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Abstract

The transition to a low-carbon economy poses macroeconomic and financial stability challenges.
Using a two-sector Environmental DSGE model with financial frictions and Epstein-Zin prefer-
ences, this paper explores how monetary policy can complement climate fiscal policies, like a
carbon tax, to mitigate transition risks. We evaluate conventional and unconventional monetary
policies, including emissions-inclusive Taylor Rules and Quantitative Easing (QE) programs.

Our findings shows that monetary policy can address transition risks without compromising its
traditional mandate. The standard Taylor rule presents a balanced approach regarding Welfare and
Loss Function approach. Green QE outperforms Neutral QE, yielding higher welfare and greater
emissions reductions, especially when abatement is limited. Policies minimizing the Central Bank
Loss Function achieve superior welfare outcomes compared to traditional and inflation-targeting
rules, while keeping emissions in line. These results emphasize that monetary policy should prior-
itize stability, where emissions reductions emerging indirectly through financial markets, stressing

the need for monetary-fiscal coordination in managing transition risks.
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1 Introduction

Climate change is an urgent global challenge that requires immediate action from policymakers,
economists, and stakeholders. Within macroeconomics and finance, transition risks have gained
prominence as economies shift toward a low-carbon future. These risks stem from the structural trans-
formations necessary by climate policies, technological advances, and evolving consumer preferences
(Feyen et al., 2020).

The transition to a low-carbon economy presents significant risks of economic and financial in-
stability, particularly for carbon-intensive sectors that rely heavily on fossil fuels. Industries such as
oil, gas, coal, steel, aluminum, cement, plastics, and greenhouse horticulture are especially vulner-
able to asset devaluations, potentially leading to stranded assets and severe financial repercussions
(Van der Ploeg and Rezai, 2020). These disruptions could trigger rising debt defaults, speculative
bubbles in emerging industries, and abrupt asset revaluations, creating systemic risks that extend
across the broader economy (Semieniuk et al., 2021).

In addition, financial feedback effects can further amplify macroeconomic impacts, with expecta-
tions playing a critical role. As capital is reallocated, carbon-intensive firms may experience declining
profitability, asset devaluation, and tighter credit conditions, while low-carbon firms benefit from
improved financing. This shift in investment flows can introduce market volatility and affect asset
valuations in multiple sectors, stressing the financial complexities of the transition (NGFS, 2024).

According to the Intergovernmental Panel on Climate Change (IPCC, Lee et al. (2023)), there is a
significant gap between the emissions reductions achieved under current policies and those required
to meet the Paris Agreement targets, promoting the need for additional policy action by governments
to meet their climate commitments (Lee et al., 2023). From a macroeconomic perspective, beyond the
direct impacts of climate mitigation policies and other transition drivers, this policy gap introduces
uncertainty about the transition pathway, which in turn can have macroeconomic consequences, such
as affecting investment decisions and long-term economic planning.

To effectively manage these transition risks, it is essential to integrate them into macroeconomic
models that account for financial frictions and environmental externalities. Doing so enables policy-
makers to assess the macroeconomic implications of climate policies and design strategies to mitigate
financial instability during the transition to a low-carbon economy.

In this context, this paper employs a two-sector Environmental Dynamic Stochastic General Equi-



librium (E-DSGE) model with financial frictions, building on Gertler and Karadi (2011). The model
incorporates environmental externalities through Epstein-Zin preferences, capturing pollution disu-
tility, and features a brown sector that emits pollutants and a green sector that operates sustainably.
Firms in both sectors issue bonds to finance capital, with banks and the Central Bank holding these
bonds under leverage constraints, creating a spread between bond yields and deposit rates.

Within this framework, this study investigates the effectiveness of conventional and unconven-
tional monetary policies in stabilizing the economy during this transition, focusing on their ability to
reduce economic instability, emissions, and welfare costs. We examine whether neutral and green-
biased Quantitative Easing (QE) programs differ significantly in managing financial crises triggered
by a carbon tax, and assess how various Taylor Rule specifications influence macroeconomic and en-
vironmental outcomes. Specifically, we analyze how these policies balance economic stability with
emissions reductions and their implications for societal welfare.

Our findings emphasize monetary policy’s critical role in navigating the low-carbon transition’s
economic and financial challenges. Conventional monetary policy, when focused solely on inflation
stabilization, can amplify output volatility following the introduction of a carbon tax. However, in-
tegrating emissions into the Taylor Rule enables the Central Bank to provide countercyclical support,
easing the adjustment process while maintaining price stability.

We also find that Quantitative Easing (QE) policies can play a stabilizing role in the transition.
While Neutral QE offers economic support but counteracts the effect of fiscal climate policy, Green
QE generates stronger welfare gains and reduces emissions by reallocating financial resources toward
cleaner investments. This effect is even more pronounced in the absence of abatement technology;,
discussing the potential of financial market interventions to accelerate decarbonization when firms
lack other emissions reduction mechanisms.

From a policy perspective, the findings argues that monetary policy should remain centered on
macroeconomic stability, with any impact on emissions occurring as a secondary effect rather than
an active substitute for the fiscal climate policy. A Taylor Rule that minimizes the Central Bank Loss
Function (CBLF) emerges as the most effective approach, delivering higher welfare gains than both a
traditional and an inflation-targeting Taylor Rules, while ensuring that emissions remain within ac-
ceptable limits. This suggests that the optimal monetary policy framework should prioritize economic
stability, allowing central bank interventions to enhance resilience while complementing fiscal climate

policies without overstepping into their domain. Likewise, the CBLF-minimizing QE strategy is the



most consistent with the traditional central bank mandate, as it effectively stabilizes macroeconomic
conditions while indirectly promoting emissions reductions through financial market adjustments.
These results contribute to the debate on Central Banks’ roles in climate risk management (Bat-
tiston et al., 2017; Campiglio et al., 2018). While monetary policy cannot replace fiscal measures, it
can mitigate financial instability and support capital reallocation. By integrating transition risks into
macroeconomic models, our work stresses the need for monetary frameworks that complement cli-

mate policies, ensuring resilience during the low-carbon transition.

2 Literature Review

There is a growing body of macroeconomic research that employs Dynamic Stochastic General Equi-
librium (DSGE) models with environmental externalities to examine the relationship between climate
policies and business cycles. These models, commonly referred to as Environmental DSGE (E-DSGE)
models,! provide a structured framework for assessing the macroeconomic implications of transition-
ing to a low-carbon economy. Among these models, our study aligns with those that incorporate fi-
nancial frictions to analyze the effects of climate policies in the presence of credit market imperfections,
with a particular focus on the role of monetary policy. This line of research is motivated by the concern
that transition risks—arising from regulatory and policy changes, technological shifts, stranded asset
risks, and evolving consumer preferences—could pose significant challenges to macroeconomic and
financial stability.

A key debate in this literature centers on whether financial regulators and Central Banks should
actively address climate change and to what extent they can do so. One approach involves the imple-
mentation of green-biased policies, such as green Quantitative Easing (QE), to facilitate the transition
to a low-carbon economy (Annicchiarico et al., 2022). The role of unconventional monetary policy
in mitigating transition risks has been explored in several studies implementing Green QE within an
E-DSGE framework with financial frictions.

Ferrari and Nispi Landi (2024) find that a temporary Green QE program can effectively reduce
emissions but has a limited impact on lowering the stock of atmospheric carbon if pollutants are slow-
moving variables. In a related paper, (Ferrari and Nispi Landi, 2023) also show that the effectiveness
of Green QE diminishes in the presence of a carbon tax, as the tax weakens the direct relationship

between brown production and emissions. With a carbon tax in place, firms are incentivized to invest

IFor an extensive review of E-DSGE models and business cycles, see Annicchiarico et al. (2022)



in abatement technologies, reducing emissions independently of Green QE interventions. Similarly,
Abiry et al. (2022) show that while Green QE can partially crowd out private green investment, it
only achieves a modest reduction in global temperatures, with a moderate carbon tax proving to be
approximately four times more effective.

Other studies investigate the interactions between climate fiscal policy and Green QE. Benkhodja
et al. (2023) argue that fiscal instruments such as carbon taxes, implicit taxes on brown loans, and
subsidies for green goods support the green sector more effectively than Green QE. Their findings
emphasize the importance of raising consumer awareness and improving the ability to consume green
goods, as behavioral changes can significantly reinforce the effectiveness of public policies aimed at a
low-carbon transition.

Papoutsi et al. (2021) examine the environmental impact of unconventional monetary policy, argu-
ing that central bank asset purchases are inherently non-neutral due to the structure of bond markets,
which favor carbon-intensive firms. Their findings shows the interplay between monetary and fiscal
climate policies, emphasizing that carbon taxation should take the lead while monetary policy mini-
mizes financial frictions. Unlike Papoutsi et al. (2021), we examine the welfare implications of QE and
emissions-augmented Taylor Rules in the presence of carbon taxation and macroeconomic stability
trade-offs.

Then, we find two studies that analyze both Macroprudential Policies and green QE in an E-DSGE
framework with financial frictions. Benmir et al. (2024) explore the effectiveness of macroprudential
regulation and Green QE in response to various shocks in an economy where the carbon tax is optimal.
Their findings suggest that implementing sectoral, time-varying macroprudential weights on loans
that favor the green sector fosters green capital accumulation and output growth with minimal welfare
costs. In contrast, a Green QE policy substantially mitigates the impact of emissions-related risks on
financial risk premia. Furthermore, their analysis indicates that while Green QE is more effective than
macroprudential regulation in addressing premium inefficiencies, macroprudential tools are better
suited to support the transition to clean technologies without significantly distorting welfare.

Diluiso et al. (2021) extend this analysis within a New Keynesian framework to assess how cen-
tral banks can respond to climate change while maintaining macroeconomic and price stability. Their
results indicate that Green QE can effectively stimulate economic activity following a financial shock
in the fossil fuel sector. However, they find that its stabilizing effects are not markedly different from

those of market-neutral asset purchase programs. Regarding macroprudential interventions, they



show that incentivizing the decarbonization of bank balance sheets through targeted capital require-
ments can significantly reduce the severity of financial crises. Nevertheless, this approach may also
lead to a prolonged recovery phase, highlighting a key trade-off in the design of climate-aligned fi-
nancial policies.

We contribute to this emerging but rapidly expanding DSGE literature on the role of central bank
instruments in addressing environmental challenges and managing the macroeconomic consequences
of the green transition. While existing research has concentrated mainly on the role of Green QE in
enabling emissions reductions, our analysis emphasizes its broader role as a macroeconomic stabiliza-
tion tool. By examining how Green QE and other monetary interventions interact with climate poli-
cies, we provide new insights into their capacity to cushion financial shocks and support economic
stability and emission reductions during the transition to a low-carbon economy.

