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Abstract

The most effective approach to tackling climate change is by decarbonising produc-
tion processes. However, decarbonisation might render assets stranded, impacting
not only the relevant sector but also causing a ripple effect across all sectors, thereby
potentially destabilising macroeconomic stability. We develop a multi-sector New
Keynesian model with two physical capital types (brown and green) and input-
output linkages to examine the economic impact of sector-specific capital stranding.
Stranded brown capital in the brown sector yields a relocation of economic ac-
tivities to the green sector and thus environmental benefits with small aggregate
consequences, while brown capital stranding in both sectors implies larger economic
costs and smaller environmental benefits. Brown consumption taxes and green pro-
ductivity shocks facilitate the green transition, while brown investment taxes or
green investment subsidies turn out to be less favourable policies in this respect.
However, a combination of these two investment policies yields favourable economic
and environmental outcomes. Doubling the carbon tax in the brown sector yields
significant relocation activities at relatively small economic costs. If the central
bank responds strongly to short-run inflationary pressures of carbon tax increases,
this leads to larger output losses in the short run and higher output gains in the
long run.
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demāra iela 2A, LV-1050, Riga, Latvia. E-mail: patrick.gruening@bank.lv.

†Department of Economics, Başkent University, Baǧlıca Kampüsü Fatih Sultan Mahallesi Eskişehir
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1 Introduction

Climate change, which has escalated over the past few decades, is a direct consequence of
humanity’s economic choices since the Industrial Revolution. It is evidenced through an
increase in air, water, and land pollution, global warming, and a noticeable intensification
of natural disasters. Regarding global warming, according to the latest report of the
Intergovernmental Panel on Climate Change (IPCC), the global surface temperature has
reached 1.1°C above the average of the period 1850–1900 in the last decade (2011–2020).1

The reality of climate change is now widely acknowledged by both the general public
and governments. The adoption of the Paris Agreement by 196 parties at COP 21 on
12 December 2015, and its ratification on 4 November 2016, can be seen as a significant
indication of the global shift in mindset. The Paris Agreement aims to limit global
warming to below 2 degrees Celsius above pre-industrial levels, and it has marked an
important milestone in human history: the Paris Agreement unites all nations under the
same umbrella to combat climate change through changes in policymaking practices.2

The task of implementing climate policies at the sovereign level is a formidable one,
requiring substantial ambition and effort. The objective of achieving a climate neutral
world by 2050 necessitates significant reductions in greenhouse gas emissions which come
with considerable costs. While some of these costs are incurred directly through policy-
making efforts to restructure economies such as carbon pricing mechanisms and policies
to promote energy efficiency and requirements for renewable energy investments, a signif-
icant portion results from the phenomenon of asset strandedness which unfolds over the
medium to long run. Asset strandedness refers to a situation where existing economic
assets are rendered incapable of generating intra-sector value added to the full extent,
leading to negative inter-sectoral interactions.

This paper aims to investigate the exposure of sectors to the risk of physical capital
stranding due to the green energy transition in the euro area. To achieve this objective, a
multi-sector New Keynesian (NK) dynamic stochastic general equilibrium (DSGE) model
with a production network structure is utilised. In addition to classic ingredients such as
Calvo-style price and wage rigidity, capital adjustment costs, and a Taylor-type monetary
policy rule, the model also features intermediate inputs from all sectors of the economy
and two types of capital in the intermediate goods producers’ production function. The
former feature is the production network structure, and the latter ingredient is done to
feature brown and green capital, identified in the data as tangible and intangible capital,
respectively. Production of goods generates emissions which lead to physical damages in
sectoral final goods production. These emissions can be taxed directly via sector-specific
carbon taxes and also indirectly by applying consumption or investment taxes to specific

1https://www.ipcc.ch/report/ar6/syr/downloads/report/IPCC_AR6_SYR_LongerReport.pdf.
2https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement.
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highly polluting sectors, for example. Additionally, each sector can pay abatement costs
to reduce its carbon footprint. This model allows us to explore how macroeconomic
variables respond to shocks to sector-specific and capital type-specific capital utilization.
In line with Cahen-Fourot et al. (2021), who introduce under-utilisation of capital as
a measure of asset stranding, we use capital utilisation shocks as a proxy for stranded
assets. Moreover, the households in the model consume goods from all sectors, and
the fiscal authority’s aggregate net tax revenues are rebated in lump-sum fashion to the
households.

While the model is developed to feature an arbitrary number of sectors, for the analysis
we utilise a two-sector version of the model by taking data that features 64 sectors for
the euro area and aggregating these 64 sectors to just two – the brown sector and the
green sector – identifying sectors as brown via the EU taxonomy, i.e. those that cause
the bulk of greenhouse gas emissions in the EU.

Our findings reveal that the risk of stranding physical brown capital in the brown
sector can have significant macroeconomic implications. Stranded assets in the brown
sector induce a relocation of activity to the green sector, while the aggregate economic
implications are rather small. If brown capital assets become stranded within the green
sector as well, the negative consequences for the brown sector are smaller but the aggre-
gate economy suffers more due to the high share of brown capital utilised in the green
sector implying severe economic consequences also for the green sector. Therefore, the
environmental benefits are also smaller from brown asset stranding in both sectors, as
compared to restricted asset stranding in the brown sector only.

In our model, several public policies can induce a capital reallocation from brown
to green, reminiscent of capital under-utilisation in the brown sector. First, applying
a brown capital investment tax in both sectors does not yield favourable reallocation
dynamics due again to the high share of brown capital utilised by the green sector. The
positive environmental effects originate solely from reduced economic activity in both
sectors. Second, granting subsidies for green capital investments to the green sector
leads to an expansion in the green sector and a small downsizing of the brown sector,
yielding negligible environmental benefits. A policy combination of a brown investment
tax and green investment subsidy results in a modest decrease in output. Brown output
transitions to green output without causing inflationary pressures. This policy mix is
effective in curbing emissions over the long term. Third, introducing a consumption
tax on the brown good or achieving a higher productivity in the green sector (e.g. via
technology innovations) can induce a sizeable transition to a low-carbon economy, i.e. the
brown sector’s size declines and the green sector grows in size. While the consumption
tax is on aggregate recessionary and slightly inflationary, higher productivity in the green
sector implies positive aggregate effects and lower inflation.

Doubling the carbon tax in the brown sector from 40 to 80 euros per ton of carbon
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directly impacts the costs of emitting carbon into the atmosphere. This policy harms
the brown sector due to increased costs, which remain rather limited though due to
incentivising higher abatement efforts by the brown sector. Nevertheless, the green sector
is the beneficiary of such a policy. Since the carbon tax produces inflationary pressure
in the short run, we investigate how the strength of the reaction of the central bank to
inflation dynamics shapes the economic responses to higher carbon taxes in the brown
sector. A stronger response to inflation accentuates the burden on the brown sector
resulting from the carbon tax in the short term due to a stronger fall in investment
demand. In the medium run, as brown goods are replaced by green ones, we witness a
more substantial increase in output without additional inflationary costs. Overall, this
paper highlights the importance of considering the potential risks and impacts of stranded
assets in the transition to a greener economy. Our analysis underscores the need for policy
interventions that support affected sectors and facilitate a smooth transition to a low-
carbon economy.

Literature review Our paper is connected to several strands of literature – most im-
portantly, to the literature applying DSGE models with a production network structure to
economic policy questions, but also to the literature on stranded assets and the emerging
literature of applying DSGE models to climate change issues.

First, we discuss the literature on stranded assets, as it directly links to our research
question. The process of decarbonisation, necessary to reduce greenhouse gas emissions,
involves leaving aside or abandoning a portion of physical assets. This action can have
negative consequences for the sector where these assets are used, eventually affecting the
entire economy. To tackle this issue, a comprehensive strategy is needed to identify, anal-
yse, understand, and mitigate the associated risks, referred to as stranded capital asset
risks. Recent studies in this field serve as a solid foundation for studying stranded assets
and their related risks. Caldecott et al. (2014) offer an overview of scenario analysis
frameworks suitable for addressing stranded assets, drawing on experiences from vari-
ous financial institutions. Building on the Inter-American Development Bank’s study in
2015, Caldecott et al. (2016) develop a practical framework for understanding the risks
posed by stranded assets to understand the implications for the financial sector and guide
central banks. This is further refined by Caldecott (2017), enhancing the conceptual and
technical aspects of this emerging subject. The scenario analyses of these studies are
aimed at managing uncertainties and risks linked to stranded assets caused by environ-
mental factors. This enables policymakers to customise scenarios for their specific needs
and integrate them into valuation. The studies by Fischer and Baron (2015), Harnett
(2017), Kruitwagen et al. (2017), and Silver (2017) delve into investment-related and
corporate aspects of stranded asset risks, emphasising the need to adapt to the prevail-
ing risk assessment, information disclosure, and learning approaches. Thomä and Chenet
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(2017) discuss a market failure-based treatment, Covington (2017) stresses the urgency of
emission reduction, and Binsted et al. (2020) note the vulnerability of even low-emission
developing countries to the risks of stranded assets.

Cahen-Fourot et al. (2021) and Godin and Hadji-Lazaro (2022) propose a methodol-
ogy to analyse the issue of stranded assets for economic sectors and countries, merging
traditional input-output analysis with network theory. This enables the calculation of
impact coefficients or multipliers, revealing how initial effects in one sector or coun-
try propagate through others. This methodology assesses the impact of reduced input
demand or supply from a sector on upstream or downstream activities. Particularly
relevant to sectors exposed to transitions such as mining and quarrying the method high-
lights significant forward linkages. Cahen-Fourot et al. (2021) introduce under-utilisation
of capital as a measure of stranding. This metric reveals the extent of capital left idle
when inputs become scarcer or demand from another sector decreases. It is presented as
changes in sectoral capital-output ratios, gauging the responsiveness of entire production
process of the economy. The outcomes are interpreted as potential income loss per unit
of under-utilised capital.

As another approach, Mercure et al. (2018) construct an integrated assessment model
to examine the macroeconomic implications of stranded fossil fuel assets. The analysis
demonstrates that stranded fossil fuel assets would be observed not only due to climate
policy decisions but also due to technological innovations. The impact of the decarboni-
sation on assets could be greater if aggressive climate policy actions are taken.

Second, production economies with a network structure are a relatively new develop-
ment in economic modelling. Our model is most closely related to the model developed
in Ghassibe (2021) and the EMuSe model of Hinterlang et al. (2021), that is utilised with
an additional energy and climate change module in Hinterlang et al. (2022) to investigate
whether or under which circumstances it is better to increase energy/emissions taxes in-
stead of consumption taxes to finance a labour tax reduction and in Ernst et al. (2023)
to investigate the role of carbon taxes and carbon cross-border adjustment taxes in a
multi-country extension of the EMuSe model. The specification of the network structure
is directly taken from Ghassibe (2021), but we do add a third and fourth input besides
labour and intermediate inputs to the production function of intermediate goods pro-
ducers: green and brown physical capital. We have monetary policy in our model like
Ghassibe (2021),3 which is absent in the benchmark model of Hinterlang et al. (2021)
but considered in an appendix.4 Ghassibe (2021)’s main contribution is to empirically

3However, the main benchmark model in his paper has a money supply rule as the monetary policy
rule, while he uses a Taylor-type interest rule like the one we use as a robustness check, delivering mostly
similar results.

4They find that the introduction of staggered price setting and monetary policy delays the transition
process and increases the welfare costs of environmental policies. In Hinterlang et al. (2023), which
features Rotemberg price adjustment costs in a very similar model, the consumer price response to a
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estimate the amplification of monetary policy shocks through input-output linkages, for
which the model is used to derive estimatable equations. The network amplification effect
is found to be sizeable with at least 30% of the total effect of monetary policy shocks
originating from the network production structure via a downstream effect that inherits
additional monetary policy effects through price rigidity in the supply sector. In a sim-
ilar vein, Baqaee and Farhi (2019) emphasise the sizeable amplification effect a network
structure has on the propagation of microeconomic productivity shocks. Hinterlang et al.
(2021) also have capital in their model, but only one type of it, and the production net-
work structure is assumed to be more general relative to Ghassibe (2021) and our model
by assuming constant-elasticity-of-substitution (CES) bundles instead of Cobb-Douglas
bundles for consumption, output, and investment. Their main focus is on climate change
policies like energy taxes, emissions taxes, and abatement investment, alongside fiscal
policy considerations. Therefore, their model features taxes on intermediate inputs (e.g.
energy) and a climate damage function and emissions dynamics. They evaluate with
their model, calibrated to the European Union economy (27 countries) plus the United
Kingdom, whether a fiscal devaluation via consumption, energy, or emissions taxation is
the best policy and find that energy and emissions taxes outperform consumption taxes
from a certain high level of environmental damage onward. The paper by Frankovic
(2022) is another network production economy applied to the context of climate change.
The model features several similarities to Hinterlang et al. (2021) like the usage of CES
bundles and different tax rates on different inputs, but it has a global scale with multiple
open regions and features energy instead of capital as the additional production input be-
sides intermediate inputs and labour. His analysis points to sizeable heterogeneity across
sectors and regions with respect to the economic effects of carbon pricing. In particular,
international spillovers in the manufacturing sectors can play an important role.

DSGE models with input-output linkages have also been used to study government
spending shocks by Bouakez et al. (2018), the role of creative destruction for stock returns
by Gofman et al. (2020), and the impact of the recent COVID-19 pandemic on euro area
inflation by di Giovanni et al. (2022), respectively. These studies find that the cumulative
GDP multiplier in a multi-sector model is almost twice as high as in a one-sector model,
that positive productivity shocks to suppliers make customers’ asset values depreciate,
and that inflation can increase with sector-specific labour shortage shocks, respectively.

Third, we summarise contributions of the theoretical climate change literature that –
as we do – concentrate on developments in capital and investment and its implications for
economic dynamics and climate change. A two-agent NK DSGE model for the German
economy with capital, energy, and labour as inputs in the intermediate goods producers’
production function, subject to climate change damages, capital and carbon taxation, is

weather-induced negative supply shock is amplified due to the production network structure.
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developed by Eydam and Diluiso (2022). They emphasise the benefits and costs of using
the carbon tax revenues to reduce capital taxes in the long run, relative to labour income
tax reductions: higher welfare but also higher inequality. The risks of the transition to
a low-carbon economy to financial and macroeconomic stability via stranded assets are
analysed by Diluiso et al. (2020). They find that stranded assets transition risk is limited
but temporary over-evaluations of brown assets can materialise. Tax-subsidy schemes
to encourage banks to lend more to green firms can reduce output losses and inflation,
but they can increase the risk of financial instability, while central banks can effectively
provide economic stimuli by buying assets from low-carbon firms only. A subsidy to the
capital costs of renewable energy producers is proven useful to limit the macroeconomic
costs of carbon taxation in the two-country NK DSGE model of Bartocci et al. (2022),
calibrated to represent the euro area and the rest of the world. The model of Chan and
Punzi (2023) features endogenous capital utilisation and several environmental policies.
They find that endogenous capital utilisation amplifies the transmission of monetary
policy shocks on carbon emissions.

