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Abstract

We study how climate policy can interact with distortionary fiscal policy and poten-
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dynamics can differ sharply from long-run outcomes. For the carbon tax, transition dy-
namics depend on both financial frictions and the choice of revenue recycling. For the
abatement subsidy, distortionary financing can generate contractionary transition dynam-
ics that do not arise in the long run, and transition risk only arises with financial frictions
present. Macroprudential policy can mitigate transition risk under the carbon tax but
has little effect under the subsidy.
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1 Introduction

Climate change is a significant threat to human livelihood, and policy responses are necessary to
avoid major downside risk. Policy options vary but often take the form of subsidies to “green”
technologies or taxes on carbon emissions. Both of these types of policies have government
revenue implications — subsidies need to be paid for, and carbon tax revenues need to be spent.
Lump-sum taxes are generally not available and lump-sum revenue returns are not widespread.
These climate policies generally interact with preexisting fiscal policies like labor and capital
taxes. Tax interactions can have significant implications not just in the long run but also along
the transition to a low-carbon economy, especially in presence of imperfect financial markets
and the potential realization of transition risk. By transition risk we refer to the economic and
financial disruptions along the transition to a low-carbon economy, including policy-induced
changes in output and investment. Transition risk is a major concern for central banks and

financial surveillance authorities.!

The relationship between environmental policy and preexisting fiscal policies has been stud-
ied in the literature primarily with static public finance models, including prominent examples
such as Bovenberg and De Mooij (1994) and Bovenberg and Goulder (1996). We refer to this
as the “double dividend literature,” named for the hypothesis that there are efficiency gains
from using pollution tax revenue to reduce preexisting distortionary taxes. Meanwhile, stud-
ies of transition risk from climate policy have typically been conducted using environmental
dynamic stochastic general equilibrium (E-DSGE) models, including Diluiso et al. (2021) and
Carattini, Heutel and Melkadze (2023). These papers generally ignore preexisting fiscal pol-
icy and only model carbon taxes, not subsidies. Barrage (2020) has introduced preexisting
distortionary taxes into an integrated assessment model based on DICE, and Roach (2021)
and Jaimes (2025) have introduced them into E-DSGE models, though in each case without

consideration of financial frictions.

1See for instance Carney (2015); ESRB (2016); Bank of England (2018); Banque de France (2019); Bolton
et al. (2020); ECB (2021); Rudebusch (2021); Saldias and Panzica (2025).



The purpose of this paper is to study how carbon tax and green subsidy shocks interact with
preexisting labor and capital taxes and affect the realization of transition risk when financial
markets are imperfect. We develop and calibrate an E-DSGE model with two production sectors
— polluting (brown) and non-polluting (green) — that features a frictional financial sector based
on Gertler and Karadi (2011) and also preexisting labor and capital taxes. We allow for two
types of climate policy: a carbon tax or a subsidy to pollution abatement. A carbon tax
generates revenues; a subsidy needs revenues from other sources. For each policy, we allow
for three different strategies for recycling the tax revenues or financing the subsidies — either
through a lump-sum tax or transfer, through adjusting the labor tax, or through adjusting the
capital tax. Our model allows financial regulators to anticipate transition risk and introduce
green macroprudential policy. Macroprudential policy refers to regulations designed to ensure
the stability of the entire financial system and the economy. We model macroprudential policy
as taxes or subsidies on banks’ assets, and we allow them to differ between brown or green assets.
The objective of this regulation is to lower the banks’ exposure to brown assets before climate
policy is introduced. We simulate how climate policy affects the economy in both the short
run and the long run, paying attention to when financial frictions cause the policy to trigger
transition risk, and how the choice of revenue return matters. In essence, we examine how
policy design can mitigate or exacerbate transition risk, depending on the options available
to policymakers, given the constrained political reality of both climate and macroprudential

policymaking.

Our results show how the potential for transition risk depends on the design of climate policy,
the choice of financing or revenue return, the presence of financial frictions, and macroprudential
policy. We begin by presenting some results that are consistent with the earlier double dividend
and E-DSGE literatures. For example, we show, both in the steady state and in the transition,
that imposing a carbon tax and recycling revenues by cutting labor or capital taxes is less
distortionary than recycling via a lump-sum transfer. But our main results are about how

this well-known tax interaction effect is altered by the presence of financial frictions during the



transition period. A theme running through all of our novel findings is that, once preexisting
fiscal distortions are taken into account, transition effects differ sharply between carbon tax
shocks and green subsidy shocks. As a result, our analysis provide perspective to existing
findings for carbon tax shocks and extends the literature to abatement subsidies, for which

comparable benchmarks are largely absent.

We find three sets of novel results. First, we find that fiscal distortion and tax interaction
effects along the transition path can be quite different than those found in previous, static tax
interaction models. In particular, for the abatement subsidy’s transition path, we find that a
reduction in output arises only when the subsidy is financed by increasing distortionary taxes,

though the steady-state outcome does not reveal this.

Second, we focus on the role of financial frictions by comparing the transition results in
models with and without those frictions. Here again we find important differences between
the carbon tax and abatement subsidy shocks. For the carbon tax shock, financial frictions
exacerbate the magnitudes of transition effects, and their quantitative importance is comparable
to that of the revenue-return choice. By contrast, for the abatement subsidy shocks, in some
cases transition risk arises only in the presence of financial frictions. For example, when the
subsidy is financed through tax increases, a reduction in output along the transition only arises

in the presence of financial frictions.

Third, we examine whether ex-ante green macroprudential policy can mitigate the effects
of transition risk. For the carbon tax shock, macroprudential policy is effective when revenues
are returned lump-sum or through cutting the labor tax, confirming previous research (see
Carattini, Heutel and Melkadze 2023). The magnitude of the effect of macroprudential policy in
these cases is about the same as the magnitude of the effect of the choice of revenue return itself.
In contexts where ex-ante green macroprudential policy is likely not an option, perhaps due
to political constraints, our results speak to the trade-offs between this unavailable policy and

other policy options that are likely to be more available, like the choice of revenue return. But



for the abatement subsidy shock, macroprudential policy has almost no effect on any outcomes
along the transition. Given that green subsidies seem to be more popular and common than
carbon taxes, this result has important real-world policy implications: the macroprudential
policies that the literature has recommended to respond to the potential transition risk from

climate policy actually have no effect for the most common climate policies.

We contribute to two strands of literature. We speak to studies examining the potential
role of transition risk and corresponding policy solutions, in particular with E-DSGE models.?
Our unique angle is the consideration of fiscal policies and how the interaction between climate
and fiscal policies influences the magnitude of a financial recession, which in the presence of
frictional financial markets and absent proper macroprudential policy can emerge even with
modestly ambitious climate policy. We are also among the first in this literature to study
climate policies other than a carbon tax, in our case an abatement subsidy. We are interested
in whether there are ways to design climate policy that mitigate or exacerbate transition risk.
The design of climate policy is shaped by a variety of factors, including of political nature. We
find that different policy designs lead to considerably different outcomes. Policymakers face
trade-offs between the potential realization of transition risk and designing climate policy as

they please.

We also add to research on the role of preexisting distortions on the design of environmental
policy, i.e., the double dividend literature, across methodologies. Relative to the literature on
the interaction between environmental policy and preexisting taxes in the tradition of Bovenberg
and De Mooij (1994) and Bovenberg and Goulder (1996), our model contributes by including
dynamics, allowing us to study the transition to a low-carbon economy. While some computable
general equilibrium models (e.g. Goulder et al. 2010, 2019), other E-DSGE models (e.g. Roach
2021; Jaimes 2025), and integrated assessment models (e.g. Barrage 2020) in this literature

are also dynamic, they are built to address different research questions. Neither of the two

2For example, Diluiso et al. (2021); Carattini et al. (2023); Comerford and Spiganti (2022); Giovanardi and
Kaldorf (2024); Carattini et al. (2024). See Annicchiarico et al. (2021) for a review of the growing E-DSGE
literature.



papers that incorporate distortionary fiscal policy in an E-DSGE model and are thus similar in
the ability to analyze shocks (Roach 2021; Jaimes 2025) feature a financial sector or financial
frictions, and so they cannot be used to study transition risk. Further, while each of these two
papers includes climate policy, neither model unanticipated climate policy shocks, and instead
focus on responses to other types of shocks (abatement cost shocks and government spending
shocks in Jaimes 2025 and productivity and energy price shocks in Roach 2021). Our model is
uniquely tailored to examine short- to medium-term effects from climate policy shocks and the

realization of transition risk, given its quarterly resolution and frictional financial sector.