We contribute to the literature on whether central banks should adopt a dual mandate, balancing
macroeconomic stability and employment objectives alongside inflation targeting, and to the broader
discussion on optimal monetary policy (Erceg et al., 2000; Schmitt-Grohé and Uribe, 2007). While the
traditional view asserts that central banks should focus solely on price stability to anchor expectations
and minimize distortions (Clarida et al., 1999; Svensson, 2000; Vestin, 2000), Debortoli et al. (2019)
argue that simple loss functions should place significant weight on economic activity, in some cases
even greater than the weight on inflation. This debate has gained renewed relevance as central banks
face challenges that extend beyond traditional macroeconomic concerns, including financial stability
and, increasingly, transition risks related to climate change (Acharya, 2015; Agénor and Flamini, 2022;
Chen et al., 2021; Krogstrup and Oman, 2019). While climate targets are generally considered the re-
sponsibility of fiscal policy, their macroeconomic implications raise essential questions about whether
central banks should expand their mandates to include climate-related financial risks or remain strictly
focused on inflation and output stabilization.

In terms of the interaction between conventional monetary policy and the green transition, McKib-
bin et al. (2020) analyze how monetary policy responds to climate change using the G-Cubed model>.
Their findings indicate that inflation targeting exacerbates output declines under a carbon tax, while
nominal income targeting mitigates these effects by stabilizing household balance sheets. Their results
stress the importance of coordinating climate and monetary policy, as improper monetary responses

to carbon pricing can heighten macroeconomic volatility. They argue that central banks should antic-

2The G-Cubed multi-country model is an intertemporal general equilibrium framework that the authors describe as a
hybrid between DSGE and computable general equilibrium (CGE) models.



ipate and respond to both inflation increases and output contractions from climate policies.

Similarly, Chen et al. (2021) introduce a climate-augmented monetary policy rule within an E-DSGE
model, analyzing how different monetary regimes, including a standard Taylor rule, respond to car-
bon taxes and cap-and-trade systems. They find that monetary policy must account for existing cli-
mate policies, as these influence inflation, price stability, and macroeconomic fluctuations. While they
explore the role of emissions-gap targeting, which can enhance welfare but risks overburdening cen-
tral banks, our analysis takes a different approach by evaluating Taylor rule specifications in response
to carbon taxation, incorporating a countercyclical emissions target to mitigate the adverse macroeco-
nomic effects of transition shocks.

More recently, Del Negro et al. (2023) construct a multi-sector New Keynesian model with cali-
brated input-output linkages to quantify how carbon taxation generates an inflation—output trade-off
that is sizable yet short-lived, fading within approximately one year. In a Ramsey framework, Nakov
and Thomas (2023) embeds climate externalities into a canonical New Keynesian model and demon-
strates that, under efficient (socially optimal) carbon pricing, monetary policy can stabilize both infla-
tion and output simultaneously. However, with realistic (suboptimal) tax levels, central banks revert
to traditional price-stabilization objectives, with a modest role for green quantitative easing to accel-
erate the transition. Complementing these findings, Olovsson and Vestin (2023) employs a two-sector
DSGE model to prove analytically that by targeting core or wage inflation and “seeing through” en-
ergy price changes, central banks can keep headline “greenflation” below 1% under a gradual carbon-
tax schedule, thereby minimizing welfare costs. Our study differs by embedding financial interme-
diation frictions a la Gertler and Karadi and Epstein—-Zin preferences with direct pollution disutility
into an E-DSGE framework, allowing us to evaluate both conventional rate rules and unconventional
asset-purchase programs under realistic transition-risk scenarios.

Building on this discussion, we examine how monetary policy adjustments, particularly through
Quantitative Easing (QE) and emissions-augmented interest rate rules, influence macroeconomic volatil-
ity and assess whether a more flexible policy framework can enhance economic stability without com-
promising inflation control. Our objective is to determine the optimal mix of Unconventional and
Conventional Monetary Policy during the transition to a low-carbon economy, adopting a dual ap-
proach that evaluates both welfare gains and the central bank’s dual mandate of price stability and
economic stability. This assessment is conducted using a Central Bank Loss Function (CBLF) and

benchmarked against a baseline scenario where only climate policy is active in the case of QE. For



conventional policy, we compare an Inflation-Targeting Taylor Rule with alternative Taylor Rules in-
corporating different policy targets, allowing us to identify trade-offs and complementarities between
monetary and fiscal climate interventions.

Additionally, we extend the conventional framework of production damages from pollution by
incorporating Epstein-Zin consumer preferences, which explicitly account for disutility from envi-
ronmental externalities. This refinement provides a more comprehensive perspective on how policy
interventions directly impact welfare, as measured by household utility functions. By considering
both the traditional production damages and the welfare costs of environmental degradation, our
model captures broader and potentially more significant welfare implications than those considered
in standard macroeconomic frameworks.

This approach, which accounts for environmental damage both in the production sector and di-

rectly in household utility, enables a more complete assessment of welfare trade-offs.

3 Model

Our model builds on elements from Diluiso et al. (2021) and Ferrari and Nispi Landi (2024). A key
feature of these frameworks is a New Keynesian (NK) model with financial intermediation, a rep-
resentative household, and a two-sector structure: a final goods sector aggregating heterogeneous
intermediate production sectors (green and brown). The economy incorporates sector-specific capital
inputs and multiple bank-held assets, with financial frictions arising from an agency problem that
limits banks” ability to obtain funds from households, following Gertler and Karadi (2011). Nomi-
nal price rigidities make monetary policy central to real activity dynamics and the transmission of
shocks. The sectoral structure enables the analysis of systemic spillover effects from climate policy
and the associated transition risks.

A distinguishing feature of our model is the household’s preferences. We introduce a recursive
Epstein-Zin utility function with a negative externality from climate factors (Epstein and Zin (1991),
Epstein and Zin (2013)). The inclusion of Epstein-Zin preferences introduces a crucial distinction be-
tween risk aversion and intertemporal elasticity of substitution (IES), allowing for a more flexible rep-
resentation of household decision-making under climate transition risks. Unlike the standard CRRA
utility function, which assumes a direct inverse relationship between risk aversion and IES, Epstein-
Zin preferences enable agents to be highly risk-averse while still displaying a relatively high will-

ingness to substitute consumption across time. This distinction is particularly relevant in the context



of climate policy, where households face long-term uncertainties about economic and environmental
conditions.

The justification for using this utility function arises from the existing studies that apply this kind
of preference to climate economics, demonstrating the importance of this approach (Ackerman et al.
(2013), Hambel et al. (2021)). They show that it leads to optimal solutions and policy recommenda-
tions that significantly differ from the conventional approach based on the Ramsey equation and the
expected utility framework (Ackerman et al. (2013)).

In our model, Epstein-Zin’s preferences amplify the welfare effects of carbon taxation and mon-
etary policy interventions due to how agents discount these future costs. The recursive structure of
Epstein-Zin utility introduces forward-looking behavior where households not only consider imme-
diate consumption and labor-leisure trade-offs but also form expectations about long-term welfare
losses due to environmental degradation. In Appendix A, we show the key differences in CRRA
preferences.

To analyze the transition, using a deterministic algorithm, we examine the transition path to a new
low-carbon steady state following the implementation of an aggressive carbon tax. This exercise trig-
gers several responses in the economy. First, we can expect an increase in the price of brown goods,
generating inflationary pressures. At the same time, the carbon tax leads to a decline in economic
output, partially offsetting the inflationary effect on overall price levels. Furthermore, this scenario
results in a sharp devaluation of fossil-based assets. Such a sudden drop in their value could have
severe consequences, particularly for bank capital stability. The deterioration of bank balance sheets
may disrupt credit flows, leading to contagion and cascading effects throughout the broader economy.
This instability poses a significant risk to financial markets and macroeconomic stability, raising crit-
ical concerns for central banks regarding monetary policy transmission, systemic risk, and financial
sector resilience in the face of climate transition shocks.

The following subsections present more details about the different sectors in this model in this

context.

3.1 Households

We follow Barrage (2020) and propose a continuum of infinitely lived households with preferences
over consumption, leisure, and climate. Therefore, carbon emissions not only affect production (as

the standard way to introduce environmental externality) but also negatively affect household utility.



In each household, there are bankers and workers. Each banker manages a financial intermediary
and transfers profits to the household. Nevertheless, households cannot lend their money to a finan-
cial intermediary owned by one of their members. Household members who are workers supply labor
inelastically and return their salaries to their households. They can switch between the two occupa-
tions over time, but are exogenously determined in such a way that keeps the relative proportions
constant.

The representative Household has a utility function over streams of consumption (c;) and leisure
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Where w is the utility weight attached to consumption, B is the discount factor, ¢ > 0 is the
risk aversion parameter, ¢ > 0 is the elasticity of inter-temporal substitution (EIS) parameter with
p = % and Ly = (L;jp "+ L;p ’) o is the labor composite, being pl the elasticity of substitution.
Additionally, ag is a parameter that represents the disutility to the stock of pollution X;.
Following Barrage (2020), the preference formulation over climate factors (in this case, emissions)
ensures that the emissions risk aversion coefficient is identical for utility damages and equivalent
consumption losses. This approach provides a consistent framework for quantifying climate-related

welfare impacts.

The budget constraint for the Household is:
¢t + Diy1 = wy Lyt + wgoiler + Tt + ReDy + 1t g + 11 + Oy (2)

With c; is the consumption in period ¢, L; x are the amount of hours supplied to each sector (green
and brown), wy, is the real wage paid to the Households. ®; are profits from the ownership of non-
financial firms that will serve as start-up funds for the new bankers, I1; ; are the profit for non-financial
tirms, and T; are lump sum taxes. Also, we assume that intermediary deposits and government bonds
are one-period bonds so that R;D; are the interest received on deposits, and D, are the decision on
the amount of deposit in each period.

We assume, as in Gertler and Karadi (2011), that a fraction 1 — f of household members are work-
ers, while the remaining fraction f are bankers. Over time, individuals can transition between these
two occupations. Specifically, a banker in the current period remains a banker in the next period with

probability yx, independent of their past occupation history, including the duration for which they
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have been a banker.