In what follows, Section 2 describes our multi-sector production network New-Keynesian
model, Section 3 specifies a two-sector example of our model and its calibration, including
the data used, and Section 4 is devoted to the analysis of this two-sector model. Finally,
Section 5 provides concluding remarks. Technical details are relegated to the appendices.

2 Model

This section develops our multi-sector model with Figure 1 providing a bird’s eye view.

2.1 Representative household

The representative household consumes goods from all S sectors by means of the following
consumption goods aggregate that assumes a unit elasticity of substitution across sectors:

Ct =
S∏
s=1

ω−ωcs
cs Cωcs

s,t , (1)

where ωcs is the relative weight of consumption for goods produced in sector s (
∑S

s=1 ωcs =

1) or the proportion of aggregate consumption expenditure P c
t Ct spent on sector s goods

(1 + τ cs,t)Ps,tCs,t. This final consumption goods basket is supplied by a perfectly compet-
itive retail firm, owned by the household, which bundles all sectoral goods together and
which maximises its profits (in nominal terms), given Equation (1):

ZC
t = max

{Cs,t}Ss=1

{
P c
t Ct −

S∑
s=1

(1 + τ cs,t)Ps,tCs,t

}
, (2)
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Figure 1: Production network structure of the model
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so that the consumption of goods from sector s is subject to a proportional consumption
tax at rate τ cs,t. The first order conditions are given by:

(1 + τ cs,t)Ps,tCs,t = P c
t ωcsCt, s = 1, . . . , S. (3)

The price index of this consumption goods aggregate will be denoted by P c
t . It satisfies

P c
t Ct =

∑S
s=1(1 + τ cs,t)Ps,tCs,t and is derived by plugging the first order conditions (3)

into the consumption aggregator function (1):

P c
t =

S∏
s=1

[(1 + τ cs,t)Ps,t]
ωcs . (4)

The amount of consumption goods by all firms in sector s is determined by bundling
together the inputs from all firms in sector s according to:

Cs,t =

(∫
Φs

C
(θ−1)/θ
s,j,t dj

)θ/(θ−1)

, (5)

where Φs is the set of all firms in sector s. Moreover, θ is the elasticity of substitution
between any goods.

There is a unit mass of households, indexed by h ∈ [0, 1]. Each household maximises
lifetime utility from consumption minus disutility from labour (β – time discount factor,
f – Frisch elasticity of labour supply, χ – leisure utility scaling parameter, ψ – elasticity of
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intertemporal substitution) by choosing consumption Ct, its differentiated labour service
Lt(h), and bond holdings Bt+1:

Ut = Et

[ ∞∑
s=0

βs

1− 1/ψ

(
Ct+s −

χ(Lt+s(h))
1+1/f

1 + 1/f

)1−1/ψ]
. (6)

The expenses and incomes of households give rise to the following (nominal) budget
constraint for the representative household:

P c
t Ct +Bt+1 = it−1Bt +WtLt + ZC

t + ZY
t +

S∑
s=1

(ZY
s,t + Zy

s,t + Zk
g,s,t + Zk

b,s,t) + Tt, (7)

where Bt+1, is the household’s holdings of one-period bonds held between time t and time
t + 1, it the nominal risk-free interest rate earned at time t on bond holdings between
time t − 1 and t, ZC

t and ZY
t are the nominal profits of the aggregate consumption

goods producer and aggregate final goods producer, respectively, Zy
s,t (ZY

s,t) is the nominal
profit of all intermediate goods (sectoral final goods) firms in sector s, Zk

g,t (Zk
b,t) are the

nominal profit of green (brown) capital producers, Tt is a lump-sum transfer from the fiscal
authority, and Wt is the nominal wage (identical across sectors). Solving the resulting
Lagrangian (the multiplier attached to the budget constraint is denoted by λh,t) results
into the following equilibrium conditions:

λh,t =
1

P c
t

(
Ct −

χ(Lt)
1+1/f

1 + 1/f

)−1/ψ

, (8)

1 = Et[M
$
t,t+1it], (9)

M
$
t,t+1 = β

λh,t+1

λh,tΠt+1

, (10)

Mt,t+1 = β
λh,t+1

λh,t
, (11)

where Pt is the aggregate price index, which will be formally defined in the next section,
andM$

t,t+1 (Mt,t+1) is the nominal (real) stochastic discount factor. We define (after-tax)
consumer price inflation by:

Πc
t+1 = P c

t+1/P
c
t . (12)

The households face Calvo-style wage rigidity. The total labour supply of the represen-
tative household is thus given by the following bundle of differentiated labour services:

Lt =

(∫ 1

0

(Lt(h))
(θℓ−1)/θℓ dh

)θℓ/(θℓ−1)

. (13)

The union within household sector chooses the labour supply of household h by maximis-
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ing the following expression:

max
{Ldt (h)}

{
Wt(h)L

d
t (h)−WtL

d
t

}
, (14)

subject to the labour market clearing condition: Ldt (h) = Lt(h). The first order condition
yields the following labour demand equation:

Ldt (h) = (Wt(h)/Wt)
−θℓ Ldt ⇒ Lt = (W ∗

t /Wt)
−θℓ Lt. (15)

Assuming that the wage cannot be adjusted in a given period with probability κℓ and
the absence of any indexation of the wage to past inflation, the household chooses the
optimal wage by solving the following optimisation problem:

max
{Wt(h)}

Et
[ ∞∑
n=0

(βκℓ)
n

(
λh,t+nWt+n(h)L

d
t+n(h) +

(
Ct+s −

χ(Ldt+n(h))
1+1/f

1 + 1/f

)1−1/ψ)] . (16)

Solving this optimisation problem is quite standard and the equilibrium equations are
essentially the same as in Schmitt-Grohé and Uribe (2005), after taking account of our
assumed utility function and the absence of any wage indexation:

g1,t = g2,t, (17)

Wt =
(
(1− κℓ)(W

∗
t )

1−θℓ + κℓ(Wt−1)
1−θℓ
)1/(1−θℓ) , (18)

Lt = ΘW
t L

d
t , (19)

ΘW
t = (1− κℓ)

(
W ∗
t

Wt

)1−θℓ
+ κℓ

(
Wt−1

Wt

)−θℓ
ΘW
t−1. (20)

In the above equations, ΘW
t denotes the wage dispersion process, Ldt is the aggregate

labour demand, while Lt denotes the aggregate labour supply. The variables g1,t and
g2,t are auxiliary variables to determine the optimal wage W ∗

t , which are given in the
following recursive forms:

g1,t =
θℓχλh,t
θℓ − 1

((
W ∗
t

Wt

)−θℓ
Ldt

)1+1/f

+ βκℓEt
[(

W ∗
t

Wt+1

)−θℓ
g1,t+1

]
, (21)

g2,t = λh,t

(
W ∗
t

Wt

)−θℓ
WtL

d
t + βκℓEt

[(
W ∗
t

Wt+1

)1−θℓ
g2,t+1

]
. (22)

These equations complete the set of household equilibrium conditions.
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2.2 Aggregate final goods firm

There is a representative, perfectly competitive firm that buys all the sectors’ final goods
and assembles them into an aggregate final good (or GDP) by means of the following
production function:

Yt =
S∏
s=1

ω−ωys
ys (Ωs,tYs,t)

ωys , (23)

where ωys refers to the relative weight of the output of sector s in aggregate GDP. The
climate damage function Ωs,t is given by:

Ωs,t = e−ι1s·Mt , (24)

where Mt is the stock of carbon above pre-industrial levels in the atmosphere and ι1s the
sensitivity of production to climate change in sector s. Furthermore, the price index of
aggregate GDP and aggregate inflation are defined by:

Pt =
S∏
s=1

(
Ps,t
Ωs,t

)ωys
, (25)

Πt+1 = Pt+1/Pt. (26)

The final goods firm solves the following optimisation problem:

ZY
t = max

{Ys,t}Ss=1

{
PtYt −

S∑
s=1

Ps,tYs,t

}
, (27)

which results into the following first order conditions:

Ps,tYs,t = PtωysYt, s = 1, . . . , S. (28)

2.3 Sectoral final goods firms

There are S production sectors, indexed by s = 1, . . . , S. The sector-specific intermediate
goods are bundled by final goods firms as follows:

Ys,t =

(∫
Φs

Y
(θ−1)/θ
s,j,t dj

)θ/(θ−1)

. (29)

The sectoral final goods firms maximise the profits from selling the sectoral goods and
purchasing the inputs from all intermediate goods firms, given by the following expression,

10



by choosing intermediate inputs Ys,j,t, subject to Equation (29):

ZY
s,t = max

{Ys,j,t}j∈Φs

{
Ps,tYs,t −

∫
Φs

Ps,j,tYs,j,t dj

}
. (30)

The resulting first order conditions are:

Ps,j,t = Ps,t

(
Ys,t
Ys,j,t

)1/θ

, s = 1, . . . , S. (31)

2.4 Intermediate goods firms

The production function of firm j in sector s is specified as follows:

Ys,j,t = As,t
(
ζs(VAs,j,t)

(σs−1)/σs + (1− ζs)(Zs,j,t)
(σs−1)/σs

)σs/(σs−1)
, (32)

VAs,j,t =
(
αs(K̃s,j,t)

(γs−1)/γs + (1− αs)(Ls,j,t)
(γs−1)/γs

)γs/(γs−1)

, (33)

where valued-added VAs,j,t is a constant-elasticity-of-substitution (CES) bundle of labour
Ls,j,t with weight 1− αs and utilised capital K̃s,j,t with elasticity of substitution denoted
by γs. For the production of intermediate goods, value-added and intermediate inputs are
bundled together with elasticity of substitution denoted by σs and the weight on value-
added by ζs. The utilised capital is a CES bundle of green and brown capital, subject to
capital type- and sector-specific utilisation rates:

K̃s,j,t =
(
(1− ωks)(ug,s,tKg,s,j,t)

(ηks−1)/ηks + ωks(ub,s,tKb,s,j,t)
(ηks−1)/ηks

)ηks/(ηks−1)

, (34)

where the capital type- and sector-specific utilisation rates are denoted by ug,s,t and
ub,s,t, while ωks is the sector-specific weight on brown capital, and ηks is the elasticity
of substitution between green and brown capital. The utilisation rates and total factor
productivity in sector s are specified by the following exogenous processes:

ln(ug,s,t) = (1− ρu) ln(ūg,s) + ρu ln(ug,s,t−1) + εg,s,u,t, s = 1, . . . , S; (35)

ln(ub,s,t) = (1− ρu) ln(ūb,s) + ρu ln(ub,s,t−1) + εb,s,u,t, s = 1, . . . , S; (36)

ln(As,t) = (1− ρa)ā+ ρa ln(As,t−1) + εa,s,t, s = 1, . . . , S, (37)

where ā is the log steady-state total factor productivity or technology in all sectors. The
total amount of intermediate inputs in sector s used by firm j is given by:

Zs,j,t =
S∏
r=1

ω−ωsr
sr Zωsr

s,j,t(r), (38)
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where ωsr is the relative intensity with which sector s firms use goods from sector r as
inputs (

∑S
r=1 ωsr = 1), implying a unit elasticity of substitution between inputs from

different sectors. The parameter ωsr is the (s, r) entry of the input-output matrix. The
amount of intermediate inputs from sector r used by sector s firm j is given by the
following aggregator:

Zs,j,t(r) =

(∫
Φr

Zs,j,t(r, j
′)(θ−1)/θ dj′

)θ/(θ−1)

. (39)

It is assumed that θ > 1 so that it is harder to substitute inputs across sectors than
within a particular sector. The intermediate input firm minimises the total expenditure
on buying the inputs to assemble the bundle Zs,j,t(r), where P s

t is the intermediate inputs
price index of sector s and Pr,t the sectoral price index of sector r:

P s
t =

S∏
r=1

P ωsr
r,t , s = 1, . . . , S; (40)

Pr,t =

(∫
Φr

P 1−θ
r,j′,t dj

′
)1/(1−θ)

, r = 1, . . . , S. (41)

Therefore, the cost minimisation problem of the intermediate input firm j in sector s,
subject to the aggregator function (38), is given by:

min
{Zs,j,t(r)}Sr=1

{
S∑
r=1

Pr,tZs,j,t(r)− P s
t Zs,j,t

}
. (42)

The resulting optimisation problems’ solution is given by the following first order condi-
tion (after imposing firm symmetry):5

Pr,tZs,t(r) = P s
t ωsrZs,t, r = 1, . . . , S, s = 1, . . . , S. (43)

The symmetric decisions of firms also imply (via Equation 38):

Zs,t =
S∏
r=1

ω−ωsr
sr Zωsr

s,t (r), s = 1, . . . , S. (44)

Using the first order condition (43) in the aggregator function (44) implies the functional
form of the intermediate input price index in Equation (40), which satisfies P s

t Zs,t =∑S
r=1 Pr,tZs,t(r). Since the wage is assumed to be the same for all firms in all sectors, the

intermediate goods firm j in sector s chooses labour input Ls,j,t, capital input Ks,j,t, and

5Note that each of the S first order conditions yields a set of S equations; thus, the total set of first
order conditions in Equation (43) is S2.
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intermediate input bundle Zs,j,t to minimise the total cost of inputs as follows, given the
inputs price index P s

t and subject to the production function (32) (Lagrange multiplier
MCj,t) by solving the following optimisation problem:

min
{Ls,j,t;Kg,s,j,t;Kb,s,j,t;Zs,j,t;ψA

s,j,t}

{
WtLs,j,t +Rkg,s,tKg,s,j,t +Rkb,s,tKb,s,j,t + P st Zs,j,t (45)

+PtτFs,tνs(1− ψAs,j,t)Ys,j,t + Ps,tX
A
s,j,t − MCs,j,tYs,j,t

}
,

where ψAs,j,t is the carbon abatement rate, τFs,t is the sector-specific real carbon tax rate,
νs is the sector-specific carbon intensity, and abatement investment in sector s by firm j

is given by:
XA
s,j,t = ι2s(ψ

A
s,t)

ι3sYs,j,t (46)

Additionally, MCs,j,t is the nominal marginal cost of firm j in sector s, and Rk
g,s,t (Rk

b,s,t)
the rental rate of green (brown) capital in sector s. The first order conditions from the
cost minimisation problems for s = 1, . . . , S are given by (after assuming that in each
sector all firms choose the same capital-labour ratio and thus take the same decisions
except for abatement rates – consequently, also the carbon tax burden is specific to the
firm – which implies symmetry and being able to drop the firm index j in the first four
first order conditions below):