2 Model

We model a closed economy consisting of a representative household, a government, and
four types of firms — financial intermediaries (banks), capital producers, and two non-financial
goods-producing firms, one of which is polluting (“brown”) and one of which is non-polluting
(“green”). Time is discrete and indexed by ¢. There is a standard environmental externality,
common in the E-DSGE literature, where the brown firm’s output affects a pollution stock
and overall productivity. There is also an inefficiency from financial market frictions, based on
the specification in Gertler and Karadi (2011) and used in previous E-DSGE models including
Diluiso et al. (2021) and Carattini, Heutel and Melkadze (2023). Finally, the model features
preexisting distortionary taxes on capital and labor. The model thus features several distortions:
two types of market failures — a pollution externality and the frictions in the financial sector —

plus the preexisting fiscal policy distortions.

We consider two types of climate policies into this economy. First is a carbon tax, which
is the standard way to model climate policy in E-DSGE models, usually with revenues redis-
tributed lump sum. Second is a subsidy to the abatement costs that polluting firms face. This
second climate policy has not been modeled in the E-DSGE literature, and because it is a

subsidy rather than a tax, examining its financing and interaction with preexisting distortions



is key. We also model macroprudential policy as taxes or subsidies on banks’ assets.?

The model is closely related to that presented in Carattini, Heutel and Melkadze (2023),
with key differences such as the introduction of preexisting labor and capital taxes, modeling
both carbon taxes and subsidies, and allowing for policy financing (either the return of carbon
tax revenue or the sourcing of subsidy funds) to be other than just lump sum. In this section,
we briefly summarize the key features of the model relevant for this study, while we relegate

the full description to Appendix Section A and the calibration strategy to Appendix Section B.

2.1 Financial Sector

The source of the financial frictions potentially leading to transition risk is the presence of
a principal-agent problem between bankers and lenders, modeled after Gertler and Karadi
(2011). Capital is not directly rented to final goods producers, but rather it is provided through
financial intermediaries (banks). The aggregate value of banks’ net worth is N;. Each bank

7 purchases securities from the green or brown sector Sf’ . and S, respectively, at prices QY

]’t7
and ?; aggregate holdings of each security are SY and S°.* The green and brown final goods
producers use these securities to finance their capital acquisition from the capital-producing

firm.

The principal-agent problem within the banking sector is as follows. Each banker j has
the ability to divert or abscond a fraction x of the bank’s total assets for personal use. If
this occurs, depositors recover the remaining 1 — k fraction of the assets. Because of this
exogenous possibility of a banker “running away” with the depositors’ money, there is an
incentive constraint that must hold in order for depositors to be willing to lend to the bank.

The incentive constraint (described in Appendix Section A) always holds, so that bankers never

3Given these frictions and policy options in our model, some of our results are in the spirit of a “second-best”
analysis, although we do not explicitly solve for welfare-maximizing policies.

4We follow the notational convention, from e.g. Gertler and Karadi (2011), of denoting the quantity of the
securities by S and the price of the securities by Q.



actually divert funds. But the possibility of doing so yields the incentive constraint, and this

constraint leads to the market failure from financial frictions.

The Appendix derives the following equation arising from this principal-agent problem:
b ab gq9 _ Pt
QiS; + QYS; = ;Nm (1)

where ; > 1 is the shadow value of a bank’s net worth. This is the key equation capturing the
inefficiency in the financial sector from the principal-agent problem. The aggregate demand
for capital in the economy is the left-hand side of this equation (since capital is only provided
through the financial intermediaries). It is restricted by the banks’ aggregate net worth (N;).
Both the degree of the principal-agent problem x and the shadow value of banks ¢, affect the
magnitude of this relationship. This constraining equation will not have to hold in a model
without these financial frictions, and thus the level of capital provided to the economy can be

inefficient.?

2.2 Brown Firm and Emissions

The brown or polluting final goods firm produces output Y. As a byproduct of output,
emissions e; are created proportional to output, though they can be reduced through spending

on abatement fu:

er = (1 — ) Ytb. (2)

5Tt is possible to modify the Gertler and Karadi (2011) framework to allow the degree of financial frictions
and the principal-agent problem to differ between loans to brown and green firms — see Diluiso et al. (2021) —
though we impose that these frictions are homogeneous across assets. Alternative methods of modeling financial
frictions are available, e.g. Bernanke et al. (1999). See Giovanardi and Kaldorf (2024) for an alternative model
of financial frictions in an E-DSGE context.



The variable pu; thus represents the proportion of emissions that are abated. Abatement is

costly, costing Z; units of the brown final good:

Zt = elljlfQY;‘,b? (3)

where 6; and 0y are abatement cost parameters. This specification of emissions and abatement

costs is inherited from the DICE model.

2.3 Preexisting Distortionary Taxes

There are two preexisting distortionary taxes. First, the representative household pays a tax
rate 77, on its labor income from labor allocated to both the brown and the green sector. The
wage rate can differ across the two sectors — w? and w{ — but the labor income rate is the same,
so that net labor income received by the household is (1 — 774)(w?L? + w{LY), where L? and

L] are the quantities of labor supplied to the two final goods sectors.

Second, banks — who own capital in the model — pay a tax rate 74, on the return on capital
they provide to either final goods sector. Like the labor income tax, the capital income tax is

not differentiated by sector. The after-tax gross rate of return that banks receive on their loans

(177k7t)r,iy?+(176i)Qé
Qi1

to sector i € {b, g} is given by }N%}” = , where 7}, denotes the rental price of

capital and Q! is the price of capital.

2.4 Macroprudential Policy

We succinctly model macroprudential policy as a combination of taxes or subsidies on banks’
assets, which can be differentiated between brown and green assets (Carattini et al., 2023).
Specifically, banks pay a tax (or receive a subsidy, if negative) 77 when extending loans to

sector i € {b,g}. The total cost of funding a loan portfolio (5%

2:,S7,) is therefore given by



(1 +7)QS5, + (1+7)Q1S],.

We focus on ex-ante macroprudential policy, whereby the regulator sets constant tax rates in
the initial steady state, rather than macroprudential policy that varies over time or in response
to climate policy. When doing so, the regulator can choose tax or subsidy rates to influence the
relative attractiveness of different types of loans and thereby alter banks’ portfolio exposures
across sectors. We interpret these macroprudential taxes or subsidies as a parsimonious way to
capture a range of proposed regulatory tools, including brown-penalizing and green-supporting

factors in Basel-type capital requirements (see Appendix A for details).

2.5 Climate Policies

There are two climate policies available to the regulator. First, a carbon tax 7., is levied on
the brown firm based on its emissions e;, so that the total cost the brown firm pays in this tax

IS Te €.

Second, the brown firm’s abatement cost is subsidized at the rate s,;, so that the total
cost the brown firm pays for abatement is (1 — s,;)Z;, where Z; is the gross abatement cost
defined above. The variable s, is defined as a subsidy, so that when it is positive, the brown
firm’s abatement cost is lowered (we will only consider positive values for both subsidies and

the emissions tax).

In the Appendix, we also consider a third climate policy, where the green firm’s output is
subsidized at the rate s,;, so that the green firm’s net revenue from selling its output Y}’ is
(14 s,,)plY?, where p{ is the pre-tax equilibrium output price. As with the abatement subsidy,
sy+ 1s defined as a subsidy, so that when it is positive the net price the green firm receives on

its output is higher.

We will model each climate policy independently in the simulations below. When we study

the carbon tax, we set the subsidy to zero. However, when we study either of the subsidies, we

10



maintain a small but non-zero carbon tax rate, calibrated based on a business-as-usual scenario
described in Appendix Section B. Without a carbon tax, the abatement subsidy at any level

will have no effect since the brown firm will have no incentive to abate.

