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Abstract

This study develops a small open economy dynamic stochastic general equilibrium
model with green and brown intermediate goods, banks subject to capital require-
ments, and public investment. The domestic economy might face domestic or foreign
carbon taxes and an emissions cap. The model is used to analyze which environ-
mental, fiscal, and bank regulation policies are effective facilitators of the domestic
economy’s green transition and the costs involved. Among the policies that can
generate an exogenously imposed and fixed emissions reduction, most costly is the
exogenous world brown energy price increase, followed by the emissions cap reduc-
tion, while the introduction of domestic carbon taxes does not change GDP in the
long run. The reason for this stark difference is that domestic carbon taxes and
emissions cap violation penalties are used to stimulate public green investment.
However, only domestic carbon tax revenues are substantial as brown entrepreneurs
do not violate the emissions cap in equilibrium. Bank regulation policies and other
fiscal policies are not capable of generating large emissions reductions. During the
green transition induced by domestic carbon taxes, the first years of the transition
are characterized by a run on brown energy in anticipation of higher prices in the
future.
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1 Introduction

Climate change and global warming constitute a considerable threat to the economy
and the environment, and the global temperature increase since pre-industrial times in
2017 amounted to roughly 1◦C already (IPCC, 2018). Moreover, the financial system
considers climate change as a significant challenge for financial stability (Carney, 2015;
NGFS, 2019) and central banks diligently think about playing a more active role in
facilitating the green transition (Lagarde, 2020; European Central Bank, 2021). To limit
the adverse consequences of climate change, the Paris Agreement tries to limit global
warming to significantly below 2◦C, which requires to reach zero-net emissions of CO2

within the next 50–60 years (IPCC, 2018). This will imply an immense effort for many
economic agents and exposes the global economy to transition risks (for a detailed review
on the different types of climate change risks see, for example, Batten, 2018).

Traditionally, climate policy has solely been the focus of governments by introducing
carbon taxes or cap-and-trade systems and providing subsidies to encourage investment in
climate change abatement technologies (see Delgado-Téllez et al., 2022, for an overview
of current environmental fiscal policies in the euro area). Most of the economic mod-
elling literature also focuses on such policies (see, for example, Nordhaus, 1991, 2006,
2008; Fischer and Springborn, 2011; Heutel, 2012; Dietz and Stern, 2015; Pindyck, 2017).
However, as the opening paragraph demonstrates, the fight against climate change in-
volves the whole society and many economic agents can play a key or at least supporting
role in achieving environmental policy targets. Therefore, this paper concentrates on the
interplay of fiscal, environmental, and bank regulation policies to achieve emissions re-
ductions in a small open economy dynamic stochastic general equilibrium (DSGE) model,
calibrated to Latvia (an EU member state), which displays a low level of implemented
or discussed green financial regulation (D’Orazio and Thole, 2022). The modelling lit-
erature combining fiscal, environmental, monetary, and bank regulation policies is still
relatively limited (noteworthy studies include Benmir and Roman, 2020; Comerford and
Spiganti, 2020; Carrattini et al., 2021; Diluiso et al., 2021; Ferrari and Nispi Landi, 2021;
Giovanardi et al., 2021; Abiry et al., 2022) and – to the best of my knowledge – no small
open economy model has been developed to analyze the effects of a combination of the
aforementioned policies so far. This paper attempts to fill this gap in the literature.

Specifically, the economy features two domestically produced intermediate goods –
brown and green goods. Moreover, brown intermediate goods can also be imported
from abroad. The key difference between these domestically produced goods is that
the brown intermediate good is produced with imported brown energy which results into
emissions as a by-product, while the green intermediate goods production function utilizes
domestically produced renewable energy as the third input besides labour and capital.
There are three types of consumers. Workers supply labour to the three producers (green
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good, brown good, renewable energy), own the banks and hold deposits. They act as
financial regulators and collect bank capital requirement costs. Furthermore, they own
the perfectly competitive final goods firm which assembles the final goods using the three
intermediate good types, buy foreign bonds, and pay foreign carbon taxes on brown
intermediate goods imports. Green entrepreneurs own the green intermediate goods firm,
the renewable energy producer, as well as the green and renewable energy capital stocks.
Finally, brown entrepreneurs own the brown intermediate goods firm and the brown
capital stock. Moreover, they have to pay penalties for violating the emissions cap and
domestic carbon taxes on brown energy imports to the government.

The banks originate loans to both types of entrepreneurs who need to finance a frac-
tion of their investments with loans, as per loan-in-advance constraints. Banks finance
themselves using equity and deposits, subject to an incentive compatibility constraint.
Bank regulation comes in the form of an asymmetric bank capital requirement cost func-
tion that depends on the distance of equity to a regulated share of risk-weighted assets.

The government collects revenues from consumption taxes, labour taxes, emissions cap
violation penalties, and domestic carbon taxes to fund public investment in green and
brown public capital and wasteful government spending. The environmental tax revenues
are exclusively used for green public investment (and wasteful government spending,
though at a lower share than for standard tax sources).

Regarding the small open economy elements, all consumers combine domestic and
foreign final goods in their consumption bundles and entrepreneurs need to use both
domestic and foreign goods for their investments in capital. Moreover, all imports are
subject to iceberg and unit transport costs. The domestic final good is additionally
exported. There are funds provided for by the foreign economy (these foreign funds are
meant to represent EU structural investment and cohesion funds) that are used by the
government to exclusively finance (green and brown) public investments in addition to
the public investment share of domestic tax revenues.

Finally, I ignore externalities (in utility or production volumes) from emissions since
the small open economy is so small that it cannot drive global warming. Instead, I
exclusively focus on the transition risks of climate change and the efforts by the domestic
economy to curb emissions due to international treaties such as the Paris Agreement.

Therefore, the model allows me to analyze a number of fiscal and environmental
policies: (i) changing the domestic carbon tax rate; (ii) adjusting the emissions cap;
(iii) changing the foreign carbon tax rate; (iv) adjusting the share of public resources
directed to green public investment. Moreover, bank regulation can be made sector-
specific by changing the relative absconding rates in the banks’ incentive compatibility
constraint and/or adjusting the risk weights for green and brown loans, respectively. For
example, the risk weight for green loans could be lowered or the risk weight for brown
loans could be increased to support the green transition. Additionally, the fractions
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of loans that need to be financed by bank loans can change, different for each sector.
Naturally, a combination of different policies can also be analyzed.

The research question of this study is to quantify the effects of changes in fiscal,
environmental, and bank regulation policies with respect to achieving a lower amount of
emissions originating from the economic activity of the domestic economy. In particular,
I provide model-based assessments with respect to the following questions: Can bank
regulation policy help achieve climate policy targets and could it serve as a substitute to
the traditional environmental policy instruments? How costly is it to significantly curb
emissions in terms of output losses? What is the most effective policy, taking emissions
reductions, welfare, and economic performance into account?

First, bank regulation policy alone does not generate enough reallocation pressure to
the green sectors to considerably curb carbon emissions. They can nevertheless support
fiscal and environmental policies in achieving climate change targets by alleviating the
economic loss very slightly (in the order of 0.01–0.04 percentage points) that some of the
other policies generate. The reason for this bank regulation policy failure is related to a
relatively low asymmetry in the bank capital requirement cost function (needed to match
several growth rate volatilities in the data) on the one hand and, probably, the absence
of nominal frictions and New-Keynesian model elements on the other hand.

Second, by normalizing the induced reduction of emissions to 17% relative to the
benchmark model in line with Latvia’s climate change targets (see Treasury of the Re-
public of Latvia, 2021) for the following policies, I can meaningfully compare these policies
with respect to their macroeconomic implications. The most costly policy is an exogenous
increase of brown energy import prices due to developments on world fossil fuel markets.
The emissions cost reduction of 17% comes at the cost of a GDP loss of −2.53%. This
policy is followed by the reduction in the emissions cap which generates only an economic
loss of −1.86%, which is, however, dependent on supplying a larger amount of public funds
to green (vis-à-vis brown) investment. If instead carbon tax revenues and emissions cap
penalties are used in the same way as standard tax revenues, then the economic loss
slightly increases to −1.91%. Nevertheless, the effect of this green economy-supportive
fiscal policy seems relatively small, at least in terms of GDP. This is very different when
considering domestic carbon taxes. The GDP loss can then be −1.34%, if carbon tax
revenues and emissions cap penalties are not used in a green economy-supportive way.
However, GDP basically does not change (−0.07%) when these proceeds are distributed
to the green sector.

Third, a number of fiscal policies can generate emissions reductions at various rates,
while producing economic benefits or losses. Just introducing a foreign carbon tax rate
(by foreign governments) is not an efficient way to reduce domestic carbon emissions
since the emissions reduction only amounts to −0.04%, while domestic GDP declines
by −3.99%. Interestingly though, if both the domestic carbon tax rate and the foreign
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carbon tax rate are set to the same level that is needed for the domestic carbon tax
rate to reduce emissions by 17%, the emissions reduction even reaches −18.75%. This
great environmental performance, however, still comes at a high price: GDP declines by
−4.17%. Increasing either the domestic or the EU public green investment share (for
standard tax revenues, i.e. consumption and labour taxes) to 100% (from 31.5% or 45%,
respectively) leads to emissions reductions in the order of around 0.10% while producing
aggregate economic losses of roughly −0.6%. Finally, increasing the domestic carbon
tax rate to half the value needed in the aforementioned scenario to reach an emissions
reduction of 17% and at the same time reducing the emissions cap half-way as well, one
records an emissions reduction of about 10% while generating an economic expansion in
terms of GDP of 0.15%. Therefore, the emissions reduction size and the mix of policies
matter considerably for the aggregate economic outcome.

Fourth, I also study the transition period for the two most traditional environmental
policies to combat climate change, i.e. the domestic carbon tax rate and the emissions
cap. I find that, initially, a domestic carbon tax rate leads to more imported brown
energy, in line with the stranded assets literature that expected tighter environmental
policies can lead to a run of utilizing or mining fossil fuel resources before such policy is
actually implemented (see, for example, Barnett, 2020). The transition of emissions to
lower values appears much smoother when considering the emissions cap policy. In both
cases, I find evidence that policy uncertainty significantly matters for the final outcome,
by including shocks to the domestic carbon tax rate or the emissions cap in the respective
simulations. Therefore, policy makers should ensure that the green transition is orderly
and smooth, as otherwise outcomes might prove to be less beneficial than projected.

Fifth, I also develop a number of alternative models to explore the sensitivity and
robustness of the aforementioned results. Two alternative models consider different uses
of the productive public funds: instead of building public capital, these funds are used
for lump-sum transfers to entrepreneurs or to partly finance the private investment ex-
penditures of entrepreneurs. In the first case, these productive public funds do not play
a role for aggregate GDP outcomes; consequently, different environmental and fiscal poli-
cies lead to the same effects. However, there are larger differences with respect to the
welfare and aggregate consumption outcomes. In the second case, the productive public
funds are less effective than in the benchmark model, but still significantly shape the
GDP outcomes resulting from the different transition policies. In the second set of two
alternative models, a higher asymmetry in the bank capital requirement cost function is
applied and debt-to-income borrowing constraints are utilized as the main financial fric-
tion of entrepreneurs instead of loan-in-advance (LIA) constraints. A higher bank capital
requirement cost asymmetry makes bank regulation policies matter more for economic
outcomes, while switching to debt-to-income (DTI) borrowing constraints do not change
the implications of the benchmark model considerably.
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The remainder of the paper is organized as follows. The following section reviews
the related literature. Section 3 outlines the model, while the derivation of the model’s
equilibrium is in Appendix A. Section 4 specifies the model’s calibration and Section 5 is
devoted to the analysis of the calibrated model’s results. Section 6 explores the sensitivity
of these results employing alternative models. Finally, Section 7 concludes.

2 Literature Review

The study closest to this one is probably Diluiso et al. (2021). They study an estimated
New Keynesian (NK) model for the euro area with green and brown energy sectors which
features banks subject to capital requirements and a central bank that engages in asset
purchases. Their model does not feature a climate change externality as does my model.
An important difference to my model is the absence of any fiscal policies (e.g. carbon tax).
They study the effects of an orderly vs. a disorderly transition and find that the transition
costs in an orderly transition are quite limited but become substantial in a disorderly
transition. Monetary policy should thus react aggressively to inflation to mitigate the
costs of a disorderly transition. Implementing green asset purchase programmes by the
central bank in a financial crisis, simulated using a capital quality shock, stimulates the
economy, but the stimulus is not much different to the stimulus of a market neutral asset
purchase programme. Increasing the brown energy sector loan risk weight reduces the
financial crisis-induced recession but leads to a prolonged recovery period.

Another very related study is Benmir and Roman (2020) who develop an NK model
with green and brown intermediate goods sectors, a banking sector subject to capital
requirements, a government that can set a carbon tax, and a central bank engaging
in quantitative easing (QE). The carbon tax is effective to achieve emissions reduction
targets but comes with substantial welfare costs. Lower green loan risk weights lead to an
increase in output at a minimal welfare cost, but this policy alone is not enough to achieve
the ambitious Paris Agreement emissions reduction targets. Green QE policies are found
to be more effective and become even more effective when applied in conjunction with
carbon tax implementation. Similar findings with respect to the green bank regulation
policy and the need for the implementation of a carbon tax are uncovered by Carrattini
et al. (2021) who use a real business cycle model with green and brown final goods sectors.
Ferrari and Nispi Landi (2021) exclusively study a temporary green QE policy in an NK
model and find positive, yet small effects of implementing such a policy for emissions and
welfare. Bartocci et al. (2022) uncover effective fiscal policies (green energy subsidies and
labour tax cuts) for limiting the macroeconomic costs of higher carbon prices in their
NK model and find that QE can offset the recessionary effects of these fiscal policies at
the effective lower bound. Varga et al. (2021) using a dynamic general equilibrium model
find similar results with respect to fiscal policy effects in the net-zero carbon transition
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period. Benkhodja et al. (2022) also investigate different fiscal policies to induce greener
consumption and production in a model economy (calibrated to France) with private
banks, green and brown firms, and green and brown goods-consuming households. The
subsidy to green firms’ labour costs is found to be the most efficient policy.

An integrated assessment model with green and brown sectors, a central bank, and a
fiscal authority is developed by Abiry et al. (2022). In contrast to Ferrari and Nispi Landi
(2021), they focus on the effects of a permanent (not temporary) green QE policy. How-
ever, their findings are similar and the benefits of such a QE policy relatively small. A
carbon tax is once more found to be the more effective policy and, contrary to Benmir
and Roman (2020), the carbon tax policy is not complementary with green QE.

Slightly different research questions are investigated by several other studies. First,
Schuldt and Lessmann (2021) assess that the existence of financial frictions in an RBC
model with clean and dirty entrepreneurs and sector-specific financial accelerator mech-
anisms lead to the 2030 climate mitigation target be missed by 11 percentage points
(−44% emissions instead of −55%). Second, Comerford and Spiganti (2020) study the
implications of the Carbon Bubble or stranded assets issue for the macro economy and
economic policy. The Carbon Bubble pertains to the requirement of leaving unused a
large proportion of the currently known fossil fuel reserves in order to keep global warming
limited. They cast exogenous carbon budget targets into a model with zero-carbon and
high-carbon investment goods and a financial accelerator mechanism. If the investors
are leveraged, the Carbon Bubble may induce a fire-sale of assets. Economic policies
protecting investors’ balance sheets can mitigate such economic crises.

Having reviewed the literature studying various types of climate change policies in
E-DSGE models with financial frictions, my study also relates to several other strands
of literature. First, the initial economics of climate change literature concentrates on
(optimal) carbon tax policies, cap-and-trade systems, and carbon abatement policies in
macroeconomic models: Nordhaus (1991, 2006, 2008); Fischer and Springborn (2011);
Heutel (2012); Dietz and Stern (2015); Pindyck (2017). Second, a growing literature
concentrates on the analysis of monetary policy and its effects on climate change: An-
nicchiarico and Dio (2015, 2017); Economides and Xepapadeas (2018); Annicchiarico and
Diluiso (2019); Economides and Xepapadeas (2019); Dietrich et al. (2021); Ferrari and
Pagliari (2021); Annicchiarico et al. (2022). The third and final strand of literature to
mention is theoretical and empirical studies that use asset pricing techniques to inves-
tigate the climate change, asset valuation, and economic policy nexus: Donadelli et al.
(2020); Meinerding et al. (2020); Bolton and Kacperczyk (2021, 2022).
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3 Model

In this section, the model is described in detail. It belongs to the class of real business
cycle models and, therefore, all quantities in the model are given in real terms. The
domestic economy is a small open economy that trades with the rest of the world.

I do not model a climate change externality via a damage function in production or
via a utility term because the small open economy, represented by Latvia in the real
world, cannot influence global climate due to its tiny share in world GDP. Therefore,
the focus is on climate change-induced transition risks; since Latvia needs to reduce its
emissions to meet contractual obligations due to it being a member of the European Union
and the Paris Agreement. In line with the empirical evidence presented in Ciccarelli and
Marotta (2021) most shocks in the model are supply-side shocks to capture climate change
transition risks. Figure 1 provides a summary of the model.

3.1 Workers and final goods firm

The workers in the model own the final goods firm and the banks in the model. They
derive utility from consumption, subject to an additive internal habit, and leisure. Their
total mass is equal to λw ∈ (0, 1) and their lifetime utility function is given by:

Ut =
∞∑
s=0

{
βs
w(Cw,t+s − hwCw,t+s−1)

1−γ

1− γw
+

βs
wa(L− Lt+s)

1+1/f

1 + 1/f

}
, (1)

where βw ∈ (0, 1) is the time discount factor, hw > 0 is the habit parameter, γw > 0

denotes the relative risk aversion parameter, L > 0 is the total time endowment, a > 0 is
a scaling parameter, and f > 0 determines the labour supply elasticity. Moreover, Cw,t

is workers’ consumption and Lt is labour supplied to the production sectors.
For final consumption goods production, a representative perfectly competitive firm

uses an amount Cℓ
w,t of the domestically produced (local) final good and an amount C∗

w,t

of the imported foreign good according to the following production technology:

Cw,t =

(
(1− ωw,c)

1
ηw,c (C l

w,t)
ηw,c−1

ηw,c + (ωw,c)
1

ηw,c (C∗
w,t)

ηw,c−1

ηw,c

) ηw,c
ηw,c−1

, (2)

where ωw,c > 0 is the weight of the foreign good in the production function and ηw,c > 0

denotes the elasticity of substitution between domestic and foreign consumption goods.
The workers’ income consists of labour income, the output of the final goods firm, the

revenue of exporting goods, the capital income from holding deposits and foreign bonds,
the net worth of non-surviving banks as well as the bank capital requirement violation
costs, and the revenues of working capital friction loans. This income is used to finance
consumption expenditure, to invest in deposits and foreign bonds, to provide for the
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start-up fund for new banks, to purchase the green, domestic brown, and foreign brown
intermediate goods for final goods production, to pay deposit adjustment costs, and to
provide domestic final goods for export. Thus, the budget constraint is given by:

(1 + τc)(C
ℓ
w,t + [(1 + ιcw)St + tcw]C

∗
w,t) +

StA
∗
t+1

λw

+
Dt+1

λw

+
pg,tYg,t

λw

+
pb,tY

ℓ
b,t

λw

+
Φt

λw

+ (3)

[(1 + ι∗b,t + τ ∗b,t)pb,tSt + t∗b ]Y
∗
b,t

λw

+ Γd,t +
(1 + txw)Xt

λw

=
Yt

λw

+ (1− τwl )WtLt +
Xt

(1 + ιxw)Stλw

+
R∗

t−1e
RPt−1StA

∗
t

λw

+
Rd,t−1Dt

λw

+
(1− θt)NWt−1 + θtΓ

capreq
t

λw

+ νf (R
∗
t e

RPt − 1)WtLt,

where τc is the consumption tax rate, ιcw (tcw) denotes iceberg (unit) transport costs for
workers importing foreign consumption goods, τwl is the employee labour tax rate, Wt is
the wage, A∗

t (Dt) is foreign bond holdings (bank deposits) between time t− 1 and time
t, Γd,t = ϕd/2[(Dt+1 −D)/λw]

2 denotes deposit adjustment costs, Yt denotes final goods
output, pg,t and Yg,t (pb,t and Y ℓ

b,t) are the price and quantity of green (domestic brown)
intermediate goods, (1+ ι∗b,t+ τ ∗b,t)Stpb,t+ t∗b and Y ∗

b,t are the price and quantity of foreign
brown intermediate goods where ι∗b,t (t∗b) are iceberg (unit) transport costs and τ ∗b,t is the
foreign carbon tax rate. The following function introduces time-varying iceberg transport
costs which increase in the share of imported foreign brown intermediate goods:

ι∗b,t = ι∗b,1 + ι∗b,2 ·
Y ∗
b,t

Y ℓ
b,t + Y ∗

b,t

. (4)

Moreover, Xt is the amount of exports of the domestic final good where exporting is
subject to iceberg (unit) transport costs at rate ιxw (txw) that are paid by the workers, and
St is the exchange rate. Moreover, R∗

t−1 is the gross foreign risk-free rate and eRPt−1 a
domestic risk premium earned on holdings of foreign bonds between time t−1 and time t.
Similarly, Rd,t−1 is the gross deposit interest rate. Additionally, Φt denotes the start-up
fund for new banks, θt is the survival probability of banks, NWt is the aggregate net
worth of banks, and Γcapreq

t are the bank capital requirement costs (penalties) collected
from surviving banks by the financial regulators, which are assumed to be part of the
workers’ population. Finally, the term νf (R

∗
t e

RPt − 1)WtLt is the aggregate revenue of
working capital loans collected from the entrepreneurs (which is by assumption not taken
into account by workers in their optimization problem).