Wt = MCs,t(Ys,t/As,t)σsζs(VAs,t)
1/γs−1/σs(1− αs)(Ls,t)

−1/γsAs,t, (47)

P st = MCs,t(Ys,t/As,t)σs(1− ζs)(Zs,t)
−1/γsAs,t, (48)

Rkg,s,t = MCs,t(Ys,t/As,t)σsζs(VAs,t)
1/γs−1/σsαs(K̃s,t)

1/ηks−1/γs(1− ωks)(ug,s,tKg,s,t)
−1/ηksug,s,tAs,t,

(49)

Rkb,s,t = MCs,t(Ys,t/As,t)σsζs(VAs,t)
1/γs−1/σsαs(K̃s,t)

1/ηks−1/γsωks(ub,s,tKb,s,t)
−1/ηksub,s,tAs,t, (50)

ψAs,j,t =

(
τFs,tPt
Ps,t

νs
ι2sι3s

)1/(ι3s−1)

. (51)

Marginal cost of firm j depends on the firm-specific abatement rate and carbon tax burden
in the following way:

MCs,j,t = MCs,t + PtτFs,tνs(1− ψAs,j,t)Ys,j,t + Ps,tι2s(ψ
A
s,t)

ι3sYs,j,t, (52)

where MCj,t is the component in marginal costs attached to the same capital-labour
ratio that firms in each sector choose. This approach of accounting for carbon taxes and
abatement effort in the price-setting problem follows Benmir and Roman (2022). Firm
symmetry also implies identical capital bundles used by all firms in the same sector:

K̃s,t =
(
(1− ωks)

1/ηks(ug,s,tKg,s,t)
(ηks−1)/ηks + (ωks)

1/ηks(ub,s,tKb,s,t)
(ηks−1)/ηks

)ηks/(ηks−1)

. (53)
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The nominal profits earned by all intermediate goods firms in sector s are given by:

Zys,t =

∫
Φs

(
Ps,j,tYs,j,t−WtLs,j,t−Rkg,s,tKg,s,j,t−Rkb,s,tKb,s,j,t−P

s
t Zs,j,t−PtτFs,tνs(1−ψAs,j,t)Ys,j,t−Ps,tXA

s,j,t

)
dj. (54)

Price stickiness in the intermediate goods sector is modelled via introducing Calvo-type
price stickiness where the prices can adjust in sector s according to the sector-specific
probability 1 − κs. The optimal nominal price at time t for sector s is denoted by P ∗

s,t,
which is equal to Ps,j,t with index j in the set of firms that are allowed to re-optimise in
what follows, and Πt,t+k = Pt+k/Pt denotes inflation between time t+ k and time t. We
assume that there is no indexing of prices to inflation so that Ps,j,t+k = Ps,j,t for those
firms with index j in the set of firms that cannot re-optimise in all periods between time
t and time t + k. With this optimal price and Equation (41), the sectoral price index is
found to be:

Ps,t =
[
κsP

1−θ
s,t−1 + (1− κs)(P

∗
s,t)

1−θ]1/(1−θ) , s = 1, . . . , S. (55)

The optimal price setting problem is given by:

max
{Ps,j,t}

{
Et
[ ∞∑
i=0

κisMt,t+i

(
Ps,j,t+iYs,j,t+i − MCs,t+iYs,j,t+i

Pt+i

)]}
, (56)

subject to first order conditions (28) and (31). Combining these two first order conditions
yields:

Ps,j,t =
PtωysYt
Ys,t

(
Ys,t
Ys,j,t

)1/θ

, s = 1, . . . , S. (57)

After substituting in the just derived equation into the optimisation problem, one obtains:

max
{Ps,j,t}

{
Et
[ ∞∑
i=0

κisMt,t+iY
1−θ
s,t+i

(ωysYt+i)−θ

((
Ps,j,t+i
Pt+i

)1−θ

− MCs,j,t+i

Pt+i

(
Ps,j,t+i
Pt+i

)−θ
)]}

, (58)

which results into the following first order conditions (s = 1, . . . , S) after a couple of
standard derivations and using the assumption of no indexation of rigid prices:

0 = Et
[ ∞∑
i=0

κisMt,t+iYs,t+i

(
Ys,t+i
Yt+i

)−θ

(Πt,t+i)
θ−1

(
P ∗
s,t

Pt
− θmcs,j,t+iΠt,t+i

θ − 1

)]
, (59)

where mcs,j,t+i = MCs,j,t+i/Pt+i is the sector s-specific real marginal cost. These first
order conditions can be expressed in a recursive fashion. The above first order condition in
the symmetric equilibrium (where all firms within a sector also choose the same abatement
effort) implies:

P ∗
s,t

Pt
=
f1,s,t + f3,s,t

f2,s,t
, s = 1, . . . , S, (60)
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where the variables f1,s,t, f2,s,t, and f3,s,t are recursively defined as follows:

f1,s,t = µ

(
Ys,t
ωysYt

)−θ

mcs,tYs,t + κsEt[Mt,t+1(Πt+1)
θf1,s,t+1], (61)

f2,s,t =

(
Ys,t
ωysYt

)−θ

Ys,t + κsEt[Mt,t+1(Πt+1)
θ−1f2,s,t+1], (62)

f3,s,t = µ

(
Ys,t
ωysYt

)−θ (
Ps,t
Pt

ι2s(ψ
A
s,t)

ι3s + τFs,tνs(1− ψAs,t)

)
Ys,t + κsEt[Mt,t+1(Πt+1)

θf3,s,t+1], (63)

where µ := θ/(θ−1) is the intermediate goods producers’ monopoly markup over marginal
cost and Πt+1 = Πt,t+1. Due to firm symmetry and the equilibrium price setting distortion,
the final goods output of sector s is determined by the following equation:

Y̊s,t = Ys,t/P̊s,t = (P̊s,t)
−1As,t

(
ζs(VAs,t)

(σs−1)/σs + (1− ζs)(Zs,t)
(σs−1)/σs

)σs/(σs−1)
, (64)

where the price distortion variable P̊s,t obeys the following law of motion (see Appendix
A for its derivation):

P̊s,t = κs (Ps,t/Ps,t−1)
θ P̊s,t−1 + (1− κs)

(
P ∗
s,t/Ps,t

)−θ
, s = 1, . . . , S. (65)

2.5 Capital producers

Sectoral capital is produced by a representative perfectly competitive sectoral capital
producer, where sectoral green and brown capital accumulate according to:

Kg,s,t+1 = (1− δgs)Kg,s,t + Λg,s(Ig,s,t/Kg,s,t)Kg,s,t, s = 1, . . . , S; (66)

Kb,s,t+1 = (1− δbs)Kb,s,t + Λb,s(Ib,s,t/Kb,s,t)Kb,s,t, s = 1, . . . , S. (67)

where Λg,s(·) (Λb,s(·)) is the sector-specific green (brown) capital adjustment cost function.
These functions are specified as follows:

Λg,s,t = Λg,s(Ig,s,t/Kg,s,t) =
α1gs · (Ig,s,t/Kg,s,t)

1−1/ξgs

1− 1/ξgs
+ α2gs, s = 1, . . . , S; (68)

Λb,s,t = Λb,s(Ib,s,t/Kb,s,t) =
α1bs · (Ib,s,t/Kb,s,t)

1−1/ξbs

1− 1/ξbs
+ α2bs, s = 1, . . . , S; (69)

where ξgs and ξbs are the capital adjustment costs elasticities and the constants α1gs, α1bs,
α2gs, and α2bs in each sector s are chosen such that there are no adjustment costs in any
sector in the deterministic steady state. Finally, δgs and δbs are the green and brown
capital depreciation rates in sector s, respectively. The investment goods are bundled
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together from the intermediate goods output of individual firms in each sector as follows:

Ig,s,t =

(∫
Φs

I
(θ−1)/θ
g,s,j,t dj

)θ/(θ−1)

, (70)

Ib,s,t =

(∫
Φs

I
(θ−1)/θ
b,s,j,t dj

)θ/(θ−1)

. (71)

Maximising values of profits of renting out capital (or the cum-dividend stock price of
the green and brown capital producers) is done by choosing the aggregate investment
demands and next period’s aggregate capital stock demands in sector s in the following
objective functions, subject to the capital accumulation equations (66) and (67) with
Lagrange multipliers Qg,s,t+nM

$
t,t+n and Qb,s,t+nM

$
t,t+n, respectively:

V k
g,s,t = max

{Ig,s,t;Kg,s,t+1}

{
Et

[ ∞∑
n=0

M
$
t,t+n(R

k
g,s,t+nKg,s,t+n − (1 + τ ig,s,t)Ps,t+nIg,s,t+n)

]}
, (72)

V k
b,s,t = max

{Ib,s,t;Kb,s,t+1}

{
Et

[ ∞∑
n=0

M
$
t,t+n(R

k
b,s,t+nKb,s,t+n − (1 + τ ib,s,t)Pb,t+nIb,s,t+n)

]}
, (73)

from which we can read off the capital producers’ profit definitions as follows:

Zk
g,s,t = Rk

g,s,tKg,s,t − (1 + τ ig,s,t)Ps,tIg,s,t, s = 1, . . . , S; (74)

Zk
b,s,t = Rk

b,s,tKb,s,t − (1 + τ ib,s,t)Pb,tIb,s,t, s = 1, . . . , S. (75)

Solving these optimisation problems implies the following equilibrium conditions (for
s = 1, . . . , S):

Qg,s,t = (1 + τ ig,s,t)Ps,t/Λ
′
g,s,t, (76)

Qg,s,t = Et

[
M

$
t,t+1

(
Rkg,s,t+1 −

Qg,s,t+1Λ
′
g,s,t+1Ig,s,t+1

Kg,s,t+1
+Qg,s,t+1(Λg,s,t+1 + 1− δgs)

)]
, (77)

Qb,s,t = (1 + τ ib,s,t)Ps,t/Λ
′
b,s,t, (78)

Qb,s,t = Et

[
M

$
t,t+1

(
Rkb,s,t+1 −

Qb,s,t+1Λ
′
b,s,t+1Ib,s,t+1

Kb,s,t+1
+Qb,s,t+1(Λb,s,t+1 + 1− δbs)

)]
, (79)

where the derivatives of the capital adjustment cost functions are given by:

Λ′
g,s,t = α1gs · (Ig,s,t/Kg,s,t)

−1/ξgs , (80)

Λ′
b,s,t = α1bs · (Ib,s,t/Kb,s,t)

−1/ξbs , (81)

and τ ig,s,t and τ ib,s,t are the tax rates applied to investing in green capital and brown capital
in sector s, respectively. Note that negative tax rates are equivalent to subsidies.
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2.6 Monetary authority

The monetary authority applies a classic nominal interest rate rule of the following form
to stabilise the deviation of inflation from target and the output gap:

ln(it) = (1− ρi) ln(̄i) + ρi ln(it−1) + (1− ρi)
[
ϕπ(ln(Πt)− ln(Π̄)) + ϕy(ln(Yt)− ln(Y ))

]
+ εi,t, (82)

rt = it−1/Πt, (83)

where the second equality defines the real risk-free interest rate, Π̄ is the inflation target
or steady-state inflation, and Y is steady-state aggregate final goods output.

2.7 Fiscal authority and environmental dynamics

The fiscal authority collects the tax revenues from taxing consumption of goods by the
households, investments by the capital producers, and carbon emissions by the inter-
mediate goods firms. It distributes these revenues in a lump-sum fashion back to the
household:

Tt+it−1Bt−Bt+1 =

S∑
s=1

[
τ cs,tPs,tCs,t + τ ig,s,tPs,tIg,s,t + τ ib,s,tPs,tIb,s,t + τFs,tνs(1− ψAs,t)Ys,t

]
. (84)

The consumption and investment tax rates obey the following exogenous laws of motion:

τ cs,t = (1− ρτ )τ̄
c
s + ρττ

c
s,t−1 + εcτ,s,t, s = 1, . . . , S, (85)

τ ig,s,t = (1− ρτ )τ̄
i
g,s + ρττ

i
g,s,t−1 + εiτ,g,s,t, s = 1, . . . , S, (86)

τ ib,s,t = (1− ρτ )τ̄
i
b,s + ρττ

i
b,s,t−1 + εiτ,b,s,t, s = 1, . . . , S. (87)

Total emissions in the economy at time t are given by:

Et =
S∑
s=1

νs(1− ψAs,t)Ys,t. (88)

These emissions fuel the stock of carbon in the emissions via the following law of motion:

Mt = (1− δm)Mt−1 + Et, (89)

where δm is the fraction of carbon that leaves the atmosphere due to natural processes.
Via the damage functions the stock of carbon above pre-industrial levels Mt influences
production processes negatively. To combat this externality, the fiscal authority can levy
sector-specific carbon taxes that obey the following processes:

τFs,t = (1− ρτ )τ̄
F
s + ρττ

F
s,t−1 + εFτ,s,t, s = 1, . . . , S. (90)
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2.8 Market clearing

The bond market is in zero-net supply and thus clears when:

Bt ≡ 0. (91)

In the labour market, supply meets demand when the following market clearing condition
holds:

Ldt =
S∑
s=1

Ls,t. (92)

The capital stocks available in sector s are demanded by all firms in sector s. Thus,
market clearing for sector s green and brown capital requires:

Kg,s,t =

∫
Φs

Kg,s,j,t dj, (93)

Kb,s,t =

∫
Φs

Kb,s,j,t dj. (94)

With the household budget constraint (7), the fiscal authority budget constraint (84),
and the definitions of all the profits of all firms/producers, we can derive the following
aggregate resource constraint to hold in our model:

PtYt =
S∑
s=1

Ps,tY̊s,t = P ct Ct +
S∑
s=1

[
Ps,tIg,s,t + P ib,s,tIb,s,t + Ps,tι2s(ψ

A
s,t)

ι3sYs,t + P st Zs,t
]
. (95)

Moreover, the following sectoral resource constraints have to hold in equilibrium:

Y̊s,t = Cs,t + Ig,s,t + Ib,s,t + ι2s(ψ
A
s,t)

ι3sYs,t +
S∑
r=1

Zr,t(s), s = 1, . . . , S. (96)

The model is implemented fully in real terms, using first-order perturbation methods
and stochastic simulations in dynare 4.5.4. Appendix B contains the details on how to
normalise the equations in nominal form to their real form, while the formal equilibrium
definition and the steady-state equation system are relegated to Appendices C and D.

3 Calibration

This section presents an outline of the parameterisation employed in the analysis. Our
model calibration is focused on the euro area, which is treated as a closed economy. The
euro area encompasses 19 countries (as of 2022).6 We obtain flow data from the FIGARO

6Belgium, Germany, Estonia, Ireland, Greece, Spain, France, Italy, Cyprus, Latvia, Lithuania, Lux-
embourg, Malta, the Netherlands, Austria, Portugal, Slovenia, Slovakia, and Finland.