Given these preexisting taxes and climate policies, the government budget constraint is the

following, where an exogenous public spending G must be financed:

G+ syplYP + 522+ Ty = Tewer + 70 Y wili+ 7m0 Y1 K+ > 7iQIS;. (4)
i=g,b i=g,b i=g,b
Here T; denotes the lump-sum transfer to households that ensures a balanced budget each

period. If T; < 0, then this is a lump-sum tax on households.

2.6 Revenue recycling and subsidy financing options

For each policy described above, we consider different revenue-neutral recycling or financing
options. Carbon tax revenues can be returned through a lump-sum transfer, they can be used to
reduce the labor tax rate, or they can be used to reduce the capital tax rate. Subsidy payments
can be financed through a lump-sum tax, they can be financed by increasing the labor tax rate,

or they can be financed by increasing the capital tax rate.

For example, consider the case in which carbon tax revenues are recycled through reductions

in distortionary taxes. When revenues are used to lower the labor income tax, the resulting

(Te,t_Te)et

—=——, where 7, and 7. denote the initial steady-state
wy Ly+wy Ly

tax rate is given by 7, = T —
labor income tax rate and carbon tax, respectively. Alternatively, when carbon tax revenues

are used to reduce the capital income tax, the capital tax rate evolves according to 7, =

(Te,t*Te)et

—=t—5——. Finally, in the case of lump-sum transfers, both labor and capital income
Ty K

Tk —
tax rates remain at their preexisting steady-state levels (i.e. 7, and 73) and lump-sum transfers

T; adjust endogenously to satisfy the government budget constraint in equation (4).5

6 Appendix Section A presents analogous formulas for the abatement and green production subsidies. Note

11



3 Results

After calibrating to a quarterly frequency based on data from the United States economy
(described in Appendix Section B), we solve the model under perfect foresight and present
simulation results for our two policy scenarios — a carbon tax and an abatement subsidy — each
under three different revenue options — lump sum, labor tax, or capital tax. That is, for the
carbon tax, we consider returning the revenue either as a lump-sum transfer, as a reduction
in the labor tax, or as a reduction in the capital tax. For the abatement subsidy, we consider
financing it either through a lump-sum tax, an increase in the labor tax, or an increase in the

capital tax.

3.1 Steady State

Before getting to our main results, we briefly compare and discuss steady states before and
after policy changes under different options for revenue recycling or subsidy financing. These
results generally confirm earlier results from the double dividend literature and help lay the

foundation for our novel contributions in the following subsections.

Table 1 presents simulation results for the case of the carbon tax increase policy. Each
entry represents the change in the value of some variable from the initial steady state, before
the carbon tax increase, to the new steady state. We run each simulation both with and without

the financial frictions to see the effect of those frictions on the outcomes.

The first value in the upper-left element shows that under a lump-sum transfer of carbon tax
revenues and with financial frictions, the carbon tax increase yields exactly a 10% decrease in

steady-state emissions. Indeed, the carbon tax magnitude is calibrated to achieve this emissions

that the lump-sum transfer 7} is pinned down each period by the balanced-budget condition (4), given the paths
of policy instruments and the financing rule under consideration. Thus, T; is still endogenously determined in
simulations where distortionary taxes adjust, because of movements in in other prices and quantities that enter
the government budget constraint.

12



decrease.”

For the same carbon tax rate increase, the other revenue recycling options yield
almost the same emissions decrease, and the financial frictions do not have a large effect on the

magnitude.®

The second row shows that aggregate output increases slightly in the new steady state —
this is because the carbon tax addresses the pollution externality and thus increases efficiency.
Here, there is an appreciable difference across the revenue recycling methods. Consistent with
the double dividend literature, it is more efficient (yields a higher increase in output) for the
tax revenues to be returned via cuts in preexisting distortionary taxes than through lump-sum
transfers. Furthermore, returning all the revenue via the capital tax is more efficient than

returning it via the labor tax, consistent with the results from an IAM in Barrage (2020).

We also present how investment, the banks’ net worth (in the model with financial frictions),

and the stock of green and brown capital differ across the policy scenarios.

"In our model, a carbon tax that achieves 10% emissions reduction in the long-run is about $4.30 per ton of
CO;. While this is quite low relative to estimates of the social cost of carbon, we are interested in shocks above
expectations. Such unanticipated shocks are what matters for transition risk. Hence, we provide a lower-bound
approach, where larger shocks would amplify the effects that we currently simulate.

8We are not standardizing the carbon tax shock magnitude so that it always achieves the exact same
emissions reduction across revenue recycling options; instead we keep the exact same tax rate increase.

13
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Table 1: Steady State for Carbon Tax: Alternative Revenue Recycling Options

Lump sum transfer Labor tax cut Capital tax cut

Financial No financial | Financial No financial | Financial No financial

frictions frictions frictions frictions frictions frictions
Emissions -10.0% -9.97% -9.76% -9.72% -9.57% -9.53%
Aggregate output 0.13% 0.16% 0.40% 0.44% 0.60% 0.64%
Investment -0.03% 0.01% 0.25% 0.28% 0.93% 0.97%
Banks’ net worth -0.03% — 0.25% — 0.93% —
Green capital 0.20% 0.24% 0.48% 0.51% 1.16% 1.20%
Brown capital -0.37% -0.34% -0.10% -0.06% 0.59% 0.63%

Note: This table shows percent changes in the steady state values of selected variables in the economies with and without financial
frictions in response to the permanent increase in carbon tax under different revenue recycling options.



Table 2 presents the same set of simulations, but with the abatement subsidy policy rather
than the carbon tax. Here the revenue options reflect choices for how the subsidies are financed,
not how policy revenue is returned. The magnitude of the subsidy is calibrated to achieve a
10% reduction in steady-state emissions under the lump sum transfer. This emissions reduction
requires an abatement subsidy rate of 67%, quite high for such a modest reduction in emissions,
especially compared to the carbon tax rate of just $4.30 per ton of CO; to achieve the same goal.
As with Table 1 the financing scenario does not have an appreciable effect on the magnitude of

the emissions reduction.

Here, the most efficient financing option is to finance the subsidy through a lump-sum
transfer rather than by increasing the labor or capital tax rates. Again, this is consistent with
the double dividend literature, since in this case the need for revenue to fund the tax makes

the lump sum policy the least distortionary.

Under all policy scenarios, investment increases in the long run. Indeed, both green and
brown capital increase. The abatement subsidy benefits the brown firm, raising banks’ net worth
and relaxing their incentive constraint, which in turn allows lending and capital to expand in

both sectors.?

9The steady-state fiscal size of the interventions differ across policies but not across revenue recycling choices.
The gross fiscal flow (i.e. the magnitude of the carbon tax revenue or of the abatement subsidy expenditure)
is substantially larger for the carbon tax (about 0.21% of GDP) than for the abatement subsidy (about 0.01%
of GDP). The scale of the fiscal intervention is irrelevant for welfare or efficiency considerations, though see
Kotchen (2025) for political economy implications.

15
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Table 2: Steady State for Abatement Subsidy: Alternative Subsidy Financing Options

Lump sum transfer

Labor tax increase

Capital tax increase

Financial No financial | Financial No financial | Financial No financial

frictions frictions frictions frictions frictions frictions
Emissions -10.00% -9.97% -10.03% -9.98% -10.05% -9.98%
Aggregate output 0.44% 0.47% 0.41% 0.47% 0.39% 0.46%
Investment 0.44% 0.48% 0.42% 0.47% 0.35% 0.46%
Banks’ net worth 0.44% — 0.42% — 0.35% —
Green capital 0.43% 0.47% 0.41% 0.46% 0.34% 0.45%
Brown capital 0.46% 0.49% 0.43% 0.49% 0.37% 0.47%

Note: This table shows percent changes in the steady state values of selected variables in the economies with and without financial

frictions in response to the permanent increase in the abatement subsidy under different subsidy financing options.



Taken together, Tables 1 and 2 mainly confirm the intuition and results from the large double
dividend literature. Our novel results arise from considering the dynamics of the transition from
one steady state to another and how they are affected by financial frictions and macroprudential

policy, to which we now turn.

