energy-related taxes, lump-sum taxes, and transfers from the central bank, zt.

Together they finance expenditures on government consumption, which are assumed to be

a constant share of output, Gt = ḡYt, and interest payments on debt.14

The (consolidated) government budget constraint is then given by

PG
t Gt − Tt =

∑
s

(Rs,t −Rt)B
p
t−1 + τ ect PE,tE

C
t + τ ct PC,tCt + τ eyt PE,tE

Y
t + τDt PEf ,tE

f
t (61)

B.6 Aggregation

For sector s ∈ {m, f, g}, market clearing in the market for private securities requires that

their supply at the end of period t is equal to the sum of leftover capital and newly acquired

capital: ∑
s

Ss,t =
∑
s

(1− δs)Ks,t (62)

and that total securities are equal to the sum of securities purchased by the central bank

and those held by banks: ∑
s

Ss,t =
∑
s

Sbs.t +
∑
s

Sps.t (63)

In the market for energy, aggregate energy supplied is the sum of energy demanded by

intermediate good firms and households:

Et = EY
t + EC

t (64)

Market clearing in the government bond market requires that the supply of deposits

is equal to the issuance of riskless short-term debt, which is kept fixed following from the

14Given that government revenues are redistributed to households in a lump-sum fashion, the associated
tax rates in the steady state are calibrated to zero.
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assumption of the consolidated government running a balanced budget in every period:

Bb
t +Bp

t = Bt = B̄ (65)

Labor market clearing requires that labor supply equals labor demand:

Lt =
∑
s

Ls,t (66)

Finally, the (real) resource constraint of the economy is given by

Yt = Ct +Gt +

[
1 +

∑
s

f

(
Is,t
Is,t−1

)]
Is,t + Ξt (67)
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