18



Database to calibrate the input-output matrix in the model.7 We calibrate our model
using the most recent available input-output dataset from 2019. This database provides
us with valuable insights into the trading dynamics for each combination of country and
sector. Particularly, for the closed economy analysis, we aggregate the industries from
all 19 euro area countries. This consolidation results in a unified framework of 64 sectors
within what we refer to as a single country, representing the entirety of the euro area
with 19 countries (EA-19). Table E.1 reports the description of the 64 sectors at NACE-2
level we use. The compiled data is used to calibrate the weights that each intermediate
input has on the production function of each sector, i.e. ωsr. Similarly, this data also
allows us to calibrate the preferences of consumers over different types of goods, denoted
by ωcs, and the weights of sectoral production in total output (parameter ωys). We also
calibrate the sector-specific shares of capital in value-added and intermediate inputs in the
production function, denoted by αs and 1− ζs, respectively. Moreover, we can compute
sector-specific carbon intensities to find the values for νs, which in the data and the model
are expressed in megatons of carbon per trillion euros of sector-specific output.

We consider two distinct categories of capital goods for each sector: brown and green
capital. The calibration of the weight for each capital type, i.e. ωks, is drawn from
the EU KLEMS Database.8 The brown and green capitals are aggregated within each
respective sector classification. The ratio of brown capital to the combined brown and
green industry capital, referred to as ωks, are then calculated. On the one hand, brown
capital encompasses Computing Equipment, Communications Equipment, Transporta-
tion Equipment, Other Machinery and Equipment, Total Non-Residential Investment,
and Residential Structures – in other words, tangible capital assets. On the other hand,
green capital consists of Computer Software and Databases, Cultivated Assets, Research
and Development, and Other Intellectual Property Products Assets – in other words,
intangible capital assets.9

Tables E.2 and E.3 report the full set of production network parameter values for the
64-sector economy.

3.1 A two-sector example

For the analysis in Section 4, we concentrate on a two-sector version of the model, i.e.
S = 2. The first sector is assumed to be the ‘brown’ sector of the economy and the second
sector is assumed to be the ‘green’ sector of the economy.

7FIGARO stands for Full International and Global Accounts for Research in Input-Output Analysis.
8EU KLEMS is an industry level, growth and productivity research project. EU KLEMS stands for

EU level analysis of capital (K), labour (L), energy (E), materials (M), and service (S) inputs.
9Cultivated Assets, despite being categorised as tangible assets, are strategically placed within the

realm of green capital. This classification stems from the acknowledgment that they are inherently
immune to the risk of becoming stranded as a result of decarbonisation efforts.
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We categorise sectors based on their greenhouse gas (GHG) emissions using the EU
taxonomy, designating high-emission sectors as brown and the remainder as green. Table
E.4 displays the classification of sectors as either brown or green within a 64-sector
economy at NACE-2 level.10 This division yields a two-sector framework within the
EA-19 economy. Next, sector aggregation is also performed using input-output tables,
resulting in a 2x2 matrix of intermediate inputs and data on final consumption and value
added for both sectors. Leveraging these aggregated tables, the share of each sector’s
intermediate input in its respective output production (ωbb, ωbg, ωgb, ωgg) is calculated.
Similarly, the proportions of brown and green sector consumption in overall consumption
(ωcb and ωcg) and the proportions of brown and green sector output in total output
(ωyb and ωyg) are determined. Employing the input-output table, input weights in the
production function are derived. The computation of sectoral weights for intermediate
input (1− ζb, 1− ζg) involves dividing the aggregate costs of intermediate inputs by the
total output. Simultaneously, using the value-added component for labour we calculate
the weight of labour in the value-added bundle (1 − αb, 1 − αg). The residual portion
of output is consequently ascribed to the sphere of capital input costs. We also utilise
GHG emissions data for all sectors to compute the carbon intensities νb and νg, measured
in trillion euros per megatons of carbon. Finally, utilising the EU KLEMS database,
the brown and green capitals are aggregated within each respective sector classification.
The ratio of brown capital to the combined brown and green industry capital, referred
to as ωkb for the brown sector and ωkg for the green sector, are then calculated. Since we
find it reasonable to assume that capital types are relatively complementary, we choose
a value below unity for the elasticity of substitution between capital types. Specifically,
we choose a homogeneous value across sectors of ηkb = ηkg = 0.5.

Table E.4 presents the proportion of brown intermediate inputs used relative to the
total intermediate inputs utilised in the production processes of 64 sectors. The data
highlights that brown sectors exhibit a notable preference for brown intermediate inputs
in their production processes. Notably, the sector with the highest ratio is Electricity, Gas,
Steam, and Air Conditioning Supply (D35) at 80%, closely followed by Manufacture of
Basic Metals (C24), Manufacture of Paper and Paper Products (C17), and Manufacture
of Food Products; Beverages and Tobacco Products (C10–C12). On the other hand,
this ratio is low for green sectors such as Financial Services and Insurance Activities
(K64, K65, and K66), as well as Legal and Accounting Activities; Activities of Head
Offices; and Management Consultancy Activities (M69–M70). One has to be careful

10According to the EU Sustainable Finance Taxonomy, the sectors with the highest GHG are: Agricul-
ture, Forestry, and Fishing (A), Mining and Quarrying (B), Manufacturing (C), Electricity, Gas, Steam,
and Air Conditioning Supply (D), Water Supply, Sewerage, Waste Management, and Remediation (E),
Construction (F), Transportation and Storage (H), Information an Communication (J) and Real Estate
Activities (L). These sectors accounted for 93.2% of GHG emissions from production processes for the
EU-28 in 2017.
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Table 1: Model parameters

Aggregate economy parameters

Symbol Value Description

θ 11 Elasticity of substitution between inputs across sectors
f 0.5 Frisch elasticity of labour supply
χ 13.4923 Scale parameter for utility from leisure
β 0.99 Time discount factor
ψ 0.5 Elasticity of intertemporal substitution

θℓ 11 Elasticity of substitution between differentiated labour types
κℓ 0.75 Calvo wage setting parameter

ρu 0.8 Persistence of all sector- and capital-type-specific capital utilisation shocks
ρa 0.8 Persistence of all sector-specific technology shocks
ρi 0.8 Persistence of monetary policy adjustments
ρτ 0.8 Persistence of all sector-specific consumption tax rate shocks
ā 2.5501 Steady-state log total factor productivity in all sectors

Π̄ 1.005 Steady-state gross inflation
ϕπ 1.50 Weight of inflation gap in the Taylor rule
ϕy 0.25 Weight of output gap in the Taylor rule

δm 0.0021 Carbon decay parameter

Sector-specific parameters

Symbol Value Description

ωcb 0.36 Weight of brown consumption good in consumption basket
ωcg 0.64 Weight of green consumption good in consumption basket
ωyb 0.53 Weight of brown output in GDP
ωyg 0.47 Weight of green output in GDP
ωbb 0.74 Intermediate inputs intensity of brown sector’s goods by brown sector firms
ωbg 0.26 Intermediate inputs intensity of green sector’s goods by brown sector firms
ωgb 0.47 Intermediate inputs intensity of brown sector’s goods by green sector firms
ωgg 0.53 Intermediate inputs intensity of green sector’s goods by green sector firms
αb 0.17 Weight of capital in value-added of brown sector
αg 0.28 Weight of capital in value-added of green sector
ζb 0.36 Weight of value-added in production process of brown sector
ζg 0.61 Weight of value-added in production process of green sector
ωkb 0.95 Weight of sectoral brown capital in capital bundle of brown sector
ωkg 0.85 Weight of sectoral brown capital in capital bundle of green sector
ūbb 1 Steady-state brown capital utilisation rate in brown sector
ūbg 1 Steady-state brown capital utilisation rate in green sector
ūgb 1 Steady-state green capital utilisation rate in brown sector
ūgg 1 Steady-state green capital utilisation rate in green sector

κb 0.75 Calvo price setting parameter of brown sector
κg 0.75 Calvo price setting parameter of green sector
ηkb 0.5 Elasticity of substitution between capital types in brown sector’s capital bundle
ηkg 0.5 Elasticity of substitution between capital types in green sector’s capital bundle
γb 0.5 Elasticity of substitution between capital and labour in brown sector’s value-added
γg 0.5 Elasticity of substitution between capital and labour in brown sector’s value-added
σb 0.25 Elasticity of substitution between value-added and intermediate inputs in brown sector’s production
σg 0.25 Elasticity of substitution between value-added and intermediate inputs in green sector’s production
δb 0.025 Depreciation rate of brown capital
δg 0.025 Depreciation rate of green capital
ξb 0.5 Brown capital adjustment cost elasticity
ξg 0.5 Green capital adjustment cost elasticity

νb 393.9420 Carbon intensity of brown sector
νg 21.1138 Carbon intensity of green sector
ι1b 2.5e-8 Climate change damage function intensity in brown sector
ι1g 1.5e-8 Climate change damage function intensity in green sector
ι2b 0.05 Abatement investment parameter 1 in brown sector
ι2g 0.02 Abatement investment parameter 1 in green sector
ι3b 2.7 Abatement investment parameter 2 in brown sector
ι3g 2.7 Abatement investment parameter 2 in green sector

τ̄cb 0 Brown sector’s good consumption tax rate
τ̄cg 0 Green sector’s good consumption tax rate

τ̄Fb 4e-5 Brown sector’s carbon tax rate
τ̄Fg 4e-5 Green sector’s carbon tax rate

τ̄ib,b 0 Brown investment tax rate in brown sector

τ̄ib,g 0 Brown investment tax rate in green sector

τ̄ig,b 0 Green investment tax rate in brown sector

τ̄ig,g 0 Green investment tax rate in green sector

Notes: This table reports both conventional values from the literature and data-implied values for the
model parameters of our benchmark calibration of the model, described in Section 2. The utilised data
comes from the FIGARO and EU KLEMS databases for the year 2019.
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when interpreting these values, as they represent the direct utilisation of intermediate
goods. These values could potentially differ and increase due to the indirect utilisation
of brown inputs resulting from the cascading structure of the production process.

Other parameters are sourced from the literature and calibration to mostly conven-
tional parameters. The elasticity of substitution between inputs across sectors θ is cal-
ibrated to be 11 which implies a monopoly markup µ of 10% for intermediate goods
firms. The Calvo price setting probabilities in both sectors are set to 25%, which implies
κb = κg = 0.75, or an average price-setting frequency of four quarters. For simplicity,
the labour unions’ mark-up and wage-setting frequency are set to the same values, i.e.
θℓ = 11 and κℓ = 0.75. The Taylor rule weights for inflation and output gap are chosen
to be ϕπ = 1.5 and ϕy = 0.25, while the persistence of monetary policy adjustments is
equal to ρi = 0.8. The persistence parameters of all other shocks are set for simplicity to
the same value, i.e. ρu = ρa = ρτ = 0.8. Moreover, the annual steady-state inflation rate
is assumed to equal 2%, i.e. steady-state gross quarterly inflation is Π̄ = 1.005. All these
parameters are used widely in the literature, see for a recent example Sims and Wu (2021).
The time discount factor is slightly higher than in Sims and Wu (2021) and chosen to be
β = 0.99, implying a quarterly log nominal interest rate of roughly 1 percentage point, to
be in line with the current high interest rate regime in the euro area. The Frisch elasticity
of labour supply f is chosen to be 0.5, in line with well-known models of the euro area
such as the New-Area-Wide model (Coenen et al., 2007; Christoffel et al., 2008; Coenen
et al., 2023) or the EAGLE model (Gomes et al., 2010; Bokan et al., 2016). The scale
parameter for utility from leisure time is chosen to induce a steady-state labour demand
by firms of 1, while the elasticity of intertemporal substitution is set to the conventional
value of ψ = 0.5.

The capital depreciation rates of both capital types are set to the conventional quar-
terly value of 0.025, alongside capital adjustment cost elasticities of ξb = ξg = 0.5 to
feature a relatively sluggish response of investment to capital utilisation shocks or other
economic shocks. The elasticities of substitution between value-added and intermediate
inputs and between capital and labour are set to values below unity in line with the
literature, and it is assumed that it is easier to substitute between capital and labour
than it is between valued-added and intermediate inputs. Thus, we choose γb = γg = 0.5

and σb = σg = 0.25.
The abatement investment parameters are set as in Benmir and Roman (2022), while

the climate change damage function parameter is assumed to be twice higher in the brown
sector, as compared to the green sector, while making sure that the average economic
damage is of magnitude roughly equal to 2.5%, similar to the calibration choice of An-
nicchiarico et al. (2022), given the stock of carbon emissions that results from all other
parameter choices. The steady-state carbon tax rates are set to 40 euros per ton of car-
bon in both sectors, which implies setting τ̄Fg = τ̄Fg = 4e-5 as the carbon tax rates are
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measured in trillion euros per megatons of carbon. All other tax rates are set to zero in
the steady state.

Table 1 reports all the parameter values along with their corresponding descriptions
that are utilised in our analysis in the next section.

4 Analysis

In this section, we study the equilibrium effects of various shocks that either affect a
brown aspect of the economy negatively or a green aspect positively.

The results are presented by means of constructing impulse response functions to
a one-time shock in period 1 in one or several exogenous processes. The shocks are
persistent with persistence parameter 0.8 and will thus affect the economy beyond the
initial effect for several periods significantly. We depict 40 periods where the model is
initially (period 0) in the steady state, the shocks occur in period 1, and then no further
shock is fed into the model afterwards. The variables depicted in each set of graphs
are: (A) aggregate final goods output (GDP) Yt; (B) aggregate consumption Ct; (C)
aggregate inflation Πt; (D) carbon emissions stock Mt; (E) sectoral final goods output
of the brown sector Yb,t; (F) sectoral final goods output of the green sector Yg,t; (G)
consumption of the brown sector’s good Cb,t; (H) consumption of the green sector’s good
Cg,t; (I) investment in brown capital by the brown sector Ib,b,t; (J) investment in brown
capital by the green sector Ib,g,t; (K) investment in green capital by the brown sector
Ig,b,t; (L) investment in green capital by the green sector Ig,g,t; (M) utilised brown capital
in the brown sector ub,b,tKb,b,t; (N) utilised brown capital in the green sector ub,g,tKb,g,t;
(O) utilised green capital in the brown sector ug,b,tKg,b,t; (P) utilised green capital in the
green sector ug,g,tKg,g,t; (Q) aggregate labour supply; (R) labour demand by the brown
sector Lb,t; (S) labour demand by the green sector Lg,t; (T) real wage wt; (U) the nominal
interest rate it; (V) the real interest rate rt; (W) real marginal cost of the brown sector
mcb,t; and (X) real marginal cost of the green sector mcg,t.