3.2 Transition

We first consider the transition paths for our two policy shocks under the three fiscal scenarios.
Figure 1 presents simulation results for the carbon tax policy along the transition to the new
steady state. As with the steady-state simulations, we calibrate the magnitude of the carbon tax
such that the tax yields a 10% steady-state reduction in emissions when revenues are returned
lump sum, and the magnitude of the tax rate is identical across the three recycling options.

We implement the unanticipated policy change starting in period (quarter) 5.

The first panel of Figure 1 shows that, regardless of revenue recycling option, the carbon tax
rate yields a nearly identical 10% reduction in emissions. This reduction is instantaneous, as
firms immediately increase abatement in response to the higher tax. However, the other panels
show that the choice of revenue recycling can have important differential effects elsewhere in

the economy, in part from the presence of financial frictions.

Panels b and ¢ demonstrate that returning revenue lump-sum is the most distortionary
revenue return option — it leads to the largest decrease in both investment and output over the
transition. Returning carbon tax revenue through reducing preexisting tax rates mitigates the
contraction and can even generate increases in aggregate investment and output.'® Panels b
and ¢ also demonstrate differences between cutting labor taxes and cutting capital taxes. A

cut in the labor tax reduces investment but increases output, while a cut in the capital tax

10This is consistent with the findings from the static double dividend literature identifying the efficiency
gains from a revenue recycling effect (e.g. Bovenberg and De Mooij 1994) and with the dynamic results from
integrated assessment modeling (Barrage 2020). It is likewise consistent with the findings from Jaimes (2025)
in an E-DSGE model, though contrary to those from Roach (2021), in which lump-sum return leads to a higher
welfare outcome.

17



increases investment but reduces output, in the short to medium run transition. Regarding
the effect on aggregate output, for the labor tax cut the benefit from the revenue recycling
effect outweighs the cost from the tax interaction effect. Regarding the effect on aggregate
investment, the reduction in the capital tax rate increases investment since it directly reduces
the price of investment. While these results mimic some results from the previous double
dividend literature, panel d shows that these results are in part affected by the presence of
financial frictions. The capital tax cut increases banks’ net worth, while the other two options
decrease it. As a result the levels of both green and brown capital are highest across the
transition for the capital tax cut (panels e and f). Figure 1 thus tells us how these transition
dynamics can fundamentally change based on the choice of revenue return, a finding absent
from the previous literature examining transition risk. In the following subsection, we will more
closely explore how the financial frictions impact these results, which has not been examined

before in the double dividend literature.
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Figure 1: Carbon Tax: Alternative Revenue Recycling Options
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Note: This figure plots the transition dynamics to the increase in carbon pricing under three revenue recycling
options: (i) lump sum transfer (solid lines); (ii) labor tax cut (dashed line); (iii) capital tax cut (dashed-dotted
line). Deviations are calculated relative to the respective initial steady states. Each simulation begins at the
steady state with no shock under the given model.

But first we consider the other policy, an unanticipated introduction of a subsidy to abate-
ment spending, presented in Figure 2. The subsidy rate is calibrated so that it achieves exactly
a 10% reduction in emissions (in the new steady state) when the subsidy payments are collected
through lump-sum taxes on consumers. Panel a shows that regardless of the subsidy financ-
ing option, the abatement subsidy yields almost exactly the same 10% reduction in emissions,
which occur basically instantaneously. However, as in Figure 1, the remaining panels of Figure

2 show how the financing options have important differential effects elsewhere in the economy.
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Figure 2: Abatement Subsidy: Alternative Subsidy Financing Options
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Note: This figure plots the transition dynamics to the introduction of a subsidy to abatement spending under
three subsidy financing options options: (i) lump sum tax (solid lines); (ii) labor tax increase (dashed line);
(iil) capital tax increase (dashed-dotted line). Deviations are calculated relative to the respective initial steady
states. Each simulation begins at the steady state with no shock under the given model.

Financing the subsidy through a lump-sum tax is the least distortionary option, as the
decrease in investment is the lowest (panel b), and output actually increases (panel ¢). Again
these results confirm the presence of a tax interaction effect. This points to the importance of
considering policy financing. As previous E-DSGE models of policy have only considered lump-
sum financing, and have mostly ignored abatement subsidies and focused only on carbon taxes,
they have been unable to demonstrate that policy financing can have such distinctive effects on
transition outcomes like investment and output. Ignoring the distortionary financing, a model
with only lump-sum financing would conclude that an abatement subsidy is stimulative in the
short run, increasing output (panel c¢). These results also show the importance of financial

frictions, since panel d shows that under all financing options the subsidy decreases banks’ net
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worth. The smallest decrease is for the lump-sum financing, while the largest is from the capital
tax increase. Increasing the capital tax rate also leads to the largest decrease in investment
(panel b). But, increasing the labor tax rate yields a larger and immediate decrease in output
(panel ¢), since the effect on output from the increase in the capital tax rate takes longer to
manifest due to the slower adjustment of the capital stock relative to labor. (As in Figure 1,

the effects on investment and output are quite small.)

The results in Figures 1 and 2 yield important differences in implications beyond what we
see in the steady-state outcomes in Tables 1 and 2. The steady-state outcomes tell us nothing
about how the transition, in the short and medium run, may differ from the long-run outcomes.
For example, Table 2 shows that in the long run, aggregate output increases by about 0.4%,
regardless of financing scheme. But Figure 2 shows that the tax increases will lead to (small)
reductions in output during the transition.!! By only focusing on the steady-state or by using
static models, as is done in much of the double dividend literature, this important transition

effect is overlooked.

3.3 The Importance of Financial Frictions

The other important feature that is overlooked in most of the previous double dividend literature
is the importance of financial frictions. The simulations that we presented in Figures 1 and 2
are from our full model that incorporates financial frictions as described above. There we can
see the relevance of financial frictions by examining the effects on banks’ net worth. In this
subsection, we highlight the importance of those financial frictions by simulating the transitions
from the previous subsection, but comparing the outcomes from our main model (which includes

financial frictions) to a model without financial frictions.'?

HTf we were to extend the simulation periods for these figures, we can confirm that eventually the new
steady-state levels are reached.

12Tn this alternate model, households directly rent capital to producing firms, rather than using a financial
intermediary. This means that in the alternate model the capital tax is statutorily paid by households rather
than the bank. Still, the first-order conditions with respect to capital are isomorphic across the two models.
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Figure 3 presents these simulations for the carbon tax shock. In each panel, the blue solid
line represents the model with financial frictions, while the red dotted line represents the model
without financial frictions. The first section presents results when the carbon tax revenues are
returned lump sum, the second section when they are returned through a labor tax cut, and

the third section when they are returned through a capital tax cut.

One general observation from all these panels is that the presence of financial frictions
exacerbates the transition effects; for example, aggregate investment and aggregate output fall
by more when there are financial frictions than when there are none, as reported in the first
two sections. Focusing on the first section, we see that the effect from financial frictions on
these outcomes is about the same as the effect of the choice of revenue return. For example,
the difference in panels a and b in Figure 3 between the two curves is about the same as the
difference in the aggregate investment curves from Figure 1 between the lump-sum transfer
option and the labor tax cut option. The same is true for green and brown capital. In other
words, the effect of financial frictions, which has been extensively studied in the prior E-DSGE
literature, is about as important as the choice of revenue return, which has not been studied in

the prior E-DSGE literature.

For the carbon tax shock, Figure 3 shows that financial frictions affect the magnitude of these
responses, and to exacerbate the transition distortions. However, for the abatement subsidy, the
role of financial frictions is more substantial. Figure 4 presents the same simulations but under
the abatement subsidy rather than the carbon tax. In the first section, when the abatement
subsidy is financed through a lump-sum tax, we see results that are generally similar to what
we see from the corresponding section in Figure 3: the presence of financial frictions affects the

magnitude of the responses of these outcomes along the transition.