Domestic final goods are produced according to the following constant-elasticity-of-
substitution (CES) production function:

Yt =
(
(ωy,g)

1
ϵ (Yg,t)

1− 1
ϵ + (ωℓ

y,b)
1
ϵ (Y ℓ

b,t)
1− 1

ϵ + (ω∗
y,b)

1
ϵ (Y ∗

b,t)
1− 1

ϵ

) 1

1− 1
ϵ , (5)

where ϵ > 0 denotes the elasticity of substitution between intermediate goods and
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ωy,g, ω
ℓ
y,b, ω

∗
y,b > 0 are the input shares of green, domestic and imported brown inter-

mediate goods (1 = ωy,g + ωℓ
y,b + ω∗

y,b). Note that the prices of the domestic final good
and of the final consumption good are normalized to 1.

The key difference between green and domestic brown intermediate goods concerns
the amount of emissions generated by the production of these goods. Green intermediate
goods production does not yield any emissions, whereas domestic brown intermediate
goods production leads to emissions. The foreign brown intermediate goods generate
emissions abroad, but this is not taken into account by the domestic economy.

3.2 Green entrepreneurs and green production sector

The lifetime utility function of green entrepreneurs is given by:

Ug,t =
∞∑
s=0

{
βs
g(Cg,t+s − hgCg,t+s−1)

1−γg

1− γg

}
, (6)

where βg ∈ (0, 1) is the time discount factor, hg > 0 is the habit parameter, and γg > 0

denotes relative risk aversion. The total mass of green entrepreneurs is λg ∈ (0, 1).
Moreover, Cg,t is green entrepreneurs’ consumption.

For final consumption goods production, a representative perfectly competitive firm
uses an amount Cℓ

g,t of the domestically produced (local) final good and an amount C∗
g,t

of the imported foreign good according to the following production technology:

Cg,t =

(
(1− ωg,c)

1
ηg,c (Cℓ

g,t)
ηg,c−1

ηg,c + (ωg,c)
1

ηg,c (C∗
g,t)

ηg,c−1

ηg,c

) ηg,c
ηg,c−1

, (7)

where ωg,c > 0 is the weight on the foreign good in the production function and ηg,c > 0

denotes the elasticity of substitution between domestic and foreign consumption goods.
The income of green entrepreneurs consists of the revenue from selling green inter-

mediate goods, selling renewable energy output for green intermediate goods production,
and taking out loans from the banks. This income is used to finance consumption expen-
diture, to pay wages, to buy renewable energy for green intermediate goods production,
to invest in private green and renewable energy capital, and to pay back the loans from
last period. Thus, the budget constraint of green entrepreneurs is given by:

(1 + τc)(C
ℓ
g,t + [(1 + ιcg)St + tcg]C

∗
g,t) +

Wt(νfR
∗
t e

RPt + 1− νf + τ el )(λwLg,t + λwLe,t)

λg

(8)

+
pe,tE

d
t

λg

+
Iℓg,t + [(1 + ιig)St + tig]I

∗
g,t

λg

+
Iℓe,t + [(1 + ιie)St + tie]I

∗
e,t

λg

+
Rg,tBg,t

λg

=
pg,tYg,t

λg

+
pe,tE

s
t

λg

+
Bg,t+1

λg

,
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where λwLg,t (λwLe,t) is the demand for labour in green intermediate goods (renewable
energy) production, τ el is the employer labour tax rate, ιcg (ιig, ιie) denotes the iceberg
transport costs rate for green entrepreneurs importing foreign consumption (green in-
vestment, renewable energy investment) goods and, similarly, unit transport costs are
denoted by tcg, tig, and tie, Ed

t (Es
t ) denotes the renewable energy demand (supply), pe,t is

the price of renewable energy, Iℓg,t (I∗g,t) is the amount of domestic (foreign) goods directed
to private green investment and, similarly, Iℓe,t (I∗e,t) for renewable energy investment. Rg,t

(Bg,t) is the gross interest rate on (amount of) green loans between time t− 1 and time t.
The term νfR

∗
t e

RPt + 1− νf in the wage bill accounts for the assumption that a fraction
νf of the pre-tax work bill has to be financed by taking out loans at the domestic risk-free
rate.1 This is introduced to give shocks to the domestic risk premium a larger role in
the model. Taking out green bank loans is subject to the following LIA constraint or the
following DTI constraint (only one is active and binds in equilibrium at a time):

Bg,t+1 ≥ LIAg,t(I
ℓ
g,t + [(1 + ιig)St + tig]I

∗
g,t + Iℓe,t + [(1 + ιie)St + tie]I

∗
e,t), (9)

mbBg,t+1 ≤ DTIg,t(pg,tYg,t + pe,tE
s
t ), (10)

where LIAg,t denotes the fraction of loans relative to total investment expenditure that
are required to be taken out by green entrepreneurs and DTIg,t the maximum ratio of
debt to income the green entrepreneurs are allowed to have,2 which are governed by the
following stochastic processes:

LIAg,t = (1− ρLIA
g )LIAg + ρLIA

g · LIAg,t−1 + εLIA
g,t , (11)

DTIg,t = (1− ρDTI
g )DTIg + ρDTI

g · DTIg,t−1 + εDTI
g,t , (12)

where the persistence parameters are given by ρLIA
g , ρDTI

g ∈ (0, 1) and εLIA
g,t ∼ N (0, σLIA

g ),
εDTI
g,t ∼ N (0, σDTI

g ). Green intermediate goods are produced according to the following
Cobb-Douglas production function:

Yg,t = (Ed
t )

π1(Kg,t +Kp
g,t)

π2(Ag,tλwLg,t)
π3 , (13)

where the parameters π1, π2, π3 ∈ (0, 1) denote the input shares of renewable energy, green
capital, and labour, respectively.3 The quantity Kg,t (Kp

g,t) is the amount of private (pub-

1These loans are provided for by the workers. Thus, these loans do not enter the balance sheets of
banks but instead the budget constraint of workers, as shown in Equation (3).

2The constant mb = 3.3616 is introduced to account for the fact that loans in reality typically have
maturities of multiple years, while in the model they are one-period (one-year) loans.

3Several E-DSGE models do not rely on energy as an additional input but instead just on capital and
labour: Benmir and Roman (2020); Carrattini et al. (2021); Schuldt and Lessmann (2021); Benkhodja
et al. (2022). On the contrary, Diluiso et al. (2021); Ferrari and Nispi Landi (2021); Varga et al. (2021);
Abiry et al. (2022) rely on renewable vs. non-renewable energy sources as in this paper. Typically,
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lic) green capital. The variable Ag,t introduces green labour productivity shocks, accord-
ing to the following stochastic process (ρg ∈ (0, 1) – persistence level, εg,t ∼ N (0, σg)):

ln(Ag,t) = ρg ln(Ag,t−1) + εg,t, (14)

Renewable energy is produced according to the following production function:

Es
t = (Ke,t +Kp

g,t)
ν1(Ae,tλwLe,t)

ν2 , (15)

where the parameters ν1, ν2 ∈ (0, 1) denote the input shares of renewable energy capital
and labour, respectively.4 The quantity Ke,t is the amount of renewable energy capital,
and the variable Ae,t introduces renewable energy labour productivity shocks (ρe ∈ (0, 1)

– persistence level, εe,t ∼ N (0, σe)):

ln(Ae,t) = ρe ln(Ae,t−1) + εe,t. (16)

Private green, renewable energy, and public green capital accumulate according to:

Kg,t+1 = (1− δg)Kg,t +
[
1− ϕg,i/2 (Ig,t−1/Ig,t−2 − 1)2

]
Ig,t−1, (17)

Ke,t+1 = (1− δe)Ke,t +
[
1− ϕe,i/2 (Ie,t−1/Ie,t−2 − 1)2

]
Ie,t−1, (18)

Kp
g,t+1 = (1− δg)K

p
g,t +

[
1− ϕg,i/2(I

p
g,t−1/I

p
g,t−2 − 1)2

]
Ipg,t−1, (19)

where Ipg,t is the amount of public green capital investment supplied by the government,
δg, δe ∈ (0, 1) denote the green and renewable capital depreciation rates and ϕg,i, ϕe,i > 0

determine the amount of quadratic investment adjustment costs. Note that there is a
time-to-build friction assumed so that it takes two periods after the investment is made
until new capital becomes available.

For final green (renewable energy) investment goods production, representative per-
fectly competitive firms use an amount Iℓg,t (Iℓe,t) of the domestically produced final good
and an amount I∗g,t (I∗e,t) of the imported foreign good according to the following produc-
tion technologies:

Ig,t =

(
(1− ωg,i)

1
ηg,i (Iℓg,t)

ηg,i−1

ηg,i + (ωg,i)
1

ηg,i (I∗g,t)
ηg,i−1

ηg,i

) ηg,i
ηg,i−1

, (20)

different types of energy are bundled together and then used by other homogenous firms, but Abiry et al.
(2022) also use renewable vs. fossil fuel energy in production to classify green and brown firms.

4The input share of capital will be chosen to be quite high relative to the other production functions
(see Section 4 for details). In the related literature, one finds several assumptions on the capital shares
of renewable energy production functions, ranging from a capital share of 0 (i.e. labour share of 1) in
Abiry et al. (2022) to a capital share of 1 in Diluiso et al. (2021).
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Ie,t =

(
(1− ωe,i)

1
ηe,i (Iℓe,t)

ηe,i−1

ηe,i + (ωe,i)
1

ηe,i (I∗e,t)
ηe,i−1

ηe,i

) ηe,i
ηe,i−1

, (21)

where ωg,i > 0 (ωe,i > 0) is the foreign good weight and ηg,i > 0 (ηe,i > 0) denotes the
elasticity of substitution between domestic and foreign final goods.

3.3 Brown entrepreneurs and brown intermediate goods firm

The lifetime utility function of brown entrepreneurs is given by:

Ub,t =
∞∑
s=0

{
βs
b (Cb,t+s − hbCb,t+s−1)

1−γb

1− γb

}
, (22)

where βb ∈ (0, 1) is the time discount factor, hb > 0 is the habit parameter, and γb > 0

denotes relative risk aversion. The total mass of brown entrepreneurs is given by λb ∈
(0, 1) so that the shares of all consumers sum up to 1, i.e. λw + λg + λb = 1. Moreover,
Cb,t is brown entrepreneurs’ consumption.

For final consumption goods production, a representative perfectly competitive firm
uses an amount Cℓ

b,t of the domestically produced final good and an amount C∗
b,t of the

imported foreign good according to the following CES production technology:

Cb,t =

(
(1− ωb,c)

1
ηb,c (Cℓ

b,t)
ηb,c−1

ηb,c + (ωb,c)
1

ηb,c (C∗
b,t)

ηb,c−1

ηb,c

) ηb,c
ηb,c−1

, (23)

where ωb,c > 0 is the weight on the foreign good in the production function and ηb,c > 0

denotes the elasticity of substitution between domestic and foreign consumption goods.
The income of brown entrepreneurs consists of the revenue from selling brown in-

termediate goods and taking out brown loans from the banks. This income is used to
finance consumption expenditure, to pay wages, to import brown energy, to invest in
private brown capital, to pay back the loans from last period, and to potentially pay
emissions cap violation costs and domestic carbon taxes. Thus, the budget constraint of
the brown entrepreneurs is given by:

(1 + τc)(C
ℓ
b,t + [(1 + ιcb)St + tcb]C

∗
b,t) +

Wt(νfR
∗
t e

RPt + 1− νf + τ el )λwLb,t

λb

(24)

+
(Stpz,t + τz,t)Zt

λb

+
Iℓb,t + [(1 + ιib)St + tib]I

∗
b,t

λb

+
Rb,tBb,t

λb

+
Γz,t

λb

=
pb,tY

ℓ
b,t

λb

+
Bb,t+1

λb

,

where λwLb,t is the demand for labour in brown intermediate goods production, ιcb (ιib)
denotes the iceberg transport costs rate for brown entrepreneurs importing foreign con-
sumption (investment) goods and, similarly, unit transport costs are denoted by tcb and tib,
Zt denotes the brown energy demand, Stpz,t is the price of brown energy in domestic units
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where τz,t is the domestic carbon tax rate levied on total emissions Zt,5 Iℓb,t (I∗b,t) is the
amount of domestic (foreign) goods directed to private brown investment, and Rb,t (Bb,t)
is the interest rate on (amount of) brown loans between time t− 1 and time t. Moreover,
Γz,t denotes the costs for violating the emissions cap, as imposed by the environmental
regulator. See Section 3.4 for details on this function. Loans have to be taken out for
financing a fraction of brown investment expenditure, subject to the following LIA (or
DTI) constraint (where only one is active and binding in equilibrium at a time):

Bb,t+1 ≥ LIAb,t(I
ℓ
b,t + [(1 + ιib)St + tib]I

∗
b,t), (25)

mbBb,t+1 ≤ DTIb,t(pb,tY ℓ
b,t), (26)

where LIAb,t denotes the fraction of brown investment expenditure that has to be financed
by brown loans and DTIb,t is the brown DTI ratio (ρLIA

b ∈ (0, 1), ρDTI
b ∈ (0, 1) – persistence

levels, εLIA
b,t ∼ N (0, σLIA

b ), εDTI
b,t ∼ N (0, σDTI

b )):

LIAb,t = (1− ρLIA
b )LIAb + ρLIA

b · LIAb,t−1 + εLIA
b,t , (27)

DTIb,t = (1− ρDTI
b )DTIb + ρDTI

b · DTIb,t−1 + εDTI
b,t . (28)

Brown intermediate goods are produced according to the following production function:

Y ℓ
b,t = (Zt)

α1
(
Ak,t(Kb,t +Kp

b,t)
)α2 (Ab,tλwLb,t)

α3 , (29)

where the parameters α1, α2, α3 ∈ (0, 1) denote the input shares of brown energy, brown
capital, and labour, respectively. The quantity Kb,t (Kp

b,t) is the amount of private (public)
brown capital. Both brown capital stocks are subject to capital quality shocks Ak,t and
the variable Ab,t introduces brown labour productivity shocks (ρk, ρb ∈ (0, 1) – persistence
levels, εk,t ∼ N (0, σk), εb,t ∼ N (0, σb)):

ln(Ak,t) = ρk ln(Ak,t−1) + εk,t, (30)

ln(Ab,t) = ρb ln(Ab,t−1) + εb,t, (31)

Private and public brown capital accumulate according to the following laws of motion:

Kb,t+1 = (1− δb)Ak,tKb,t +
[
1− ϕb,i/2 (Ib,t−1/Ib,t−2 − 1)2

]
Ib,t−1, (32)

Kp
b,t+1 = (1− δb)Ak,tK

p
b,t +

[
1− ϕb,i/2(I

p
b,t−1/I

p
b,t−2 − 1)2

]
Ipb,t−1, (33)

where Ipb,t is public brown capital investment supplied by the government, δb ∈ (0, 1) de-
notes the brown capital depreciation rate and ϕb,i > 0 determines the amount of quadratic

5As in Diluiso et al. (2021), the emissions flow is equal to the brown energy amount utilized in the
economy, i.e. emissions are equal to Zt.
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investment adjustment costs. Note that there is again a time-to-build friction assumed so
that it takes two periods after the investment is made until new capital becomes available.

For the production of the final private brown investment goods, a representative per-
fectly competitive firm uses an amount Iℓb,t of the local final good and an amount I∗b,t
of the imported foreign good according to the following production technology (ωb,i > 0

– foreign final good weight, ηb,i > 0 – elasticity of substitution between domestic and
foreign final goods):

Ib,t =

(
(1− ωb,i)

1
ηb,i (Iℓb,t)

ηb,i−1

ηb,i + (ωb,i)
1

ηb,i (I∗b,t)
ηb,i−1

ηb,i

) ηb,i
ηb,i−1

. (34)

3.4 Environmental policies

On the one hand, environmental regulation comes in the form of domestic and foreign
carbon taxes. The domestic and foreign carbon tax rates τz,t and τ ∗b,t are set according
to the following exogenous stochastic processes:

τz,t = (1− ρτz)τ z + ρτzτz,t−1 + ετz ,t, (35)

τ ∗b,t = (1− ρτ∗b )τ
∗
b + ρτ∗b τ

∗
b,t−1 + ετ∗b ,t, (36)

where τ z ≥ 0 (τ ∗b ≥ 0) is the steady-state domestic (foreign) carbon tax rate, the param-
eter ρτz ∈ (0, 1) (ρτ∗b ∈ (0, 1)) denotes the persistence of domestic (foreign) carbon tax
rate shocks, and ετz ,t ∼ N (0, στz), ετ∗b ,t ∼ N (0, στ∗b

).
On the other hand, environmental regulation also comes in the form of an emissions

cap so that the following quantity is the amount of emissions each period that can be
emitted without brown entrepreneurs paying significant penalties: ϕtZ

nocap.
The constant Znocap is the amount of brown energy demanded if there were no emis-

sions cap violation costs.6 The penalty function for violating this emissions cap is:

Γz,t =
ϕ1

ϕ0

e−ϕ0(ϕtZnocap−Zt−1) − ϕ2(ϕtZ
nocap − Zt−1), (37)

where the penalty to be paid by brown entrepreneurs at time t becomes very high if
emissions at time t− 1 (Zt−1) exceed the limit (ϕtZ

nocap). On the contrary, the amount
to be paid becomes slightly negative when emissions lie considerably below the limit to
proxy for revenue from selling unused, freely allocated certificates on the open market.
This is due to using the asymmetric cost function above, whose functional form is similar
to the capital requirement cost function in Valencia et al. (2017). Although free emissions
are gradually phased out (European Commission, 2021), there are still free emissions and

6That is, the steady-state amount of brown energy in the equivalent model where the parameters ϕ1

and ϕ2 in Equation (37) are set to zero while all other parameters are set as in the benchmark calibration.
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especially for sectors at high risk to reallocate their production out of the EU. Hence,
assuming a part of the function being negative to proxy for selling unneeded, freely
allocated certificates still seems to be a reasonable assumption. The process ϕt determines
the current level of the emissions cap (ρϕ ∈ (0, 1) – persistence level, εϕ,t ∼ N (0, σϕ)):

ϕt = (1− ρϕ)ϕ+ ρϕϕt−1 − εϕ,t. (38)

3.5 Banks

Banks grant loans to both types of entrepreneurs and finance them using a combination
of net worth and deposits. The balance sheet and net worth accumulation of bank j are:

Bg,j,t+1 +Bb,j,t+1 = NWj,t +Dj,t+1, (39)

NWj,t+1 = Rg,t+1Bg,j,t+1 +Rb,t+1Bb,j,t+1 −Rd,tDj,t+1 − Γcapreq
j,t+1 − Tls,j,t+1, (40)

where Tls,j,t+1 is a lump-sum type corporate tax that each bank j (also the non-surviving
banks) needs to pay (to the government). I denote the value of bank j at time t by
Vj,t, which is a function of bank j’s net worth, i.e. Vj,t(NWj,t). Furthermore, a bank
survives with probability θt (θ – steady state of the bank survival probability, ρθ ∈ (0, 1)

– persistence of bank survival probability shocks, and εθ,t ∼ N (0, σθ)):

θt = (1− ρθ)θ + ρθθt−1 − εθ,t. (41)

If a bank does not survive, the remaining net worth is transferred to the workers, yielding
the following law of motion (Mt,t+1 – workers’ stochastic discount factor):

Vj,t(NWj,t) = Et[(1− θt+1)Mt,t+1NWj,t+1 + θt+1Mt,t+1Vj,t+1(NWj,t+1)]. (42)

The banks are subject to a friction so that banks can divert a fraction of the funds unless
the following incentive compatibility constraint holds:

Vj,t(NWj,t) ≥ Ψ(κg,tBg,j,t+1 + κb,tBb,j,t+1), (43)

where Ψ > 0 determines the severity of this constraint and the variables κg,t and κb,t

determine the relative absconding rates for green and brown loans, respectively. Since
some banks are exiting each period, some new banks are born each period as well to
keep the size of the banking sector constant. These new banks get a start-up fund from
workers equal to a fraction τ ∈ (0, 1) of aggregate worth of banks:

Φt ≡ τ · NWt. (44)
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Therefore, aggregate net worth of banks evolves as follows:

NWt+1 = θt+1

([
(Rg,t+1 −Rd,t)

Bg,t+1

NWt

+ (Rb,t+1 −Rd,t)
Bb,t+1

NWt

+Rd,t

]
NWt (45)

− Γcapreq
t+1 − Tls,t+1

)
+Φt.