The recursive representation of the Household problem is:
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The First order conditions of this problem give us the following equations:

Labor supply conditions:
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The Stochastic Discount Factor is:
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3.2 Final Goods Producers

The representative final-good firm uses a standard CES aggregator to produce the final good Y;:

1 o e—1
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where the intermediate good produced by the intermediate firm i is y;(i) sold at price p;(i). The

final goods firm solves:

1
max Pth—/O pe(i)y: (i)di

_€_

st Y, = [/Olyt(i)e?rl

11



With P; being the price level. The solution to this problem is the demand function for each firm i:

yi(i) = yi <ptp(:)) h (4)

3.3 Intermediate Producers

We have a continuum of intermediate firms i, producing a differentiated input using a CES bundle of

green Y, ; and brown y; ; goods:

2=
=20=

yi(D) = [(1=0)7 (i) T + 7 (i) T (5)

Where ( is the share of brown goods in total output and + is the elasticity of substitution between
brown and green goods:

The intermediate firm i faces two optimization problems: an intertemporal problem for determin-
ing the optimal input combination and an intertemporal problem for setting the price. The primary

objective is to minimize costs while ensuring a given level of production:

min pg,tyg,t(i) + Py, (i)

-1
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Where p, ; represents the price of green production and p;, ; denotes the price of brown production,
both expressed relative to the price level P, the optimization problem results in the following demand

functions for the green and brown inputs:

o pg,t -7 .
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In this monopolistic competition setting, firms have the autonomy to set prices based on the de-
mand they face from the final-good firm (4). When adjusting their price inflation concerning the Cen-

tral Bank target inflation, firm 7 incurs quadratic adjustment costs a la Rotemberg (1982). Therefore,
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the intertemporal problem for firm i is:
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From a symmetric equilibrium, we get the standard Philips Curve:
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Where the marginal cost is MC; = [(1 — 5)}9;;7 + gpzlj,;q v

3.4 Green and Brown producers

In this part of the economy, we include the environmental externality as an aggregate cost equivalently
to an environmental damage cost. Following the work of Heutel (2012), firms have a Cobb-Douglas
production where the negative externalities negatively affect the environment, and the stock of pollu-

tants alters the production possibilities of firms in the sense of Nordhaus (2017):

Yt = At (gk,th—l,k)aL},Ea ©)

With A; being the productivity of the firms in the sector k, and A; = (1 — (Do + D1 X; + Dy X?)a)
is affected by the pollution stock through a damage function, standard in the DICE models like in
Nordhaus (2008) and a is TFP shock that follows an AR(1) process.

To model the evolution of the stock of carbon emissions, we follow Heutel (2012). For simplicity,
we assume that only the brown sector pollute. The equation for the law of motion of the stock of
pollution is:

Xp=(1-6)Xs1+e+e* (10)

Being e; the emission from the brown firms, é, is the decay rate of the stock of pollution, and e*
is a constant level of emissions of the rest of the world. The amount of emissions evolves accordingly
to the level of output where 1 — A is the elasticity of emissions and the fraction of emissions that the
brown firms do not abate:

er = (1— abt)y%);A (11)

In the case of Brown firms, they maximize profits by choosing labor, capital, and the level of emis-
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sion abatement to produce output used by intermediate firms. Also, issues bonds b;; to finance capital
purchase b,; = q;:Kp. Additionally, they are subjected to a carbon tax on their level of emissions,
and to abate on unit of emissions, they must pay a cost Z; = {Olabfz + S (aby — abt_l)Z} Yp,t- In this
abatement cost function, 61 and 6, are the cost efficiency of abatement parameters and are subject to
adjustment costs , >

Hence, the maximization problem for the brown firms is:

max PpYpt — WLy — Tkp,tKp -1 — Trer — Zy

With 7 = 7r44qp-1 — (1 — 0)qp,+ being the rental rate of capital for each type of firm and ¢, is a

capital quality shock that follows an AR(1) process. The first-order conditions for this problem are:

(1 —a)yp; (pb,t — (1 —aby)(1— )\)yb’f — Ke(aby — abt_1)> = Ly ;wp
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Analogously, green firms are not subject to the carbon tax or abatement costs, so the first-order

conditions for these firms are:

(1= a)ygpgt = Lgswg,
QY Pt = kgt 1Tkg

3.5 Capital Producers

Capital producers acquire the output generated by final-good firms and non-depreciated capital from
intermediate firms to facilitate physical capital production and face investment adjustment costs. Sub-

sequently, green and brown firms purchase the capital. Capital producers solve:

max [Eg Z Mot Z Qk,tkk,t - (1 - 5)51k,tkk,t71 - ik,t
i=0 k=b,g

3This adjustment introduces a more realistic dynamic for the emissions path. Without it, models like Carattini et al. (2023),
which do not include abatement adjustment costs, result in emissions reaching the new steady-state level immediately after
implementing a carbon tax.
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Where iy, is the investment in each sector k = g,b. The first-order conditions for each type of

capital are:

(ii“ - 1) i i)
~ + Et Mit41 K1 G t11 ( ol 1) <k't+l)

Ik p—1 ip Ikt

7

: 2 iktKI
K1 Uk ¢ ,
1= gy 1—<.’—1> -
! 2 lk,t—l

3.6 Financial Intermediaries

Financial intermediaries enable the introduction of financial frictions into the model through a bor-
rowing constraint faced by banks. By incorporating credit market frictions in the banking sector,
we capture a key source of macroeconomic fluctuations, making the model well-suited for analyzing
transition risk. We follow Ferrari and Nispi Landi (2024) and Carattini et al. (2023) in modeling this
sector. Additionally, Carattini et al. (2023) shows that an economy with financial frictions experiences
a deeper recession than a frictionless economy, amplifying the transition risks.

Including financial frictions is crucial for understanding transition risk because credit constraints
and risk premia adjustments can significantly amplify the economic impact of climate policies. When
carbon-intensive sectors face policy shocks, such as the implementation of a carbon tax or stricter
environmental regulations, the value of brown assets declines, reducing the collateral available for
borrowing. This deterioration in balance sheets can lead to tighter credit conditions, higher financing
costs, and even a contraction in economic activity.

4

In each period, banks raise deposits from households and lend to green and brown producers®.

The balance sheet of the typical bank in time ¢ is equal to:
b, +b], = NW, + Dy (12)

Where b{, ; are bonds held by banks on green and brown firms with their respective prices g .
On the right-hand side, we have the net worth NW; and D; deposits from the Households. To break
the equality between green and brown rates, we assume that banks pay a quadratic cost when they
change the fraction of green bonds out of total bonds concerning the steady-state level b*.

This assumption captures the idea that shifting portfolios between green and brown assets is not

4In Appendix C we show the full derivation of the Financial Intermediares problem
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frictionless, reflecting real-world constraints such as capital reallocation frictions, regulatory compli-
ance costs, or internal risk management policies.

By introducing this cost, we create a wedge between the returns on green and brown bonds,
preventing them from adjusting instantaneously to changes in market conditions. This mechanism
allows the model to capture key financial dynamics associated with the low-carbon transition. For
example, if green investments become more attractive due to policy incentives or market shifts, banks
may face costs when reallocating their portfolios, slowing the response to new conditions. Similarly,
in periods of financial distress, banks may be reluctant to increase green bond holdings even if returns
rise due to the associated adjustment costs.

The net worth evolves as follows:

b :
T— K =1 *
NWe = rgibl, y+rybl, | —~=1Dp g — ENWyy [-5= — b (13)
i , T4 2 b{il
Combining (12) and (13), we get an alternative equation for the net worth regarding the prior net

worth value. The law of motion of net worth becomes:

2

f
NW; It f Tt f T kp | Por1

Where 7y, — n:’ﬂ represents the risk premium specific to each sector. To prevent banks from ex-
cessively expanding assets in a sector, an agency problem is assumed where bankers can choose to
divert a portion of available funds at the start of each period. If the intermediary defaults on its debt,
depositors can force it into bankruptcy and recover a portion of its assets. Deposit amounts are lim-
ited by the value of the bank and the portion of funds that can be diverted, as depositors recognize the
bank’s incentive to divert funds. Following Gertler and Karadi (2011), we assume that this regulator

requires that the discounted value of the bankers’” net worth should be greater than or equal to the

current value of assets:

vi>e (bgt + b£,t> (15)

In this equation 6, is the share of assets the banker can divert.
With probability 1 — x, a banker exits the market getting NW;, at the beginning of period t + 1,

where these resources are transferred to households. With probability x, a banker continues in this
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activity. Therefore, the value of a bank is:

(1- X)Xth,t+iNWt+l+i (16)

e

th:max E;

i=0

As is usual in this kind of models, we assume that the condition (15) is binding. Therefore, the
problem if each financial intermediary is to maximize (16) subject to (14) and (15). The first order

conditions for the bank are:

2
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Where lev; = iy is the leverage and levy = i is the green leverage and v; can be considered

as the bank’s discount factor:

T T kr [leves . 2
vp=1—x+vi1 By Myi1x <7thr1 + (rg 41 — To11) levgs + levy (Vh,t+1 - m;) - TF ( lezi —b > )

Then, the net worth comprises the net worth of new bankers and existing banks NW; = NW,,; +
NW, ;. Also, recall that a fraction x of the banker remains in the financial intermediation activity in

t — 1, then we have

2
Ve e K levgf "
NWe = x| (rgs — rb,t)levffl + (rpp — t?tl)levt,l 4=t _TF ( =1, ) ] (17)

e 2 \levi_4

And the new bankers receive a fraction 1= of the net worth of exiting bankers as a start-up fund-

ing, getting NW,,; = 1b{ . Combining these two equations, we get the aggregate net worth evolution:

2
ri-1 r—1 ke (levgi1
NWt == X (T[t + <7’b’t - m) levtfl + (rg,t - rb’t) lev?fl - 7 <levt1 - b ) > NWtfl + lb{

3.7 Central Banks and Government

In our baseline scenario, monetary policy follows a standard Taylor rule with interest rate smoothing:
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where r; is the risk-free nominal interest rate, 7 is its steady-state value, 71; represents inflation,
and 7 is the target inflation rate. The term e}" accounts for monetary policy shocks, while p, governs
interest rate smoothing. The parameters p, and p, determine the responsiveness of monetary policy
to inflation and output deviations, respectively.

Monetary policy is crucial in mitigating the economic disruptions induced by a carbon tax. In-
troducing carbon pricing increases production costs, creating inflationary pressures while reducing
output. A Taylor rule with interest rate smoothing allows the central bank to balance these opposing
forces, preventing excessive monetary tightening or loosening that could destabilize the economy. By
avoiding an overreaction to short-term fluctuations, the central bank facilitates a smoother transition
to a low-carbon economy while maintaining price stability.

We consider variations of the Taylor rule to explore different policy responses to transition risk.
The first alternative prioritizes inflation stabilization, reflecting the argument that central banks should

focus exclusively on price stability rather than broader economic objectives:

re  (re [\ e my
)T

Since this rule disregards output stabilization, the central bank may respond more aggressively
to carbon tax-induced inflation, potentially tightening the policy even if the economy transitions.
While this approach may prevent inflation expectations from de-anchoring, it risks exacerbating out-
put losses and delaying green investments.

Alternatively, we extend the Taylor rule to incorporate an explicit emissions target, as in Chen

et al. (2021):

- () [(2) ) ()] e
7 7 7T Y* ()

e . . e . .
Here, 7= represents the growth rate of the emissions, and p. captures the sensitivity of the policy
to the fluctuation of emissions. This rule enables the central bank to integrate environmental con-
siderations into its decision-making, potentially offset by the contractionary effects of carbon pricing.
Since emissions are a byproduct of brown-sector output and respond to production shifts and abate-

ment mechanisms, this policy provides countercyclical support while ensuring a smoother transition.
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Emissions are incorporated with a one-period lag to reflect real-world data availability constraints.