But sections B and C show us important effects from financial frictions over the transition
when it comes to financing the subsidy out of preexisting distortionary taxes. We know from

the steady-state results that output will increase in the long run under any revenue return
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Figure 3: Carbon Tax: Alternative Revenue Recycling Options: The Role of Financial Frictions
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Note: This figure plots the transition dynamics to the increase in carbon pricing under three revenue recycling
options: (i) lump sum tax (Section A); (ii) labor tax cut (Section B); (iii) capital tax cut (Section C). In each
case, we report the transition both with financial frictions (solid lines) and without financial frictions (dotted
line). Deviations are calculated relative to the respective initial steady states. Each simulation begins at the

steady state with no shock under the given model.

scenario. But here we see how the presence of financial frictions can have a huge effect over

the transition to that new steady state. Without financial frictions, output immediately and
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steadily increases on its way to its new steady-state level. But with financial frictions, output
decreases over the transition — either immediately, in the case of the labor tax increase, or after
a few periods, in the case of the capital tax increase. That is, the recessionary effects of subsidy

occur only under financial frictions.

In summary, the simulations from Figure 4 discover an important revision to the standard
double dividend story. This revision has not been seen in the literature before, since it is absent
in models that ignore both transition effects and financial frictions. (Generally these differences
are not apparent from just studying steady-state outcomes, since the impact of financial frictions
in the presence of a policy shock tend to dissipate in the long run. Thus static models cannot
capture these effects.) Even relative to the E-DGSE literature that has studied transition effects
and financial frictions, this effect has not been seen since that literature has not focused on
the revenue return choice for policy shocks, nor the use of an abatement subsidy rather than a

carbon tax.

We explore the difference between long-run effects and transition effects by comparing wel-
fare outcomes in the steady state to those along the transition, reported in Table 3. Each
number in Table 3 is the percent change in welfare relative to the initial steady state, for the
given climate policy (either the carbon tax increase or the abatement subsidy), for the given
choice of financing or revenue return (either lump sum, adjusting the labor tax, or adjusting
the capital tax), and both with and without financial frictions. The welfare change is calcu-
lated for the long run — which compares the initial to the post-policy steady state — and for
the transition — which compares the initial steady state to just the first 20 post-policy-shock

periods, as presented in the previous figures.

The first row in Table 3 shows that, in the long run, the carbon tax increases welfare. This is
because it efficiently addresses the negative externality from pollution. The long-run increase in

welfare is highest when tax revenues are recycled through cutting preexisting taxes. Likewise,
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Figure 4: Abatement Subsidy: Alternative Subsidy Financing Options: The Role of Financial Fric-
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Note: This figure plots the transition dynamics to the introduction of a subsidy to abatement spending under
three subsidy financing options options: (i) lump sum tax (Section A); (ii) labor tax increase (Section B); (iii)
capital tax increase (Section C). In each case, we report the transition both with financial frictions (solid lines)
and without financial frictions (dotted line). Deviations are calculated relative to the respective initial steady
states. Each simulation begins at the steady state with no shock under the given model.
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the abatement subsidy increases welfare in the long run.'®> The most efficient financing method
for the abatement subsidy is through lump-sum taxes. All of this is consistent with the double
dividend literature. In the long run, the presence of financial frictions has only a very small

effect on the magnitude of the welfare changes.

The story is drastically different over the transition period. For the carbon tax, returning
revenues by cutting the capital tax leads to the lowest welfare over the transition period, exactly
the opposite result from the long run. This arises because the capital tax cut leads to an increase
in investment in the transition, thus reducing short-run consumption and welfare. The highest
welfare increase during the transition arises from the labor tax cut. For the abatement subsidy,
the capital tax increase is the only policy yielding an increase in welfare over the transition,
here because of the reduction in investment and resulting increase in short-run consumption.
For the transition welfare effects, the presence of financial frictions has a much larger impact.
Financial frictions in all cases exacerbate the transition impacts. For example, the welfare
increase for the abatement subsidy financed by a capital tax increase is eight times larger with
financial frictions than without. Overall, Table 3 reinforces our main findings on how, over the

transition, many of the standard results from the double dividend literature will not hold.

3.4 Macroprudential Policy

Motivated by these findings on the importance of financial frictions for tax interaction effects
over the transition, we now introduce and simulate macroprudential policy, which prior E-DSGE
papers have shown can reduce the extent of transition risk. We model ex-ante macroprudential
policy; that is, policy that is in place before the onset of the climate policy shock, rather than
macroprudential policy introduced simultaneously with the shock. We simulate an ex-ante tax
on banks’ brown assets and subsidy on banks’ green assets, designed to be revenue-neutral and

to reduce banks’ holdings of brown assets from 40% to 32.3%. We do not model how climate

13Both policies are calibrated to achieve an identical 10% long-run emissions reduction. This relatively small
emissions decrease accounts for the small welfare impacts.
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Table 3: Long-run and Transition Welfare Impacts of Climate Policies
Lump sum Labor tax Capital tax ‘
Financial | No finan- | Financial | No finan- | Financial | No finan-
frictions | cial fric- | frictions | cial fric- | frictions | cial fric-
tions tions tions
Panel A: Carbon Tax
Long run 0.19% 0.23% 0.31% 0.33% 0.39% 0.40%
Transition 0.78% 0.63% 1.11% 1.07% -2.16% -1.98%
Panel B: Abatement Subsidy
Long run 0.33% 0.35% 0.31% 0.34% 0.31% 0.34%
Transition -0.04% -0.02% -0.07% -0.03% 0.24% 0.04%

Note: The numbers in the table represent percent changes in welfare from the climate policy relative
to the initial state. Welfare is calculated for the two different climate policies, the three different
revenue return or financing options, and both with and without financial frictions. Long-run welfare
gain is in terms of compensating consumption variation for the post-policy steady state relative to the
initial steady state. Transition welfare is computed analogously as the cumulative deviation of the
consumption-labor composite over the first 20 post-shock periods relative to remaining at the initial
steady state.

policy can be used to modify these macroprudential taxes and subsidies.

Figure 5 compares the transition in response to the carbon tax shock in the economy with
financial frictions, both with and without macroprudential policy, for each of the three revenue
recycling options. For the lump-sum transfer, the results demonstrate how macroprudential
policy can dampen the transition risk, yielding a lower contraction in investment and output
with macroprudential policy (dotted line) than would be without macroprudential policy (solid
line). This is due to the smaller reduction in banks’ net worth (panel ¢) under macroprudential
policy as banks are less exposed to brown assets, mitigating valuation losses when the carbon
tax is implemented.'* This mechanism operates through asset prices: macroprudential policy
supports the relative price of brown assets compared to the no-policy benchmark, thereby lim-

iting valuation losses on banks’ portfolios and stabilizing their net worth during the transition.

The bottom two sections investigate how macroprudential policy interacts with the choice

of revenue return. When the carbon tax revenue is returned through a cut in the labor tax,

14This reinforces earlier findings from Carattini et al. (2023), in which macroprudential policy was studied
and lump-sum return was the only revenue recycling option.
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Figure 5: Carbon tax: Alternative Financing Options: The Role of Macroprudential Policy
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options: (i) lump sum transfer (Section A); (ii) labor tax cut (Section B); (iii) capital tax cut (Section C). In
each case, we report the transition both without macroprudential policy (solid lines) and with macroprudential
policy (dotted line). Deviations are calculated relative to the respective initial steady states. Each simulation
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begins at the steady state with no shock under the given model.

macroprudential policy can dampen transition risk. The decline in investment is substantially

lower under macroprudential policy (panel a), due to the less-severe contraction in banks’ net

28



worth (panel c¢). However, the increase in output along the transition is slightly dampened
with macroprudential policy (panel b), indicating that macroprudential policy will dampen
both negative and positive transitional impacts of policy. The second section, when compared
to Figure 1 without macroprudential policy, demonstrates a key finding: how macroprudential
policy can be a substitute for a more efficient choice of revenue return. Compared to the baseline
case with no macroprudential policy and with carbon tax revenues returned lump sum, either
the use of macroprudential policy (shown in Figure 5) or the choice to return tax revenue by
cutting the labor tax can be used to dampen negative transition effects. This is especially
relevant for policymakers who may be constrained, and unable to use one option. Knowing

that one is essentially a substitute for the other aids the flexibility of the policy toolkit.