Finally, the banks are subject to a regulatory capital requirement. They have to pay costs
equal to the following function which increase significantly when net worth falls below a
fraction capreq > 0 of risk-weighted assets:

Γcapreq
t+1 =

γ1
γ0

e−γ0(NWt−capreq·RWAt+1) + γ2(NWt − capreq · RWAt+1), (46)

where aggregate risk-weighted assets between times t and t+ 1 are:

RWAt+1 = υg,tBg,t+1 + υb,tBb,t+1. (47)

This cost function is taken from Valencia et al. (2017). The relative absconding rates and
risk weights are given by:

κg,t = (1− ρκg)κg + ρκgκg,t−1 − εκg ,t, (48)

κb,t = (1− ρκb
)κb + ρκb

κb,t−1 + εκb,t, (49)

υg,t = (1− ρυg)υg + ρυgυg,t−1 − ευg ,t, (50)

υb,t = (1− ρυb)υb + ρυbυb,t−1 + ευb,t, (51)

where κg ≥ 0 (κb ≥ 0) is the steady-state relative green (brown) loan absconding rate
and υg ≥ 0 (υb ≥ 0) is the steady-state green (brown) loan risk weight. Furthermore,
the parameters ρκg , ρκb

, ρυg , ρυb ∈ (0, 1) denote the persistence levels as well as εκg ,t ∼
N (0, σκg), εκb,t ∼ N (0, σκb

), ευg ,t ∼ N (0, συg), ευb,t ∼ N (0, συb).
Here, one can assume that the risk weight for green loans is lower than the risk weight

for brown loans so that banks face tighter regulatory constraints if they lend a lot to brown
entrepreneurs and looser regulatory constraints if they lend more to green entrepreneurs.
This can be done to encourage banks to grant more funds to the green sector in order to
facilitate the economy’s green transition.7

7Sector-specific absconding rates can also serve as bank regulation policies as in Benmir and Roman
(2020). Sector-specific risk weights as here are also used by Diluiso et al. (2021). Other sector-specific
bank regulation or macro-prudential policies that have been investigated include taxes and/or subsidies
to banks for green and/or brown loan issuance (Carrattini et al., 2021) as well as portfolio adjustment
costs for deviating from a regulated brown loan share (Ferrari and Nispi Landi, 2021).
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3.6 Government

Government income consists of consumption and labour taxes revenue. The government
also receives revenues from domestic carbon taxes and penalties for the violation of the
emissions cap, an exogenous amount of funds EUt from abroad (i.e. EU funds from several
infrastructure-related and cohesion funds), and the lump-sum corporate tax from banks
Tls,t. A share 1−si of the consumption and labour tax revenues is used for wasteful public
consumption and the remaining revenues are channelled to public investment, whereas
all the funds from abroad are used for public investment. In particular, a share sisg,t of
consumption and labour tax revenues and a share sEU

g,t of EU funds are earmarked for
public green capital investment and the remainder of these revenues with shares si(1−sg,t)

and 1− sEU
g,t are earmarked for public brown capital investment. The carbon tax revenue

as well as the penalties for the violation of the emissions cap are partly used for wasteful
public consumption at a share sb, while the remaining funds are completely earmarked
for public green capital investment (in case 1tax

b,env = 0 as in the benchmark calibration)
or used proportionally with share sg,t for both public green and brown investment as for
standard tax revenues (in case 1

tax
b,env = 1 as will be explored in the scenario analysis).

Finally, the lump-sum corporate tax on banks is fully earmarked for wasteful public
consumption. Thus, green and brown public investment expenditures are:

Ipg,t = si{sg,tτc(λwC
ℓ
w,t + [(1 + ιcw)St + tcw]λwC

∗
w,t + λgC

ℓ
g,t + [(1 + ιcg)St + tcg]λgC

∗
g,t

+ λbC
ℓ
b,t + [(1 + ιcb)St + tcb]λbC

∗
b,t) + sg,t(τ

w
l + τ el )λwWtLt}+ sEU

g,t EUt

+ (1− sb)(1− 1
tax
b,env + sg,t1

tax
b,env)(τz,tZt + Γz,t), (52)

Ipb,t = si{(1− sg,t)τc(λwC
ℓ
w,t + [(1 + ιcw)St + tcw]λwC

∗
w,t + λgC

ℓ
g,t + [(1 + ιcg)St + tcg]λgC

∗
g,t

+ λbC
ℓ
b,t + [(1 + ιcb)St + tcb]λbC

∗
b,t) + (1− sg,t)(τ

w
l + τ el )λwWtLt}+ (1− sEU

g,t )EUt

+ 1
tax
b,env(1− sb)(1− sg,t)(τz,tZt + Γz,t). (53)

The steady-state value of the domestic green public investment share sg,t = (1−ρpg)·sg+ρpg·
sg,t−1+εpg,t is equal to the steady-state output share of the green sector in the economy, i.e.
sg = Y g/(Y g + Y

ℓ

b + Y
∗
b), and the steady state value of the EU green public investment

share sEU
g,t = (1 − ρEU

g ) · sEU
g + ρEU

g · sEU
g,t−1 + εEU

g,t is calibrated according to European
Structural and Investment Funds data in Section 4. Wasteful public consumption Gc,t is
given by the following expression (which is the government budget constraint):

Gc,t = Taggr,t + Tls,t + EUt − Ipg,t − Ipb,t, (54)

where Taggr,t denotes aggregate domestic distortionary tax revenue (from standard tax
sources, i.e. consumption and labour taxes, as well as the domestic carbon tax and
emissions cap violations costs revenues, but excluding the bank lump-sum corporate tax).

18



3.7 Rest of the world

Brown energy is supplied inelastically at the following exogenous world market price:

ln(pz,t) = (1− ρz)pz + ρz ln(pz,t−1) + εz,t, (55)

where the parameter ρz ∈ (0, 1) denotes the persistence level and εz,t ∼ N (0, σz). The
natural logarithm of the steady state of the brown energy price is pz.

The exchange rate is governed by the following law of motion (s – steady-state log
exchange rate, ρs – persistence level, εs,t ∼ N (0, σs)):

ln(St) = (1− ρs)s+ ρs ln(St−1) + εs,t. (56)

The foreign risk-free interest rate is for simplicity assumed to be a constant, while the
foreign bond and domestic risk-free interest rates are subject to a risk premium:

R∗
t ≡ ln(1/β), (57)

RPt = −ϕ̃a(A
∗
t+1/Yt − A

∗
/Y ) + εr,t, (58)

where the parameter ϕ̃a > 0 measures the sensitivity of the risk premium to the net
foreign assets position and εr,t ∼ N (0, σr).

The EU funds in the steady state are equal to a share of steady-state domestic output
and obey the following law of motion (sEU ≥ 0 – steady-state size of EU funds as a share
of steady-state domestic output Y , ρEU – persistence level, εEU,t ∼ N (0, σEU)):

EUt = (1− ρEU)sEU · Y + ρEU · EUt−1 + εEU,t. (59)

Finally, the rest of the world demands domestic final goods. Foreign demand is
given exogenously (x – natural logarithm of steady-state foreign demand, ρx ∈ (0, 1) –
persistence level, εx,t ∼ N (0, σx)):

ln(Xt) = (1− ρx)x+ ρx ln(Xt−1) + εx,t. (60)

3.8 Market clearing conditions and current account

The labour market clears when the following condition is satisfied:

Lt = Lg,t + Lb,t + Le,t. (61)

The renewable energy market clears when demand meets supply:

Ed
t = Es

t . (62)
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The current account is given by:8

StA
∗
t+1 + Stpz,tZt + λw[(1 + ιcw)St + tcw]C

∗
w,t + λg[(1 + ιcg)St + tcg]C

∗
g,t (63)

+ λb[(1 + ιcb)St + tcb]C
∗
b,t + (1 + Γ∗

b,t + τ ∗b,t)Stpb,tY
∗
b,t + [(1 + ιig)St + tig]I

∗
g,t

+ [(1 + ιie)St + tie]I
∗
e,t + [(1 + ιib)St + tib]I

∗
b,t = Xt/[(1 + ιxw)St] +R∗

t−1e
RPt−1StA

∗
t + EUt.

Aggregate private consumption, private investment, and public investment are given by:

Caggr,t = λwCw,t + λgCg,t + λbCb,t, Iaggr,t = Ig,t + Ie,t + Ib,t, Ipaggr,t = Ipg,t + Ipb,t. (64)

Finally, the aggregate resource constraint can be derived using the budget constraints of
all three consumers and the government as well as the current account equation (Equa-
tions 3, 8, 24, 54, and 63):9

Yt = λwC
ℓ
w,t + λgC

ℓ
g,t + λbC

ℓ
b,t + Iaggr,t + Ipaggr,t +Gc,t + λwΓd,t + (1 + txw)Xt. (65)

4 Calibration and Data Fit

The model is calibrated to the Latvian economy. Latvia is a small open economy in an
economic and monetary union, the euro area. Therefore, it is realistic to assume that
world resource prices and other foreign quantities are taken as given by the domestic
economy, as assumed throughout the model development. However, the main reason for
considering Latvia as the domestic economy in our model is that Latvia probably mostly
faces transition risks originating from climate change but only limited physical risks.10

Nevertheless, as a country that has signed the Paris Agreement and which is a member
of the EU, substantial pressure exists to reduce domestic carbon emissions to keep global
climate change limited. Therefore, transition risks of climate change certainly have to
be taken into account and Latvia will need to increase the share of renewable energy
production and consumption and achieve a green transition of the economy to fulfill
its international obligations. These circumstances have been reflected in the model by

8Total imports expenditure is defined by IMPt = pz,tStZt+(1+Γ∗
b,t+τ∗b,t)pb,tStY

∗
b,t+λw[(1+ ιcw)St+

tcw]C
∗
w,t + λg[(1 + ιcg)St + tcg]C

∗
g,t + λb[(1 + ιcb)St + tcb]C

∗
b,t + [(1 + ιig)St + tig]I

∗
g,t + [(1 + ιie)St + tie]I

∗
e,t +

[(1 + ιib)St + tib]I
∗
b,t, and total exports revenue is given by: EXPt = Xt/[(1 + ιxw)St].

9Additionally, I assume that the lump-sum corporate tax on banks is given by Tls,t = (θt−1)NWt−1+
Dt+1−Rd,t−1Dt+Rg,tBg,t−Bg,t+1+Rb,tBb,t−Bb,t+1− θtΓ

capreq
t +Φt. In this way, one obtains a fairly

standard aggregate resource constraint, as in the national accounts.
10Latvia’s location in north-eastern Europe yields a humid continental or oceanic/maritime climate.

Thus, winters can be cold and long, while summers are shorter and less hot than in Western and Southern
Europe. Thus, temperature increases probably rather lead to positive effects for agriculture, tourism,
and the population’s sentiment than negative effects. Latvia has an extensive coast line and so negative
effects from floods and storms can also be expected. However, the total direct (physical) effects of climate
change might not be negative for Latvia.
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assuming that there are no negative externalities from climate change or emissions, but
including policies such as carbon taxes, emissions caps, and public green investment.

The annual data used for calibration of the model mostly spans the period 1995–2020
and mostly comes from Eurostat. For several time series the data is not available for the
whole time period which implies using shorter series in these cases. All the details on the
utilized data and all the parameter summary tables are supplied in Appendix B.

First, I discuss which parameters are borrowed from other papers. Table B.2 provides
a summary of all borrowed parameters. The main source is Bušs and Grüning (2020)
who develop and estimate a rich fiscal DSGE model for Latvia.

As in that paper, I set the consumption tax rate to τc = 0.21 (corresponding to the
effective rate of value-added and excise taxes), the labour tax rate for workers to τwl =

0.225 (corresponding to the effective rate of payroll taxes and social security contributions
paid by employees), and the labour tax rate for firms to τ el = 0.155 (effective rate of social
security contributions paid by employers). Bušs and Grüning (2020) set the import shares
in consumption (investment) goods to 0.45 (0.65) and, thus, I set ωw,c = ωg,c = ωb,c = 0.45

(ωg,i = ωe,i = ωb,i = 0.65). They estimate the elasticities of substitution between domestic
and foreign goods in consumption (investment) bundles to be 1.854 (1.059) and, therefore,
I set ηw,c = ηg,c = ηb,c = 1.854 (ηg,i = ηe,i = ηb,i = 1.059).

Further following Bušs and Grüning (2020), I use their estimated habit parameter
to set the workers’ habit parameter to hw = 0.607, set the working capital fraction to
νf = 0.5, and set the sensitivity of the risk premium to the foreign bonds to GDP ratio
to ϕ̃a = −0.01. Moreover, the share of public investment expenditure in total public
expenditure of standard tax revenue sources (i.e. consumption and labour taxes) is
assumed to be si = 0.117, consistent with Latvian data.

The elasticity of substitution between green, domestic brown, and foreign brown goods
is set as in Acemoglu et al. (2012) to ϵ = 3.

Second, I compute a number of shares or ratios in the data to match as best as possible
the corresponding steady-state ratios in the model by setting the appropriate parameters
to certain values. Table B.3 provides a summary of these moments and parameters. For
the actual fit with the data, see Table 1 further below which reports simulated moments.

In the data, the total private investment to GDP ratio is equal to just below 22%. In
the model, this is closely matched by setting the capital depreciation rates to 10%, i.e.
δg = δe = δb = 0.10, as well as setting the capital shares to π2 = 0.21, α2 = 0.24, and
ν1 = 0.70 in green intermediate goods, brown intermediate goods, and renewable energy
production, respectively. The labour share is assumed to be quite low in renewable
energy production (ν2 = 0.20), but the most important input in the other sectors. Green
intermediate goods production is assumed to be slightly less energy-intensive than brown
intermediate goods production (π1 = 0.09 vs. α1 = 0.11). The domestic green sector
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share11 and the renewable energy share in the data are equal to roughly 34.5% and
35.5%, respectively. Setting the steady-state log brown energy price equal to the price
of renewable energy in the steady state12 and the weights of green (domestic brown,
imported brown) intermediate goods in the final goods production function to ωy,g = 0.35

(ωℓ
y,b = 0.55, ω∗

y,b = 0.10) allows the model to get close to these statistics. The shares
in all intermediate goods production functions sum up to 0.9 to imply some non-zero
steady-state profits for both types of entrepreneurs from firm ownership.

In the benchmark model, only the LIA constraints are active, while the DTI con-
straints are assumed to be not present. The different LIA ratios for green and brown
loans (LIAg = 0.75 vs. LIAb = 2.25) are the key parameters to allow for a relatively low
green loan share, as computed using data from Latvia’s Credit Register.

Next, a number of parameters are set to match exactly key statistics in the data
or set to conventional values in the literature, according to a standard procedure in
the literature, or in ad-hoc way, if no good data guidance exists. Table B.4 provides a
summary of these model parameters.

The steady-state real log exchange rate in the model is set to s = ln(0.7382) in line
with the purchasing power parity of Latvia for GDP relative to the EU-27 countries in
2020. The share of workers in the population is set to be λw = 0.8844 to account for the
average manager share in Latvia’s population of 11.56% over the period 2008–2020, while
the shares of both green and brown entrepreneurs are 2.44% and 9.12%, respectively, to
account for the relative size of employment in green sectors vs. brown sectors of 21.10%.

The time discount factor of workers is set to βw = 0.985 and the time discount factors
of entrepreneurs to βg = βb = 0.98. The spread between these discount factors contributes
to a sizeable spread between the deposit interest rate and the loan interest rates. The
habit parameters of entrepreneurs are set to lower values than for the workers, i.e. hg =

hb = 0.25, since entrepreneurs are assumed to care less about smoothing consumption.
The utility over consumption for all consumers is assumed to be logarithmic, i.e. γw =

γg = γb = 1, a standard assumption in the macroeconomics literature. The labour
elasticity is set to the standard value of f = 0.7. The total time endowment is assumed
to be L = 3 and the parameter a is pinned down by requiring that the workers work one
third of their total time endowment in the steady state, which implies a = 0.2920.

Adjustment cost parameters for private and public investments are set to ϕg,i = ϕe,i =

11The domestic green and brown sectors are constructed by first computing average emission intensities
across the 44 sectors at the NACE 2 level of aggregation in Eurostat data and then taking the 11 sectors
with the highest average emission intensities to aggregate them to the domestic brown sector and the 11
sectors with the lowest average emission intensities to aggregate them to the domestic green sector (in
terms of real output produced). See Table B.1 for details on the NACE activities included in the green
and brown sector, respectively.

12Evidence that renewable energy production is hardly more expensive than brown energy production
is provided by Lazard (2019).
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ϕb,i = 0.05 to contribute to the high observed log private investment growth volatility and
the adjustment costs parameter for deposits is set to ϕd = 1 to imply sufficient hurdles
for banks to quickly attract deposits. The steady-state unrestricted emissions quantity is
found to be Znocap = 0.8649 by setting ϕ1 = ϕ2 = 0 and all other parameters to the same
values as in the benchmark calibration. I assume that the current account is balanced
in the model and let x = ln(0.6271) be pinned down by requiring that the steady-state
amount of net-foreign assets is A = 0. To ensure that the banks’ incentive compatibility
constraint is binding, I set Ψ to a high value of 0.67 and the steady-state bank survival
probability θ to 0.9. The banks’ start-up fund size is assumed to be 12.9% of steady-state
bank net worth: τ = 0.129.

Regarding fiscal, environmental, and bank regulation policies, the emissions cap is
set at 100% of the unrestricted amount of brown energy imports, i.e. ϕ = 1; there are
no carbon taxes domestically and abroad, i.e. τ z = τ ∗b = 0; and the risk weights and
absconding rates are equal for both green and brown loans, i.e. υg = κg = υb = κb = 0.75.