In addition to interest rate policies, we explore the role of unconventional monetary policy through
neutral and green-biased Quantitative Easing (QE). The central bank can purchase both green and
brown assets by issuing short-term bonds ( we assume that are perfect substitutes to Deposits Dy),

leading to the balance sheet condition:

bf = bS; + by, (21)

where ka’t = by . The central bank determines the scale of asset purchases. Under the determin-
istic transition scenario, QE policies can be implemented as temporary or permanent asset purchase
programs. Neutral QE maintains market neutrality, providing liquidity without influencing risk pre-
mia, while Green QE actively reshapes credit allocation. The effectiveness of these policies depends on
their ability to mitigate financial instability while supporting the transition to a low-carbon economy:.

Green QE, by contrast, introduces a bias in favor of green assets (ji¢) allows the central bank
to shift its portfolio composition, favoring green bonds while reducing exposure to brown assets. In
doing so, Green QE reduces the financing costs of green investment while increasing the risk premia
for high-carbon sectors, incentivizing capital reallocation toward low-carbon production.

When these credit policies are implemented, the profits generated through public financial inter-
mediation are transferred to the households in a lump sum manner®.

Additionally, as in Gertler and Karadi (2011), we assume that the central bank is less efficient than
private intermediaries when lending to the private sector but has the advantage of elastically obtain-
ing funds by issuing risk-free government debt (perfect substitute to deposit). The cost of the Central
Bank intermediation is fixed to the parameter ¢, being the total cost ¢b® = gub;. We are conservative
and assume that the values of this cost is of 10 basis points, which according to Gertler and Karadi
(2011) is probably quite large for assets like agency backed mortgage securities and commercial paper.
This is because they assume that for reasonable values of efficiency costs (at most 10 basis points), the
net gains from responding to crisis periods with Quantitative Easing may be significant.

Unlike private financial institutions, it is not subject to balance sheet constraints. Then, during the
transition, when private intermediaries face tighter balance sheet constraints, the relative benefits of

central bank intermediation increase, enhancing its role in stabilizing financial markets and the overall

°It issues government bonds Dy to fund this activity. Its net earnings from intermediation are (rg,t - L) bgt_l +

TT41
I G
<rb/t TT41 ) bb,t—l'
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economy.

From a policy perspective, Green QE offers a mechanism for central banks to influence the finan-
cial transition without explicitly targeting emissions. Unlike approaches incorporating emissions into
interest rate policy, Green QE operates through capital markets, directing credit toward sustainable
investments while maintaining financial stability. This approach aligns with the broader discussion
on whether central banks should adopt an explicit climate mandate or use existing tools to mitigate
transition risks (see Ferrari and Nispi Landi (2024)).

To assess the performance of different monetary policy strategies, we evaluate welfare changes

and variations in the central bank’s loss function following Debortoli et al. (2019):

Loss?B = /\n(m)2 + Aa, (Art)2 + Ay (yr — y*)z. (22)

where Ay are weight parameters, Ar; = r; — r;_1 captures interest rate volatility, and y; — y* is
output-gap. This function represents the trade-off between stabilizing inflation and minimizing fluc-
tuations in output. It captures the dual mandate of many central banks, such as the European Central
Bank, which seek to ensure both price and economic stability.

We adopt the optimal weights calibration computed by Debortoli et al. (2019) as a benchmark:
Ar=1, Ap =0077, A, =1.042

These values reflect the central bank’s primary focus on inflation and output stability. In addition,
the inclusion of the volatility of interest rates is motivated by the reference to “aversion to interest rate
variability” and concerns about financial stability. The relative weight on interest rate volatility ensures
gradual adjustments in monetary policy, whereas the weight on output stabilization acknowledges the
trade-offs in responding to economic fluctuations (Debortoli et al., 2019).

Finally, to close the model, we define the following final goods market-clearing condition:

i 0\
K 1
+ Ep (pf)tl(i) - 7‘1) Ye +cuby + Zy (23)
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3.8 Data and Calibration

The model is calibrated at a quarterly frequency specifically for the euro area. It’s important to note

that the euro area comprises countries with diverse emissions profiles and economic structures. How-
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ever, for simplicity’s sake and alignment with existing literature, we treat the euro area as a unified
entity.

We rely on the New Area-Wide Model (NAWM-II) second version to establish our calibration, as
Coenen et al. (2018) developed. The NAWML-II is an estimated Dynamic Stochastic General Equilib-
rium (DSGE) model specifically designed for the euro area. We utilize this model to calibrate various
economic and banking parameters and parameters used in Ferrari and Nispi Landi (2024), Barrage
(2020), Carattini et al. (2023), and Gertler and Karadi (2011). Table I presents the values for the calibra-
tion of the Baseline model. See Appendix B for full details about the calibration of targeted parameters
used in this first exercise.

Table 1: Macroeconomic and Household Parameters

Parameter Description Value Source
B Discount factor 0.995 Standard
o Capital share in production 0.36  Coenen et al. (2018)
P Intertemporal elasticity of substitution 0.5 Standard
Risk aversion coefficient 2 Carattini et al. (2023)
w Weight of consumption in utility 0.32  Barrage (2020)
) Capital depreciation rate 2.5%  Standard
01 Elasticity of substitution for labor hours 1 Carattini et al. (2023)
v Elasticity of substitution for brown and green goods 2 Carattini et al. (2023)
4 Weight of brown goods in consumption 0.8 Giovanardi et al. (2023)
Kp Price adjustment cost 70 Match Calvo = 0.82
7t Target inflation rate 1.005 Coenen et al. (2018)
K1 Investment adjustment cost 10.78  Coenen et al. (2018)
i Steady-state nominal interest rate 1.01 Coenen et al. (2018)
Or Interest rate smoothing parameter in Taylor rule 0.93  Coenen et al. (2018)
On Inflation responsiveness in Taylor rule 2.74 Coenen et al. (2018)
Oy Output gap responsiveness in Taylor rule 0.03  Coenen et al. (2018)
Qa Persistence of technology shock 0.93  Coenen et al. (2018)
0z Persistence of capital quality shock 0.66  Gertler and Karadi (2011)
4 Intensity of the QE rule 10 Gertler and Karadi (2011)

Most standard parameters come from NAWML-II, such as the share of capital in production, the

elasticity of differentiated goods, target inflation, investment adjustment costs, bank survival proba-
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bility, and the parameter of the Taylor rule and the productivity process. Then, we follow Ferrari and
Nispi Landi (2024) and set B to achieve a steady-state annualized real interest rate of 2% on public
liabilities. We also determine 6 to establish a steady-state total leverage of 6 for banks and fix ¢ to
yield an annualized steady-state corporate spread of 2.17% . Furthermore, the parameter x, matches
a Calvo parameter of 0.82, consistent with the values used in NAWM-IL

Then, for the parameters for the Household preferences, we use the consumption utility weight
used in Barrage (2020), while the pollution disutility parameter is calculated to match the production
damage function (see Appendix B).

Regarding the environmental parameters, we follow Gibson and Heutel (2020) using the same

procedure that Ferrari and Nispi Landi (2024) employ.

Table 2: Environmental and Financial Sector Parameters

Parameter Description Value Source

X Pollution disutility parameter 25x1074 Match output damage

Dy Constant term in damage function -0.0076 Ferrari and Nispi Landi (2024)
Dy Linear term in damage function 9.0182 x 1077  Ferrari and Nispi Landi (2024)
D, Quadratic term in damage function 1.2013 x 1071 Ferrari and Nispi Landi (2024)
Ox Pollution decay rate 0.0035 Ferrari and Nispi Landi (2024)
erow Constant emissions level 25.11 Ferrari and Nispi Landi (2024)
A Convexity parameter of the emission function 0.4 Ferrari and Nispi Landi (2024)
KF Bank portfolio adjustment cost 1074 Carattini et al. (2023)

b* Steady-state share of banks’ green bonds 0.2 Market Neutrality

0 Divertible portion of assets 0.4474 Match levgs = 6

X Banks’ survival probability 0.95 Coenen et al. (2018)

! Wealth share for new banks 0.0024 Ferrari and Nispi Landi (2024)
Pe Emissions responsiveness in Taylor rule 0.1 Chen et al. (2021)

Uss Steady-state central bank bond holdings 1.35% Ferrari and Nispi Landi (2024)
Hgss CB share of green bonds 0.2 Market Neutrality

Finally, in line with Carattini et al. (2023), we adopt v = 2, signifying that the green and brown
goods exhibit imperfect substitutability. We assign a weight of 0.8 to the brown good ¢ = 0.8, consis-

tent with Giovanardi et al. (2023).

/
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4 Results

The model is solved using a perfect foresight approach, which assumes that economic agents form ra-
tional expectations and fully anticipate future policy changes and economic conditions. This method
is advantageous in analyzing transition dynamics following structural policy shifts, such as introduc-
ing a carbon tax or implementing quantitative easing policies. By solving the model under perfect
foresight, we can capture the adjustment paths of key macroeconomic and financial variables as the
economy converges to its new steady-state equilibrium.

One of the primary reasons for using the perfect foresight approach is its ability to provide a
global solution to the model, which is essential for accurately simulating the transition to a low-carbon
economy. Unlike local solution methods, which approximate the model around a steady state, perfect
foresight enables us to track the full nonlinear adjustment path of the economy. This allows us to
analyze the interactions between macroeconomic and financial variables over an extended horizon
and understand the long-term implications of different policy interventions.

In this framework, the model is expressed as a system of nonlinear equations, which are solved
numerically using a deterministic transition path approach. The economy starts from an initial steady
state, where all variables are in equilibrium, and then undergoes the imposition of a carbon tax. The
model then determines the time path of all endogenous variables, ensuring that intertemporal con-
ditions hold and that the economy eventually reaches a new steady state consistent with the policy
change.

The solution method relies on backward-induction algorithms, where agents take into account all
available information about the future trajectory of the economy. This allows for a smooth transition,
avoiding unrealistic jumps in expectations. We compute the numerical solution using the Levenberg-
Marquardt mixed complementarity problem (LMMCP) solver, which is well-suited for handling mod-
els with occasionally binding constraints, to account for the zero lower bound on nominal interest rates
in our model (Judd, 1998; Kanzow and Petra, 2005).

By using perfect foresight, we eliminate the uncertainty typically associated with stochastic sim-
ulations, allowing us to isolate the pure effects of policy interventions. This makes it particularly use-
ful for evaluating long-run policy impacts and understanding how monetary and fiscal instruments
interact in transitioning to a low-carbon economy. However, the assumption that agents perfectly

anticipate policy changes may understate potential real-world frictions, such as policy uncertainty,
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imperfect information, or financial market rigidities, which could slow down the transition dynamics

in practice.

4.1 Monetary Policy - Taylor Rule

The transition to a low-carbon economy presents significant macroeconomic and financial challenges,
particularly in the presence of structural adjustments induced by climate policies. The dynamic re-
sponses illustrated in Figure 1 exhibit the effects of different Taylor rule specifications on key macroe-
conomic and financial variables following the introduction of a carbon tax of 18 dollars per ton of
Carbon that decreases emissions by 40% from the original Steady State. Meanwhile, the normative
analysis in Table 2 evaluates the welfare implications of these monetary policy rules, showing the
trade-offs between economic stabilization and financial market adjustments.