4.1 Negative brown capital utilisation rate shocks

In this section, we delve into two scenarios pertaining to a reduction in brown capital
utilisation. In the initial scenario, we simulate a situation where 10% of brown capital
undergoes a transformation into stranded assets, exclusively within the brown sector. In
the subsequent scenario, we explore a similar 10% decline in brown capital utilisation, but
this time it encompasses both the brown sector and the green sector. Figure 2 presents
all the impulse response functions for these two scenarios. The black solid lines depict
the exogenous decline in the brown sector’s brown capital utilisation rate only (ub,b,t),
while the blue dashed lines represent the decline in both sectors’ brown capital utilisation
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rates (ub,b,t and ub,g,t). While the source of this shock is not directly influenced by policy
decisions, our modelling environment empowers us to examine the impact of variations
in the capital utilisation rate on both the real economy and the environment. In our sub-
sequent experiments, we delve into policy shocks that specifically address environmental
concerns, highlighting the critical role of sectoral capital utilisation. This approach allows
us to gain valuable insights into the intricate relationship between policy interventions,
macroeconomic dynamics, and the environment.

In the first scenario, the 10% decrease in brown capital utilisation rate within the
brown sector translates into an almost 10% reduction in the utilisation of brown capital
(Panel M). As this scenario does not directly impact brown capital utilisation in the
green sector, there is no observable deviation visible in Panel N. The fall in brown capital
utilisation leads to a decline in the capital input in brown goods production. Hence,
we witness a decline in brown sector’s output and an increase in green sector’s output
(Panels E and F). The rise in green sector’s output is primarily driven by the increased
relative price of brown output (Panels W and X), causing a substitution of brown output
with green output. The magnitude of the responses of sectoral outputs remains relatively
small due to a decrease in the rental rate of brown capital as well as increased labour
and intermediate input utilisation in the production process (the labour market reaction
is visible in Panel R). Sectoral consumption levels mirror the response of output (Panels
G and H). Aggregate output and consumption reflect a weighted average of the sectoral
corresponding responses (Panels A and B). Notably, we observe a more substantial decline
in output compared to consumption. This discrepancy arises from the relatively higher
weight of green consumption in the consumption basket, coupled with a lower share of
green output in aggregate output. Inflation picks up due to the higher increase in the
marginal cost of the brown sector compared to the decline in the marginal cost of the green
sector. The nominal interest rate rises in response to higher inflation (Panel U). However,
the real interest rate initially decreases, as the response of inflation is stronger than the
increase in the nominal interest rate (Panel V). Investment in green capital within the
brown sector grows (Panel K) as a result of both a decrease in the real interest rate and
the need to replace underutilised brown capital. As the shock does not directly affect
the green sector, there is no significant change in green capital investment within that
sector. Consequently, green capital utilisation aligns with the investment decisions made.
Subsequently, green capital utilisation follows the investment decisions. Brown capital
investment of the brown sector also increases to replace the underutilised brown capital in
the production process (Panel I). Due to the adverse economic impact of reduced brown
capital utilisation, we observe a decline in the stock of emissions (Panel D).

In the second scenario, we note several distinctions. Since capital utilisation in the
green sector is also affected, we observe a similar response of brown capital utilisation in
the green sector. This leads sectoral outputs to respond differently. Under this scenario,
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Figure 2: Impulse response functions – brown capital utilisation rate shocks
A: Yt B: Ct C: Πt D: Mt
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Notes: This figure depicts impulse response functions for exogenous declines of 10% in logarithmic terms
in brown capital utilisation rates in period 1. The black solid lines correspond to the simulation that
sees an exogenous decline in the brown sector’s brown capital utilisation rate only (ub,b,t), while the blue
dashed lines depict the economic effects of a decline in both sectors’ brown capital utilisation rates (ub,b,t
and ub,g,t).
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we observe a noteworthy decrease in green output. Conversely, brown output increases
to a small extent. This occurs because the green sector’s output decreases in the second
scenario and the relative price of green output increases as in the brown sector. Con-
sequently, we no longer witness the substitution of brown output with green output as
we observe in the first scenario. Aggregate output and consumption levels decline more
significantly, and inflation responds more robustly compared to the first scenario. Owing
to the stronger increase in inflation, the nominal interest rate rises to a greater extent.
Due to the limited decline in brown output, attributable to the opposing substitution ef-
fect seen in the first scenario, the reduction in emissions is less pronounced in the second
scenario, where brown capital utilisation is not solely restricted to the brown sector.

4.2 Policy shocks

In the previous section, we have explored the impact of an exogenous decline in brown
capital utilisation rates on both macroeconomic stability and environmental factors. In
this section, our focus shifts to a comprehensive examination of policy implications that
prioritise environmental concerns. We will focus on four different policy shocks. First,
we will analyse the impact of a brown investment tax shock and a green subsidy shock.
Since these two shocks are comparable in our model environment, we present them in the
same figure. Next, we analyse the impact of a brown consumption tax shock. Finally, we
explore the effect of a carbon tax increase in the brown sector on the economy.

Brown investment tax / green investment subsidy Brown investment taxes are
designed to disincentivise capital flow into activities that generate high levels of pollution,
carbon emissions, or other detrimental environmental effects. The goal is to make such in-
vestments less financially appealing, thereby redirecting capital toward cleaner and more
sustainable alternatives. Brown investment taxes can help internalise the external costs
of environmentally harmful activities and provide a source of revenue for environmental
protection and remediation efforts. On the contrary, the green investment subsidy policy
offers financial incentives – such as tax credits or direct grants – to encourage invest-
ments in environmentally friendly projects, technologies, and industries. This subsidy
aims to lower the cost of capital for businesses and individuals who choose to invest in
renewable energy, energy efficiency, sustainability, or other environmentally friendly ini-
tiatives. By making green investments more financially attractive, governments seek to
accelerate the transition toward a low-carbon economy. Green investment subsidies can
spur innovation, create green jobs, and reduce greenhouse gas emissions, contributing
to both economic growth and environmental protection. Figure 3 depicts the economic
effects of a 5 percentage point increase in the brown investment tax (black solid lines)
and a reduction of the same size in the green investment tax (blue dashed lines) – i.e. a
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Figure 3: Impulse response functions – investment tax/subsidy shocks
A: Yt B: Ct C: Πt D: Mt
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Notes: This figure depicts impulse response functions for exogenous changes in investment tax rates.
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subsidy to green investment – in period 1. Moreover, the magenta dash-dotted lines de-
pict a fiscal budget-neutral combination of the two aforementioned scenarios. Therefore,
brown capital investment taxes of 5% in both sectors are introduced and the resulting
additional tax revenue is used to finance a negative green capital investment tax (i.e.
subsidy) in the green sector so that there is no change in the lump-sum tax collected
from the households.11

A 5% increase in the cost of investing in brown capital results in a 2.5% decline in
brown capital investment in both sectors (Panels I and J). However, there is no significant
reallocation to green investment under this policy choice (see Panels K and L). Due to
the nature of this negative demand shock, brown output falls by 0.03% and green output
by 0.04%, leading to a decrease in aggregate output by approximately 0.035% (Panel
A). Consequently, firms demand less labour (Panels Q to S), leading to a decline in the
real wage (Panel T). As investment demand falls on aggregate, sectoral consumption
levels increase due to the sectoral market clearing conditions (Panels G and H). Thus,
we observe a slight rise in aggregate consumption (Panel B), which leads to a small
increase in inflation. Due to the decrease in aggregate output, monetary policy reacts
by reducing the nominal interest rate (Panel U). The stock of emissions falls due to the
decline in aggregate production. However, the brown investment tax does not incentivise
the replacement of brown capital investment with green capital investment.

In a parallel scenario, we analyse the impact of a 5% increase in green investment
subsidies in the green sector. We observe a 2.5% increase in green capital investment in
the green sector immediately (Panel L). There is no significant change in the investment
decisions of the brown sector or the brown capital investment decisions of the green sector.
The increased green investment demand in the green sector leads to a rise in green output
(Panel F), with no observable change in brown sector’s output initially. Consequently,
aggregate output increases moderately due to the boost in green production (Panel A).
However, this small increase in output causes monetary policy to tighten slightly, as de-
picted in Panel U, leading to a subsequent decrease in brown output (Panel E). Since the
investment subsidy only stimulates demand by increasing green output without consid-
erably replacing brown output, we observe only a slight decline in emissions.

Finally, we examine a policy mix that combines the aforementioned two distinct poli-
cies. In this context, we investigate a scenario where financial support for environmentally
friendly investments is financed by levying an investment tax on brown investments. This
strategic combination operates within a fiscally neutral budget framework. As a response

11The model is slightly modified for this scenario. Specifically, the exogenous process for the green
capital investment tax in the green sector (Equation 86 for s = g) is removed from the system of equations
and replaced by the following endogenous termination of the green capital investment tax in the green
sector:

τ ig,g,tPg,tIg,g,t = −
(
τ ib,b,tPb,tIb,b,t + τ ib,g,tPg,tIb,g,t

)
.
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to the policy mix, there is a notable 2.5% reduction in brown capital investment across
both sectors (Panels I and J). Concurrently, green investment experiences a significant
surge, particularly in the green sector, reaching approximately a 25% increase (Panel L).
The stark difference in the magnitude of these numbers is due to the much larger amount
of brown capital, in contrast to the amount of green capital, available in the economy
(since the weights on brown capital in the capital bundle are large, i.e. ωkb = 0.95 and
ωkg = 0.85). Therefore, the amount of tax revenue is significant due to the resulting high
volumes of brown capital investment in the economy, which can be used to finance a large
subsidy rate for the relatively much smaller amount of green capital investment.

In contrast, the brown sector witnesses a comparatively modest uptick (Panel K). This
pattern suggests a noticeable shift in capital allocation from brown to green investments.
The combination of policies results in an increase in the relative marginal cost of brown
goods (Panels W and X). Consequently, the output of brown goods decreases, while the
output of green goods increases (Panels E and F). This trend is also evident in the sectoral
consumption of goods (Panels G and H). As the weight of brown output is higher in total
production, there is a slight decline in aggregate output (Panel A). The reduction in
aggregate output, coupled with the reallocation of brown output to green goods, leads to
a decrease in the overall stock of emissions (Panel D). This policy mix demonstrates that
it is possible to achieve lower emissions in the long run without inflationary pressures.

Brown consumption tax To discourage consumption of brown sector goods (e.g.
gasoline, air conditioning, flight tickets, gas heating) additional or new excise taxes could
be introduced by the policymaker. This realistic scenario (e.g. Cyprus and Estonia levy
an additional excise tax on brown energy products to finance the green transition12, or
the introduction of a single-use plastic tax in Germany in 202413 due to the EU Single
Use Plastics Directive from 2019 that could potentially be fully passed on from producers
to consumers) can be simulated in our model by introducing a consumption tax of 5
percentage points on brown consumption goods. Figure 4 depicts the economic effects of
introducing such a consumption tax in period 1 whose rate is declining slowly due to the
auto-regressive nature of the shock process.

The consumption tax discourages consumption of brown goods by increasing its after-
tax price. In Panel G, Cb,t falls by 3.5% on impact, while consumption of green goods
experiences a relatively small positive effect due to the redirection of consumption ex-
penses towards green products, as shown in Panel H. Nevertheless, the negative demand
effect on aggregate quantities is significant, resulting in an approximate 0.35% decline
in aggregate consumption on impact. As a consequence, aggregate production is scaled

12See Avgousti et al. (2023).
13See https://www.roedl.com/insights/plastic-tax/germany-eu-green-deal.
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Figure 4: Impulse response functions – brown consumption tax shock
A: Yt B: Ct C: Πt D: Mt
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Notes: This figure depicts impulse response functions for an exogenous increase of 5 percentage points
in the brown good’s consumption tax rate (τ cb,t) in period 1.
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down by 1%, primarily due to a more substantial reduction in brown output, which is not
entirely offset for by the increase in green output (as indicated in Panels E and F). Due
to the stronger decrease in brown output demand, inflation experiences a slight decrease
on impact but subsequently it increases. To counteract the fall in aggregate production,
the nominal interest rate falls, as demonstrated in Panel U.

Furthermore, the investment demand for both types of capital by both sectors in-
creases due to falling interest rates, with a stronger effect observed in the green sector.
This is because the increased demand for green sector output necessitates both brown and
green capital, produced by both sectors, leading to increased capital utilisation (produc-
tion) in subsequent periods (as depicted in Panels M to P). Equilibrium labour demand by
the brown sector decreases with the decline in output, while the green sector experiences
growth in labour demand due to increased production (Panels Q to S). In summary, the
brown consumption tax reallocates consumption and consequently output from brown to
green, leading to a reduction in emissions.

Carbon tax Finally, we delve into the impacts of increasing carbon taxes – a taxa-
tion measure designed to promote environmental sustainability, a pivotal component of
sustainable development. This policy represents a more direct approach to addressing
environmental concerns compared to the other policy tools that we have analysed pre-
viously. Figure 5 depicts impulse response functions for an exogenous increase in the
carbon tax equal to 40 euros per ton of carbon (i.e. a doubling of the carbon tax from 40
to 80 euros) in the brown sector in period 1. Due to the inflationary impact of the carbon
tax, we also analyse the role of monetary policy in this scenario by varying the inflation
feedback parameter in the Taylor rule. The black solid lines represent the benchmark
case where the inflation feedback parameter ϕπ is set to 1.5.

Doubling the carbon tax within the brown sector initiates an upswing in both green
and brown output. Firms are allowed to invest in abatement technology in our frame-
work, and the increase in the carbon tax triggers a corresponding augmentation in firms’
abatement efforts, albeit at a significant cost. Consequently, the brown sector’s output
initially surges as a means to finance the adoption of abatement technology, as elucidated
in Panel E, via hiring more labour (Panel R).

However, in subsequent periods, a decline in brown output becomes apparent, stem-
ming from the relative brown good’s price increase. The green sector, in contrast, expe-
riences an output expansion as it steps in to substitute the declining brown output, as
evident in Panel F. Labour demand mirrors these sectoral output dynamics, as depicted
in Panels R and S. Aggregate output, following the sectoral responses to the carbon
tax, initially registers an increase, only to witness a subsequent downturn, plunging by
0.02% in period 5, as outlined in Panel A. The dynamics of aggregate prices mirror this
trajectory (Panel C). Brown consumption demand experiences a reduction, while green
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Figure 5: Impulse response functions – carbon tax shock
A: Yt B: Ct C: Πt D: Mt
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Notes: This figure depicts impulse response functions for an exogenous increase in the carbon tax equal
to 40 euros per ton of carbon (i.e. a doubling of the carbon tax from 40 to 80 euros) in the brown sector
(τfb,t) in period 1. The black solid lines correspond to an inflation gap parameter in the Taylor rule of
ϕπ = 1.5 (i.e. the benchmark calibration), the blue dashed lines to a parameter value of ϕπ = 2, and the
magenta dash-dotted lines to a parameter value of ϕπ = 2.73.
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consumption demand sees an uptick. The weighted average of sectoral consumption lev-
els (Ct) records a decrease of 0.08%, primarily attributable to a substantial decline in
brown consumption, as depicted in Panel B. In the brown sector, investment demands
for both categories of capital diminish due to the decline in demand for brown products
(Panels I and K). Conversely, the transition toward a green economy precipitates a surge
in investment demand for both types of capital within the green sector, as depicted in
Panels J and L. In light of the inflationary impact of the carbon tax, monetary policy
reacts by elevating the nominal interest rate (Panel U).