Figure 2: Emissions cap violation and capital requirement cost functions
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Notes: The left panel depicts the emissions cap violation cost function Γz,t as a function of the distance
of the actual amount of emissions to the emissions cap (ϕtZ

nocap − Zt−1). The right panel depicts the
capital requirement cost function Γcapreq

t as a function of the distance of the actual capital adequacy
ratio to the regulatory capital adequacy ratio (NWt − capreq · RWAt+1).

The regulatory capital adequacy ratio is set to capreq = 0.135 to act as a target
capital adequacy ratio rather than just a simple regulatory minimum capital adequacy
ratio. Thus, it is set much higher than the minimum ratio of bank regulation policy
(for example, 8%). The bank capital requirement and the emissions cap violation cost
functions are parametrized to feature substantial asymmetry, while at the same time
being low enough to allow for a decent fit to macroeconomic volatilities.13 Figure 2
depicts these costs functions. Latvia’s share of EU ETS revenues as a share of Latvia’s
GDP was 0.09% in 2019 which is nicely matched by the model (see Table 1 below), lending

13The parameter choices are γ0 = 60, γ1 = 0.1, γ2 = 0.1 and ϕ0 = 60, ϕ1 = 0.1, ϕ2 = 0.1, respectively.
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further support for the parametrization of the emissions cap violation cost function.
The steady-state share of EU funds in domestic output that contribute to public in-

vestment in the domestic economy is set to sEU = 0.0342 in line with data on European
Structural and Investment Funds for the EU budgeting period 2014–2020. Classifying
projects in the areas “Low-Carbon Economy”, “Climate Change Adaptation & Risk Pre-
vention”, “Environment Protection & Resource Efficiency”, and “Network Infrastructures
in Transport and Energy” as green EU investment and computing the share of EU fi-
nancing in these ares to total EU financing implies a share of sEU

g = 0.4485. A much
larger fraction from environmental taxes and fees than from the general consumption and
labour tax revenue is channelled to public investment, to be precise exactly three times
more since 1− sb = 0.351 which is three times si. This is reasonable to assume as envi-
ronmental taxes and fees are more likely to be used to finance green transition projects
than revenues from general taxation. The steady-state domestic green public investment
share is set to the steady state green sector share in the model and, thus, it is given by
sg = 0.3156. The minimum amount of iceberg transport costs for foreign brown goods is
ι∗b,1 = 0.04, while there is a significant sensitivity to the ratio of imported brown goods to
total brown goods, i.e. ι∗b,2 = 0.06, making it increasingly more costly to import foreign
brown goods, relative to producing them domestically. These iceberg transport costs are
assumed to be substantial to avoid that the economy switches to fully or largely importing
brown goods, when confronted with an increase in the domestic carbon tax. For all other
import goods, it is assumed that iceberg transport costs amount to 4%, in line with the
evidence by Obstfeld and Rogoff (2001). For all imported goods, unit transport costs are
assumed to be 6%, in line with the evidence portrayed in Irarrazabal et al. (2015) that
the median additive trade costs are equal to 6%. The dummy parameter 1tax

b,env is set to
0 so that environmental tax revenues are exclusively used for green public investment.

Finally, Table B.5 reports the persistence levels and standard deviations of the model’s
exogenous shocks. Several shocks are muted since they are directly related to economic
policies in the benchmark calibration.14 Specifically, the emissions cap stringency shock,
the risk weight shocks, the absconding rate shocks, the carbon tax rate shocks, the
(domestic and EU) public green investment share shocks, and the LIA ratio shocks are
muted. The largest active shocks are the labour productivity shocks in all three sectors,
i.e. σg = σb = σe = 0.02, and the brown energy price shock (σz = 0.02). Next in
line are the brown capital quality shock with an assumed volatility of σk = 0.01 and
the bank survival probability shock with σθ = 0.005. A number of small open economy
shocks are also active with moderate volatilities, i.e. σx = 0.004 (foreign demand shock),
σEU = 0.0025 (EU funds shock), σs = 0.002 (exchange rate shock), and σr = 0.002 (risk
premium shock). The persistence levels of all shocks are set to the relatively standard

14They are, however, turned on when computing the benchmark model’s impulse response functions.
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value of 0.85.

Table 1: Simulated model moments and data counterparts

Moment Description Model Data

E
[

Et

Et+Zt

]
Renewable energy share 27.02 35.41

E
[ Yg,t

Yg,t+Y ℓ
b,t+Y ∗

b,t

]
Green sector share 31.56 34.66

E
[
ωg,t =

Bg,t

Bg,t+Bb,t

]
Green loan share 18.88 12.09

E
[Γz,t

Yt

]
Emissions cap violation costs to GDP ratio 0.10 0.09

E
[Γz,t+τzZt

Taggr,t

]
Environmental tax revenue share 0.40 8.84

E
[ Iaggr,t

Yt

]
Aggregate private investment to GDP ratio 19.97 21.84

E
[ IMPt

Yt

]
Imports to GDP ratio 52.30 56.10

E
[EXPt

Yt

]
Exports to GDP ratio 49.97 48.56

E
[Bg,t+Bb,t

Yt

]
Total loans to GDP ratio 28.83 106.22

E
[ NWt

RWAt+1

]
Capital adequacy ratio (risk-weighted) 15.49 20.32

E
[ NWt

Bg,t+Bb,t

]
Capital adequacy ratio (unweighted) 11.62 11.29

E[rd,t] Deposit interest rate 1.45 1.51
E[ωg,trg,t + (1− ωg,t)rb,t] Average loan interest rate 2.47 2.68
E[rg,t] Green loan interest rate 2.38 1.07
E[rb,t] Brown loan interest rate 2.49 3.18

σ(∆yt) GDP growth rate volatility 5.31 5.72
σ(∆iaggr,t) Aggregate private investment growth rate volatility 9.43 16.67
σ(∆caggr,t) Aggregate private consumption growth rate volatility 13.51 6.35
σ(∆gc,t) Public consumption growth rate volatility 8.36 5.98
σ(∆et) Renewable energy growth rate volatility 2.02 6.01
σ(∆yg,t) Green output growth rate volatility 6.13 7.88
σ(∆yb,t) Brown output growth rate volatility 5.19 8.07
σ(∆ig,t) Private green investment growth rate volatility 18.37 21.44
σ(∆ib,t) Private brown investment growth rate volatility 10.01 8.63
σ(NXt/Yt) Net exports to GDP ratio volatility 2.86 5.33

Notes: This table reports the simulated model moments and the corresponding data counterparts (see
Appendix B for the data details) for a variety of macroeconomic variables. The model moments have
been obtained from a stochastic simulation of the model for 2500 periods (years) using a first-order
perturbation approximation in dynare (version 4.5.4). All moments are reported in percentage points.

To check how well the model reproduces the targeted data moments and some other
moments, I simulate the model for 2500 years. Table 1 reports the simulated moments
of this exercise and the corresponding empirical counterparts.

The targeted ratios (renewable energy share, green sector share, green loan share,
emissions cap violation costs to GDP ratio, aggregate private investment share, imports
and exports to GDP ratios) are all relatively well reproduced by the model. Notably,
the share of environmental tax revenue in total tax revenue falls considerably short of
the counterpart in the data. This can be mostly reconciled by noticing that certain con-
sumption excise duties such as gasoline taxes are counted as environmental tax revenues
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in the data.15 However, in the model only the domestic carbon tax and the emissions cap
violation costs are counted as environmental taxes.

The risk-weighted capital adequacy ratio is at 15.49% above the target ratio of 13.5%,
but roughly consistent with the long-run average in the data. The unweighted capital
adequacy ratio is very slightly higher in the model than in the long-run data counterpart
(11.62% vs. 11.29%). The deposit interest rate is in line with the data between 2004
and 2020. The average interest rate on loans in the model matches nicely the data from
Latvia’s Credit Register for total loans between 2018 and 2021. The green loan interest
rate in this data is quite low at 1.07% and the brown loan interest rate is significantly
higher than the average loan interest rate at a value of 3.18%, whereas in the model
there is no significant variation across the rates due to sector-unspecific bank regulation
policy.16

Aggregate log output volatility in the model is at about the same size as in the data.
The log aggregate private consumption growth rate volatility is substantially too high in
the model, whereas log public consumption growth rate volatility is about the same size in
the model as in the data. Log aggregate private investment growth volatility is a lot higher
than log output volatility but still does not reach the empirically observed excessively high
volatility. Sector-specific output growth and investment growth volatilities are well in line
with the data; however, renewable energy growth rates do not exhibit as much volatility
as in the data. There is also substantial variation in the net exports to GDP ratio in the
model, but it reaches only about half the variation in the real world.

5 Results and Analysis

This section presents and analyzes the calibrated model results. First, Section 5.1 contains
a short-run analysis using impulse response functions from all economic shocks. Next,
Section 5.2 discusses a long-run analysis by investigating the effects of permanent changes
to economic policies in the model. Finally, Section 5.3 investigates the transition period
dynamics for two environmental policies.

5.1 Short-run analysis (impulse response functions)

Impulse response functions are used to evaluate the dynamic short-run effects of all
21 economic shocks in the model. The description of the shocks and shock sizes as
well as the full set of impulse response functions are relegated to Appendix C. In order

15The total amount of excise duty in Latvia’s tax revenues was an impressive 11.8% in 2020, according
to Tax Policy Strategy Division, Tax Analysis Department (2022), which probably already accounts for
a large part of the gap between the model and the data.

16These rates are constructed by using value weights across the different NACE activities that form
the green and brown sectors.
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to conserve space, only a high-level summary of the results from the impulse response
function analysis is provided in this section. Table 2 provides this summary.

Table 2: Impulse response function analysis summary

Shock Aggregate Green Brown Domestic
economy economy economy emissions

Green labour productivity (εg,t) +− + − −
Brown labour productivity (εb,t) +− − + +

Renewable energy labour productivity (εe,t) +− + − −
Brown capital quality (εk,t) +− +− + +

Bank survival probability (εθ,t) +− +− +− +−
Foreign demand (εx,t) −+ −+ −+ −+

Exchange rate (εs,t) +− +− +− +−
Domestic risk premium (εr,t) −+ −+ −+ −+

Brown energy price (εz,t) +− +− +− −
Domestic carbon tax rate (ετz,t) + + +− −
Foreign carbon tax rate (ετ∗

b ,t
) −+ −+ −+ −+

Emissions cap (εϕ,t) −+ + − −
EU funds (εEU,t) + + + +

Domestic green public investment share (εpg,t) + + − −
EU green public investment share (εEU

g,t ) + + − −
Green loan risk weight (ευg,t) +− +− − −
Brown loan risk weight (ευb,t) −+ −+ −+ −+

Green loan absconding rate (εκg,t) +− +− +− +−
Brown loan absconding rate (εκb,t) −+ −+ −+ −+

Green LIA ratio (εLIA
g,t ) −+ −+ −+ −+

Brown LIA ratio (εLIA
b,t ) −+ −+ −+ −+

Notes: This table summarizes the short-run effects of all 21 economic shocks in the model over a period
of 30 years using impulse response functions on the aggregate economy (evaluated by looking at aggregate
output Yt), on the green economy (evaluated by looking at green intermediate goods output Yg,t), on
the brown economy (evaluated by looking at domestic brown intermediate goods output Y ℓ

b,t), and on
domestic emissions (evaluated by looking at brown energy imports Zt). The positive (negative) sign
indicates that the response is positive (negative). If there are two signs, the first sign indicates the initial
or extremely short-run reaction, while the second sign indicates the reaction over the longer run.

Shocks to labour productivity As the main technology shocks, the model features
shocks to labour productivity in all three domestic production sectors. The positive shock
to green labour productivity (see Figure C.1 for details) naturally leads to an expansion
in green intermediate goods production which somewhat spills over to increased produc-
tion volumes of renewable energy. Brown intermediate goods production decreases over
the whole horizon, while there is an initial positive reaction of brown energy imports

27



that turns negative after year 2. On the aggregate level, final goods output increases first
significantly, then decreases, and eventually quickly converges to around 0. Aggregate pri-
vate consumption follows the same pattern as final goods output. The technology shock
leads to a short-lived investment boom in all sectors, but it only increases persistently in
the brown sector, as the brown sector tries to catch up with the increased productivity
of the green sector. The positive shock to brown labour productivity (Figure C.2) leads
to more or less to similar reactions on the aggregate level, but at the sectoral level to
opposite reactions, as compared to the previous shock. Thus, brown intermediate goods
production increases throughout the horizon, whereas the green intermediate goods and
renewable energy producers cut production volumes. As the final labour productivity
shock, Figure C.3 depicts the impulse response functions of a positive shock to renew-
able energy labour productivity. The shock delivers similar consequences for the four
dimensions mentioned in Table 2 as the green labour productivity shock, albeit at lower
magnitudes, while also naturally providing for a persistent increase in renewable energy
production.

Other macroeconomic and financial shocks A positive shock to brown capital
quality (Figure C.4) leads to short-lived production booms in all three sectors, while
investment in the two green sectors (in the brown sector) decreases (increases) strongly.
Hence, the brown intermediate goods sector also experiences a longer-term expansion af-
ter a short period of decline in the years 2–5. The renewable energy production declines
significantly over the long run. Final goods output experiences dynamics similar to the
brown sector due to the dominant size of this sector. Aggregate consumption increases
a lot in the first period, but decreases strongly in the next period, before converging
relatively quickly to zero. Emissions exhibit an inconclusive behaviour. A negative shock
to the bank survival probability (Figure C.5) leads to a fall in the capital adequacy ra-
tio and small negative effects in the medium run (while one observes expansions in the
first period in all production sectors) due to the depression of investment incentives in the
green sectors. An increase in foreign demand (Figure C.6) makes the whole economy ben-
efit, after an initial decline to finance additional investment in the green sectors. Brown
investment sees a persistent decline, which is compensated for by increased brown public
investment. Aggregate consumption, output, and investment experience expansions from
year 2 to 10. However, also brown energy imports rise considerably during these years
which is bad news for the environmental balance. The exchange rate shock (Figure C.7)
that leads to higher costs for imports leads to the more or less exact opposite effects.
As the next macroeconomic foreign shock, a domestic risk premium shock is considered
(Figure C.8). Most directly, it makes the wage bills more expensive due to the working
capital friction. This implies production volumes declines in all sectors initially, which
are, however, reversed quickly due to increasing investment levels in the green sectors (at

28



the expense of brown investment levels). The effects on the environment or brown energy
imports remain negligible. As the final macroeconomic shock, an increase in fossil fuel
prices, akin to the current energy price dynamics observed in most of Europe, is proxied
by an increase in the price of brown energy in Figure C.9. As expected, negative effects
materialize, especially in the brown intermediate goods sector, which cannot be compen-
sated for by increased brown private investment. The small good news is that brown
energy imports fall due to the higher price, which is good news for the environment.

Environmental policy shocks Due to the redistribution of carbon tax revenues to
green public investment, a shock to the domestic carbon tax rate (Figure C.10) is expan-
sionary, which is especially visible in large positive effects on green intermediate goods
output and renewable energy production. These positive effects spill over to the brown
sector, which experiences an expansion until around year 6 as well before turning nega-
tive. Thus, final goods output increases over the whole impulse response function hori-
zon. However, aggregate private consumption declines considerably initially due to the
increased size of public consumption. There is an investment boom in the green sectors,
but not on aggregate due to the decline in brown private investment. Brown energy im-
ports fall due to the higher price. A shock to the foreign carbon tax rate (Figure C.11)
implies a redistribution from importing brown intermediate goods to producing them do-
mestically. Also, production levels in the green sector increase. This only happens from
year 2 onward due to the lag in building capital and, thus, the first year is characterized
by a recession caused by higher prices for final goods production. Overall, the positive
effects are much smaller and the (negative) effect on brown energy much more short-lived
(turning positive after year 2 actually), due to this environmental policy mainly increas-
ing costs to the domestic economy, while not providing for any benefits, such as increased
public investment with the domestic carbon tax rate shock. The emissions cap shock
(Figure C.12) is very effective in reducing emissions, while at the same time stimulating
the green sectors due to public redistribution in the form of increased green public in-
vestment. Therefore, the long-run growth prospects are as good here as in the case of a
domestic carbon tax rate increase. However, there is some very short-term pain in the
initial period where GDP declines.

Fiscal policy shocks An increase in public funds available for public investment ex-
penditure is simulated via a positive shock to EU funds in Figure C.13. Both green
and brown public investments increase in response to the shock. The green intermedi-
ate goods and renewable energy sectors can manage to sustain a pronounced increase
in their production volumes, while the brown intermediate goods sector experiences an
initial decline in production volumes and brown energy imports as well as a less persistent
production expansion afterward. Therefore, an increase in public funds is good news for
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the environment. Final goods output and aggregate consumption increase in the long
run and decrease only initially. Both shocks that simulate an increase in the share of
public resources directed to green public investment (domestic funds in Figure C.14 and
EU funds in Figure C.15) lead to a short-term aggregate gain in final goods output and
aggregate consumption due to the expansion in the green sectors. However, increased
public investment in the green sector crowds out private green and renewable energy
investment which is redirected to brown price investment and there is a decline in ag-
gregate economic activity in the years 2–5. Thus, brown intermediate goods production
does not decline as much and green production output does not increase as much as they
could have without the crowding-out effect. Nevertheless, the environment benefits by
experiencing a decrease in domestic emissions in the longer run.

Bank regulation and financial friction shocks Both the decrease in the green loan
risk weight (Figure C.16) and the increase in the brown loan risk weight (Figure C.17)
lead to benefits in all production sectors and a small expansion in final goods output,
while the increase in the brown loan risk weight is more successful to lead to a persistent
increase in green and aggregate economic activity. The effect on emissions is in both
cases rather inconclusive. Similar dynamics are observed for shocks to the absconding
rates (Figures C.18 and C.19). Positive shocks to both LIA ratios also lead to similar
dynamics (see Figures C.20 and C.21). These shocks lead to more loans taken out by
green and brown entrepreneurs, respectively. This, in turn, leads to larger investments in
private green and renewable energy capital, which generates a boom in the green sectors
from year 2 onward. Brown intermediate goods output also increases, which is due to
increased brown public investment, financed by larger consumption tax revenues due to
increased private aggregate consumption. The effects on brown energy imports remain
again rather inconclusive.

5.2 Long-run analysis (scenarios)

The idea behind the long-run analysis is to investigate the effects of permanent changes
in economic policies on several macroeconomic quantities. Technically, these permanent
changes are assessed by comparing the steady states of the benchmark model to an alter-
native calibration (that incorporates 1–3 parameters changes relative to the benchmark
calibration). The results of this scenario analysis are reported in Tables 3 and 4 as well
as Figures 3 and 4 (Tornado charts). For many scenarios the parameter changes are
normalized to induce a 17% reduction in emissions, in line with the indication mentioned
on page 6 in Treasury of the Republic of Latvia (2021) that Latvia might have to achieve
an emissions reduction (in the non-ETS sectors), relative to 2005 levels, of 17% by 2030
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to reach its EU climate change target.17 For the scenarios where such a reduction is tech-
nically not feasible, I impose a reasonable policy change to assess how large the emissions
reduction can be from such a policy change.

5.2.1 Environmental policies

In this section, the following 6 scenarios are discussed: an increase in the domestic carbon
tax rate from 0 to 11.68% (Scenario [1]); an increase in the price of imported brown energy
by about 106% from 0.1507 to 0.3101 (Scenario [2]); an increase in the foreign carbon tax
rate from 0 to 11.68% (Scenario [3]); a decrease in the emissions cap from 100% to 82.66%
(Scenario [4]); a joint increase of domestic and foreign carbon tax rates from 0 to 11.68%
(Scenario [7]); finally, Scenario [8] combines half of the increase in the domestic carbon
tax rate of Scenario [1] and half of the decrease in the emissions cap of Scenario [4], i.e.
setting τ z = 0.0584, ϕ = 0.9133.