However, we see a different story in the bottom section when we examine macroprudential
policy when revenues are returned through cutting the capital tax rate. Here we see only a
very small effect of macroprudential policy on outcomes along the transition. Under the capital
tax cut, banks’ net worth actually increases (panel ¢, also see in Figure 1), and the presence
of macroprudential policy slightly enhances this effect, leading to a slightly larger boom in
investment (panel a). But the key takeaway is that macroprudential does not do much over
the transition when the tax revenues are returned via the capital tax. Unlike in the case of the

labor tax cut, macroprudential policy here is not a substitute for the choice of revenue return.

This surprising result is found again in the simulations on the effects of macroprudential
policy in the case of the abatement subsidy shock, in Figure 6. For this policy shock, macro-
prudential policy has almost no effect, regardless of the choice of revenue return. In contrast
to the carbon tax shock, here macroprudential policy causes almost no change in the brown
asset price. As a consequence, valuation effects on banks’ brown asset holdings remain largely
unchanged, which explains why banks’ net worth (panel c), investment (panel a), and out-
put (panel b) are almost identical with and without macroprudential policy. The explanation
for why macroprudential policy does not address transition risk in the case of the abatement

subsidy is that the subsidy’s effects are relatively invariant to the distribution of brown vs.

29



green investment in the economy. Macroprudential policy only works through its effect on this
distribution, and this distribution does impact the response of the economy to the carbon tax.

For the abatement subsidy, the effect disappears.
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Figure 6: Abatement Subsidy: Alternative Financing Options: The
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Note: This figure plots the transition dynamics to the introduction of an abatement subsidy under three revenue
recycling options: (i) lump sum tax (Section A); (ii) labor tax increase (Section B); (iii) capital tax increase
(Section C). In each case, we report the transition both without macroprudential policy (solid lines) and with
macroprudential policy (dotted line). Deviations are calculated relative to the respective initial steady states.
Each simulation begins at the steady state with no shock under the given model.

The lack of an impact on the key transition risk outcome variables of investment and output

from macroprudential policy in the case of the abatement subsidy is an important and policy-
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relevant finding, similar to our previous finding of no impact in the case of carbon taxes with
a capital tax cut. Intuitively, one might have thought that macroprudential policy can act as
a substitute for a more efficient choice of revenue return. But for the abatement subsidy we
see this surprising result: the choice of revenue return matters (as demonstrated in Figure 2),
and financial frictions matter (as demonstrated in Figure 4) but the use of macroprudential
policy does not matter (as demonstrated in Figure 6). Policymakers ought to take heed of this
surprising result given the fact that subsidies appear to be more relevant in the real-world, and

financing options may be constrained.

4 Conclusion

We study how the design of climate policy and the choice of revenue return or financing shape
transition risk. To do so, we analyze how a carbon tax and a pollution abatement subsidy
interact with preexisting labor and capital taxes in an economy with financial frictions along
the transition path to a low-carbon economy. Our model is the first to capture how tax in-
teraction effects, identified in the double dividend literature, can affect transition risk caused
by a frictional banking sector. Our exercise highlights novel trade-offs across climate policy
instruments, financing choices, and financial regulation. These trade-offs are especially relevant
in a world where certain options — like lump-sum revenue return or ex-ante green macropru-
dential policy — may be unavailable. In particular, we show that transition effects can differ
sharply from long-run outcomes, that financial frictions matter very differently for carbon taxes
and abatement subsidies, and that macroprudential policy is not equally effective across policy

instruments.

Our parsimonious model suggests several areas of further research. Our model has just
a single representative agent so cannot speak to distributional effects, equity implications, or
climate justice (Langot et al., 2023; Sardone, 2025). Partly because of this, we do not attempt

to solve for “optimal” climate or macroprudential policies (Barrage, 2020; Carattini et al.,
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2023). We only model two sectors so cannot consider more realistic sectoral effects (Dissou and
Karnizova, 2016; Matsumura et al., 2024; Burgold et al., 2025). Many of the other innovations
that have been introduced in the E-DSGE literature could also be added to our model, including
preference shocks (Benkhodja et al., 2023), price rigidities and monetary policy (Annicchiarico

and Di Dio, 2015), or open economies (Annicchiarico and Diluiso, 2019; Carattini et al., 2024).

As policymakers seek to improve the design of climate policy and assess trade-offs, a focus
on both long-run effects — as can be studied using integrated assessment models or static
optimal tax models — as well as on short-run and transition effects — as we study in our paper
— is essential. Ignoring the short-run implications of different policy design options, like the
choice between a carbon tax or abatement subsidy, or the choice of policy financing or revenue
return, can lead to policies that have unanticipated and potentially harmful effects. Financial
instability is unwelcome per se, and it may make the implementation of future climate policy

more difficult.
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A Model Equations

Here we present all the equations describing the model.

A.1 Households

The household sector is modeled following Gertler and Karadi (2011). Each household has
a continuum of a unit measure, where a fraction (1 — ¢) of members are workers, and a fraction
¢ are bankers. Workers work in both non-financial firms and in brown and green production
sectors. Each banker manages a financial intermediary (a bank) with dividends going to the

household. Households save only by making deposits to banks.

The representative household chooses consumption Cj, bank deposits D;, and labor hours,

LY and LY, to maximize expected utility:

- 1+¢ 1-n
by trL g\1+pr | 1F7L
= ()™ ]
E — C — W 3 A]'
0 ; B | ¢ e (A.1)
subject to the budget constraint,
Co+ Dy = (1 — 7)) (WLl +wI L)+ Ry 1Dy + = + 1, + T}, (A.2)

where w? and w] are wages across the sectors, R; ; is the interest rate on bank deposits, Z;
are net dividends from banks, and II; denotes profits from the ownership of non-financial firms.
Utility is described by 8 € (0,1), the discount factor, o > 0, the labor disutility parameter,
and 1 > 0, controlling the curvature of the utility function. The parameter ¢ is the inverse of
the Frisch elasticity of the labor hours aggregator, and p;, specifies the substitutability of labor

hours between brown and green.

The budget constraint includes the possibility of a lump-sum transfer from or to the gov-
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ernment 7;. It also includes a tax on labor income 7y, ;.

We denote M1 = UCU—“:l as the household’s stochastic discount factor, where U, is the

e\ "
marginal utility of consumption (= (Ct — w%) ). The household’s first-order conditions
are:

Et (Mt,t+1Rt) - 1, (A3)
wl; " (L)™ = (1= mp)wj, fori={g,b}. (A.4)

A.2 Bankers

Each banker can make loans to non-financial firms by combining her own net worth with

deposits from households. At time ¢, banker j purchases securities S%,, at price @, issued by

Jst
final good producing firms in sector i = {g,b}. The government can levy macroprudential taxes
(or subsidies if negative) 7/, i = {g,b}, on banks’ assets. We interpret these macroprudential

taxes or subsidies as being a concise way of capturing various proposed policies in banking

regulation, including brown-penalizing and green-supporting policies.

The banker finances her spending with her net worth NV;; and new deposits D;;. The bank’s
balance sheet is

(1+7)QuSh, + (L+7)Q1SY, = Djy + Ny (A.5)

Net worth evolves according to
Nj,t+1 = RZ,tJrIQ?SJb,t + Ri,t—}—lQ?S?,t - RtDj,h (A~6)

where Ezt and }N%i . denote the time ¢ after-tax gross rate of returns on brown and green capital,

respectively.

We introduce the financial friction following Gertler and Kiyotaki (2010) and Gertler and

Karadi (2011). A banker has the ability to divert or abscond with an exogenous fraction
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of total assets for personal use (i.e., transfer the funds to his/her own household). The cost
of doing so is that the depositors can recover the remaining (1 — x) fraction of assets. This
possibility of absconding or “running away” means that depositors will only lend to a banker

if the banker faces an incentive to not abscond.

This incentive takes the following form:
Vj,t > “(Q?S;‘),t + Qngg,t)- (A-7>

where Vj, is the continuation value of the bank at the end of period ¢. It must always be in
the banker’s best interests to not abscond. We impose that this constraint is always satisfied,
so bankers never actually abscond. As we will show, it is this constraint that generates the

inefficiencies in the financial sector.