The implementation of a carbon tax serves as a more direct policy instrument in ad-
dressing environmental concerns, thereby facilitating the transition toward a low-carbon
economy, characterised by a reduction in brown output and a concurrent increase in green
output. Consequently, we witness a decline in emissions due to this paradigm shift.

The role of monetary policy comes to the forefront when planning the transition to
a low-carbon economy. In this context, for the carbon tax we explore the sensitivity
of interest rates to the dynamics of inflation. The depiction is provided through two
distinct scenarios in addition to the benchmark case: the blue dashed lines portray a
scenario with an inflation feedback parameter of ϕπ = 2, while the magenta dash-dotted
lines illustrate an alternative scenario characterised by an inflation feedback parameter
of ϕπ = 2.73.14 According to our model framework, it appears that the responsiveness
of the nominal interest rate to changes in the inflation gap does not yield a significant
influence on environmental factors. Instead, the effects manifest primarily in the realm
of macroeconomic dynamics. These effects align with our anticipated outcomes, and
while they do induce adjustments in levels, they do not introduce discernible shifts in
sectoral allocations. Specifically, a stronger inflation response aligns with higher volatility
in aggregate consumption (Panel B) and better aggregate output performance in the
medium run (Panel A) that originates from monetary policy amplifying the economic
costs in the short run due to a larger nominal interest rate in the short run, while the
green (brown) sector’s output and consumption grow more (decline less) in the medium
to long run with stronger inflation responses of monetary policy (Panels E–H) due to
then lower nominal interest rates than in the benchmark scenario.

To sum up, a more robust response to inflation slightly accentuates the economic
declines in the brown sector in the short term, driven by a more pronounced reduction in
investment demand due to a stronger increase in the interest rate. In the medium term, as
brown capital transitions to green capital, the burden on the brown sector lessens, leading
to a subsequent decrease in inflation. The drop in interest rates is more substantial this
time, fuelled by higher responsiveness to inflation and a less costly reallocation of brown
capital for the brown sector. Consequently, in the medium term, we witness a more

14This value has been estimated by Coenen et al. (2018) using their New Area Wide Model II.
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significant uptick in output without incurring inflationary costs, mostly driven by the
green sector’s dynamics.

4.3 Green technology shock

Finally, a necessary, though perhaps not sufficient, ingredient for any successful transition
to a low-carbon economy is the invention, broad adoption, and effective implementation
of new and more environmentally friendly technologies. In light of this, we embark on
a simulation in which we introduce a 2% increase in total factor productivity within the
green sector. The objective is to examine the impact of this technological innovation on
the wider economy, as illustrated in Figure 6. It is worth noting that while increased
productivity within a single sector is generally favourable for the overall economy, the
sector-specific effects are highly heterogeneous.

The introduction of innovation in the green sector results in increased production
with decreasing marginal costs, as depicted in Panel X. Consequently, there is a shift
away from brown sector output towards green sector output due to changes in relative
prices, illustrated in Panels E and F. This shift in demand dynamics for brown output
leads to a decrease in both brown and green capital investment in the brown sector, as
depicted in Panels I and K. Conversely, the increased demand for green goods stimulates
both types of capital investments in the green sector. Therefore, the introduction of
green technological innovation reduces capital utilisation within the brown sector, as
demonstrated in Panels M and O. Labour demand experiences a decline in both sectors
due to the wealth effect generated by technological innovation, which in turn results
in increased wages (Panels Q–T). Sectoral consumption also responds differently, with
an increase in green consumption and a corresponding decrease in brown consumption.
This shift has a net positive effect on aggregate consumption, primarily because green
consumption carries a significant weight in the overall consumption basket (Panel C).
However, an initial decrease of output is observed, primarily due to the sharp decline
in brown output (Panel A). On the inflation front, aggregate inflation decreases as the
rise in brown sector’s marginal costs is counterbalanced by the decrease in green sector’s
marginal cost (Panel C). To maintain the equilibrium, the nominal interest rate decreases,
offsetting the impact of reduced inflation and the initial output decline (Panel U).

Importantly, the benefits of technological innovation within the green sector extend
beyond the economy itself. It also leads to a reduction in emissions, as depicted in Panel
D. This underscores the broader environmental gains associated with such innovations.

To sum up, a shift in relative productivity between the two sectors triggers a realloca-
tion mechanism within the economy akin to the effects of a consumption tax. However, in
this scenario, the impact is positive for the overall economy, devoid of inflationary pres-
sures, thanks to advancements in technology. In contrast, a higher consumption tax on
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Figure 6: Impulse response functions – green technology shock
A: Yt B: Ct C: Πt D: Mt
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brown goods tends to negatively impact the aggregate economy and generate inflationary
pressures, as previously discussed.

4.4 Summary and policy implications

The analysis above provides a few noteworthy observations and policy implications that
are summarised in this section.

Initially, the presence of brown capital asset stranding, referring to underutilised assets
in the brown sector, appears to stimulate economic activity and the consumption of
environmentally friendly green products. While this scenario may seem advantageous
from an environmental perspective, it can have adverse effects on overall macroeconomic
stability, leading to inflationary pressures. Given the strong reliance of the green sector
on brown capital for its production processes, any policy or action resulting in stranded
capital in this sector can lead to reduced production. Consequently, the desired transition
toward a greener economy may only materialise if the policy is implemented in the brown
sector, not in the green sector. Hence, the choice of capital allocation in production
becomes a critical consideration in any initiative aimed at addressing capital strandedness.

Furthermore, when we examine policy measures aimed at addressing environmental
issues, it becomes evident that the brown investment tax policy fails to facilitate a shift
toward a greener economy in terms of both production and consumption. Moreover,
upon examining the allocation of capital, we note that this policy effectively reduces the
utilisation of brown capital which is partly replaced by green capital within the brown
sector. This policy exerts macroeconomic effects that diminish production while driving
up inflation. Consequently, a decrease in emissions occurs as a natural consequence of
this economic contraction. Conversely, the green investment subsidy policy does not bring
about a substantial transformation in production practices. However, it does stimulate
growth within the green sector. The implementation of both policies under a neutral
fiscal balance proves highly effective in attaining environmental targets through a notable
reduction in emissions. Notably, the utilisation of green capital experiences a significant
boost, particularly within the green sector, without triggering a substantial uptick in
inflation. Although aggregate output contracts slightly, this decline is outweighed by the
positive environmental impact achieved through the increased adoption of green practices
across sectors. The success of these policies lies in their ability to strike a balance between
environmental sustainability and economic considerations, demonstrating a promising
approach to addressing both concerns simultaneously. Additionally, the implementation
of a brown consumption tax policy, influencing consumer choices, enables us to witness a
green transformation within the economy on the production front, albeit not on the capital
side. Due to the nature of the tax policy, while this may lead to an economic contraction,
it yields promising outcomes in mitigating environmental concerns. In our analysis, we
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focus on the aspect of the carbon tax policy, which unequivocally facilitates the shift
toward a low-carbon economy due to its highest direct impact on the environment. While
this effect carries an inflationary aspect, its beneficial influence on the environment is self-
evident. Currently, the revenue of all taxes, including the carbon tax, is re-distributed to
the household by means of a lump-sum transfer. Changing the way the revenue generated
by the carbon tax is used could potentially lead to very different equilibrium outcomes.

An innovation in green production causes a shift toward a green economy in terms
of both production and consumption. Additionally, it triggers the substitution of brown
capital with green capital across both sectors. A green technology innovation is not only
advantageous for the macroeconomy but also contributes positively to environmental
goals thanks to the aforementioned green transition.

5 Conclusion

In this study, we develop a closed-economy multi-sector New-Keynesian DSGE model with
a network production structure and two types of physical capital among the production
inputs. We use euro area data for 64 sectors at the NACE level 2 to inform the calibration
of the model. For expository purposes, we utilise a two-sector model and aggregate the
data to two sectors – the green sector and the brown sector – by aggregating the sectors
classified as brown in the EU Taxonomy in the brown sector, i.e. the sectors responsible
for the bulk of GHG emissions.

With this model at hand, we derive new insights into the aggregate and sectoral eco-
nomic effects of the risk of stranded assets by simulating shocks to capital utilisation
rates. Moreover, additional lower-carbon transition policies such as brown capital in-
vestment taxes or subsidies to green capital investment, consumption taxes levied on the
brown good, a carbon tax increase in the brown sector, and technology innovations in
the green sector are evaluated through the lens of our model.

Stranded assets in brown capital inputs induce a decarbonisation of the economy at
the expense of aggregate economic outcomes and creating inflationary pressures. Strand-
ing brown capital in the green sector – due to the high share of brown capital inputs
in green goods production – is particularly detrimental for the economy and reduces en-
vironmental benefits. Taxing brown capital investment fails to induce a transition to a
greener economy, with environmental benefits only due to lower production outcomes,
while subsidising green capital investment stimulates the green sector of the economy
without compromising significantly brown production volumes. Therefore, the environ-
mental benefits are negligible. A fiscal-neutral combination of these two investment poli-
cies yields significantly better results than each policy alone by producing only a mild
output decline and substantial environmental benefits.

Introducing a consumption tax on the brown good works better by shifting consump-
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tion preferences of the households to the green good, thereby inducing a reallocation from
brown to green economic activities, with obvious considerable environmental benefits. On
the downside, it induces a recession due to the costly process of reducing capital in the
brown sector and building new capital in the green sector. On the contrary, an innovation
in productivity of the green sector implies similar benefits and also stimulates aggregate
production volumes.

Similarly, increasing the carbon tax in the brown sector induces a green production
boom, while creating an economic recession in the brown sector. Due to increased abate-
ment efforts by the brown sector, the economic recession remains mild though. Naturally,
the destination of the revenue generated by the carbon tax holds significant importance.
In our study, the allocation of this tax revenue to the general budget may yield varying
outcomes when used to boost green production or investment in green capital. These
scenarios will be subjects of investigation in our forthcoming research.

Going forward, it would be possible to make the wage rigidity in the model sector-
specific to allow for heterogeneous reactions of the sectoral labour markets to transition
policies. Furthermore, the model could be modified to be an open economy and calibrated
to specific euro area members to provide tailored analysis for specific countries. Finally,
adding banks to the model would allow for studying the propagation of shocks to sector-
specific financing conditions in our production network model.
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A Price Dispersion Law of Motion

Assuming that the capital-output ratio is the same for all firms within sector s, one
also obtains that the intermediate inputs to output ratio and the labour to output ratio
are the same for all firms within sector s, respectively. Furthermore, since the marginal
cost function is the same for all firms within a sector in the symmetric equilibrium, one
obtains that the production function is the same for each firm within sector s. Thus,
we can simply integrate the individual firms’ outputs into sectoral output to obtain, in
conjunction with using Equation (31):

Y̊s,t =

∫
Φs

Ys,j,t dj = (P̊s,t)
−1As,t

(
ζs(VAs,t)

(σs−1)/σs + (1− ζs)(Zs,t)
(σs−1)/σs

)σs/(σs−1)
,

(A.1)
where P̊s,t =

∫
Φs
(Ps,j,t/Ps,t)

−θ dj is the price dispersion term. Given that a fraction κs

of firms cannot adjust its prices for the next period, whereas the other firms (with mass
1−κs) will re-optimise the next period, the dynamics of the dispersion term are as follows:

P̊s,t+1 = κs

∫
Φs

(
Ps,j,t
Ps,t+1

)−θ

dj + (1− κs)

(
P ∗
s,t+1

Ps,t+1

)−θ

= κs

∫
Φs

(
Ps,t
Ps,t+1

)−θ (
Ps,j,t
Ps,t

)−θ

dj + (1− κs)

(
P ∗
s,t+1

Ps,t+1

)−θ

= κs

(
Ps,t+1

Ps,t

)θ ∫
Φs

(
Ps,j,t
Ps,t

)−θ

dj + (1− κs)

(
P ∗
s,t+1

Ps,t+1

)−θ

= κs

(
Ps,t+1

Ps,t

)θ
P̊s,t + (1− κs)

(
P ∗
s,t+1

Ps,t+1

)−θ

, (A.2)

which – using real variables and lagging above equation by one period – becomes:

P̊s,t = κs

(
ps,tΠt

ps,t−1

)θ
P̊s,t−1 + (1− κs)

(
ps,t
p∗s,t

)θ
. (A.3)
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B Normalisation of the Model

Most equations in the main text are given in nominal terms. For defining the equilibrium
of the model, we need to derive the real variant of all equations. Thus, in the following we
normalise the model by denoting and defining the real version of a variable as follows: pt =
Pt/Pt, where Pt is a generic nominal variable as a placeholder for all nominal variables
used in the main text and the aggregate price index Pt is used to make nominal variables
real. The nominal marginal utility of consumption λh,t is made real by multipliying it
with Pt, where real marginal utility of consumption being denoted by λ̃h,t.

The following list of equations comprises the equations requiring the normalisation of
nominal prices. Other equations, not listed here, are used as given in the main text in
the implementation of the model.