Firstly, the increase in the domestic carbon tax rate (Scenario [1]) is quite efficient in
reaching the 17% emissions reduction target, while keeping economic costs at a minimum.
This is due to the revenues of the domestic carbon tax being used for public green
investment and wasteful public spending exclusively, while none of these revenues are
diverted to public brown investment. Therefore, final goods output only decreases by a
negligible −0.07%, which is due to a large increase in excess of +10% in green intermediate
goods production that essentially compensates for the reduction in brown intermediate
goods production (−5.06%) and foreign brown intermediate goods imports (−4.74%).
Quite large is the increase in public green investment of 60.44% and in the renewable
energy share from around 27% to about 36%. Thus, if public funds from environmental
tax resources are used wisely, the green transition need not be recessionary. However, the
decrease in aggregate consumption is substantial at −6.34%, which shows up in aggregate
welfare figures as well.18 One should keep in mind though that this result in the model
is due to a quite efficient government that can identify very well efficient public green
projects and finance them in a frictionless way.

Secondly, an increase in the price of fossil fuels or brown energy (Scenario [2]) also
has the potential to reduce emissions by the targeted −17%. However, the transition will

17In several studies, such exogenous emissions reduction targets are used to study the effects on macroe-
conomic and financial variables. Diluiso et al. (2021) use a 24% reduction target for the period 2020–2030
in line with the current targets by the European Commission for the EU, Schuldt and Lessmann (2021)
use the 55% reduction target of the EU by 2030 (relative to 1990 levels), and Varga et al. (2021) a 94%
reduction target by 2050 in line with the EU-wide net zero emissions target. On the contrary, Benkhodja
et al. (2022) simulate a 1 percentage point increase in the carbon tax rate and fiscal policy shocks worth
around 1% of quarterly French GDP, while Carrattini et al. (2021) and Bartocci et al. (2022) simulate a
carbon tax increase of $30.5 and $75, respectively, per ton of carbon.

18A decrease in aggregate welfare from −35.68 to −38.59 is observed, which mostly originates from a
decrease in welfare of the brown entrepreneurs (from −6.55 to −40.77), while the green entrepreneurs
experience an increase in welfare from 42.23 to 45.48.
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be quite painful as this is an exogenous shock that the domestic economy can only partly
adapt to. It increases, first and foremost, the costs of important raw materials in the
production processes, and results in a GDP loss of roughly −2.5% and thus a substantial
welfare loss. It could be argued that such a shock in the model represents well the current
dynamics on world fossil fuel markets after the start of Russia’s war against Ukraine. This
analysis also shows that countries with smaller dependence on fossil fuels would suffer
less from such a shock. The good news of this analysis is that, even though there is
a lot of economic pain involved, higher fossil fuel prices incentivize the domestic model
economy to become ‘greener’, noticeable in the increase of the renewable energy share
by more than 2 percentage points (pp) and the smaller output loss in green intermediate
goods production (−1.73%), vis-à-vis brown intermediate goods production (−2.92%)
and imports of foreign brown intermediate goods (−2.90%).

Thirdly, an increase in the foreign carbon tax rate at the same rate as the domestic
carbon tax rate in Scenario [3] does not lead to a significant emissions reduction (the
effect on the steady state of Zt is only −0.04%), but leads to one of the largest output
loss across all scenarios considered of −3.99%. The large reduction in imports of brown
intermediate goods of around −25% does not spill over enough to a reduction in do-
mestic brown intermediate goods production (−0.65%), as green intermediate goods and
renewable energy production cannot hold their original production levels as well (−0.34%
and −1.12%, respectively) to achieve significant reductions in emissions. There is even
a reduction of −0.2pp in the renewable energy share observed. Interestingly, combining
the domestic carbon tax increase with the foreign carbon tax rate increase (choosing the
same rates of 11.68%) in Scenario [7] implies an interesting interaction effect as carbon
emissions are now reduced at −18.75%. The large output loss of −4.17% is only 0.18pp
higher than in Scenario [3] but a quite sizeable additional emissions reduction of 1.75pp
is generated by the harmonized introduction of carbon taxes in the domestic economy
and abroad. This can be explained by the effect of raising prices for brown products both
domestically and abroad to strengthen the relocation from domestic brown intermediate
goods production to green intermediate goods production. Green production increases
a lot more than in Scenario [1] (+13.41% instead of +10.27%) and brown production
decreases considerably more (−7.21% instead of −5.06%). Therefore, harmonized policy
introduction seems to be very important to achieve significant emissions reductions as
the key take-away of this analysis.

Fourthly, the emissions cap can be reduced to 82.66% to achieve the desired emissions
reduction of 17% in Scenario [4]. This proves to be more painful than domestic carbon
taxation but less painful than an exogenous increase of world brown energy prices in
terms of output loss (−1.86%). Interestingly, aggregate consumption does not fall much
in this scenario (−0.47%). Therefore, aggregate welfare is not harmed as much as in
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Scenarios [1] or [2].19 The reason for the lower reduction in consumption is the lower
aggregate investment need (which decreases in this scenario by −1.62% but increases in
Scenario [1] by +0.74%). The adjustment to produce greener in the domestic economy
is thus mostly achieved by adjusting labour shares across the different sectors instead
of adjusting capital shares. If one combines half the domestic carbon tax increase of
Scenario [1] and half the just discussed emissions cap decrease in Scenario [8], the economy
only manages to reduce emissions by roughly 10%, but at a net economic gain (GDP is
up by +0.15%). Aggregate private consumption, however, still decreases significantly by
almost −4%.

5.2.2 Fiscal policies

Next, I turn to analyze scenarios that pertain to changing fiscal policies to achieve emis-
sions reductions. I discuss the following 3 scenarios in this section: an increase in the
domestic green public investment share from 0.3156 to 1 (Scenario [5]); an increase in
the EU green public investment share from 0.4485 to 1 (Scenario [6]); and an increase in
both the domestic and EU green public investment shares to 0.9 (Scenario [20]).

Firstly, Scenario [5] implies a full diversion of domestic public funds from consumption
and labour taxes allocated to public investment to green public investment, which expe-
riences an increase of +8.81%. Thus, no more resources from these funds are spent on
brown public investment anymore, which in total decreases by −5.23%. This fund real-
location implies an enormous increase of green intermediate goods production of close to
but below +14% and a substantial decrease in brown intermediate goods production and
imports (−7.46% and −7.03%, respectively). On aggregate, a relatively small decline in
GDP is recorded (−0.58%), alongside a similar decrease in aggregate private consumption
(−0.34%), which happens due to an increase in aggregate private investment (+0.54%).
The emissions reduction is rather small at only −0.12% though and, thus, such policy
cannot be the cornerstone of a general policy package to support the green transition.
Very similar effects and sizes are observed when EU funds are exclusively used for green
public investment in Scenario [6], which does not warrant another discussion, as the
mechanism is very similar. Combining these two scenarios by setting both public green
investment shares to 0.9 in Scenario [20],20 implies an amplification of the effects, i.e. the
magnitudes of the effects are larger than the sum of the effects in Scenarios [5] and [6].
The reason or this observance and the mechanism is similar to the amplification effect
observed in Scenario [7], when combining domestic and foreign carbon taxation, i.e. the
reallocation effect is amplified by diverting even more funds for green public investment

19Aggregate welfare only declines from −35.68 to −36.37 in Scenario [4], relative to −39.95 in Sce-
nario [2] or −38.59 in Scenario [1].

20Setting both shares to 1 does not work due to model stability issues.
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than in the individual scenarios. Therefore, the output loss is greater (−1.48%), the de-
cline in aggregate consumption is larger (−1.16%), but the additional amount of private
investment needed is smaller than in any of the scenarios [5] and [6] due to investment
adjustments being smaller than the sum of the scenarios in all categories.

5.2.3 Bank regulation policies and changes in financial frictions

The final category of single-category policies I consider are discussed in this section.
Specifically, the following 6 scenarios are analyzed: a decrease in both the green loan risk
weight and the green loan absconding rate from 0.75 to 0.5 (Scenario [11]); an increase
in both the brown loan risk weight and the brown loan absconding rate from 0.75 to
1 (Scenario [12]); an increase in the green LIA ratio from 0.75 to 1 (Scenario [13]); an
increase in the brown LIA ratio from 2.25 to 3 (Scenario [14]); a decrease in the green
loan risk weight from 0.75 to 0.5 (Scenario [18]); an increase in the brown loan risk weight
from 0.75 to 1 (Scenario [19]).

Firstly, just decreasing the green loan risk weight in Scenario [18] does not lead to the
desired effect of a lower loan interest rate for green loans and, therefore, the green loans
demanded by the green entrepreneur slightly decrease by −0.04%, alongside a decrease
in green intermediate goods production of −0.02%. Therefore, the real scenario to assess
the effect of reducing bank regulation frictions for green loans is Scenario [11], which
combines the decrease in the green loan risk weight with a corresponding decrease in the
green loan absconding rate. This works as desired as the green loan interest rate drops
to 2.18 percentage points (pp), which provides benefits to the green intermediate goods
sector, albeit at a low level of +0.08%. This spills over to the brown sector, which can
also increase production by +0.02%. Therefore, emissions do not fall. Financial stability,
as proxied by the capital adequacy ratio, is also not affected and just increases by 9 basis
points to 15.38. Increasing solely the brown loan risk weight in Scenario [19] entails the
desired effect of increasing the loan costs to brown entrepreneurs (the loan interest rate
increases to 2.55pp) and, at the same time, leads to a small decrease in the green loan
interest rate. Small benefits to the green sector’s production (+0.03%) and small de-
clines in the brown sector’s production (-0.03%) are recorded, while there is no effect on
emissions. Combining the brown loan risk weight increase with an increase in the brown
loan absconding rate in Scenario [12] is the bank regulation policy which has the largest
effects on economic outcomes, similar to the findings of Diluiso et al. (2021) who demon-
strate that the policy to relatively penalize brown loan issuance is more effective than to
relatively reward green loan issuance. There is a considerable increase in both green loan
financing costs (rg = 2.84pp) and brown loan financing costs (rb = 3.28pp). So, relatively
speaking, taking out green loans becomes cheaper than taking out brown loans. This
is reflected by green (brown) intermediate goods production increasing (decreasing) by
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+0.06% (−0.50%), though this is achieved by adjusting labour shares across the sectors,
as loan demands and investment needs fall in all sectors. Additionally, both renewable
energy production (−0.12%) and brown energy imports and emissions (−0.01%) slightly
decrease. On aggregate, final goods output (−0.31%), aggregate private consumption
(−0.43%), and – most substantially – aggregate private investment (−1.39%) decrease.
Notably, there is no loss of financial stability, but rather a gain, as the capital adequacy
ratio increases to 18.38%, due to the higher loan interest rates the banks charge on brown
loans in particular.

Secondly, simulating increasing LIA ratios for the green entrepreneurs (Scenario [13])
and for the brown entrepreneurs (Scenario [14]) can be both interpreted as increasing
financial frictions or providing more loans in the respective sector. Due to the decreasing
interest rates for both types of loans in both scenarios, the latter interpretation seems to
prevail. Since these changes in the strength of financial frictions fail to imply different
interest rates for the two types of loans, these policies cannot be considered success-
ful sector-specific financial policies. Scenario [13] implies a small decline in production
volumes of green intermediate goods (−0.03%) and renewable energy (−0.01%), while
providing small stimuli to the brown sector, final goods output, and aggregate private
consumption. Scenario [14] leads to increases in all production volumes and investments,
while leading to a small decline in aggregate private consumption (−0.06%).

To sum up, bank regulation policies and changes in financial frictions in my model
seem to imply very small aggregate effects and completely fail to reduce emissions.21 Nev-
ertheless, they can be used to stimulate certain sectors of the economy more than others.
This finding does not come as a big surprise as several studies find rather small effects of
using sector-specific bank loan risk weights or sector-specific loan issuance subsidies/taxes
(Carrattini et al., 2021; Diluiso et al., 2021) or unconventional monetary policy (Ferrari
and Nispi Landi, 2021; Abiry et al., 2022) for the purpose of reducing emissions in the
long run (Diluiso et al., 2021, do find sizeable output effects of a policy penalizing brown
loan issuance for the short to medium run up to 40 quarters, however). An interesting
exception is Benmir and Roman (2020) who find that reducing the green loan absconding
rate increases steady-state output by 1.03% and reduces the welfare loss due to carbon
taxation from −1.18% to −0.53%.

5.2.4 Combinations of policies from different categories

I also analyze several scenarios that combine policies from the three categories above
which are discussed in this section. In particular, these 5 scenarios are analyzed here:

21This failure is partly related to using a relatively small degree of asymmetry in the bank capital
requirement cost function (Equation 46), relative to Valencia et al. (2017). However, this is needed
to match the data statistics of the Latvian economy well (especially with respect to macroeconomic
volatilities). See Section 6.2 for a sensitivity analysis using a higher asymmetry in the cost function.
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an increase in the domestic carbon tax rate to 11.84%, alongside assuming that environ-
mental tax revenues are utilized in the same way as standard tax revenues by increasing
the share of wasteful spending from environmental tax revenues to 88.3%, i.e. setting
sb = 0.883, and reducing the share of the public investment spending from environmental
tax revenues directed to green public investment from 1 to sg, i.e. setting 1tax

b,env = 1 (Sce-
nario [9]); similarly, Scenario [10] combines reducing the emissions cap to 82.66% with
environmental tax revenues being utilized in the same way as standard tax revenues from
consumption and labour taxation (Scenario [10]); Scenarios [15], [16], and [17] combine
the joint reduction of the green loan risk weight and absconding rate with an increase in
the domestic carbon tax rate to 11.7%, with an increase in the foreign carbon tax rate
to 11.7%, and with a decrease in the emissions cap to 82.66%, respectively.

Firstly, I analyze the effects of assuming that environmental tax revenues in the green
transition induced by one of two environmental policies (domestic carbon tax rate and
emissions cap) are used just like the standard tax revenues in Scenarios [9] and [10]. These
two scenarios combine a change in environmental policy with a change in fiscal policy.
Relative to scenarios [1] and [4], these two scenarios entail larger aggregate losses, with
respect to both final goods output and aggregate private consumption, due to the less
favourable fiscal support of the green sector in these cases. This is especially pronounced
when looking at the introduction of the domestic carbon tax rate, which now leads to a
decline of −1.34% in GDP, while the change was virtually zero in Scenario [1].22 For the
emissions cap policy, the additional GDP loss is only equal to 5 basis points. These results
can be easily explained by looking at the changes in public investments. Green public
investment only increases by +3.90% in Scenario [9] which is even less than the increase in
brown public investment of +5.32% (while in Scenario [1] these numbers were +60.44%
and −3.52%, respectively). Both public investments now decrease in Scenario [10] at
rates of change of close to −2%, while Scenario [4] entails an increase in public green
investment of +0.10%. Generous green subsidy conditions are, therefore, instrumental to
alleviate the negative aggregate economic effects of the green transition.

Secondly, bank regulation policy in the form of reducing the green loan risk weight
and absconding rate is combined with one of three environmental policies (domestic
carbon tax rate, foreign carbon tax rate, and emissions cap) in Scenarios [15], [16], and
[17]. Thus, here I analyze scenarios that combine bank regulation and environmental
policies. As expected from the previous analysis of the bank regulation policy to reduce
both the green loan risk weight and absconding rate, the results are essentially almost
indistinguishable to the Scenarios [1], [3], and [4], which just study environmental policy

22These numbers are in line with the current literature. For example, Diluiso et al. (2021) find a
GDP loss of −0.8% in their euro area model for a larger emission reduction target (24% instead of 17%
by 2030) without any carbon tax recycling, while Varga et al. (2021) find a value of −1.83% in the
regulation policy case and values between −0.86% and −0.61% in the scenarios that feature a carbon
tax and several revenue recycling methods for a 94% emissions reduction scenario by 2050.
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changes. There is a little support to alleviate the negative aggregate GDP effect caused
by environmental policy changes, but it does not prove to be a significant change. Hence,
there is little interaction found between these policies, similar to Abiry et al. (2022) who
also do not find significant feedback effects between green QE and carbon tax policies.

5.3 Transition period analysis

After discussing the short-run transitory dynamics of economic shocks in Section 5.1 and
the effects of changes in parameters on the steady state of the model in 5.2, in this section
I combine these two approaches and provide a transition period analysis of permanent
shocks to the economy.

Specifically, only the two most successful and traditional environmental policies to
achieve the desired carbon emissions reduction of 17% are analyzed in this section: do-
mestic carbon tax and reduction in emissions cap. I use the benchmark calibration as the
initial value for both transition period simulations and set 2005 as the starting date, in
line with Latvia’s likely target to reduce carbon emissions by 17% in 2030 with a baseline
reference year of 2005. The scenario calibrations [1] and [4] discussed in the previous
section are used as the main model. Therefore, the model converges to the long-run
scenario values, as implied by the initial value for the exogenous variable (e.g. domestic
carbon tax rate of 0%) and the final value (e.g. domestic carbon tax rate of 11.68%) and
subject to the chosen persistence parameter (always 0.85) which implies convergence to
the final value of the exogenous variable around 2030. However, the path is uncertain
as shocks to the exogenous variable can happen in any year (see, for example, Barnett,
2020; Donadelli et al., 2020; Bretschger and Soretz, 2022, for reasons why uncertainty
in environmental policies to combat climate change can be important to consider). The
graphs containing the transition periods for these two scenarios are depicted for 55 years
from 2005 to 2060 and provided in Appendix D.

Domestic carbon tax rate This transition scenario is depicted in Figure D.1. Shocks
to the domestic carbon tax rate induce a large amount of uncertainty in the path of the
domestic carbon tax rate (panel L) and, consequently, in the path of macroeconomic
variables like final goods output (Panel A), green intermediate goods production (Panel
D), brown intermediate goods production (Panel E), and – to a lesser extent – renewable
energy production (Panel F). However, the general directions, as derived in Section 5.2,
are clearly visible. Final goods output does not substantially change in the long run, while
the mean path for green (brown) intermediate goods output converges to a considerably
higher (lower) level. Renewable energy production behaves similarly to green intermediate
goods production. And so do the capital stocks (Panels G–I). This results in a significantly
lower level of emissions in the long run (Panel K), but there is substantial variability
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across the paths. Very noticeable is also the initial increase in carbon emissions due to
the initial increase of brown intermediate goods production, in line with evidence from
Barnett (2020) who demonstrates in his model that policy uncertainty can lead to a
run on oil by oil firms before the uncertain point in time when oil mining will become
restricted. This, in turn, also leads to an initial dip in green intermediate goods and
renewable energy production (Panels D and F).

Emissions cap Finally, the transition dynamics induced by a convergence to a lower
emissions cap are depicted in Figure D.2. In contrast to the previous transition dynamics,
the transition here seems to be smoother, when looking at the emissions dynamics which
smoothly converge to a lower value from the first year of the transition onward (Panel K).
There are still some non-smooth dynamics in the first 2–3 years of the transition period in
aggregate macroeconomic quantities and sector production volumes (Panels A–C and D–
F) though, which originate from labour supply dynamics and adjustments in the current
account (i.e. foreign bond holdings). However, an effect like a run on brown energy
imports, as observed in the previous transition scenario, is absent here. Despite again
displaying a considerable amount of uncertainty stemming from unexpected emissions
cap shocks, one can still clearly see the loss in final goods output over the long run that
was previously documented in the scenario analysis (Panel A). The green sector benefits
again in the long run and the brown intermediate goods sector loses ground (Panels D
and E), which is also reflected by capital stock dynamics (Panels G–I).

6 Robustness and Sensitivity Analysis

This section investigates three alternative setups of the model, two setups pertain to a
different use of public funds and one setup to implementing a different financial friction
(regulation). Moreover, one alternative calibration is explored in which the asymmetry
in the capital requirement cost function is considerably increased. The technical details
on the three alternative model setups as well as the tables with the results from all four
robustness checks that are discussed below are provided in Appendix E.