Each period, with exogenous probability a banker exits and transfers her earnings to the
household in the form of dividends and becomes a worker. The same number of workers
randomly become bankers in every period. Remaining bankers maximize the expected present

value of their wealth, choosing asset holdings S°

1,1 =1{g,b} and deposits D;; to maximize

Vie = E { > (1-9) 7;_t_1Mt,?Nﬁ} : (A.8)

T=t+1

subject to (A.5), (A.6) and (A.7), where M, > is the households’ stochastic discount factor

~ U ) L o
M,z = T_t%. More details of the banker’s problem and optimality conditions are presented
c,t

in the Appendix of Carattini et al. (2023).

That paper shows that the bank’s value function is linear in individual net worth,
Vit = ¢tNis, (A.9)
where ¢, > 1 is the shadow value of a bank’s net worth. The incentive constraint can be
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expressed as

QS), + QIS < LN, (A.10)

by combining (A.9) with (A.7). This constraint always binds given our calibration, and thus

when we aggregate over the whole sector we get
Qust + QIS = °LN,. (A.11)
K

As described in the text, this is the key equation behind the financial frictions of the model.

There is a no-arbitrage condition between green and brown loans:

E, {Qm [Eg,m — (147 Rt] } — {Qm [Egm (1479 Rt} } , (A.12)

where Q411 = Myy41 (1 — v + 1) is the bankers’ effective stochastic discount factor.

Each new bank that enters each period receives a small initial start-up transfer ﬁ Yo (o0} Q.S;

from the households. The banking sector’s net worth thus evolves according to

Nepi=7 | Y Rin@QiSi—RD| +¢ > Qi (A.13)
i:{gvb} i:{grb}
and the net dividend payouts to households are

S == | Y RinQiSi—RDi| —¢ > QiSi. (A.14)

i={g,b} i={g,b}
A.3 Goods-Producing Firms

There are two representative goods-producing firms, one producing green goods and the
other brown. Brown production includes emissions as a byproduct of production. Both firms

obtain capital only through the banking sector rather than directly from households.
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A.3.1 Production Technology

A pollution externality exists since the stock of pollution X; negatively affects both firms’
productivity through a damage function d(X;). Both firms have access to a Cobb-Douglas

production technology with capital (KZ_I) and labor (L) inputs,
i i\ piyl-a
Vi =[1—d(X)] A (Kiy)" (L) 7 (A.15)

where o' € (0,1) is the capital share and A; is the aggregate total factor productivity (TFP),

evolving stochastically according to
log Ay = palog Aiy + 0acas, €ar~N(0,1). (A.16)

An aggregate final consumption good Y; is a constant elasticity of substitution aggregate of the
two goods,
1 Py —1 1 py =1 | py -1
V= |(@)7 (V) 7 + (=) () |7 (A17)
where py > 0 is the elasticity of substitution between the two goods and 7° is a weight on the

brown good. This yields the following demand functions:

Y, Y,
Y;b = WbW, thg = (1 — 7Tb) (pf)tpy’ (A18)

where p? and p{ are prices of brown and green goods, respectively. We choose the final con-

sumption good Y; as numeraire and thus normalize its price to 1.

A.3.2 Brown Firm

The specification of the pollution externality is inherited from the E-DSGE literature, which
itself adapted it from integrated assessment models like DICE. The brown firm produces emis-

sions e; as a byproduct of production, which are proportional to its output Y’ but can be
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reduced through abatement p;:
er = (1— ) Y. (A.19)

Abating the fraction pu; of emissions costs Z; units of the final good governed by the following
function:

Zy = 0,2V (A.20)
As shown below, this abatement cost can be subsidized through policy.

The pollution stock X; evolves according to

Xt = 6XXt_1 + e+ eiow, (AQl)

row

where €}°" is emissions from the rest of the world and Jdx is the pollution stock decay rate.

An pollution externality exists because the brown firm does not internalize how its emissions

affects both green and brown output through the pollution stock X; and damages d (X;).

The brown firm purchases capital K} from capital producers at market price Q? at the end
of period ¢. This purchase is financed by issuing financial claims S? to banks. Each claim has
the same price (Qi’) as capital so that Q? K} = QbS?. After production in period ¢ + 1, the firm
can sell its remaining capital (1 — (5b) K} at the market price @7, ;. The brown firm offers a

state-contingent payoff R}, , on securities owned by the bank.

It directly hires labor L? from households at wage rate w?.

The brown firm is subject to an emissions tax 7.,. Its profits in period ¢ are
I = Y, = meser — (1= 8:4) 20 —wiLy — R} Q¢ Ky + (1= 8°) QUKL (A.22)

where s, is the abatement subsidy, lowering the cost to the firm of abatement spending Z;.
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The firm’s first-order conditions for labor and abatement are:

Yb
wy = (1—-a) L—tg [P} = (1= so)Orpg® = 0 (1 — )] (A.23)

7-e,t - (1 - Sz,t)0102[1'f2_1- (A24)

A state-contingent (pre-tax) return on brown capital consistent with the firm’s state-by-state

zero profit condition is given by
. Ti,t + (1 - (5b> Qfﬁ)

b
Ry, = 3 v
t—1

(A.25)

Yb
where 1% = ab =t
¢ thl

[pf —(1- szvt)é’l,qu —Ter (1 — pt)} is the net rate of return on capital.

Banks pay the capital income tax, 734, so that the after-tax gross return the banks receive

on their loans is

(1= mra)ry, + (1-6") Q7

b
t—1

R, = (A.26)

A.3.3 Green Firm

The green firm also uses the financial intermediary to acquire capital, purchasing K at price Q7.
They also hire labor L from households at wage rate w{. Green firms may receive government

subsidies per unit of production s, ;. The green firms’ optimality conditions imply

(1 + Sy,t)pg}/;g

w = (1—a9) 77 , (A.27)
t
and , vy
S a4 (1 0)
R, = 7 . (A.28)

t—1

The after-tax gross return to banks on green loans then is
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(1- Tk’t)C(g(lJri?gt)p?Ytg +(1-69 Q¢

DI _ t—1
Rk,t - g
t—1

(A.29)

A.4 Capital-Producing Firm

There is a representative firm facing competitive conditions that produces sector-specific
capital, which is immobile across the two sectors. Producing capital entails convex cap-

ital adjustment costs: I}, i = {g,b}, units of sector-specific new capital goods requires

i i 2 .
(1 + % ( IZ-It — 1) ) I units of the final good, where following Christiano, Eichenbaum, and
t—1

Evans (2005) the parameter ¢* > 0 controls the magnitude of adjustment costs.

The price of new sector-specific capital goods is Q¢ for ¢ = {g,b}. The capital-producing

firm chooses its level of new capital to solve this profit-maximization problem:
- iTi ¢' (I ’ i
max Eo» Moy Y |Qi — |1+ Sl -1) )| (A.30)
{I; i={g,b} t=0 i={g,b} t=1
The resulting first-order conditions are:

~ ¢ (I Sy Ii I o It ’ -
QZ =14+— i 1 +¢Z i 1 i —E M7 1¢Z i 1 i » V= {g’b} )
' 2 \ 1, Iy , e I Ii

(A.31)

The sector-specific capital evolution equation is:

Kl = (1 — 51) K| | +1, fori={g,b}, (A.32)

where §? is the sector-specific depreciation rate.
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A.5 Government

The government has to finance exogenous constant expenditure G and any subsidies (to green
production — s,; — or to abatement — s,,) using revenues from the carbon tax (7.;), capital

and labor income taxes (71, and 7x,), and the macroprudential taxes (7}):

G + Sy,tpg}/;g + Sz,tZt + irt = Te,t€t + TLt Z szi + Tt Z Tlic,thi—l + Z TZQ;SZ (A33)

1=g,b i=g,b i=g,b

Preexisting distortionary taxes adjust as follows for each climate policy scenario:

e Carbon tax:

(Tet - Te)et (Tet - Te)et
TLt =T — ——=2; Tkt =Tk — . . A.34
b - wi’Lf +wi L} e ‘ Tfofl + TfthA ( )
e Abatement subsidy:
S, tZt Sz tZt
T =7 + ) ; T = T _|,_ ? . A.35
b " wa? +wi L{ e : T?Kffl + TthtgA ( )
e Green production subsidy:
S, 4P7Y, Sy 1plY,

Tk .
brbd agrg’ brob 9179
wy Ly + wy Ly iKY+ K
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B Calibration

We calibrate the model in a manner similar to that in Carattini, Heutel and Melkadze (2023).
While most parameters are set to the same values, some parameters that are internally cali-
brated to match relevant targets are re-calibrated accordingly. In addition, the model intro-
duces new parameters—such as preexisting distrotionary taxes, the carbon tax and government
spending— that also require calibrattion. We discuss in detail the calibration of parameters
whose values differ from Carattini, Heutel and Melkadze (2023), as well as the newly remaining

parameters. All the parameter values are summarized in Table B.1.