• Real sectoral consumption choice of households

(1 + τ cs,t)ps,tCs,t = pctωcsCt, s = 1, . . . , S (B.1)

• Real price of consumption

pct =
S∏
s=1

[(1 + τ cs,t)ps,t]
ωcs (B.2)

• Real budget constraint of households

pctCt + bt+1 = rtbt + wtLt + zCt + zYt +
S∑
s=1

(zYs,t + zys,t + zkg,t + zkb,t) + tt (B.3)

• Fischer equation

1 = Et[Mt,t+1 · it/Πt+1] = Et[Mt,t+1rt+1] (B.4)

• Marginal utility of consumption

λ̃h,t = λh,tPt =
1

pct

(
Ct −

χ(Lt)
1+1/f

1 + 1/f

)−1/ψ

(B.5)

• Nominal stochastic discount factor

M
$
t,t+1 =

βλ̃h,t+1

λ̃h,tΠt+1

(B.6)
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• Real stochastic discount factor

Mt,t+1 = βλ̃h,t+1/λ̃h,t (B.7)

• Consumer price inflation
Πc
t+1 = pct+1/p

c
t · Πt+1 (B.8)

• Real aggregate consumption goods firm profits:

zCt = pctCt −
S∑
s=1

(1 + τ cs,t)ps,tCs,t (B.9)

• Real wage evolution process

wt =
(
(1− κℓ)(w

∗
t )

1−θℓ + κℓ(wt−1/Πt)
1−θℓ
)1/(1−θℓ) (B.10)

• Wage dispersion process

ΘW
t = (1− κℓ)

(
w∗
t

wt

)−θℓ
+ κℓ

(
wt−1

wtΠt

)−θℓ
ΘW
t−1 (B.11)

• Optimal wage equilibrium auxiliary variable 1

g1,t =
θℓχ

θℓ − 1

Ct −
χ

((
w∗

t
wt

)−θℓ
Ldt

)1+1/f

1 + 1/f


−1/ψ ((

w∗
t

wt

)−θℓ
Ldt

)1/f (
w∗
t

wt

)−θℓ
Ldt + βκℓEt

[(
w∗
t

wt+1Πt+1

)−θℓ
g1,t+1

]

(B.12)

• Optimal wage equilibrium auxiliary variable 2

g2,t = λ̃h,t

(
w∗
t

wt

)−θℓ
w∗
tL

d
t + βκℓEt

[(
w∗
t

wt+1Πt+1

)1−θℓ
g2,t+1

]
. (B.13)

• Real aggregate final goods firm profits:

zYt = Yt −
S∑
s=1

ps,tYs,t (B.14)

• Real sectoral final goods firms profits (s = 1, . . . , S)

zYs,t = ps,tYs,t −
∫
Φs

ps,j,tYs,j,t dj (B.15)
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• Real sectoral intermediate input price

pst =
S∏
r=1

pωsrr,t , s = 1, . . . , S (B.16)

• Aggregate price index / aggregate inflation

1 =
S∏
s=1

(
ps,t
Ωs,t

)ωys
(B.17)

• Intermediate goods firms’ intermediate inputs decisions

pr,tZs,t(r) = pstωsrZs,t, r = 1, . . . , S, s = 1, . . . , S (B.18)

• Intermediate goods firms’ cost minimisation w.r.t. labour (s = 1, . . . , S)

wt = mcs,t(Ys,t/As,t)σsζs(VAs,t)
1/γs−1/σs(1− αs)(Ls,t)

−1/γsAs,t (B.19)

• Intermediate goods firms’ cost minimisation w.r.t. intermediate inputs (s = 1, . . . , S)

pst = mcs,t(Ys,t/As,t)σs(1− ζs)(Zs,t)
−1/γsAs,t (B.20)

• Intermediate goods firms’ cost minimisation w.r.t. green capital (s = 1, . . . , S)

rkg,s,t = mcs,t(Ys,t/As,t)σsζs(VAs,t)
1/γs−1/σsαs(K̃s,t)

1/ηks−1/γs(1− ωks)(ug,s,tKg,s,t)
−1/ηksug,s,tAs,t

(B.21)

• Intermediate goods firms’ cost minimisation w.r.t. brown capital (s = 1, . . . , S)

rkb,s,t = mcs,t(Ys,t/As,t)σsζs(VAs,t)
1/γs−1/σsαs(K̃s,t)

1/ηks−1/γsωks(ub,s,tKb,s,t)
−1/ηksub,s,tAs,t

(B.22)

• Abatement rate determination:

ψAs,t =

(
τFs,t
ps,t

νs
ι2sι3s

)1/(ι3s−1)

, s = 1, . . . , S (B.23)

• Intermediate goods firms profits (s = 1, . . . , S)

zys,t =

∫
Φs

(
ps,j,tYs,j,t −wtLs,j,t − rkg,s,tKg,s,j,t − rkb,s,tKb,s,j,t − pstZs,j,t − τFs,tνs(1− ψAs,j,t)Ys,j,t − ps,tX

A
s,j,t

)
dj

(B.24)
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• Optimal price equilibrium

p∗s,t = (f1,s,t + f3,s,t)/f2,s,t, s = 1, . . . , S (B.25)

• Third auxiliary variable in optimal price equilibrium

f3,s,t = µ

(
Ys,t
ωysYt

)−θ

[ps,tι2s(ψ
A
s,t)

ι3s + τFs,tνs(1− ψAs,t)]Ys,t + κsEt[Mt,t+1(Πt+1)
θf3,s,t+1] (B.26)

• Intermediate goods price dynamics

(ps,t)
1−θ = κs (ps,t−1/Πt)

1−θ + (1− κs)(p
∗
s,t)

1−θ, s = 1, . . . , S (B.27)

• Price dispersion dynamics

P̊s,t = κs (ps,tΠt/ps,t−1)
θ P̊s,t−1 + (1− κs)

(
ps,t/p

∗
s,t

)θ (B.28)

• Real green capital producer profits

zkg,s,t = rkg,s,tKg,s,t − (1− τ ig,s,t)ps,tIg,s,t (B.29)

• Real brown capital producer profits

zkb,s,t = rkb,s,tKb,s,t − (1− τ ib,s,t)ps,tIb,s,t (B.30)

• Real green capital producers value (s = 1, . . . , S)

vkg,s,t = Et

[ ∞∑
n=0

Mt,t+n(r
k
g,s,t+nKg,s,t+n − (1− τ ig,s,t)ps,t+nIg,s,t+n)

]
(B.31)

• Real brown capital producer value (s = 1, . . . , S)

vkb,s,t = Et

[ ∞∑
n=0

Mt,t+n(r
k
b,s,t+nKb,s,t+n − (1− τ ib,s,t)ps,t+nIb,s,t+n)

]
(B.32)

• Green capital real marginal Tobin’s Q (s = 1, . . . , S)

qg,s,t = (1− τ ig,s,t)ps,t/Λ
′
g,s,t (B.33)

• Green capital Euler equation (s = 1, . . . , S)

qg,s,t = Et

[
Mt,t+1

(
rkg,s,t+1 −

qg,s,t+1Λ
′
g,s,t+1Ig,s,t+1

Kg,s,t+1
+ qg,s,t+1(Λg,s,t+1 + 1− δgs)

)]
(B.34)
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• Brown capital real marginal Tobin’s Q (s = 1, . . . , S)

qb,s,t = (1− τ ib,s,t)ps,t/Λ
′
b,s,t (B.35)

• Brown capital Euler equation (s = 1, . . . , S)

qb,s,t = Et

[
Mt,t+1

(
rkb,s,t+1 −

qb.s,t+1Λ
′
b,s,t+1Ib,s,t+1

Kb,s,t+1
+ qb,s,t+1(Λb,s,t+1 + 1− δbs)

)]
(B.36)

• Real government budget constraint

tt + rtbt − bt+1 =
S∑
s=1

[
τ cs,tps,tCs,t + τ ig,s,tps,tIg,s,t + τ ib,s,tps,tIb,s,t + τFs,tνs(1− ψAs,t)Ys,t

]
(B.37)

• Real bond holdings market clearing condition / zero debt condition / fiscal rule

bt ≡ 0 (B.38)

• Real sectoral resource constraints

Y̊s,t = Cs,t + Ig,s,t + Ib,s,t +XA
s,t +

S∑
r=1

Zr,t(s), s = 1, . . . , S (B.39)

• Real aggregate resource constraint

Yt =
S∑
s=1

ps,tY̊s,t = pctCt +
S∑
s=1

[
ps,tIg,s,t + ps,tIb,s,t + ps,tX

A
s,t + pstZs,t

]
(B.40)

48



C Definition of Equilibrium

The equilibrium system is composed of S2 + 40S+ 22 variables and S2 + 40S+ 22

equations in total, which can be broken down by sectors in the following way:

1. In the households sector, the real price of the consumption bundle pct , consumer price
inflation Πc

t , the consumption bundle Ct, sectoral consumption levels {Cs,t}Ss=1,
total labour supply Lt, total labour demand by firms Ldt , the real wage wt, the
optimal real wage w∗

t , the wage distortion process θWt , the auxiliary variables g1,t
and g2,t, real marginal utility of consumption λ̃h,t, the nominal household stochastic
discount factorM$

t,t+1, the real household stochastic discount factorMt,t+1, and real
one-period bond holdings bt – in total, S+ 14 variables – are chosen such that
the consumption goods producers and labour unions maximise their profits and the
representative household maximises its lifetime utility, subject to several market
clearing conditions, which implies that the following equilibrium conditions need to
hold: (17), (19), (92), (B.1), (B.2), (B.4), (B.5), (B.6), (B.7), (B.8), (B.10), (B.11),
(B.12), (B.13) – in total, S+ 13 equations.

2. In the final and intermediate goods sectors, the intermediate goods firms choose
their demands for production inputs (labour {Ls,t}Ss=1, intermediate inputs {Zs,t}Ss=1,
green capital {Kg,s,t}Ss=1, and brown capital {Kb,s,t}Ss=1) to determine sectoral capital
bundles {K̃s,t}Ss=1, real sectoral price indices {ps,t}Ss=1, aggregate inflation rate Πt,
real marginal cost functions {mcs,t}Ss=1, real sectoral green capital returns {rkg,s,t}Ss=1,
and real sectoral brown capital returns {rkb,s,t}Ss=1, the intermediate goods producers
also choose their optimal real relative price levels {p∗s,t}Ss=1 giving rise to the auxil-
iary variables {f1,s,t}Ss=1, {f2,s,t}Ss=1, and {f3,s,t,}Ss=1, given the choices of the sectoral
final goods firms for intermediate goods to determine sectoral final goods output
{Ys,t}Ss=1 (before price distortion), {Y̊s,t}Ss=1 (after price distortion), value-added
{VAs,t}Ss=0, and price distortion levels {P̊s,t}Ss=1, while the intermediate inputs pro-
ducers choose their production outputs {Zs,t(r)}Sr,s=1 to determine real intermediate
inputs prices {pst}Ss=1 and abatement rates {ψAs,t}Ss=0 to determine abatement invest-
ments {XA

s,t}Ss=0 and the utilisation rates of green and brown capital {ug,s,t}Ss=1 and
{ub,s,t}Ss=1 are subject to exogenous processes – in total, S2 + 22S+ 1 variables
– which implies that the following equilibrium conditions need to hold: (32), (33),
(35), (36), (46), (53), (61), (62), (64), (B.16), (B.17), (B.18), (B.19), (B.20), (B.21),
(B.22), (B.23), (B.25), (B.26), (B.27), (B.28) – in total, S2 + 19S+ 1 equations.

3. In the capital production sectors, the green and brown capital producers produce
profit-maximising sectoral green and brown capital supplies while being subject
to green capital adjustment costs {Λg,s,t}Ss=1 and its derivative {Λ′

g,s,t}Ss=1, brown
capital adjustment costs {Λb,s,t}Ss=1 and its derivative {Λ′

b,s,t}Ss=1, with real green
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capital rental rates {rkg,s,t}Ss=1 and real brown capital rental rates {rkb,s,t}Ss=1, and
they maximise the real green capital producer firm values {vkg,s,t}Ss=1 and real brown
capital producer firm values {vkb,s,t}Ss=1 by choosing green and brown investment
demands {Ig,s,t}Ss=1 and {Ib,s,t}Ss=1 and the next period’s green and brown capital
demands so that the real green investment good shadow prices {qg,s,t}Ss=1 and the
real brown investment good shadow prices {qb,s,t}Ss=1 are determined – in total,
12S variables – which implies that these sectors obey the following equilibrium
conditions: (66), (67), (68), (69), (80), (81), (B.31), (B.32), (B.33), (B.34), (B.35),
(B.36) – in total, 14S equations.

4. Environmental accounting defines total emissions Et and the stock of carbon emis-
sions above pre-industrial levels Mt, which lead to damages in the intermediate
goods sector {Ωs,t}Ss=0 – in total, S+ 2 variables – governed by equations: (24),
(88), (89) – in total, S+ 2 equations.

5. In the public sector, the nominal risk-free interest rate it, the real risk-free interest
rate rt, the real lump-sum tax transfer tt, and the tax rates {τ cs,t}Ss=1, {τ ig,s,t}Ss=1,
{τ ib,s,t}Ss=1, {τFs,t}Ss=1 – in total, 4S+ 3 variables – have to obey the following laws
of motion and equations: (82), (83), (85), (86), (87), (90), (B.37) – in total, 4S+ 3

equations.

6. For the aggregate economy, there is a homogeneous total factor productivity shock
At and an aggregate final goods firm aggregates sectoral outputs to aggregate output
(GDP) Yt – in total, 2 variables – such that the following productivity law of
motion, the government bond market clearing condition, as well as the aggregate
resource constraint, and the sectoral resource constraints hold: (37), (B.38), (B.39),
(B.40) – in total, S+ 3 equations.
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D Steady State Equations

In this appendix, we derive the steady state equation system of our model.