6.1 Alternative uses of public funds

In the benchmark model, productive public funds (i.e. government revenue net of wasteful
public consumption) are used to build public capital that increases firm productivity in
the domestic economy. Here, I analyze two alternative uses: (i) these funds are distributed
in a lump-sum fashion to both types of entrepreneurs and (ii) these funds are used as an
investment subsidy that finances a fraction of private investment expenditures of both
types of entrepreneurs. I will concentrate both on the effect of these assumptions on
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simulated moments of the model as well as on a subset of the 20 scenarios analyzed in
the previous section.

Lump-sum transfers to entrepreneurs Switching to using productive public funds
for lump-sum transfers requires me to slightly change some other parameters to ensure
model convergence. The start-up funds of workers to banks have to be slightly increased
as a share of bank net worth (τ = 0.133). In addition, the emissions cap is taken out
of the toolkit of the environmental regulator by setting ϕ1 = ϕ2 = 0. Table E.1 (fifth
column) reports the simulated moments of this model variant. There are no significant
deviations in the simulated means except for the expected change in moments involving
the emissions cap violation costs, as both ratios become zero. One can, however, observe
more economic fluctuations in this model. All volatilities of log growth rates increase, with
the exception of log aggregate private consumption growth rate volatility that experiences
a mild decline from 13.5pp to 11.3pp. The reason is the higher volatility in the income
of entrepreneurs due to the novel public lump-sum transfer component which transcends
to larger fluctuations in production quantities in general equilibrium.23

Turning to the scenario analysis, the left-hand side of Table E.2 reports the results
of five scenarios in this alternative model. The first scenario simulates an increase in the
domestic carbon tax rate to reduce emissions by 17%, which now leads to a large loss in
final goods output of −1.88%, in contrast to the benchmark model, where the loss was a
mere −0.07%. This stark difference, due to lump-sum transfers to green entrepreneurs,
is much less effective in stimulating ‘green’ growth than public investments that lead to
public capital. Realizing that the Scenarios [2] and [4] (brown energy price increase from
0.2583 in the alternative benchmark model to 0.3022 and domestic carbon tax increase
plus environmental revenues being treated just like standard tax revenues, respectively)
lead to exactly the same GDP and sector-specific production output and investment
outcomes makes clear that lump-sum transfers have no effect on the production side of the
economy whatsoever. One positive difference to the benchmark model is the considerably
reduced loss in aggregate private consumption levels (−1.48% in Scenario [1], −1.73% in
Scenario [2], and −1.83% in Scenario [4]), translating to a lower welfare loss.24 Therefore,
Scenario [3], which simulates an increase in the share of lump-sum transfers going to
green entrepreneur, yields no real effects on the economy. In Scenario [5], the domestic

23The just discussed changes relative to the benchmark model should have been actually compared to
an alternative benchmark model, in which the same parameter adjustments have been applied. Thus,
it is not exactly a fair comparison and more like comparing apples with oranges what I have done here.
Thus, I have also computed the moments of this alternative benchmark model (results are available from
the author upon request), and the observations regarding volatilities stay the same. There are higher
bank capital adequacy ratios in the lump-sum transfer model relative to the alternative benchmark model
as an additional observation that can be made from this analysis.

24This might be partly due to the involuntary recalibration as well, however.
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carbon tax rate increase is coupled with a reduction in the green loan risk weight and
absconding rate leads to similar aggregate outcomes, while the green sector gains more
and the brown sector loses more due to cheaper loans to the green entrepreneurs. One
interesting difference to the benchmark scenario analysis that remains to be mentioned is
the much smaller carbon tax rate (3.2% instead of 11.7%) needed to induce an emissions
reduction of 17%.

Investment subsidies to partly finance private investments by entrepreneurs
Table E.1 (sixth column) reports the simulated moments of this model variant. I had
to adjust the model parameters slightly here as well for model stability and deactivated
the emissions cap policy (ϕ1 = ϕ2 = 0). The relatively stable contribution of the govern-
ment to private investment expenditure (the government finances around 25.7% of green
entrepreneurs’ investment expenditure and 27.7% of brown entrepreneurs’ investment ex-
penditure in the steady state) leads to a higher aggregate investment to GDP ratio (an
increase by more than 7pp is observed relative to the benchmark model), which due to
the import content in investment goods bundles also implies increases in trade to GDP
ratios and lower investment growth volatility, which implies a small – yet substantial –
stabilizing effect for other macroeconomic volatilities, in particular with respect to sector-
specific investment growth rate volatilities. Notably, no change in public consumption
growth volatility is observed. Similar remarks as in Footnote 23 also hold for these obser-
vations, and there is now no additional observation that can be made regarding capital
adequacy ratios.

The right-hand side of Table E.2 reports the scenario analysis results. The same
scenarios as for the previous model variant are analyzed to facilitate comparability. The
public investment subsidies have an effect on growth, as in the benchmark model, but
they seem to be smaller. Thus, building (efficiently) public capital is found to be the best
policy regarding the use of public funds. There is still a sizeable GDP loss of −1.58%
in the domestic carbon tax rate scenario and of −1.57% when coupled with a reduction
in the green loan risk weight and absconding rate. But these scenarios fare better than
the increase in the brown energy price (−1.90%) and Scenario [2.4] which couples the
domestic carbon tax rate increase with environmental tax revenues used like standard
tax revenues (−1.76%). The aggregate private consumption losses are slightly larger
than in the previous model variant, however, pointing to lower welfare.

6.2 Different specifications and calibrations of financial frictions

Two robustness checks are analyzed in this section. Firstly, a higher asymmetry is cho-
sen in the bank capital requirement cost function to explore whether this could help
to make the capital requirement regulation more effective in assisting the green transi-
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tion. Secondly, instead of loan-in-advance constraints as the main financial friction on
the consumer side, I implement debt-to-income borrowing constraints.

High asymmetry in bank capital requirement cost function The left-hand side
of Table E.3 reports the scenario analysis results (five scenarios), while the third column
of Table E.1 reports the simulated moments of this alternative calibration. Also, this
calibration required me to deactivate the emissions cap and to considerably increase the
ratio of start-up funds to bank net worth to τ = 0.39 in order to obtain a stable model.
The increased asymmetry (and level) of the capital requirement cost function implies
larger costs of the banks (the fraction of bank capital requirement costs to bank net worth
increases from around 3% in the benchmark model to around 32%). The high asymmetry
also means that changes in the capital adequacy ratio produce greater economic effects, as
apparent from an enormous increase in macroeconomic volatility, especially for aggregate
investment growth.

The scenarios considered in Table E.3 are an increase in the LIA ratio for green loans
(Scenario [3.1]) or brown loans (Scenario [3.2]) on the left-hand side of the table. On
both sides of the table, a domestic carbon tax rate increase is coupled with a reduction
in green loan risk weight and absconding rate in Scenarios [3.3]/[4.3], a reduction in
the green loan risk weight in Scenarios [3.4]/[4.4], and an increase in the brown loan
risk weight in Scenarios [3.5]/[4.5]. As expected, there are indeed larger macroeconomic
effects from changing these bank regulation policies. GDP increases or decreases more in
the respective scenarios. However, emissions reductions still remain unfeasible to achieve
with bank regulation policies alone in these scenarios. Notably, the domestic carbon tax
rate increase coupled with the reduction in green loan regulation is slightly more harmful
to the economy in Scenario [3.3], as compared to Scenario [15] in Table 4 (−0.29% vs.
−0.06%), implying that the effectiveness of other green transition policies seem to be
significantly affected as well.

Debt-to-income borrowing constraints Table E.1 (fourth column) reports the sim-
ulated moments of this model variant. Due to an enormous observed decrease in macroe-
conomic volatility, I not only adapted the bank start-up fund size which was needed again
for model stability, but also increased volatility parameters to find a good match with
the data. In line with macro-prudential regulation, currently implemented in Latvia by
the financial regulator (see European Systemic Risk Board, 2022), I set the steady-state
debt-to-income ratio for brown (green) entrepreneurs to DTIb = 6 (DTIg = 2). There-
fore, brown entrepreneurs are regulated according to the nation-wide standard, while
green entrepreneurs are more credit-constrained as in the benchmark model to match the
low green loan ratio in the data and to capture potential resilience of banks to fund green
projects. This model does a very good job in matching aggregate investment growth
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volatility, but fails to produce the high volatility observed in the other macroeconomic
aggregates. Sector-specific intermediate goods production growth rates are, however, very
similar to the benchmark model moments, while there is now more volatility in brown
investment growth than in green investment growth, contrary to the data.

The right-hand side of Table E.3 reports the scenario analysis results. Unlike the
left-hand side of the table, Scenario [4.1] simulates an increase in the green DTI ratio to
3 (from 2) and Scenario [4.2] a decrease in the brown DTI ratio to 4 (from 6). The key
take-away from this side of the table is that switching to DTI instead of LIA constraints
does not change the general big picture: Relieving financial constraints for the green
sector or making it harder for the brown sector to take out loans is good for the green
sector and harmful for the brown sector, but this leads neither to large aggregate effects
nor sizeable emissions reductions.

7 Conclusion

In this study, I develop a small open economy model with green and brown sectors, banks
subject to capital requirements, and public investment. In terms of fiscal, environmental,
and bank regulation policies, domestic or foreign carbon taxes can be implemented, the
shares of public revenues directed to green (vis-à-vis brown) public investment can be
changed, a more stringent emissions cap can be set, as well as the relative severity of
financial frictions in green and brown loan origination can be altered. I quantify the
effects of changes in these policies with respect to achieving lower domestic emissions
while taking into account the effects of these policy changes on macroeconomic outcomes.

Among the policies that can achieve an emissions reduction of 17%, in line with
Latvia’s goal for 2030 (relative to the year 2005 carbon emissions), I find that the most
costly policy is the world price increase in brown energy (GDP loss equal to −2.53%).
Second comes the emissions cap reduction policy (−1.86% or −1.91%25). Finally, the do-
mestic carbon tax rate implies the emissions reduction at basically no GDP loss (−0.07%).
However, it is important that these tax revenues are used for green (and not brown) public
investment, since otherwise the GDP loss increases to −1.34%.

Furthermore, bank regulation policies and changes in sectoral financial frictions prove
to be mostly useless to induce emissions reductions. They can, however, slightly stimulate
aggregate economic activity (especially in the green sectors). Increasing the asymmetry
in the bank capital requirement cost function makes the effects of such policy changes
greater, but even then these policy changes do not generate large emissions reductions.
Other fiscal policies might be quite costly (e.g. foreign carbon taxes producing domestic

25The outcome is −1.91% if environmental tax revenues are not exclusively distributed to green public
investment and wasteful public spending but also to brown public investment in the same way as standard
tax revenues.
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GDP losses of −3.99%, changing green public investment shares producing GDP losses
of roughly −0.6%) while failing to reduce domestic emissions considerably.

The transition period dynamics for the domestic carbon tax-induced green transition
prove that the risk of stranded assets induce firms to utilize brown energy as long as it
is not too costly in anticipation of considerably higher costs in the future. The green
transition induced by lowering the emissions cap seems to be much smoother, in terms
of emissions dynamics.

When productive public funds are used to provide lump-sum transfers to entrepreneurs
instead of being used to build public capital, the differential results with respect to GDP
losses disappear, but welfare and aggregate consumption outcomes appear to become
better. When these productive public funds are used instead as subsidies to partly fi-
nance private investment expenditure of entrepreneurs, the GDP outcome becomes less
optimistic for the domestic carbon tax introduction and there is a smaller amount of
heterogeneity with respect to GDP outcomes, pointing to a lower efficiency of subsidizing
private investment expenditure relative to building public capital.

Going forward, the transition period analysis could be extended to compare orderly
vs. disorderly transitions directly. Moreover, the model allows for further extensions in
future work, e.g. by including price setting frictions and inflation dynamics, by adding
externalities caused by domestic emissions, or by extending the bank regulation policy
tool set with reserve requirements or other tools. Furthermore, a two- or three-country
model could be worthwhile to develop to better account for monetary policy implemen-
tation in the euro area and economic developments in foreign economies. This would
allow to address some shortcomings of my one-country model. Specifically, channels like
the international harmonization (in both level and timing) of carbon taxes or other en-
vironmental policies, the reallocation or attraction of green or brown industries, firms,
or production via changes in foreign direct investment or trade flows, as well as differ-
ences in national or supranational bank regulation policies could be explored in such a
multi-country setting.
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A Equilibrium
I solve for the competitive equilibrium of this economy by letting all agents maximize utility or value subject to the specific
constraints the agents face. I first formulate and solve for the agent-specific optimization problems. Subsequently, I define
the competitive equilibrium of the economy.

A.1 Workers
The workers maximize their expected utility (1) subject to the budget constraint (3) with the definition of the consumption
bundle (2) substituted into the objective function. This gives rise to the following Lagrangian:

L = Et
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,

where λw,t denotes the Lagrange multiplier attached to the budget constraint. First, the first order conditions with respect
to domestic consumption Cℓ

w,t, foreign consumption C∗
w,t, and total labour supply Lt are derived (please note again that

the last term above, i.e. the aggregate revenue from working capital loans which are transferred to the workers from the
entrepreneurs, is not taken into account by the workers in their optimization problem w.r.t. the optimal labour supply
decision):
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(A.3)

Lt : a(L− Lt)
1
f = λw,t(1− τwl )Wt, (A.4)

which can be combined to yield the following expression for the household’s stochastic discount factor:
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and the following consumption-labour trade-off condition:
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Second, the first order condition with respect to deposits Dt+1 is:
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which yields the following basic Euler equation:
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= Et[Mt,t+1Rd,t]. (A.8)

Third, the three first order conditions with respect to green intermediate goods demand Yg,t, domestic brown intermediate
goods demand Y ℓ

b,t, and foreign brown intermediate goods demand Y ∗
b,t are given by:
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A.2 Green entrepreneurs
The green entrepreneurs maximize their lifetime utility (6), subject to their budget constraint (8), the private green and
renewable energy capital accumulation equations (17) and (18), the loan-in-advance constraint (9), and the debt-to-income
borrowing constraint (10), after substituting the green intermediate goods production function (13) and renewable energy
production function (15) into the objective function:
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Note that for readability purposes the functional form of the green investment goods production function has not been
substituted into above Lagrangian. One also needs to substitute the following functions into the Lagrangian, i.e.
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,

for deriving the first order conditions. First, the two first order conditions with respect to the domestic and foreign
consumption goods demand of green entrepreneurs are given by:
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(A.14)

Second, the next ten first order conditions with respect to green labour Lg,t, renewable energy demand Ed
t , private green

(renewable energy) capital demand Kg,t+1 (Ke,t+1), domestic private green (renewable energy) investment goods Iℓg,t
(Iℓe,t), foreign private green (renewable energy) investment goods I∗g,t (I∗e,t), green loans Bg,t+1, and renewable energy
labour Le,t are given by:
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A.3 Brown entrepreneurs
The brown entrepreneurs maximize their lifetime utility (22), subject to their budget constraint (24), the brown capital
accumulation equation (32), the loan-in-advance constraint (25), and the debt-to-income borrowing constraint (26), after
substituting the brown intermediate goods production function (29) into the objective function:

Lb = Et

[ ∞∑
s=0


βs
b

((
(1− ωb,c)

1
ηb,c (Cℓ

b,t+s)

ηb,c−1

ηb,c + (ωb,c)
1

ηb,c (C∗
b,t+s)

ηb,c−1

ηb,c

) ηb,c
ηb,c−1

1− γb
(A.25)
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(
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Note that for readability purposes the functional form of the brown investment goods production function has not been
substituted into above Lagrangian. One needs to also substitute the following function into the Lagrangian, i.e. Ib,t+s =(
(1− ωb,i)

1
ηb,i (Iℓb,t+s)

ηb,i−1

ηb,i + (ωb,i)
1

ηb,i (I∗b,t+s)

ηb,i−1

ηb,i

) ηb,i
ηb,i−1

, for deriving the first order conditions. First, the two first

order conditions with respect to the domestic and foreign consumption goods demand of brown entrepreneurs are:

Cℓ
b,t : (1 + τc)λb,t =

(
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, (A.26)

C∗
b,t : (1 + τc)[(1 + ιcb)St + tcb]λb,t =

(
(Cb,t − hbCb,t−1)

−γb − βbhbEt

[
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. (A.27)

Second, the next six first order conditions with respect to brown labour Lb,t, brown energy Zt, brown capital Kb,t+1,
domestic brown investment goods Iℓb,t, foreign brown investment goods I∗b,t, and brown loans Bb,t+1 are given by:

Lb,t : Wt(νfR
∗
t e

RPt + 1− νf + τel )λw =
α3(1 + µDTI

b,t DTIb,t)pb,tY ℓ
b,t

Lb,t
, (A.28)

Zt : λb,t(Stpz,t + τz,t) + Et
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=
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, (A.29)

Kb,t+1 : qb,t = Et
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I∗b,t : Et

[
βbqb,t+1

[
1−

ϕb,i

2

(
Ib,t

Ib,t−1
− 1

)2

− ϕb,i

(
Ib,t

Ib,t−1
− 1

)
Ib,t

Ib,t−1

]]
(ωb,iIb,t)

1
ηb,i (I∗b,t)

− 1
ηb,i (A.32)

+ Et

[
β2
b qb,t+2

[
ϕb,i

(
Ib,t+1

Ib,t
− 1

)(
Ib,t+1

Ib,t

)2]]
(ωb,iIb,t)

1
ηb,i (I∗b,t)

− 1
ηb,i = (1 + µLIA

b,t LIAb,t)λb,t[(1 + ιib)St + tib],

Bb,t+1 : 1 + µLIA
b,t +mbµ

DTI
b,t = Et

[
βb

λb,t+1

λb,t
Rb,t+1

]
. (A.33)

A.4 Banks
The banks maximize their value Vj,t(NWj,t), defined by the Bellman Equation (42) which is assumed to satisfy Vj,t(NWj,t) =

vtNWj,t, subject to their incentive compatibility constraint (43). This implies bank j’s optimization problem:

Lj = Et

[
(1− θt+1)Mt,t+1

NWj,t+1

λw
+ θt+1Mt,t+1vt+1

NWj,t+1

λw

]
−

vtNWj,t

λw
(A.34)

−
µicc,t

λw

(
Ψ(κg,tBg,j,t+1 + κb,tBb,j,t+1)− vtNWj,t

)
,

where the Lagrange multiplier µicc,t is attached to the incentive compatibility constraint. For deriving the following first
order conditions with respect to green loans Bg,j,t+1, brown loans Bb,j,t+1, and net worth NWj,t, one also has to substitute
into the objective function the law of motion for individual bank’s net worth (40):

Bg,j,t+1 : µicc,tΨκg,t = Et

[
Mt,t+1Ωt+1

(
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Bb,j,t+1 : µicc,tΨκb,t = Et
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NWj,t : (1− µicc,t)vt = Et

[
Mt,t+1Ωt+1

(
Rd,t + γ1e

−γ0(NWj,t−capreq·RWAj,t) − γ2

)]
, (A.37)

where the bank’s stochastic discount factor is different from the worker’s stochastic discount factor by the term:

Ωt+1 = 1− θt+1 + θt+1vt+1. (A.38)

A.5 Definition of the equilibrium (LIA constraint version)
The competitive equilibrium system with just LIA constraints (and no DTI constraints) consists of a set of 87 variables
that solves a set of 87 equations. In particular, the following set of 87 variables, i.e.