We choose the labor disutility parameter to match steady-state hours worked of 0.40. The
labor income tax rate is set to 7, = 0.27 consistent with the OECD estimates reported in
“Taxing Wages 2025: The United States.” The marginal capital income tax rate is set to
7. = 0.15, in line with the estimates from the U.S. treasury.!>. We set G such that the
government spending-to-GDP ratio is 20%. The preexisting carbon tax in the initial steady

state is set to be equivalent to $1.5 per ton of C'Os.

Finally, we recalibrate the parameters of the damage function (d; and ds), the abatement
cost parameter (¢;), and emissions in the rest of the world (™) to hit the same targets as

in Carattini, Heutel and Melkadze (2023). The resulting parameter values are summarized in

Table B.1.

C Green Production Subsidy

Here we present results from a third policy instrument — a subsidy to output in the green
sector. While this policy may seem more realistic than either policy simulated in the main text
(for example, the Biden administration’s Inflation Reduction Act included subsidies for green

production), our model is not rich enough to capture these subsidies realistically. We have just

https://home.treasury.gov/system/files /131 /EMTRs-and-EATRs-Under-CL-and-Policy-FY24.pdf
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Table B.1: Calibration

Parameter Value Description

RBC parameters

16 0.9975 Discount factor

n 2 Risk aversion

& 1 Frisch elasticity of labor hours

w 5) Labor disutility

PL 1 Intrasectoral CES of labor hours

ab 0.35 Capital share in ‘brown’ production
af 0.33 Capital share in ‘green’ production
5%, 89 0.025 Capital depreciation rate

&b, @7 10 Investment adjustment cost

G 0.20 Government spending

TL 0.27 Preexisting labor tax

Tk 0.15 Preexisting capital tax

PA 0.95 Persistence of aggregate TFP shocks
oA 0.007 Std. dev. of innovations to TFP

Environmental parameters

0, 0.0336 Abatement cost function parameters

0y 2.6

do —0.026 Damage function parameters

dq 3.6784e-5

ds 1.4951e-8

Ox 0.9965 Pollution decay

eV 3.3547 Emissions in the ROW

Py 2 CES between ‘green’ and ‘brown’ outputs
I 0.332 Share of ‘brown’ output

Te 0.002 Initial carbon tax

Banking sector parameters

K 0.3313 Fraction of divertable assets
v 0.972 Bankers’ survival rate
¢ 0.0029 Proportional transfer to new bankers

two production sectors — brown and green — and we do not have a nested production structure
with substitutes for energy production, as might be found in a CGE model. As shown here,
the green output subsidy in our model can in fact lead to an increase in emissions rather than
a decrease. We leave it to further research to develop models that can more accurately capture

this policy.
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Table C.1 compares steady-state outcomes for the green production subsidy. For this policy,
the first row demonstrates that the effect on emissions does in fact differ across the different
revenue recycling options. We did not calibrate this policy to achieve a 10% emissions reduction,
since in fact the subsidy yields an increase in emissions when funded lump sum. Therefore,
for this simulation, we choose a 1% green production subsidy. The first row shows that the
emissions response differs markedly across financing options. When the subsidy is financed
through a lump-sum transfer, emissions increase by about 0.6% in the new steady state (both
with and without financial frictions). By contrast, when the subsidy is financed through an
increase in the labor tax or capital tax, emissions decrease in the steady state (by about 0.62%
and 1.56%, respectively), with very similar magnitudes in the model with and without financial

frictions.

Likewise, the effect on welfare can differ greatly between the model with and without finan-
cial frictions. Without financial frictions, all the variables are very close to identical across the

three financing options.
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Table C.1: Steady State for Green Production Subsidy: Alternative Subsidy Financing Options

Lump sum transfer Labor tax increase Capital tax increase

Financial No financial | Financial No financial | Financial No financial

frictions frictions frictions frictions frictions frictions
Emissions 0.60% 0.60% -0.62% -0.62% -1.56% -1.55%
Aggregate output 1.21% 1.21% -0.02% -0.02% -0.90% -0.90%
Investment 1.81% 1.81% 0.57% 0.58% -2.44% -2.44%
Banks’ net worth 1.81% — 0.57% — -2.44% —
Green capital 2.41% 2.41% 1.17% 1.17% -1.85% -1.84%
Brown capital 0.91% 0.90% -0.32% -0.32% -3.34% -3.33%

Note: This table shows percent changes in the steady state values of selected variables in the economies with and without financial
frictions in response to the permanent introduction of a green production subsidy under different revenue recycling options.



Figure C.1 presents simulations of the green output subsidy, financed through each of the
three financing options. For these simulations, we set each subsidy rate at 1%, so like in the
previous tables, the policy magnitude is identical across the three revenue recycling or financing
options. But in Figure C.1, the financing options have an effect on the magnitude of emissions.
In fact, when the green output subsidy is financed through a lump-sum tax, it yields a small
increase in emissions over the transition. The output subsidy acts as a stimulus to the economy;,
and even though it targets the non-polluting good, through general-equilibrium effects it has a
stimulative effect on the polluting good and emissions also. This arises in part because of the

financial sector, since panel d shows that banks’ net worth increases after the policy change.

Financing the green output subsidy through a capital tax increase initially increases emis-
sions through the same stimulative effect described above, though after a few periods the
de-accumulation of capital overcomes this effect and emissions decrease. Financing the subsidy
through a labor tax increase yields an immediate decrease in emissions; this is the only way in

which a green output subsidy can consistently decrease emissions across the transition.

The effects on investment and output are qualitatively similar to the previous policy sim-
ulations: financing the policy through a lump-sum tax is the least distortionary option, while
financing through a labor tax increase has the largest distortionary effect on output and fi-
nancing through a capital tax increase has the largest distortionary effect on investment. The
magnitudes here tell an important story — while the effects on investment and output are still
small, they are about an order of magnitude larger than those from the previous policy simula-
tions. Meanwhile, the magnitude of the decrease in emissions (when labor or capital taxes are
increased) is about an order of magnitude smaller. Thus, the green production subsidy, even
when it can reduce emissions, does so in a very inefficient way across the transition. Much of
this inefficiency is due to financial frictions, since the magnitude of the effects on banks’ net

worth and on credit spreads is much larger for this policy than for the others.
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Figure C.1: Green Production Subsidy: Alternative Subsidy Financing Options
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Note: This figure plots the transition dynamics to the introduction of a subsidy to green output under three
subsidy financing options options: (i) lump sum tax (solid lines); (ii) labor tax increase (dashed-dotted line);
(iil) capital tax increase (dashed line). Deviations are calculated relative to the respective initial steady states.

Each simulation begins at the steady state with no shock under the given model.

Finally, Figure C.2 presents our simulation results in the case of the green production

subsidy. Here, as in the case for the carbon tax in Figure 3, the presence of financial frictions

merely affects the magnitudes of the responses to the policy.
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Figure C.2: Green Production Subsidy: Alternative Subsidy Financing Options: The Role of Finan-

cial Frictions
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Note: This figure plots the transition dynamics to the introduction of a green production subsidy under three
subsidy financing options options: (i) lump sum tax (Section A); (ii) labor tax increase (Section B); (iii) capital
tax increase (Section C). In each case, we report the transition both with financial frictions (solid lines) and
without financial frictions (dotted line). Deviations are calculated relative to the respective initial steady states.
Each simulation begins at the steady state with no shock under the given model.
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