In Figure 1, we can observe that the implementation of a carbon tax leads to a contraction in
output, investment, and labor, reflecting the adjustment costs associated with the shift away from
carbon-intensive production®. The contraction in investment is particularly pronounced, consistent
with previous findings on the heightened sensitivity of capital formation to policy-induced uncer-
tainty (Hassler et al., 2016). The financial sector also undergoes substantial realignments, with a de-
cline in brown bond issuance and an increase in green bonds, indicating a shift toward sustainable
assets. However, the transition is not without friction, as evidenced by the temporary spike in green
spreads and leverage, suggesting a heightened financial risk in the short run before stabilization oc-

curs.

6We present the complete set of figures in Appendix D
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Figure 1: Transition to a Low Carbon Economy - Conventional MP
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In the context of the standard Taylor rule, the economy experiences a sharp contraction in output,
investment, and labor, reflecting the transition costs associated with carbon pricing. Inflation initially
declines but recovers gradually, with different policy rules affecting the speed and extent of this adjust-
ment. Monetary policies incorporating an explicit emissions target allow for greater counter-cyclical
support, resulting in a smaller output decline and a smoother investment response. Inflation-targeting
policies, on the other hand, prioritize price stability but at the cost of greater output volatility and de-
cline, these results being consistent with those in McKibbin et al. (2020). Financial market responses
also differ: leverage rises before stabilizing, while the green spread spikes as capital reallocates toward
green investment. Policies that include an emissions target moderate financial volatility and facilitate
a more gradual transition, supporting the growth of green bonds while limiting excessive fluctuations
in credit conditions.

The analysis in Table 2 exhibit the trade-offs between economic stabilization and financial adjust-
ments. Strict inflation targeting results in a small welfare loss, as it amplifies the decline in output
while providing only marginal additional reductions in emissions. In contrast, rules incorporating
emissions targets generate positive welfare effects, with the Baseline + Emission Targeting rule deliv-

ering the highest welfare gain. This implies that monetary policy can improve economic outcomes by

25



accounting for emissions dynamics, helping mitigate the transition’s short-term costs. While inflation-
targeting rules achieve lower central bank losses, they do so at the cost of greater macroeconomic
volatility.

Table 3: Normative Analysis - Taylor Rule

Policy A Welfare A Output A Emissions A CB Loss Function

Baseline Taylor Rule - - - _

Inflation Target -0.0002 -0.0049 -0.0033 -0.0275
Baseline + Emission Target  0.0019 0.0024 0.0209 0.0007
Inflation + Emission Target 0.0018 -0.0022 0.0186 -0.0267

Note: A Welfare,Output, Emissions CB Loss Function in % in relation to the baseline Taylor Rule

These findings have important implications for the design of monetary policies in the context of
climate transition risks. Integrating emission considerations into monetary policy frameworks im-
proves climate transition policies” effectiveness, helping balance environmental objectives with eco-
nomic stability. Central banks, particularly in economies exposed to significant climate risks, may
benefit from a more flexible approach that supports the transition without undermining core macroe-
conomic goals.

These results contribute to the debate on the role of central banks in climate policy, challenging
the view that monetary authorities should focus solely on macroeconomic and financial stability while
leaving explicit climate mitigation efforts to fiscal and regulatory policies (Schnabel, 2022).

We argue that monetary policy plays a critical role in shaping the economic and financial trajectory
of the transition to a low-carbon economy. While it cannot replace fiscal and regulatory tools, its ability
to mitigate transition risks and stabilize financial markets suggests that it should be an integral part of
the broader policy mix. These argue for the need for a coordinated strategy that combines monetary,

fiscal, and financial regulation policies to manage the complexities of the green transition.
4.2 Unconventional Monetary Policy - Quantitative Easing
4.2.1 Deterministic Transition Risk - Carbon Tax

In this scenario, we evaluate the performance of different Quantitative Easing (QE) policies during
the transition to a low-carbon economy, applying the same carbon tax magnitude as in Section 3.1.1.
Specifically, we examine the differences between a market-neutral QE program and a green-biased

QE initiative in response to the economic decline accompanying the transition to a new steady state.
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While Gertler and Karadi (2011) originally proposed QE as a response to financial crises, here we
consider its role in mitigating the economic downturn caused by higher intermediate brown goods
prices and a decline in brown-sector output, which is not fully offset by growth in the green sector.
Given these dynamics, QE may serve as a valuable tool in addressing the recessionary pressures of
the transition.

We begin by analyzing the role of the central bank’s asset purchase program in both a permanent
and transitory setting. In the permanent scenario, we compare two policy approaches: (i) a market-
neutral QE, where the central bank gradually increases the share of public bonds in its portfolio by
two percentage points while maintaining the existing composition of brown and green assets in the
economy, and (ii) a green-biased QE initiative, where the same increase in public bond holdings is
accompanied by a 20 percentage point increase in the share of green assets held by the central bank,
thus departing from market neutrality. By contrasting these approaches, we assess how a QE policy

can facilitate the transition to a low-carbon economy while stabilizing macroeconomic conditions.

Figure 2: Transition to a Low Carbon Economy - Permanent Quantitative Easing
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The results highlight the distinct macroeconomic and financial effects of neutral and green-biased
quantitative easing (QE) policies during the transition to a low-carbon economy. Both QE policies help

cushion the contractionary impact of the carbon tax by stabilizing output and investment. However,
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Green QE is more effective in boosting investment and promoting a faster recovery. Leverage initially
rises under both policies, reflecting improved credit conditions, but stabilizes over time. In particular,
green QE leads to a more considerable reduction in the green spread, indicating improved financing

conditions for environmentally friendly projects.

Table 4: Normative Analysis - Permanent Quantitative Easing

Policy A Welfare A Output A Emissions A CB Loss Function
Carbon Tax - - - -

Neutral QE  0.0069 0.0236 0.0128 -0.0072

Green QE  0.0101 0.0262 -0.0678 -0.0082

Note: A Welfare,Output, Emissions CB Loss Function in % in relation to the Carbon Tax scenario

The normative analysis further supports these findings. Both QE policies enhance welfare and
output relative to the carbon tax scenario, but Green QE provides the greatest benefits. A key distinc-
tion lies in emissions: while Neutral QE results in a slight increase, Green QE achieves a meaningful
reduction, aligning financial markets more closely with climate policy goals. Additionally, Green
QE contributes to a lower central bank loss function, indicating improved overall economic stabil-
ity. These results suggest that while QE generally can support the transition, a targeted green-biased
approach is more effective in promoting both economic recovery and environmental sustainability.

Expanding the analysis to include a temporary QE program, we simulate a gradual increase in
asset purchases over eight periods, reaching a peak of two percentage points (the same magnitude
as in the permanent case), followed by a symmetric reduction over the subsequent eight periods,
returning to the original share of public bonds. This ensures that the total scale of the asset purchase
program remains consistent with the permanent intervention but is implemented over a four-year
horizon.

For the Green Quantitative Easing scenario, we assume that the central bank gradually increases
its share of green bond holdings over 16 periods and then maintains that level permanently. Unlike
the neutral QE case, where the total stock of public bonds eventually returns to its steady-state level,
this policy alters the composition of the central bank’s portfolio, favoring green assets while reducing
the share of brown bonds.

Figure 3 illustrates the results of this exercise, showing that despite its temporary nature, the QE

program can still partially mitigate economic instability during the transition to a low-carbon econ-
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omy. The overall effects remain qualitatively similar to the permanent QE intervention, suggesting
that even a transitory adjustment in monetary policy can help smooth the adjustment path, support-
ing investment and reducing the adverse macroeconomic consequences of the transition. However,
the permanence of the green QE component can argue in favor the potential role of central banks in

influencing capital allocation toward sustainable assets beyond short-term stabilization objectives.

Figure 3: Transition to a Low Carbon Economy - Temporary Quantitative Easing
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The temporary QE program results suggest that while Neutral and Green QE provide some output
stabilization during the transition, their overall effects are more limited compared to the permanent
intervention. Neutral QE leads to a modest increase in output but is associated with a slight decline
in welfare, indicating that its benefits may not fully offset its costs. On the other hand, Green QE
results in a small welfare gain and a notable reduction in emissions, suggesting that adjustments in the
central bank’s asset composition can contribute to the transition to a low-carbon economy. However,
both policies lead to a marginal increase in the central bank’s loss function, indicating some trade-offs
between economic stabilization and financial market adjustments. These findings indicate that while

temporary QE can help mitigate some of the transition effects, its impact remains more constrained

than a permanent intervention.
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Table 5: Normative Analysis - Temporary Quantitative Easing

Policy A Welfare A Output A Emissions A CB Loss Function
Carbon Tax - - - -

Neutral QE  -0.0029 0.0052 0.0055 0.0034

Green QE  0.0080 0.0052 -0.0280 0.0034

Note: A Welfare,Output, Emissions CB Loss Function in % in relation to the Carbon Tax scenario

These findings carry important policy implications for central banks navigating the transition to a
low-carbon economy. The ability of QE to mitigate the contractionary effects of a carbon tax suggests
that monetary policy can play a complementary role in facilitating a smoother economic adjustment.
However, the differential impact between Neutral and Green QE shows the importance of the design
of such interventions. A market-neutral approach stabilizes output but does little to redirect financial
flows toward green investments. In contrast, a green-biased approach not only supports economic
activity but also reinforces the transition’s environmental objectives.

From a financial stability perspective, the results suggest that Green QE could help reduce the cost
of financing for green projects, potentially accelerating the shift away from carbon-intensive produc-
tion. By lowering the green spread and supporting the issuance of green bonds, the central bank can
enhance market incentives for firms to invest in sustainable technologies. This aligns monetary policy

with broader climate transition goals without undermining macroeconomic stability.

4.3 Model Validation

We evaluate the performance of the baseline model by comparing its predictions to untargeted mo-
ments in business cycle dynamics and greenhouse gas emissions. This validation step is essential to
assess the model’s empirical relevance and ability to replicate key macroeconomic and environmental
patterns observed in the data.

To compute business cycle statistics, we simulate the model over 1,000 periods and discard the
initial 100 observations to eliminate transient dynamics and ensure that the results reflect the station-
ary distribution of the model. Moments are then computed using the remaining 900 periods. We
focus on macroeconomic aggregates” volatility, persistence, and co-movement, particularly output,
consumption, and investment.

For empirical validation, we use quarterly data from Eurostat for the Euro Area (20 countries) cov-

ering the period from 1995Q1 to 2023Q2. This dataset provides real GDP, total investment, and private
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consumption, which serve as key benchmarks for evaluating the model’s macroeconomic predictions.
To assess the model’s ability to capture emissions dynamics, we rely on quarterly total greenhouse gas
emissions data available from 2010Q1 to 2023Q1.

Table 2 compares the model’s simulated moments and empirical counterparts, presenting its abil-
ity to replicate key business cycle properties and emissions characteristics. The model successfully
captures the relative volatility of consumption and investment compared to output, with standard
deviation ratios closely matching observed data.