{
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ℓ
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ℓ
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∗
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ℓ
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∗
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g,t ;µDTI
b,t ;µDTI

g,t ;µicc,t; Γz,t; Γ
capreq
t ; Γ∗

b,t

pg,t; pb,t; pe,t; pz,t;RPt;Mt,t+1;λw,t;λg,t;λb,t; qg,t; qe,t; qb,t;ϕt; τz,t; τ
∗
b,t;κg,t;κb,t; υg,t; υb,t;EUt;LIAg,t;LIAb,t

}

solves the following 85 equations – (2), (3), (4), (5), (7), (8), (9), (11), (13), (14), (15), (16), (17), (18), (19), (20), (21),
(23), (24), (25), (27), (29), (30), (31), (32), (33), (34), (35), (36), (37), (38), (39), (41), (43), (44), (45), (46), (47), (48),
(49), (50), (51), (52), (53), (55), (56), (57), (58), (59), (60), (61), (62), (63), (A.2), (A.3), (A.4), (A.5), (A.8), (A.9), (A.10),
(A.11), (A.13), (A.14), (A.15), (A.16), (A.17), (A.18), (A.19), (A.20), (A.21), (A.22), (A.23), (A.24), (A.26), (A.27), (A.28),
(A.29), (A.30), (A.31), (A.32), (A.33), (A.35), (A.36), (A.37), (A.38) – and the following two equations:

µDTI
g,t ≡ 0, (A.40)

µDTI
b,t ≡ 0. (A.41)

The necessary modifications of this equilibrium system to include DTI borrowing constraints and to remove the LIA
constraints are discussed in the third paragraph of Appendix E.
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B Data and Parameter Summary Tables

B.1 Details on the data

The Latvian data used to calibrate the model and to assess the data fit mostly comes
from Eurostat. Whenever possible, the time period 1995–2020 is used; however, a number
of time series are only available for a shorter period of time. Data from Latvia’s Credit
Register for the period 2018–2021 is also used to obtain information about (sectoral) loan
amounts and loan interest rates. Information on the aggregate banking sector in Latvia
comes from the ECB Statistical Data Warehouse for the period 2010–2020.

Macroeconomic aggregates For the macroeconomic aggregates, per-capita quarterly
time series are constructed by using the annual data on “Total population national con-
cept” as the denominator and linearly interpolating the annual population numbers to
obtain a quarterly time series. Quarterly nominal GDP is “Gross domestic product at
market prices” and made real by using the GDP deflator “Price index (implicit deflator),
2010=100, euro”. Nominal consumption is “Final consumption expenditure” and deflated
using the 2010 consumption deflator, and nominal investment is “Gross fixed capital for-
mation” and deflated using the 2010 investment deflator. Nominal imports and exports
are downloaded using the time series “Imports of goods and services” and “Exports of
goods and services” and deflated using the respective deflator series. Net exports are
defined as exports minus imports.

All series are seasonally and calendar adjusted data and all these series are available
from 1995:Q1 to 2020:Q4. For the log growth rates, first, quarterly log growth rates are
constructed and then summed up to form annual growth rate series.

Employment data To obtain the share of entrepreneurs in total population, I use
quarterly Eurostat data for Latvia between 2005:Q1 and 2020:Q4 on “Employment by
sex, age and professional status” and divide “Employed persons except employees” by
“Employed persons”. To obtain the ratio of green entrepreneurs to brown entrepreneurs,
I use quarterly Eurostat data for Latvia between 2008:Q1 and 2020:Q4 on “Employment
by sex, age and detailed economic activity (from 2008 onwards, NACE Rev. 2 two digit
level)” (age class 15–64 years) and sum up all the employed people in green sectors and all
the employed people in brown sectors (according to the sectoral classification in Table B.1
and as far as available) and divide the obtained green sector employment numbers by the
brown sector employment numbers.

Government-related data In the same way as the aforementioned macroeconomic
aggregates, nominal government consumption is given by “Final consumption expenditure
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Table B.1: Green and brown sector: Composition and emissions intensities

NACE 2 activity Green, brown, Emissions
or neutral sector intensity

Crop and animal production, hunting and related service activities Brown 1928.65
Manufacture of other non-metallic mineral products Brown 1754.80
Air transport Brown 1024.70
Land transport and transport via pipelines Brown 853.31
Fishing and aquaculture Brown 811.64
Manufacture of basic metals Brown 305.57
Water transport Brown 267.98
Forestry and logging Brown 207.92
Manufacture of chemicals and chemical products Brown 138.75
Manufacture of basic pharmaceutical products and pharmaceutical preparations Brown 118.07
Other personal service activities Brown 110.10
Repair and installation of machinery and equipment Neutral 93.91
Manufacture of wood and of products of wood and cork, except furniture; Neutral 89.92
manufacture of articles of straw and plaiting materials
Water collection, treatment and supply Neutral 88.08
Wholesale trade, except of motor vehicles and motorcycles Neutral 81.48
Rental and leasing activities Neutral 81.10
Manufacture of coke and refined petroleum products Neutral 75.00
Wholesale and retail trade and repair of motor vehicles and motorcycles Neutral 67.03
Manufacture of other transport equipment Neutral 61.54
Postal and courier activities Neutral 59.01
Human health activities Neutral 53.69
Manufacture of paper and paper products Neutral 50.75
Manufacture of machinery and equipment n.e.c. Neutral 46.98
Sports activities and amusement and recreation activities Neutral 46.93
Warehousing and support activities for transportation Neutral 45.46
Architectural and engineering activities; technical testing and analysis Neutral 45.07
Retail trade, except of motor vehicles and motorcycles Neutral 41.40
Manufacture of rubber and plastic products Neutral 40.09
Manufacture of fabricated metal products, except machinery and equipment Neutral 30.80
Repair of computers and personal and household goods Neutral 29.02
Manufacture of electrical equipment Neutral 26.29
Printing and reproduction of recorded media Neutral 23.22
Manufacture of motor vehicles, trailers and semi-trailers Neutral 22.88
Advertising and market research Green 21.49
Publishing activities Green 17.16
Scientific research and development Green 13.77
Insurance, reinsurance and pension funding, except compulsory social security Green 10.67
Activities auxiliary to financial services and insurance activities Green 10.27
Telecommunications Green 9.33
Travel agency, tour operator and other reservation service and related activities Green 9.10
Manufacture of computer, electronic and optical products Green 7.10
Financial service activities, except insurance and pension funding Green 6.58
Employment activities Green 5.42
Activities of membership organisations Green 4.69

Notes: This table reports average emissions intensities of 44 different NACE 2 activities for the period
2008–2019, calculated using Eurostat data for Latvia. Specifically, the emissions intensity is calculated
as CO2 equivalent emissions (in gram) per euro of output (2010 chain linked volumes) by using anual
Eurostat data for Latvia on “air emissions intensities by NACE Rev. 2 activity”. Moreover, the table
indicates in the second column whether the activity belongs to the brown sector, to the green sector, or
to neither of the two, according to being either in the top quartile of emissions intensities or the lowest
quartile, or being in the two quartiles in the middle, respectively.
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of general government”, deflated using the respective government consumption deflator
and made a per-capita series by using the total linearly interpolated population data.

Regarding the ratio of environmental tax revenues to total tax revenues, annual Eu-
rostat data for Latvia for the period 1995–2020 is used on “Percentage of total revenues
from taxes and social contributions (excluding imputed social contributions)”.

Sectoral data Sectoral emissions intensities are calculated as CO2 equivalent emissions
(in grams) per euro of output (2010 chain linked volumes) by using annual Eurostat data
for Latvia on “air emissions intensities by NACE Rev. 2 activity” for the period 2008–
2019.

To construct real sectoral output data, annual Eurostat data for Latvia between 1995
and 2019 on “National accounts aggregates by industry (up to NACE A*64)” is used.
Specifically, output is the national accounts indicator and the units of measure “Current
prices, million euro” and “Price index (implicit deflator), 2010=100, euro” are used to
construct real sectoral output data. According to the classification in Table B.1, the
11 green sectors’ output levels are summed up to form a green sector real output series
and, similarly, for the brown sector. The green sector share is the green sector’s output
divided by the sum of the green sector’s output and the brown sector’s output.

In the same way, sectoral real investment data is constructed by using the dataset
“Gross capital formation by industry (up to NACE A*64)”.

Environmental data The renewable energy share is available at Eurostat for the pe-
riod 2004–2020 and named “Share of energy from renewable sources”. Renewable energy
consumption is given by annual Eurostat data for Latvia for the period 1995–2020 on
“Final energy consumption (Europe 2020–2030)” times the renewable energy share (thus
renewable energy consumption is available only between 2004 and 2020 for Latvia. The
resulting annual time series is used to construct an annual log growth rate series.

To construct the share of the EU ETS revenues distributed to Latvia as a percentage
of Latvia’s GDP, the total nominal EU ETS revenue from 2019 is used26 and taken to
be exactly 14 billion euros and the share of Latvia’s GDP in total EU GDP (2019) is
computed to be 0.19%. Latvia’s share of EU ETS revenues are then 0.19% times 14 billion
euros and this is divided by nominal Latvia’s GDP in 2019 to obtain 0.09%, as reported
in Table 1.

Bank, loan, and interest rate data Latvia’s household deposit rates for new deposits
come from the ECB Statistical Data Warehouse from 2004 onwards. The series name is

26Extracted from (accessed 12 August 2022) https://climate.ec.europa.eu/news-your-voice/
news/carbon-market-report-emissions-eu-ets-stationary-installations-fall-over-9-2020-11-18_
en.
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“Annualised agreed rate (AAR) / Narrowly defined effective rate (NDER), Credit and
other institutions (MFI except MMFs and central banks) reporting sector – Deposits with
agreed maturity, Up to 1 year original maturity, New business coverage, Households and
non-profit institutions serving households (S.14 and S.15) sector, denominated in euro”.
This monthly annualized series is utilized for the period 2004:M1–2020:M12.

The total loans to GDP ratio is constructed by dividing Non-MFI corporate loans in
Latvia by Latvia’s GDP. The resulting series is quarterly and available between 2011:Q1
and 2020:Q4. The Non-MFI corporate loans data is available from the ECB Statistical
Data Warehouse with the series name being “Loans vis-a-vis domestic NFC reported by
MFI excluding ESCB in Latvia (stock)”. Unweighted and risk-weighted capital adequacy
ratios are based on Latvijas Banka’s internal estimates for the period between 2011:Q1
and 2020:Q4.

Latvia’s Credit Register is used to obtain the outstanding nominal loan amounts in
December of each year and the nominal loan interest rates in December of each year for
sectors at the NACE 2 level. The data is available on an annual basis for the years 2018–
2021 only. The sectoral classification in Table B.1 is used to classify the loan amounts and
loan interest rates as green vs. brown. The loan amounts are then summed up to form
the green and brown sector’s loan amounts. The green loan share is the green sector’s
loan amount divided by the sum of the green sector’s loan amount and the brown sector’s
loan amount. The corresponding green and brown sector’s interest rates are computed
by using a value-weighted average (weighted by the share of the loans taken out by a
particular NACE 2 activity sector to the whole green or brown sector).

B.2 Parameter summary tables

The following Tables B.2–B.5 summarize all the parameters in use for the benchmark
model.
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Table B.2: Parameters borrowed from other studies

Parameter Description Value Source

{ωw,c, ωg,c, ωb,c} Import share consumption bundles 0.45 1
{ηw,c, ηg,c, ηb,c} Substitution elasticity consumption bundles 1.854 1
{ωg,i, ωe,i, ωb,i} Import share investment bundles 0.65 1
{ηg,i, ηe,i, ηb,i} Substitution elasticity investment bundles 1.059 1

hw Worker habit parameter 0.607 1
νf Working capital fraction 0.5 1
ϕ̃a Risk premium sensitivity to foreign bonds to GDP ratio −0.01 1
si Share of public investment expenditure 0.117 1
τc Consumption tax rate 0.210 1
τwl Labour-related tax rate (employees) 0.225 1
τel Labour-related tax rate (employers) 0.155 1
ϵ Green and brown intermediate goods substitution elasticity 3 2

Notes: This table reports the model parameters that are borrowed from other papers. Source codes:
1=Bušs and Grüning (2020); 2=Acemoglu et al. (2012).

Table B.3: Data moments and parameters set to match these moments

Parameter Description Value

Targeted steady states / data moments

Iaggr

Y
Aggregate private investment to GDP ratio 0.2184

Y g

Y g+Y
ℓ
b+Y

∗
b

Green sector share 0.3466

Bg

Bg+Bb
Green loan share 0.1209

E
E+Z

Renewable energy share 0.3541

Implied parameters

{δg, δe, δb} Capital depreciation rates 0.10
pz Steady-state log brown energy price ln(0.1507)

ωy,g Green intermediate goods share in final goods production 0.35
ωℓ
y,b Domestic brown intermediate goods share in final goods production 0.55

ω∗
y,b Foreign brown intermediate goods share in final goods production 0.10

π1 Renewable energy share in green intermediate goods production 0.09
π2 Green capital share in green intermediate goods production 0.21
π3 Labour share in green intermediate goods production 0.60
α1 Brown energy share in brown intermediate goods production 0.11
α2 Brown capital share in brown intermediate goods production 0.24
α3 Labour share in brown intermediate goods production 0.55
ν1 Green capital share in renewable energy production 0.70
ν2 Labour share in renewable energy production 0.20
LIAg Steady-state green LIA ratio 0.75
LIAb Steady-state brown LIA ratio 2.25

Notes: This table reports some data moments in the upper panel and the model parameters that are
set to match these data statistics in the lower panel.
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Table B.4: Data-implied, conventional, or ad-hoc parameters

Parameter Description Value

λw Share of workers in population 0.8844
λg Share of green entrepreneurs in population 0.0244
λb Share of brown entrepreneurs in population 0.0912
βw Worker time discount factor 0.985
βg Green entrepreneur time discount factor 0.98
βb Brown entrepreneur time discount factor 0.98
{γw, γb, γg} Relative risk aversions 1
hg Green entrepreneur habit parameter 0.25
hb Brown entrepreneur habit parameter 0.25
f Labour supply elasticity 0.7
L Total time endowment 3
a Worker leisure utility parameter 0.2920

{ϕg,i, ϕe,i, ϕb,i} Investment adjustment costs parameters 0.05
ϕd Deposit adjustment costs 1

Znocap Steady-state unrestricted emissions quantity 0.8649
x Steady-state log export quantity ln(0.6271)

s Steady-state log real exchange rate ln(0.7382)

Ψ Incentive compatibility constraint stringency 0.67
θ Steady-state bank survival probability 0.9
τ Size of bank start-up fund 0.129

capreq Regulatory capital adequacy ratio 0.135
{υg, υb} Steady-state loan risk weights 0.75
{κg, κb} Steady-state loan absconding rates 0.75
γ0 Bank capital requirement cost function parameter 1 60
γ1 Bank capital requirement cost function parameter 2 0.1
γ2 Bank capital requirement cost function parameter 3 0.1

ϕ Steady-state emissions cap stringency 1
τz Steady-state domestic carbon tax rate 0
τ∗b Steady-state foreign carbon tax rate 0
ϕ0 Emissions cap violation cost function parameter 1 60
ϕ1 Emissions cap violation cost function parameter 2 0.1
ϕ2 Emissions cap violation cost function parameter 3 0.1

sEU Steady-state share of EU funds as a fraction of GDP 0.0342
sEU
g Steady-state EU green public investment share 0.4485
sb Share of wasteful spending of environmental taxes and fees 0.649
sg Steady-state domestic green public investment share 0.3156
1
tax
b,env Distribution indicator for environmental tax revenues 0

{ιxw, ιcb, ιcg, ιcg, Iceberg transport costs 0.04
ιig, ι

i
e, ι

i
b} (all goods except imported brown goods)

{txw, tcb, tcg, tcg, Unit transport costs 0.06
tig, t

i
e, t

i
b, t

∗
b} (all goods)

ι∗b,1 Minimum iceberg transport costs for brown goods 0.04
ι∗b,2 Iceberg transport costs sensitivity to brown goods import share 0.06

Notes: This table reports the model parameters that are set exactly equal to empirical counterparts, to
conventional values in the literature, or in an ad-hoc way.
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Table B.5: Parameters of exogenous processes

Parameter Description Value

{ρg, ρe, ρb, ρk, ρz, ρx, ρs, Persistence
0.85ρθ, ρEU , ρϕ, ρυg , ρκg , ρυb

, ρκb
, levels

ρτz , ρτ∗
b
, ρpg, ρ

EU
g , ρLIA

g , ρLIA
b } (all shocks)

σg Volatility green labour productivity shocks 0.02
σe Volatility renewable energy labour productivity shocks 0.02
σb Volatility brown labour productivity shocks 0.02
σz Volatility brown energy price shocks 0.02
σk Volatility brown capital quality shocks 0.01
σθ Volatility bank survival probability shocks 0.005
σx Volatility export quantity shocks 0.004
σEU Volatility EU funds shocks 0.0025
σs Volatility exchange rate shocks 0.002
σr Volatility risk premium shocks 0.002
{σp

g , σ
EU
g , σϕ, συg

, σκg
, συb

Volatility parameters 0
σκb

, στz , στ∗
b
, σLIA

g , σLIA
b } (inactive shocks)

Notes: This table reports the persistence levels and shock standard deviations of the exogenous processes
in the model.
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C Impulse Response Functions

The following figures contain the impulse response functions for all shocks in the model
and for a selected number of variables.

The variables are: (A) final goods output (GDP) Yt, (B) aggregate private consump-
tion Caggr,t, (C) aggregate private investment Iaggr,t, (D) green private investment Ig,t,
(E) renewable energy private investment Ie,t, (F) brown private investment Ib,t, (G)
green intermediate goods output Yg,t, (H) domestic brown intermediate goods output
Y ℓ
b,t, (I) imported brown intermediate goods Y ∗

b,t, (J) risk-weighted capital adequacy ra-
tio NWt/RWAt+1, (K) brown energy imports (emissions) Zt, (L) renewable energy out-
put/consumption Et, (M) green public investment Ipg,t, (N) brown public investment Ipb,t,
(O) exogenous variable that is experiencing an unexpected shock.