D.1 Representative household

At steady state, the household equilibrium via Equations (17), (19), (92), (B.1), (B.2),
(B.4), (B.5), (B.6), (B.7), (B.8), (B.10), (B.11), (B.12), and (B.13) becomes:

ΘW = 1, (D.1)

L = Ld, (D.2)

Ld =
S∑
s=1

Ls, (D.3)

(1− τ̄ cs )psCs = pcωcsC, s = 1, . . . , S, (D.4)

pc =
S∏
s=1

[(1 + τ̄ cs )ps]
ωcs , (D.5)

w∗ = w, (D.6)

g1 = g2, (D.7)

g1 = θℓχ/(θℓ − 1)

(
C − χ(Ld)1+1/f

1 + 1/f

)−1/ψ

(Ld)1+1/f/(1− βκℓ(Π̄)
θℓ), (D.8)

g2 = λ̃hw
∗Ld/(1− βκℓ(Π̄)

θℓ−1), (D.9)

λ̃h =
1

pc

(
C − χ(L)1+1/f

1 + 1/f

)−1/ψ

, (D.10)

M$ = β/Π̄, (D.11)

M = β, (D.12)

r = M−1 = β−1, (D.13)

Πc = Π̄. (D.14)

D.2 Final and intermediate goods firms

At steady state, the final goods firms’ equilibrium system dictates by using Equations
(32), (33), (35), (36), (46), (53), (61), (62), (64), (B.16), (B.17), (B.18), (B.19), (B.20),
(B.21), (B.22), (B.23), (B.25), (B.26), (B.27), and (B.28):

Π = Π̄, (D.15)
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and for all s = 1, . . . , S also the following equations have to hold:

K̃s =
(
(1− ωks)(ūg,sKg,s)

1−1/ηks + ωks(ūb,sKb,s)
1−1/ηks

)ηks/(ηks−1)
, (D.16)

p∗s,t = (f1,s + f3,s)/f2,s, (D.17)

f1,s =
µmcs

(
Ys

ωysY

)−θ
Ys

1− κsβ(Π̄)θ
, (D.18)

f2,s =

(
Ys

ωysY

)−θ
Ys

1− κsβ(Π̄)θ−1
, (D.19)

f3,s =
µ
(

Ys
ωysY

)−θ
[psι2s(ψ

A
s )

ι3s + τFs νs(1− ψAs )]Ys

1− κsβ(Π̄)θ
, (D.20)

VAs =
(
αs(K̃s)

(γs−1)/γs + (1− αs)(Ls)
(γs−1)/γs

)γs/(γs−1)

, (D.21)

Y̊s = Ys/P̊s, (D.22)

Ys =
(
ζs(VAs)

(σs−1)/σs + (1− ζs)(Zs)
(σs−1)/σs

)σs/(σs−1)
, (D.23)

P̊s =
(1− κs)(ps/p

∗
s)
θ

1− κs(Π̄)θ
, (D.24)

ug,s = ūg,s, (D.25)

ub,s = ūb,s, (D.26)

ps =
S∏
r=1

(pr)
ωsr , (D.27)

pr = psωsrZs/Zs(r), r = 1, . . . , S, (D.28)

w = mcs(Ys/As)σsζs(VAs)
1/γs−1/σs(1− αs)(Ls)

−1/γsAs, (D.29)

ps = mcs(Ys/As)σs(1− ζs)(Zs)
−1/γsAs, (D.30)

rk,g = mcs(Ys/As)σsζs(VAs)
1/γs−1/σsαs(K̃s)

1/ηks−1/γs(1− ωks)(ug,sKg,s)
−1/ηksug,sAs,

(D.31)

rk,b = mcs(Ys/As)σsζs(VAs)
1/γs−1/σsαs(K̃s)

1/ηks−1/γsωks(ub,sKb,s)
−1/ηksub,sAs, (D.32)

p∗s =

(
(ps)

1−θ(1− κs(Π̄)
θ−1)

1− κs

)1/(1−θ)

, (D.33)

ψAs =

(
τFs
ps

νs
ι2sι3s

)1/(ι3s−1)

, (D.34)

XA
s = ι2s(ψ

A
s )

ι3sYs. (D.35)
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D.3 Capital producers

At steady state, the equilibrium equations for the capital producers imply via Equations
(66), (67), (68), (69), (80), (81), (B.31), (B.32), (B.33), (B.34), (B.35), and (B.36):

Ig,s = δgsKg,s, s = 1, . . . , S, (D.36)

Ib,s = δbsKb,s, s = 1, . . . , S, (D.37)

Λg,s = δgs, s = 1, . . . , S, (D.38)

Λb,s = δbs, s = 1, . . . , S, (D.39)

Λ′
g,s = 1, s = 1, . . . , S, (D.40)

Λ′
b,s = 1, s = 1, . . . , S, (D.41)

vkg.s =
rkg,sKg,s − (1− τ̄ ig,s)psIg,s

1− β
, s = 1, . . . , S, (D.42)

vkb.s =
rkb,sKb,s − (1− τ̄ ib,s)psIb,s

1− β
, s = 1, . . . , S, (D.43)

qg,s = (1− τ̄ ig,s)ps, s = 1, . . . , S, (D.44)

qg,s =
β

1− β + βδgs
rkg,s, s = 1, . . . , S, (D.45)

qb,s = (1− τ̄ ib,s)ps, s = 1, . . . , S, (D.46)

qb,s =
β

1− β + βδbs
rkb,s, s = 1, . . . , S. (D.47)

D.4 Public sector

Equations (82), (83), (85), (86), (87), (90), and (B.37) imply at the steady state for the
public sector:

i = ī, (D.48)

r = ī/Π̄, (D.49)

τ cs = τ̄ cs , s = 1, . . . , S, (D.50)

τ ig,s = τ̄ ig,s, s = 1, . . . , S, (D.51)

τ ib,s = τ̄ ib,s, s = 1, . . . , S, (D.52)

τFs = τ̄Fs , s = 1, . . . , S, (D.53)

t =
S∑
s=1

[τ cspsCs + τ ig,spsIg,s + τ ib,spsIb,s + τFs νs(1− ψAs )Ys]. (D.54)
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D.5 Environment

Equations (24), (88), and (89) determine the steady state for the environment as follows:

E =
S∑
s=1

νs(1− ψAs )Ys, (D.55)

M = E/δm, (D.56)

Ωs = e−ι1s·M . (D.57)

D.6 Aggregate economy

Finally, aggregation in our closed economy framework implies the following conditions at
the steady state via Equations (37), (B.38), (B.39), and (B.40):

As = Ā, s = 1, . . . , S, (D.58)

b = 0, (D.59)

Y̊s = Cs + Ig,s + Ib,s +XA
s +

S∑
r=1

Zr(s), s = 1, . . . , S, (D.60)

Y =
S∑
s=1

psY̊s. (D.61)
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E Data Summary and Parameters for Multi-Sector Model

Table E.1: NACE level 2 sectors

Code Description

A01 Crop and animal production, hunting and related service activities
A02 Forestry and logging
A03 Fishing and aquaculture

B Mining and quarrying

C10–C12 Manufacture of food products, beverages and tobacco products
C13–C15 Manufacture of textiles, wearing apparel and leather products

C16 Manufacture of wood and of products of wood and cork, except furniture;
manufacture of articles of straw and plaiting materials

C17 Manufacture of paper and paper products
C18 Printing and reproduction of recorded media
C19 Manufacture of coke and refined petroleum products
C20 Manufacture of chemicals and chemical products
C21 Manufacture of basic pharmaceutical products and pharmaceutical preparations
C22 Manufacture of rubber and plastic products
C23 Manufacture of other non-metallic mineral products
C24 Manufacture of basic metals
C25 Manufacture of fabricated metal products, except machinery and equipment
C26 Manufacture of computer, electronic and optical products
C27 Manufacture of electrical equipment
C28 Manufacture of machinery and equipment n.e.c.
C29 Manufacture of motor vehicles, trailers and semi-trailers
C30 Manufacture of other transport equipment
C31–C32 Manufacture of furniture; other manufacturing
C33 Repair and installation of machinery and equipment

D35 Electricity, gas, steam and air conditioning supply

E36 Water collection, treatment and supply

E37–E39 Sewerage; waste collection, treatment and disposal activities; materials recovery;
remediation activities and other waste management services

F Construction

G45 Wholesale and retail trade and repair of motor vehicles and motorcycles
G46 Wholesale trade, except of motor vehicles and motorcycles
G47 Retail trade, except of motor vehicles and motorcycles

H49 Land transport and transport via pipelines
H50 Water transport
H51 Air transport
H52 Warehousing and support activities for transportation
H53 Postal and courier activities

I Accommodation and food service activities

J58 Publishing activities

J59–J60 Motion picture, video and television programme production, sound recording
and music publishing activities; programming and broadcasting activities

J61 Telecommunications
J62–J63 Computer programming, consultancy and related activities; information service activities

K64 Financial service activities, except insurance and pension funding
K65 Insurance, reinsurance and pension funding, except compulsory social security
K66 Activities auxiliary to financial services and insurance activities

L Real estate activities

M69–M70 Legal and accounting activities; activities of head offices; management consultancy activities
M71 Architectural and engineering activities; technical testing and analysis
M72 Scientific research and development
M73 Advertising and market research
M74–M75 Other professional, scientific and technical activities; veterinary activities

N77 Rental and leasing activities
N78 Employment activities
N79 Travel agency, tour operator reservation service and related activities
N80–82 Security and investigation, service and landscape, office administrative and support activities

O84 Public administration and defence; compulsory social security
P85 Education

Q86 Human health activities
Q87–88 Residential care activities and social work activities without accommodation

R90–92 Creative, arts and entertainment activities; libraries, archives, museums and other cultural activities;
gambling and betting activities

R93 Sports activities and amusement and recreation activities

S94 Activities of membership organizations
S95 Repair of computers and personal and household goods
S96 Other personal service activities

T Activities of households as employers; undifferentiated goods- and services-producing
activities of households for own use

U Activities of extraterritorial organizations and bodies

Notes: This table reports the codes and descriptions of the NACE level 2 sectors.
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Table E.2: Values of sector-specific parameters

Code αs 1 − ζs ωcs ωys ωks νs

A01 0.34 0.55 0.0116 0.0174 0.9105 1066.51
A02 0.40 0.43 0.0007 0.0015 0.9105 90.67
A03 0.31 0.49 0.0007 0.0005 0.9105 501.75

B 0.27 0.54 0.0003 0.0020 0.8877 383.54

C10–C12 0.12 0.75 0.0508 0.0378 0.9999 68.63
C13–C15 0.15 0.67 0.0065 0.0050 1.0000 58.99
C16 0.11 0.71 0.0008 0.0040 1.0000 40.23
C17 0.12 0.73 0.0023 0.0053 1.0000 275.83
C18 0.15 0.62 0.0006 0.0026 1.0000 42.08
C19 0.07 0.89 0.0089 0.0088 0.9999 618.81
C20 0.16 0.71 0.0044 0.0139 0.9998 449.81
C21 0.25 0.62 0.0113 0.0076 1.0000 36.64
C22 0.13 0.67 0.0021 0.0083 0.9999 39.81
C23 0.14 0.65 0.0015 0.0069 0.9999 1046.51
C24 0.08 0.78 0.0005 0.0109 0.9999 620.08
C25 0.13 0.62 0.0020 0.0167 0.9999 24.80
C26 0.28 0.56 0.0031 0.0071 1.0000 20.89
C27 0.14 0.64 0.0026 0.0071 1.0000 19.60
C28 0.12 0.65 0.0017 0.0158 1.0000 25.64
C29 0.14 0.72 0.0143 0.0221 1.0000 20.40
C30 0.11 0.73 0.0014 0.0049 1.0000 14.55
C31–C32 0.14 0.61 0.0067 0.0065 1.0000 18.16
C33 0.12 0.61 0.0004 0.0078 1.0000 14.32

D35 0.24 0.66 0.0193 0.0289 0.9791 827.94

E36 0.28 0.52 0.0029 0.0026 0.9889 19.59
E37–E39 0.20 0.56 0.0057 0.0090 0.9889 647.57

F 0.18 0.60 0.0069 0.0758 0.9787 28.02

G45 0.25 0.46 0.0165 0.0136 0.9559 30.94
G46 0.22 0.51 0.0332 0.0514 1.0000 30.81
G47 0.23 0.43 0.0698 0.0380 1.0000 32.43

H49 0.21 0.53 0.0168 0.0233 0.9889 246.66
H50 0.17 0.73 0.0020 0.0013 1.0000 3260.10
H51 0.12 0.72 0.0035 0.0033 1.0000 917.79
H52 0.21 0.57 0.0078 0.0213 1.0000 40.66
H53 0.07 0.53 0.0010 0.0046 1.0000 67.19

I 0.24 0.47 0.0427 0.0210 0.9904 32.42

J58 0.23 0.52 0.0036 0.0058 0.9687 5.82
J59–J60 0.20 0.59 0.0055 0.0059 0.9687 6.61
J61 0.30 0.55 0.0134 0.0132 0.9958 3.62
J62–J63 0.19 0.50 0.0026 0.0277 0.9927 3.47

K64 0.26 0.50 0.0154 0.0301 0.8890 4.71
K65 0.15 0.69 0.0219 0.0140 0.8890 3.32
K66 0.18 0.57 0.0015 0.0110 0.8890 4.14

L 0.72 0.23 0.1437 0.0831 0.9998 1305.98

M69–M70 1.00 0.00 0.0032 0.0353 0.5679 8.13
M71 0.21 0.49 0.0013 0.0126 0.5679 11.15
M72 0.19 0.50 0.0046 0.0075 0.5679 10.05
M73 0.21 0.47 0.0001 0.0049 0.5679 9.26
M74–M75 0.18 0.57 0.0021 0.0050 0.5679 11.58

N77 0.30 0.50 0.0026 0.0107 0.9237 43.08
N78 0.42 0.45 0.0004 0.0079 0.9237 12.40
N79 0.06 0.18 0.0077 0.0043 0.9237 7.61
N80–N82 0.12 0.76 0.0038 0.0201 0.9237 13.85

O84 0.17 0.47 0.1259 0.0579 0.9808 20.16

P85 0.17 0.32 0.0743 0.0352 0.8336 14.71

Q86 0.13 0.20 0.1054 0.0463 0.9555 31.14
Q87–Q88 0.21 0.35 0.0453 0.0190 0.9555 24.66

R90–R92 0.06 0.29 0.0125 0.0066 0.9518 14.59
R93 0.29 0.44 0.0092 0.0056 0.9518 31.03

S94 0.22 0.47 0.0112 0.0060 0.9424 34.07
S95 0.07 0.41 0.0011 0.0010 0.9424 28.63
S96 0.23 0.46 0.0131 0.0064 0.9424 40.80

T 0.45 0.33 0.0051 0.0021 0.0000 3.65

U 0.00 0.00 0.0000 0.0000 0.00 0.00

Notes: This table reports the first part of the calculated parameters for the 64-sector model.
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Table E.4: Brown intermediate inputs ratio

Code Type of sector Brown ratio

A01 brown 0.71
A02 brown 0.75
A03 brown 0.62

B brown 0.65

C10–C12 brown 0.76
C13–C15 brown 0.65
C16 brown 0.74
C17 brown 0.77
C18 brown 0.65
C19 brown 0.72
C20 brown 0.73
C21 brown 0.58
C22 brown 0.73
C23 brown 0.70
C24 brown 0.79
C25 brown 0.75
C26 brown 0.57
C27 brown 0.67
C28 brown 0.72
C29 brown 0.73
C30 brown 0.69
C31-32 brown 0.62
C33 brown 0.65

D35 brown 0.80

E36 brown 0.61
E37–E39 brown 0.65

F brown 0.72

G45 green 0.53
G46 green 0.52
G47 green 0.57

H49 brown 0.69
H50 brown 0.65
H51 brown 0.65
H52 brown 0.73
H53 brown 0.69

I green 0.65

J58 brown 0.54
J59–J60 brown 0.59
J61 brown 0.70
J62–J63 brown 0.61

K64 green 0.22
K65 green 0.13
K66 green 0.23

L brown 0.49

M69–M70 green 0.26
M71 green 0.32
M72 green 0.45
M73 green 0.50
M74–M75 green 0.39

N77 green 0.31
N78 green 0.44
N79 green 0.50
N80–N82 green 0.39

O84 green 0.50

P85 green 0.45

Q86 green 0.44
Q87–Q88 green 0.46

R90–R92 green 0.38
R93 green 0.39

S94 green 0.42
S95 green 0.45
S96 green 0.45

T green 0.56

U green 0.00

Notes: This table reports sector types and the ratio of brown intermediate inputs in total intermediate
inputs at NACE level 2 sectors.
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