Table 6: Model Validation

Variable (x) Data Model

b= o (x)/o(y) plry) o(x)/o(y) p(xy)
Consumption 1.022 0.97 1.115 0.96
Investment 1.751 0.79 2.275 0.88
Emissions 2.28 0.75 0.76 091

However, when examining greenhouse gas emissions, the model underestimates their volatility
relative to output compared to empirical data. This discrepancy may stem from differences in mea-
surement: the Eurostat dataset includes multiple greenhouse gases (expressed in CO2 equivalents),
whereas our model focuses exclusively on Carbon emissions. Despite this limitation, the model effec-
tively captures emissions’ procyclical behavior, as reflected in its high correlation with output.

Despite these differences, the model captures the overall trends and associations well. Specifically,
our model demonstrates similar correlations with the actual data for all variables, indicating a robust

alignment between our model’s predictions and observed real-world patterns.

4.4 Robustness Checks

The robustness analysis (full details in Appendix E) examines the model’s sensitivity to an alterna-
tive emissions specification by removing abatement technology, making emissions a direct function
of brown sector production. This adjustment isolates the relationship between brown output and
emissions, eliminating the mitigating role of endogenous abatement responses.

This modification allows us to evaluate the extent to which abatement technology influences the
transition dynamics and the macroeconomic implications of climate policies. Under this alternative
setup, emission responds passively to changes in brown sector activity rather than being actively
managed through abatement efforts.

The results, presented in Figures 4 and 5, show that the decline in emissions following a carbon
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tax is more pronounced without abatement, as firms cannot adjust emissions independently from
output. Consequently, the brown sector’s contraction directly translates into emissions reductions,
making emissions responses more rigid compared to the baseline case. However, key macroeconomic
variables, including output, investment, and labor, remain broadly consistent with the baseline results,

confirming the robustness of the model’s broader dynamics.

Figure 4: Transition to a Low Carbon Economy - Conventional MP
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Examining the Taylor Rule under both specifications show differences in the macroeconomic
and welfare outcomes of monetary policy responses to the carbon tax. When abatement technol-
ogy is present, incorporating an emissions target into the Taylor Rule improves welfare while only
marginally affecting output, leading to a meaningful reduction in emissions. In contrast, an inflation-
targeting rule results in slight welfare losses and a moderate output contraction while having a limited
effect on emissions. Without abatement, economic trade-offs become more pronounced—inflation tar-
geting leads to a sharper decline in output and a larger welfare loss, reflecting the higher costs of emis-
sions reductions when firms cannot abate emissions. Even with an emissions target, the Taylor Rule

yields a more pronounced welfare gain, though it does not significantly enhance emissions reductions.
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Figure 5: Transition to a Low Carbon Economy - Permanent Quantitative Easing
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Comparing permanent Quantitative Easing (QE) across the two specifications reveals substantial
differences in its effectiveness. With abatement technology, both Neutral and Green QE improve wel-
fare and output relative to the carbon tax scenario, with Green QE providing the highest welfare gains
and the strongest emissions reductions. Neutral QE, conversely, results in a moderate emissions in-
crease. In both cases, the reduction in the Central Bank Loss Function suggests that QE interventions
help stabilize macroeconomic conditions during the transition.

Without abatement, the effects of QE are amplified—welfare gains and output expansion are more
considerable, reflecting the heightened economic costs of the carbon tax. Green QE leads to a much
steeper decline in emissions, while Neutral QE continues to generate an emissions increase, albeit
more substantial than in the abatement case. These results argue the role of Green QE in redirect-
ing capital away from brown sectors, particularly in scenarios where firms lack the ability to reduce
emissions through technological improvements.

From a policy perspective, these findings emphasize the critical role of abatement technology in
mitigating the economic costs of emission reductions. Without it, the trade-offs between output sta-
bilization and emissions control are steeper, making monetary policy interventions less effective in

smoothing the transition. Central banks may be better positioned to support a low-carbon transi-
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tion when abatement policies are in place, as they facilitate emission reductions with less economic
disruption. Furthermore, Green QE can serve as a powerful tool in shifting financial flows toward sus-
tainable investments, particularly in the absence of abatement, reinforcing the importance of aligning

monetary policy with climate objectives.

5 Optimal Policy Analysis

5.1 Unconventional Monetary policy

To assess the welfare implications of introducing Quantitative Easing (QE) alongside a Carbon Tax,
we compute welfare in certainty equivalent (CE) consumption units. We compare the transition path
to the new low-carbon steady state, using as a baseline scenario the Carbon Tax alone and comparing
it with the change in the share of different values of Public Bonds (y;) and the share of green bonds
(tg,+) in Central Bank holdings.

In doing so, we compute the Certainty Equivalence of Welfare relative to the scenario with only
the Carbon Tax, against the different QE rules, for various values of the intensity of the policy.

The Epstein-Zin recursive utility function gives the representative agent’s lifetime utility:

vi=da-p|(cra-to) i—(aox»lihﬁmf(mﬂﬁ) 24

To quantify the welfare impact of QE, we compute the percentage change in certainty equivalent
consumption relative to the Carbon Tax Only scenario:

C'Tax+QE

Welfare Gain = ( — 1> x 100. (25)

CTax
In this context, we have a Carbon-Tax only scenario, a Carbon Tax, and a QE program with dif-

V()(:T+QE]

ferent intensities. Here, we define E[V{!] and E| be their respective expected lifetime EZ

utilities at time 0. The consumption-equivalent gain A is defined via
VOCT(/\) _ VOCT+QE’

where V,“T(1) denotes the EZ value in regime CT if its consumption path is scaled by (1 + A) at each

date.
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To compute A, we rely on non-linear methods via root-finding on F(A) = VT (M) — VOC THQRE _

Scaling (1 + A) is applied only to consumption in scenario CT, while labor and pollution remain un-
changed, thus identifying how much consumption adjustment is needed for equivalence to scenario
CT + QE.

We use the following algorithm to solve for the Welfare Gains in Consumption Equivalence Units:

1. Solve or simulate each policy regime (CT and CT + QE) to obtain paths {C;, L, X;}.
2. Compute VOCt+QE by applying the EZ recursion in regime CT + QE.

3. Define F(A) = V§T(A) — V()CT+QE, where V{T(A) is computed by substituting (1 + A) Cf T into

the aggregator each period.

4. Use a root-finder to find A* such that F(A*) = 0.

An additional dimension of our analysis examines the role of Quantitative Easing (QE) in stabiliz-
ing macroeconomic dynamics. To quantify its impact, we use the Central Bank Loss Function (CBLF)
to measure macroeconomic volatility, capturing deviations from key monetary policy targets such as
inflation, output, and interest rate fluctuations. By comparing the mean loss function between the
Carbon Tax-only and QE-augmented scenarios, we assess whether QE helps reduce policy distortions

or exacerbates macroeconomic instability:

Loss®QE + T.
ALoss<B = <Mean 055 %B T 1> % 100. (26)
Mean Loss; " Tax

Since emissions reduction is also a key objective, we evaluate the mean emissions reduction in
each scenario relative to the Carbon Tax-only case. This allows us to determine which QE profile, if

any, enhances emissions reductions:

QE + Tax

M
Aemissions; = |~ ot = — 1] x 100. (27)
Mean e;**

By jointly analyzing welfare, macroeconomic stability, and emissions reductions, we provide an
assessment of QE’s effectiveness. First, we evaluate its impact on long-term welfare in consumption-
equivalent terms; second, we assess its role in short- and medium-term macroeconomic stability; and
third, we examine its ability to accelerate climate transition goals. If an optimal QE profile consistently
enhances all three dimensions, it could serve as a viable complementary policy tool alongside carbon

taxation.
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In the following subsection, we show the optimal combination of y; and pg s for each individual

objective.

5.1.1 Optimal Quantitative Easing

In this analysis, we examine welfare changes, the Central Bank Loss Function (CBLF), and emissions
variations under different realistic scenarios for the share of public bonds held by the central bank (y;)
and the proportion of green bonds in its portfolio (). We assume that the maximum share of total
bonds the central bank can hold is four percentage points above the steady-state level of a carbon-
intensive economy, setting an upper bound of y*™ = 5.35%. Additionally, we impose a constraint
on the green bond share, ensuring that it does not exceed 50% of the banking sector’s total bond
holdings (ygf* = 50%). These constraints reflect practical limitations on central bank intervention
while allowing us to assess the trade-offs between macroeconomic stability, welfare improvements,

and emissions reduction in designing an optimal Quantitative Easing (QE) strategy during the green

transition.
Table 7: Optimal Quantitative Easing
Quantitative Easing Values AWelfare (%CE) ACB Loss Function(%) A Emissions (%)
Max Welfare u =0.0135, ug = 0.32  0.0001 0.0001 -0.0198
Min CBLF u = 0.0535, uc = 0.50 -0.0068 -0.0033 -0.1456
0.5 Welfare + 0.5 CBLF  u = 0.0335, i = 0.41 -0.0019 -0.0015 -0.0639

Table 7 and Figure 6 results shows the trade-offs between welfare maximization, macroeconomic
stability, and emissions reduction. Increasing the share of green bonds (yc) in the central bank’s
portfolio influences these objectives differently depending on the policy focus. A welfare-maximizing
strategy, which prioritizes green asset purchases, is associated with greater welfare gains but also leads
to lower emissions reduction, suggesting that a more accommodative monetary stance supports eco-
nomic activity while indirectly affecting emissions. In contrast, a stability-oriented QE policy, which
minimizes the CBLEF, is associated with lower macroeconomic volatility and a higher reduction in
emissions, reinforcing the idea that financial stability measures can indirectly support the transition
by tightening financial conditions for carbon-intensive industries. A balanced approach, which con-
siders both welfare and stability objectives, provides an intermediate solution, improving welfare

while achieving moderate emissions reductions and keeping macroeconomic distortions contained.
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A key takeaway is that QE interventions influence emissions indirectly through financial condi-
tions, credit allocation and economic activity, rather than as an explicit monetary policy objective.
While stabilization-focused QE policies tend to reduce emissions, those aimed at welfare improve-
ments stimulate economic expansion, potentially delaying emissions reductions. This suggests that
even when operating within their traditional mandates, central banks can still influence environ-
mental outcomes through the design of QE strategies. We acknowledge that implementing Green
QE would require deviating from the assumption of market neutrality. Nevertheless, Papoutsi et al.
(2021) demonstrates that the European Central Bank’s (ECB) asset portfolio is already skewed toward
carbon-intensive sectors, suggesting that, in practice, market neutrality is not strictly upheld. This
implies that a shift toward Green QE would not necessarily introduce new distortions but could help
correct existing biases in central bank asset purchases.

Figure 6: Welfare Gains and Loss Function
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From a policy perspective, these findings reinforce the notion that QE should primarily serve
as a tool for macroeconomic stability, with emissions impacts emerging as secondary effects rather
than direct policy targets. The CBLF-minimizing approach aligns most closely with central banks’
mandates, as it ensures macroeconomic stability while indirectly contributing to emissions reductions.