The considered shocks are (all simulated shocks happen in period 1 and are subject
to a persistence level of 0.85): (Figure C.1) a positive shock to green labour productivity
Ag,t of size εg,1 = 0.02, (Figure C.2) a positive shock to green labour productivity Ab,t

of size εb,1 = 0.02, (Figure C.3) a positive shock to green labour productivity Ae,t of size
εe,1 = 0.02, (Figure C.4) a positive shock to brown capital quality Ak,t of size εk,1 = 0.01,
(Figure C.5) a negative shock to the bank survival probability θt of size εθ,1 = 0.005,
(Figure C.6) a positive shock to foreign demand Xt of size εx,1 = 0.004, (Figure C.7) a
positive shock to the exchange rate St of size εs,1 = 0.002, (Figure C.8) a positive shock
to the domestic risk premium RPt of size εr,1 = 0.002, (Figure C.9) a positive shock to
the price of brown energy pz,t of size εz,1 = 0.02, (Figure C.10) a positive shock to the
domestic carbon tax rate τz,t of size ετz ,1 = 0.01, (Figure C.11) a positive shock to the
foreign carbon tax rate τ ∗b,t of size ετ∗b ,1 = 0.01, (Figure C.12) a negative shock to the
emissions cap ϕt of size εϕ,1 = 0.025, (Figure C.13) a positive shock to the amount of EU
funds EUt of size εEU,1 = 0.0025, (Figure C.14) a positive shock to the domestic green
public investment share sg,t of size εpg,1 = 0.01, (Figure C.15) a positive shock to the EU
green public investment share sEU

g,t of size εEU
g,1 = 0.01, (Figure C.16) a negative shock

to the green loan risk weight υg,t of size ευg ,1 = 0.10, (Figure C.17) a positive shock to
the brown loan risk weight υb,t of size ευb,1 = 0.10, (Figure C.18) a negative shock to the
green loan absconding rate κg,t of size εκg ,1 = 0.10, (Figure C.19) a positive shock to the
brown loan absconding rate κb,t of size εκb,1 = 0.10, (Figure C.20) a positive shock to the
green LIA ratio LIAg,t of size εLIA

υg ,1 = 0.10, (Figure C.21) a positive shock to the brown
LIA ratio LIAb,t of size εLIA

υb,1
= 0.10.
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Figure C.1: Impulse response functions – green labour productivity shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to the
labour productivity of green intermediate goods production Ag,t (εg,1 = 0.02).
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Figure C.2: Impulse response functions – brown labour productivity shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to the
labour productivity of brown intermediate goods production Ab,t (εb,1 = 0.02).
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Figure C.3: Impulse response functions – renewable energy labour productivity shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to the
labour productivity of renewable energy production Ae,t (εe,1 = 0.02).
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Figure C.4: Impulse response functions – brown capital quality shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to
brown capital quality Ak,t (εk,1 = 0.01).
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Figure C.5: Impulse response functions – bank survival probability shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a negative one-standard-deviation shock to
the bank survival probability θt (εθ,1 = 0.005).
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Figure C.6: Impulse response functions – foreign demand shock
A: Yt B: Caggr,t C: Iaggr,t

0 5 10 15 20 25 30

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Output, %

0 5 10 15 20 25 30

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3
Aggregate consumption, %

0 5 10 15 20 25 30

-2

-1.5

-1

-0.5

0

0.5

1

1.5
Aggregate private investment, %

D: Ig,t E: Ie,t F: Ib,t

0 5 10 15 20 25 30

-1

0

1

2

3

4

5

6
Green private investment, %

0 5 10 15 20 25 30

-1

0

1

2

3

4

5

6
Private renewable energy investment, %

0 5 10 15 20 25 30

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5
Brown private investment, %

G: Yg,t H: Y ℓ
b,t I: Y ∗

b,t

0 5 10 15 20 25 30

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2
Green intermediate goods output, %

0 5 10 15 20 25 30

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
Brown intermediate goods output, %

0 5 10 15 20 25 30

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
Brown intermediate goods imports, %

J: NWt/RWAt+1 K: Zt L: Et

0 5 10 15 20 25 30

0.15

0.155

0.16

0.165

0.17

0.175
Capital adequacy ratio (risk-weighted)

0 5 10 15 20 25 30

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

0.025
Brown energy, %

0 5 10 15 20 25 30

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4
Renewable energy, %

M: Ipg,t N: Ipb,t O: Xt

0 5 10 15 20 25 30

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6
Green public investment, %

0 5 10 15 20 25 30

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1
Brown public investment, %

0 5 10 15 20 25 30

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45
Foreign demand, %

Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to
foreign demand Xt (εx,1 = 0.004).
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Figure C.7: Impulse response functions – exchange rate shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to the
exchange rate St (εs,1 = 0.002).
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Figure C.8: Impulse response functions – domestic risk premium shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to the
domestic risk premium RPt (εr,1 = 0.002).
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Figure C.9: Impulse response functions – brown energy price shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to the
brown energy price pz,t (εz,1 = 0.02).
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Figure C.10: Impulse response functions – domestic carbon tax rate shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive shock to the domestic carbon tax
rate τz,t (ετz,1 = 0.01).
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Figure C.11: Impulse response functions – foreign carbon tax rate shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive shock to the foreign carbon tax rate
τ∗b,t (ετ∗

b ,1
= 0.01).

75



Figure C.12: Impulse response functions – emissions cap shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a negative shock to the emissions cap ϕt

(εϕ,1 = 0.025).
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Figure C.13: Impulse response functions – EU funds shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive one-standard-deviation shock to EU
funds EUt (εEU,1 = 0.0025).
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Figure C.14: Impulse response functions – domestic green public investment share
shock
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Notes: This figure depicts impulse response functions for a positive shock to the domestic green public
investment share sg,t (εpg,1 = 0.01).
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Figure C.15: Impulse response functions – EU green public investment share shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive shock to the EU green public
investment share sEU

g,t (εEU
g,1 = 0.01).
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Figure C.16: Impulse response functions – green loan risk weight shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a negative shock to the green loan risk weight
υg,t (ευg,1 = 0.10).
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Figure C.17: Impulse response functions – brown loan risk weight shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive shock to the brown loan risk weight
υb,t (ευb,1 = 0.10).
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Figure C.18: Impulse response functions – green loan absconding rate shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a negative shock to the green loan absconding
rate κg,t (εκg,1 = 0.10).
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Figure C.19: Impulse response functions – brown loan absconding rate shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive shock to the brown loan absconding
rate κb,t (εκb,1 = 0.10).
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Figure C.20: Impulse response functions – green LIA ratio shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive shock to the green LIA ratio LIAg,t

(εLIA
g,1 = 0.10).
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Figure C.21: Impulse response functions – brown LIA ratio shock
A: Yt B: Caggr,t C: Iaggr,t
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Notes: This figure depicts impulse response functions for a positive shock to the brown LIA ratio LIAb,t

(εLIA
b,1 = 0.10).
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D Transition Period Dynamics

The following figures provide simulations of transition dynamics from the current bench-
mark model to the alternative model corresponding to specific scenarios, as discussed in
Section 5.2, for the period 2005–2060. Therefore, the benchmark model is taken to be
representative of the year 2005.27 Its steady state is taken as initial starting values for the
simulations. The model corresponding to the specific scenario is then utilized to let the
model converge from the initial steady state (benchmark calibration) to the alternative
calibration according to the specific scenario. All volatilities are, however, chosen to be
zero, except for the specific shock that induces the transition.

Specifically, Figure D.1 depicts the dynamics for the introduction of the domestic
carbon tax rate and a transition to the level needed to imply an emissions reduction of
17%. Shocks to the domestic carbon tax rate τz,t might happen along the way to account
for policy uncertainty (στz = 0.01). Next, Figure D.2 depicts the dynamics for a decrease
in the emissions cap that implies an emissions reduction of 17% in the long run. Shocks
to the emissions cap ϕt might happen along the way to account for policy uncertainty
(σz = 0.01).

In each figure, 12 variables are depicted: (A) final goods output (GDP) Yt, (B) aggre-
gate private consumption Caggr,t, (C) aggregate private investment Iaggr,t, (D) green inter-
mediate goods output Yg,t, (E) brown intermediate goods output/consumption Y ℓ

b,t, (F) re-
newable energy output Et, (G) private green capital stock Kg,t, (H) private brown capital
stock Kb,t, (I) private renewable energy capital stock, (J) green loan ratio Bg,t/(Bg,t+Bb,t),
(K) brown enery imports (emissions) Zt, and (L) the exogenous variable that is inducing
the transition, i.e. the domestic carbon tax rate τz,t or the emissions cap ϕt.

27Since the 17% emissions target for Latvia is chosen corresponding to 2005 base levels, as discussed
in Section 4, 2005 is chosen as the start date.
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Figure D.1: Transition dynamics – domestic carbon tax rate
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Notes: This figure depicts transition dynamics induced by an increasing domestic carbon tax rate
τz,t. The only shock active is the shock to the carbon tax rate ετz,t with an assumed volatility of
στz = 0.01 to capture policy uncertainty in the model. The solid blue line depicts the mean response
across 250 simulations for 55 years, whereas the dashed blue lines represent confidence bands, computed
as mean response ± 1.645 times the standard deviation across the 250 simulations at each point in time.
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Figure D.2: Transition dynamics – emissions cap
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Notes: This figure depicts transition dynamics induced by a decreasing emissions cap ϕt. The only
shock active is the shock to the emissions cap εϕ,t with an assumed volatility of σϕ = 0.01 to capture
policy uncertainty in the model. The solid blue line depicts the mean response across 250 simulations
for 55 years, whereas the dashed blue lines represent confidence bands, computed as mean response ±
1.645 times the standard deviation across the 250 simulations at each point in time.
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E Robustness and Sensitivity Analysis: Details

The following three paragraphs describe model modifications that are analyzed in Sec-
tion 6 to explore the sensitivity and robustness of the main results with respect to key as-
sumptions about the nature of public funds usage (the first paragraph describes the model
where productive public funds are distributed in a lump-sum fashion to entrepreneurs in-
stead of being used to build public capital, and the second paragraph describes the model
where productive public funds are used to partly finance the investment expenditures of
entrepreneurs instead) and the nature of financial frictions (the third paragraph describes
the necessary modifications to the equilibrium system to include the debt-to-income bor-
rowing constraints instead of the loan-in-advance constraints).

Lump-sum transfer model The public funds used as (green and brown) public in-
vestment expenditure in the benchmark model are now redistributed to the (green and
brown) entrepreneurs as lump-sum transfers.

Firstly, just to use more appropriate notation, let me denote these lump-sum transfers
by T p

g,t and T p
b,t, keeping the definitions unchanged relative to the benchmark model:

T p
g,t = si{sg,tτc(λwC

ℓ
w,t + [(1 + ιcw)St + tcw]λwC

∗
w,t + λgC

ℓ
g,t + [(1 + ιcg)St + tcg]λgC

∗
g,t

+ λbC
ℓ
b,t + [(1 + ιcb)St + tcb]λbC

∗
b,t) + sg,t(τ

w
l + τ el )λwWtLt}+ sEU

g,t EUt

+ (1− sb)(1− 1
tax
b,env + sg,t1

tax
b,env)(τz,tZt + Γz,t), (E.1)

T p
b,t = si{(1− sg,t)τc(λwC

ℓ
w,t + [(1 + ιcw)St + tcw]λwC

∗
w,t + λgC

ℓ
g,t + [(1 + ιcg)St + tcg]λgC

∗
g,t

+ λbC
ℓ
b,t + [(1 + ιcb)St + tcb]λbC

∗
b,t) + (1− sg,t)(τ

w
l + τ el )λwWtLt}+ (1− sEU

g,t )EUt

+ 1
tax
b,env(1− sb)(1− sg,t)(τz,tZt + Γz,t). (E.2)

Secondly, one has to delete the public capital accumulation equations (19) and (33) from
the set of equilibrium conditions and remove the public capital stocks from the produc-
tions functions for green intermediate goods, renewable energy, and brown intermediate
goods, which yields the following production functions:

Yg,t = (Ed
t )

π1(Kg,t)
π2(Ag,tλwLg,t)

π3 , (E.3)

Es
t = (Ke,t)

ν1(Ae,tλwLe,t)
ν2 , (E.4)

Y ℓ
b,t = (Zt)

α1 (Ak,t(Kb,t))
α2 (Ab,tλwLb,t)

α3 . (E.5)

Thirdly, the budget constraints of the entrepreneurs change to:

(1 + τc)(C
ℓ
g,t + [(1 + ιcg)St + tcg]C

∗
g,t) +

Wt(νfR
∗
t e

RPt + 1− νf + τ el )(λwLg,t + λwLe,t)

λg
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+
pe,tE

d
t

λg

+
Iℓg,t + [(1 + ιig)St + tig]I

∗
g,t

λg

+
Iℓe,t + [(1 + ιie)St + tie]I

∗
e,t

λg

+
Rg,tBg,t

λg

=
pg,tYg,t

λg

+
pe,tE

s
t

λg

+
Bg,t+1

λg

+
T p
g,t

λg

, (E.6)

and

(1 + τc)(C
ℓ
b,t + [(1 + ιcb)St + tcb]C

∗
b,t) +

Wt(νfR
∗
t e

RPt + 1− νf + τ el )λwLb,t

λb

(E.7)

+
(Stpz,t + τz,t)Zt

λb

+
Iℓb,t + [(1 + ιib)St + tib]I

∗
b,t

λb

+
Rb,tBb,t

λb

+
Γz,t

λb

=
pb,tY

ℓ
b,t

λb

+
Bb,t+1

λb

+
T p
b,t

λb

.

Investment subsidy model The modifications of the model in the previous paragraph
are very simple to make. For this model, where the public productive funds are used to
partly finance private investment expenditures of entrepreneurs, some more modifications
are necessary.

Firstly, some modifications are as in the last paragraph. Thus, Equations (E.1),
(E.2), (E.3), (E.4), and (E.5) are also valid for this model variant. Additionally, the
public capital accumulation equations (19) and (33) are again removed from the set of
equilibrium conditions.

Secondly, I introduce two additional variables, sp,ginv,t and sp,binv,t, which denote the shares
of private investment expenditure by green and brown, respectively, entrepreneurs, fi-
nanced by the government. These variables satisfy the following equilibrium conditions:

T p
g,t = sp,ginv,t

(
Iℓg,t + [(1 + ιig)St + tig]I

∗
g,t + Iℓe,t + [(1 + ιie)St + tie]I

∗
e,t

)
, (E.8)

T p
b,t = sp,ginv,t

(
Iℓb,t + [(1 + ιib)St + tib]I

∗
b,t

)
. (E.9)

Thirdly, the budget constraint of green entrepreneurs changes to:

(1 + τc)(C
ℓ
g,t + [(1 + ιcg)St + tcg]C

∗
g,t) +

Wt(νfR
∗
t e

RPt + 1− νf + τ el )(λwLg,t + λwLe,t)

λg

+
pe,tE

d
t

λg

+
(1− sp,ginv,t){Iℓg,t + [(1 + ιig)St + tig]I

∗
g,t + Iℓe,t + [(1 + ιie)St + tie]I

∗
e,t}

λg

+
Rg,tBg,t

λg

=
pg,tYg,t

λg

+
pe,tE

s
t

λg

+
Bg,t+1

λg

, (E.10)

Moreover, the brown entrepreneurs’ budget constraint is here given by:

(1 + τc)(C
ℓ
b,t + [(1 + ιcb)St + tcb]C

∗
b,t) +

Wt(νfR
∗
t e

RPt + 1− νf + τ el )λwLb,t

λb

+
(Stpz,t + τz,t)Zt

λb

+
(1− sp,binv,t){Iℓb,t + [(1 + ιib)St + tib]I

∗
b,t}

λb

+
Rb,tBb,t

λb

+
Γz,t

λb
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=
pb,tY

ℓ
b,t

λb

+
Bb,t+1

λb

. (E.11)

Fourthly, the LIA constraints for both types of entrepreneurs are adapted to look as
follows (replacing Equations 9 and 25):

Bg,t+1 ≥ LIAg,t(1− sp,ginv,t)(I
ℓ
g,t + [(1 + ιig)St + tig]I

∗
g,t + Iℓe,t + [(1 + ιie)St + tie]I

∗
e,t), (E.12)

Bb,t+1 ≥ LIAb,t(1− sp,binv,t)(I
ℓ
b,t + [(1 + ιib)St + tib]I

∗
b,t). (E.13)

Finally, a number of first order conditions in the optimization problems of the en-
trepreneurs change. Specifically, the right-hand sides of Equations (A.19), (A.20), (A.21),
(A.22), (A.31), and (A.32) change to:

. . . = (1− sp,ginv,t)(1 + µLIA
g,t LIAg,t)λg,t, (E.14)

. . . = (1− sp,ginv,t)(1 + µLIA
g,t LIAg,t)λg,t[(1 + ιig)St + tig], (E.15)

. . . = (1− sp,ginv,t)(1 + µLIA
g,t LIAg,t)λg,t, (E.16)

. . . = (1− sp,ginv,t)(1 + µLIA
g,t LIAg,t)λg,t[(1 + ιie)St + tie], (E.17)

. . . = (1− sp,binv,t)(1 + µLIA
b,t LIAb,t)λb,t, (E.18)

. . . = (1− sp,binv,t)(1 + µLIA
b,t LIAb,t)λb,t[(1 + ιib)St + tib]. (E.19)

Model modifications to replace LIA constraints by DTI borrowing constraints
It is very simple to change the model of Section 3 and its equilibrium (described in Ap-
pendix A) such that loan-in-advance constraints are replaced by debt-to-income borrow-
ing constraints. Firstly, assume that Equations (9) and (25) are replaced by µLIA

g,t ≡ 0 and
µLIA
b,t ≡ 0, respectively, in order to deactivate the loan-in-advance constraints. Secondly,

one needs to replace equilibrium conditions (A.40) and (A.41) by the debt-to-income
borrowing constraints in Equations (10) and (26).
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Table E.1: Alternative models and calibrations: Simulated moments

Moment Bench- High cap. req. DTI Lump-sum Investment Datamark asymmetry model transfer subsidy

E
[

Et

Et+Zt

]
27.02 27.02 26.75 27.54 26.70 35.41

E
[ Yg,t

Yg,t+Y ℓ
b,t+Y ∗

b,t

]
31.56 31.58 31.26 32.58 31.19 34.66

E
[
ωg,t =

Bg,t

Bg,t+Bb,t

]
18.88 18.92 18.01 19.39 18.71 12.09

E
[Γz,t

Yt

]
0.10 0.10 0.10 0.00 0.00 0.09

E
[Γz,t+τzZt

Taggr,t

]
0.40 0.00 0.40 0.00 0.00 8.84

E
[ Iaggr,t

Yt

]
19.97 19.93 20.22 20.00 27.26 21.84

E
[ IMPt

Yt

]
52.30 52.27 52.01 55.09 56.51 56.10

E
[EXPt

Yt

]
49.97 49.94 49.67 52.78 54.64 48.56

E
[Bg,t+Bb,t

Yt

]
28.83 28.77 117.36 28.66 28.87 106.22

E
[ NWt

RWAt+1

]
15.49 16.52 12.79 16.18 15.56 20.32

E
[ NWt

Bg,t+Bb,t

]
11.62 12.39 9.59 12.13 11.67 11.29

E[rd,t] 1.45 1.51 1.48 1.47 1.46 1.51
E[ωg,trg,t + (1− ωg,t)rb,t] 2.47 2.57 2.37 2.54 2.48 2.68
E[rg,t] 2.38 2.46 2.37 2.42 2.40 1.07
E[rb,t] 2.49 2.60 2.37 2.56 2.50 3.18

σ(∆yt) 5.31 7.01 2.25 7.22 5.18 5.72
σ(∆iaggr,t) 9.43 17.28 15.63 13.55 8.19 16.67
σ(∆caggr,t) 13.51 15.98 1.34 11.34 13.58 6.35
σ(∆gc,t) 8.36 9.98 1.88 11.34 8.36 5.98
σ(∆et) 2.02 2.64 1.94 2.74 1.86 6.01
σ(∆yg,t) 6.13 7.96 6.09 7.25 5.36 7.88
σ(∆yb,t) 5.19 6.78 4.06 7.50 5.43 8.07
σ(∆ig,t) 18.37 25.68 8.57 24.88 13.84 21.44
σ(∆ib,t) 10.01 18.85 21.15 15.23 8.39 8.63
σ(NXt/Yt) 2.86 3.76 3.18 4.35 3.24 5.33

Notes: This table reports the simulated model moments for the benchmark model (reproduced from Ta-
ble 1), for four alternative calibrations and models (described in Appendix E and analyzed in Section 6),
and the corresponding data counterparts for a variety of macroeconomic variables. The four alternative
calibrations and models are the following variations: (1) “High cap. req. asymmetry” assumes a cali-
bration of the bank capital requirement costs function as in Valencia et al. (2017) (γ0 = 120, γ1 = 3.5,
γ2 = 1) with additionally setting τ = 0.39, ϕ1 = 0, ϕ2 = 0 due to technical stability constraints in
the model; (2) “DTI model” assumes that there are no loan-in-advance constraints but instead debt-to-
income borrowing constraints in the model (assumed parameters, different from the benchmark model:
DTIg = 2, DTIb = 6, τ = 0.11, σg = σb = σe = 0.06, σk = 0.005, σθ = σs = σx = σr = σEU = 0.01);
(3) “Lump-sum transfer” assumes that the productive public funds are used to finance lump-sum transfers
to entrepreneurs with additionally setting τ = 0.133, ϕ1 = ϕ2 = 0 due to technical stability constraints;
(4) “Investment subsidy” assumes that the productive public funds are used to finance a fraction of pri-
vate investment expenditures of entrepreneurs with additionally setting ϕ1 = ϕ2 = 0 due to technical
stability constraints. The model moments have been obtained from a stochastic simulation of the model
for 2500 years using a first-order perturbation approximation in dynare (version 4.5.4). All moments are
reported in percentage points.
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