An optimal QE framework during the transition should strike a balance between stability and welfare
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objectives, ensuring that monetary interventions remain effective without distorting financial markets
or overstepping fiscal policy.

Even when the central bank’s total bond holdings remain unchanged (y; = 0), the optimal share
of green bonds exceeds the market neutrality benchmark of 20%, reaching approximately 32% (Figure
7). Hence, proactively reallocating the bond portfolio (purchasing green bonds while selling brown
ones) can improve welfare.

Figure 7: Welfare Gains and Loss Function - yy = 0

%107 Welfare and CBLF

Values

—&— Welfare

ad —e— CBLF D
® MaxW
e MinCBLF
-8 | i | | |
0.2 0.25 0.3 0.35 0.4 0.45 0.5
MUG

Furthermore, as the share of green bonds (j,;) increases, the Central Bank Loss Function (CBLF)
steadily declines, meaning that higher green bond purchases contribute to reducing macroeconomic
volatility. However, this relationship is nonlinear: exceeding the welfare-maximizing level of green
bond allocation leads to diminishing welfare gains, even as the CBLF improves. This divergence
implies that while welfare maximization and macroeconomic stability are partially aligned, they do
not coincide at the same level of (), necessitating a trade-off in designing an optimal QE strategy.

Here, we emphasize that central bank interventions through green QE can enhance welfare and
improve macroeconomic stability, even without expanding the total bond portfolio. However, the
optimal design of such policies requires careful calibration to balance welfare gains and stability ob-

jectives, ensuring that monetary interventions support the green transition without introducing unin-
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tended distortions.

5.2 Conventional Monetary policy - Optimal Taylor Rule

While unconventional monetary policies such as Quantitative Easing (QE) offer potential tools to sup-
port the transition to a low-carbon economy, conventional monetary policy remains a fundamental
instrument for macroeconomic stabilization. In this section, we aim to compute the optimal Taylor
Rule during the green transition, using a Taylor Rule with pure inflation targeting and interest rate
smoothing as a benchmark.

The inclusion of p, in equation 20 introduces an emissions objective into the central bank’s reaction
function, aligning with recent discussions on incorporating environmental considerations into mon-
etary policy, mainly as climate-related risks increasingly influence macroeconomic conditions (Chen
et al., 2021). To assess the implications of an emissions-sensitive Taylor Rule, we simulate the tran-
sition path to the low-carbon steady state under varying degrees of central bank responsiveness to
emissions (o.) and the output gap (o,). We then evaluate welfare gains (or losses) relative to the
inflation-targeting rule (i.e.,, p, = p. = 0), the Central Bank Loss Function (CBLF), and the overall
effectiveness in reducing emissions.

The emissions-augmented Taylor Rule presents a fundamental trade-off between macroeconomic
stability and climate objectives. While a higher emissions responsiveness (p.) allows monetary policy
to curb carbon-intensive economic activity by adjusting interest rates, it may also increase inflation
and output volatility. However, in a low-carbon transition driven by active fiscal climate policies,
central banks may opt to ease interest rates in response to an economic slowdown, prioritizing short-
term stability at the cost of a slower emissions reduction. In our specification of the augmented Taylor
rule, an overly aggressive emissions response could result in pro-cyclical monetary policy, amplifying
economic downturns rather than stabilizing them.

Similarly, the Taylor Rule’s output gap responsiveness (p,) plays a crucial role in shaping this
trade-off. A higher p, strengthens monetary policy’s countercyclical function by responding more
aggressively to output fluctuations, helping cushion carbon taxation’s economic costs. However, ex-
cessive output stabilization may dampen the effectiveness of emissions-reducing fiscal policies, as
monetary easing could inadvertently support carbon-intensive production. Thus, the interplay be-
tween p, (emissions targeting) and p, (output gap responsiveness) is critical in determining the overall

effectiveness and stability of an emissions-augmented Taylor Rule.
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Appropriate calibration of p, and p, is essential to ensure a balanced policy response. A moderate
emissions response could enhance fiscal climate policies by aligning monetary incentives with carbon
taxation, while avoiding excessive macroeconomic instability. Conversely, an overly strong emissions
focus may introduce undesirable volatility, focus in the need for careful monetary-fiscal coordination

to maintain both price stability and environmental objectives.

5.2.1 Optimal Taylor Rule

Analyzing the optimal Taylor Rule parameters during the green transition exhibit the fundamental
trade-offs between welfare, macroeconomic stability, and emissions reduction. The choice of output
gap responsiveness (¢,) and emissions responsiveness (¢.) determines the central bank’s ability to
support the transition while maintaining its primary mandates of price stability and economic stabil-
ity.

The results in Table 8 indicate that a higher response to emissions (¢.) tends to increase wel-
fare. However, this comes at the cost of higher macroeconomic volatility, as reflected in the Central
Bank Loss Function (CBLF), and decreases the effectiveness of emissions-reducing fiscal measures. A
higher output gap responsiveness (¢,) strengthens monetary policy’s countercyclical function, mit-
igating output fluctuations and minimizing policy distortions. This suggests that monetary policy
can complement but not substitute fiscal climate policies, as excessive monetary accommodation may

inadvertently support carbon-intensive production.

Table 8: Optimal Parameters for Taylor Rule

Taylor Rule Scenario = Parameter Values AWelfare (%CE) ACB Loss Function(%) A Emissions (%)
Standard ¢y =0.03,¢. =0 0.0025 -0.0000 0.0033

Max Welfare ¢y =0,¢. =15 0.4157 0.2244 10.96

Min CBLF ¢y = 0.01, ¢, = 0.05 0.0321 -0.0001 0.0370

0.5 Welfare + 0.5 CBLF ¢, = 0.005, ¢, = 0.775 0.3397 0.0582 0.6156

A key takeaway from this analysis is the nonlinear relationship between emissions targeting and
macroeconomic stability (Figure 8). While a moderate emissions response (¢.) can align monetary
incentives with carbon taxation, an overly strong emissions focus can amplify policy distortions.

In this context, the optimal design of the Taylor Rule must balance the economic benefits of emis-

sions targeting with the risks of increased monetary instability. An approach where the central bank
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focuses on its dual mandate appears to be the most effective, as the Taylor Rule that minimizes the loss
function also yields welfare gains relative to the standard Taylor Rule and the pure inflation-targeting
Taylor Rule, while keeping emissions increases at manageable levels. While the inflation-targeting
Taylor Rule ignores transition-related trade-offs, and the max-welfare rule introduces significant in-
stability, the loss function approach provides an optimal compromise, increasing welfare gains relative
to standard and inflation target rules without inducing excessive macroeconomic volatility.

Figure 8: Welfare Gains and Loss Function
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The findings emphasize that central banks should carefully calibrate their monetary policy re-
sponses to complement fiscal climate policies while avoiding excessive trade-offs between welfare and
macroeconomic stability. Surprisingly, this optimal approach incorporates a low emissions response
(¢) into the Taylor Rule, demonstrating that when appropriately designed, monetary policy can indi-
rectly complement fiscal climate interventions. Notably, while emissions may increase slightly under
this rule compared to other policies, they remain manageable. This indicates that the macroeconomic
benefits of stability outweigh the minor trade-offs in emissions reduction without compromising the
emission reductions achieved through fiscal policy.

Here, we challenge the notion that central banks must choose between stability and environmental

objectives. Instead, it suggests that a well-calibrated Taylor Rule focused on macroeconomic stability
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naturally incorporates an emissions target, allowing for a policy framework that aligns with fiscal
climate policies while preserving the credibility and effectiveness of monetary policy. By adopting a
monetary strategy that prioritizes the minimization of loss functions, central banks can effectively help
the economy navigate the transition to a low-carbon economy without compromising their traditional
mandate of price stability and economic stabilization.

However, this approach is only valid during the transition to a low-carbon economy. In nor-
mal times, central banks should adhere to their traditional mandate of price stability and economic
stabilization. Here, fiscal climate policy drives the transition, inducing temporary macroeconomic
instability, allowing monetary policy to adjust without compromising emissions reductions. How-
ever, if instability arises from a financial crisis or other shocks, the standard Taylor Rule should be
applied, as monetary policy must focus solely on stabilization rather than emissions. Thus, while an
emissions-augmented Taylor Rule can provide short-term flexibility, central banks should revert to
their traditional framework once the transition stabilizes, ensuring their focus remains on economic

and financial stability while leaving climate objectives to fiscal authorities.

6 Conclusions

The transition to a low-carbon economy introduces significant macroeconomic and financial stabil-
ity challenges, requiring a coordinated policy response. Using a two-sector Environmental Dynamic
Stochastic General Equilibrium (E-DSGE) model with financial frictions and Epstein-Zin preferences,
this study examines how conventional and unconventional monetary policies can mitigate transition
risks triggered by a carbon tax. Our findings highlight the complementary role of monetary policy
alongside fiscal climate measures, emphasizing the need for carefully designed interventions to bal-
ance economic stability, welfare, and environmental objectives.

Conventional monetary policy can amplify output volatility during the transition when focused
solely on inflation stabilization. In contrast, an emissions-augmented Taylor Rule, incorporating a
moderate response to emissions growth, provides countercyclical support, reducing macroeconomic
volatility and enhancing welfare compared to a standard Taylor Rule. However, a standard Taylor
Rule, designed to minimize the Central Bank Loss Function (CBLF), achieves a balanced outcome with
minimal welfare losses and negligible emissions increases, aligning with central banks’ traditional
mandates while indirectly supporting environmental goals.

Unconventional monetary policies, particularly Green Quantitative Easing (QE), outperform Neu-
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tral QE by redirecting financial resources toward sustainable investments. Green QE delivers greater
welfare gains and more substantial emissions reductions compared to Neutral QE, especially in sce-
narios without abatement technologies. The optimal QE strategy, balancing welfare and CBLF, in-
volves a moderate increase in central bank asset holdings with a strong green bias, yielding both eco-
nomic stability and environmental benefits. Temporary QE programs mitigate short-term instability,
while permanent interventions have a more significant impact on emissions reductions.

A key insight is that monetary policy should complement, rather than replace, fiscal climate poli-
cies. Emissions reductions emerge as a secondary effect of monetary interventions, primarily through
their influence on financial conditions and capital reallocation. The distinction between welfare and
CBLF objectives emphasizes that central banks cannot fully optimize both simultaneously, highlight-
ing the importance of monetary-fiscal coordination to manage transition risks effectively. The findings
challenge the notion that central banks must sacrifice stability for environmental goals, demonstrating
that well-calibrated policies can support both within existing mandates.

From a policy perspective, central banks can improve economic resilience during the green tran-
sition by integrating emissions considerations into Taylor’s rules or adopting green QE, particularly
during periods of transition-induced instability. In normal times, they should focus on standard sta-
bilization objectives, leaving primary climate responsibilities to fiscal authorities.

This study acknowledges a limitation in its deterministic simulation of transition risks, which may
not fully capture the uncertainties of real-world low-carbon transitions. While the approach yields
valuable insights, modeling uncertainty requires advanced global solution techniques to reflect sys-
temic changes accurately. Despite this, the methodology effectively captures key variable behaviors
in the simulated context.

Future research should address these limitations by exploring physical climate risks, macropru-
dential policy synergies, and sectoral or regional emissions variations to enhance policy recommen-
dations. The interplay of monetary policy, financial stability, and climate goals remains a vital area for

ongoing policy and academic exploration as the global economy transitions to sustainability.
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Appendix A: Role of Preferences

The transition paths under Epstein-Zin (EZ) and CRRA preferences exhibit key differences that stem
from the fundamental properties of each utility function. Epstein-Zin preferences allow for a separa-
tion between risk aversion and intertemporal elasticity of substitution (IES), while the standard CRRA
utility ties these two parameters together. This distinction influences the economy’s response to the
transition to a low-carbon steady state.

Figure 9: Transition to a Low Carbon Economy -Epstein Zin vs CRRA - Real Variables
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In the output and investment dynamics, the economy under EZ preferences exhibits a smoother
adjustment compared to CRRA, particularly in green investment and green output. This is because
agents with higher IES under Epstein-Zin preferences anticipate future gains from the transition and
adjust their consumption and investment decisions accordingly. Under CRRA preferences, the adjust-
ment path is more abrupt, as agents’ risk aversion and elasticity of substitution are linked, leading to
a stronger initial contraction in response to the carbon tax.

Labor and emissions follow distinct trajectories as well. The labor response under Epstein-Zin
preferences is less volatile, as agents are more forward-looking and willing to smooth consumption

over time, whereas CRRA agents exhibit sharper fluctuations. Similarly, emissions decline more grad-
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ually under EZ preferences, suggesting that firms and households internalize the long-run benefits of
green investment more effectively when IES is decoupled from risk aversion.

Financial variables further stress the role of preference structures. Green bond spreads and the
share of green bonds increase more steadily under EZ preferences, indicating a stronger reallocation
of capital towards green assets. Meanwhile, brown bond spreads remain higher for a longer period
under CRRA, reflecting a more sluggish transition in financial markets. The smoother adjustment in
net worth and leverage under Epstein-Zin preferences suggests that financial frictions play a smaller

role in exacerbating volatility compared to the CRRA case.

Figure 10: Transition to a Low Carbon Economy -Epstein Zin vs CRRA - Financial Variables
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Even if CRRA preferences highlight short-term economic distress, Epstein-Zin preferences are still

preferable due to:

¢ Transition risks are inherently long-term , where EZ preferences allow for forward-looking be-

havior

¢ Financial markets matter, with EZ preferences allowing to capture the pricing of risk and invest-

ment shifts

* Macroeconomic stability is important, where CRRA could exaggerate short-term volatility, while
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EZ provides smoother adjustment paths.
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Appendix B: Calibrated Parameters

We follow Ferrari and Nispi Landi (2024) and calibrate ex-ante the parameters:

* Lev =06
e L=R=105
pt
e RoW = ¢~ =153
o K =02
8§ _
« £=0215
br
* § = 00254

And we find the ex post paratemers: {9, L,e"v,(, g}
By using the net-worth evolution, we can find &

1= x((r* =R)lev + R

L
lev

Then, from the FOC of bankers, we can get the bank’s discount factor:

_ 1-x
YT 1 xB((r° —R)lev + R)

And from the leverage equation, we get the fraction of capital that can be diverted:

0 1%

=+ B((° — R))

In the model, pollution is represented in arbitrary units. However, in order to align with real-
world measurements, our aim is to calibrate the model so that the steady-state level of pollution cor-
responds to x%!C (gigatons of carbon). This choice of x“*C will result in a damage parameter, denoted
as D, that matches the estimate provided by Gibson and Heutel (2023). By achieving this calibration,
we ensure that the model’s pollution levels are more meaningful and relevant in the context of actual

carbon emissions and their associated impacts.

D = Dy + DyxC'C 4 D,xCtC2
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Where D; and D, are proposed by Gibson and Heutel (2023). We need to find D; and D, in our

row

model. We define the rest of the world emissions as: ¢’ = RoW x ¢, and from the pollution stock in

steady-state (). Then we get:

__ [ xGte
()

To calibrate the parameter ag that creates utility losses from pollution stock, we follow Barrage

(2020) to get consumption losses equivalent to the damage in the output:

1
1— (Dy+ D1 + Dox?) = —
0

1

Y07 31— (Do + Dix + Do)
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Appendix C: Banker’s Problem Maximization

We solve this problem using the solution Ferrari and Nispi Landi (2024) proposed for this specific
setting.

Let t,t + i be the stochastic factor applying in period t to earnings at t + i. Each banker exits the
market with probability (1 — x) getting NW;1 at the beginning of period t + i. With probability x, a

banker continues in this activity. Therefore the value of a bank is:

v/ = max E Y (1= )X BT My i NWigy

i=0
Subject to:
NW; G Bvi.g B T-1 ri—1 KF levf By
= — 1)l ——)evy_1+ — — —(+—L =" 28
NW,_ (ry —r))levi |+ (ry - Vevy 1 + - 5 (lt,1 ) (28)

Recursively writing the expected terminal wealth:

f
th NWiiq Vi
NW, max E;|( X) Miri NW; +XBMisia NWiiq

And following Gertler and Karadi (2011), financial intermediaries face the collateral constraint:

vl (NWy) > 6v]

th(NWt)

>
NW, 2 Olev;

As the standard solution in this literature, we guess the solution:

f 3
v lev N
N71ivt = agilevs + apilevy + act(ﬁ —b)? +ag

Being ay; with k = a, g, ¢, d the coefficients to be determined.

Rewriting the bank problem as:

lev
max agtlevf + apilevy + act(ﬁ — b*)2 +age| + (14 vpr) — yreBlevy
t
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With r; being the Lagrange multiplier. The FOC are:

8
[a 1 206 Vel (1 4oy = 0

t
880 Jevy " lewy

— b)) [ (14 vgt) = yre0

ZaCtlevf levf
apt — lev? (li
€'Ut et

Then, from the first FOC, we get the following;:

20,4 Zevf

gt = (7—b*)

lev; " lev;

We get the formula for yr; from the second condition. Then, using the guessed solution, we get:

; f
% NWi i1 Vt+1
W max E; [( X) M1 N, + XBMi i1 NW, i1
f
th NW;iq Vin
- E 1-
NV, max E; [(Mt,t+1 NW, [(1—x)+ XNWt+1]
th =max E; | (Mqv NWeir
NW, ¢ LEVET T

Where v; is the effective bank’s SDF with v, =1 — x 4+ x

lev% levy

2a.:levd [ lev?
Apr — actevt(evt_b*>2]

Given the Banks’ constraint by the evolution of net worth, we can find the remaining coefficients:

agt = IEy

g b
My i1vep1(ryy g — Vt+1)]

b Tt
apt = B¢ | Mppp1Vepa (ripy — ——)
TT41
7t
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KF

agr = Y E¢ | M1V
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Using the first FOC, we get the following;:

lev, KF
E:M v r —7r - S _pr) —)=0
M1 Vi1 | Tl — Tht41 lev, lev,

Now, we can get the respective expression for the optimal leverage:

S
levy

Blev; = ugtlev‘tg + aplevy + act(@ —b")? + ag;

2
lev
r K ot
M 41 Vit (nt'ﬂ + (rgr+1 = Tori1) levg: —F < Teor b*> >
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T,
0 — M1 Vi1 <Vb,t+1 — 1 )

TTt4+1

Finally, using the previous conditions, we get the resulting formula for v;:

Tt 7t
vp=1—x+EMppavipix | —— + (T’g,t+1 - T’b,t+1) levg s + levy <T’b,t+1 - ) -
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Appendix D: Additional Figures

Taylor Rule

Figure 11: Transition to a Low Carbon Economy - Conventional MP - Real Variables
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Figure 12: Transition to a Low Carbon Economy - Conventional MP - Financial Variables

Transition to a Low Carbon Steady State

_ ~ Leverage
€
%
ES
<
1 1 1 1 ] A ) . ]
20 25 30 35 40 20 25 30 35 40
Quarters Quarters
Green Spread Brown Spread
T I T I ] o, (! A ]
20 25 30 35 40 20 25 30 35 40
Quarters Quarters

n Bond:

Brown Bonds

O R i o e S A e = B o o i = i im = i mim mm e mm i mimmmmma oo oo oo _PIOWRBONGS. ...
4]
%)
< 05F
< v
4 L L 1 1 1 1 L 1 1 1 1 )
0 10 15 20 25 30 35 15 20 25 30 35 40
Quarters Quarters
06 Share of Green Bonds Green Tobin Q
7] 7]
& 041 P
Lol 8
a4 <
0 1 1 1 1 1 1 ] 1 1 1 1 1 ]
0 10 15 20 25 30 35 40 15 20 25 30 35 40
Quarters Quarters
01 Brown Tobin Q 01 Nominal Int. Rate

A%SS

Quarters

——— Baseline ~ - - Target

Quantitative Easing

Quarters

Baseline + Emissions === « + Emissions

Figure 13: Transition to a Low Carbon Economy - Unconventional MP - Real Variables

Transition to a Low Carbon Steady State
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A%SS

Figure 14: Transition to a Low Carbon Economy - Unconventional MP - Financial Variables

Transition to a Low Carbon Steady State
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Appendix E: Transition to a Low Carbon Economy without Abatement Tech-
nology

Taylor Rule

Figure 15: Transition to a Low Carbon Economy - Conventional MP - Real Variables
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Figure 16: Transition to a Low Carbon Economy - Conventional MP - Financial Variables

Transition to a Low Carbon Steady State
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Table 9: Normative Analysis - Taylor Rule - Without Abatement Technology

Policy

A Welfare A Output

A Emissions

A CB Loss Function

Baseline Taylor Rule
Inflation Target
Baseline + Emission Target

Inflation + Emission Target

-0.0006
0.0043
0.0058

-0.0091
-0.0001
-0.0092

-0.0053
0.0004
-0.0049

-0.0541
0.0001
-0.0540

Note: A Welfare,Output, Emissions CB Loss Function in % in relation to the baseline Taylor Rule
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Quantitative Easing

Figure 17: Transition to a Low Carbon Economy - Unconventional MP - Real Variables

Transition to a Low Carbon Steady State
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Figure 18: Transition to a Low Carbon Economy - Unconventional MP - Financial Variables

Transition to a Low Carbon Steady State
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Table 10: Normative Analysis - Permanent Quantitative Easing - Without Abatement Technology

Policy A Welfare A Output A Emissions A CB Loss Function
Carbon Tax - - - -

Neutral QE  0.0167 0.0607 0.0376 -0.0028

GreenQE  0.0329 0.0754 -0.2131 -0.0035

Note: A Welfare,Output, Emissions CB Loss Function in % in relation to the Carbon Tax scenario
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