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Abstract

We analyze jointly optimal carbon pricing and leverage regulation in a model
with financial constraints and endogenous climate-related transition and physical
risks. The socially optimal emissions tax is below the Pigouvian benchmark (equal
to the direct social cost of emissions) when emissions taxes amplify financial con-
straints, or above this benchmark if physical climate risks have a substantial impact
on collateral values. Additionally introducing leverage regulation can be welfare-
improving only if tax rebates are not fully pledgeable. A cap-and-trade system or
abatement subsidies may dominate carbon taxes because they can be designed to
have a less adverse effect on financial constraints.

Keywords: Pigouvian tax, carbon pricing, financial constraints, climate risk, financial
regulation
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Non-technical Summary

Tackling climate change requires large-scale emissions reductions and investments in clean
technologies, which have to be incentivized by environmental policies such as carbon
taxes. The associated costs of transitioning to a low-carbon economy may imply sig-
nificant losses for polluting firms and financial institutions exposed to “brown” assets.
At the same time, physical damages caused by more frequent extreme weather events
may hit asset values. This paper studies how these transition and physical climate risks
interact with financial frictions and derives implications for optimal environmental policy
and financial regulation.

We develop a tractable model in which financially constrained borrowers with pollut-
ing assets can decrease emissions through costly abatement investments or by liquidating
assets, but liquidations are inefficient due to liquidation losses. Absent financial con-
straints, a carbon tax equal to the social cost of emissions (referred to as a Pigouvian
tax in reference to the pioneering work by Pigou, 1932) can incentivize borrowers to
invest in abatement and thereby implement the first-best allocation. This is no longer
the case when borrowers are financially constrained. In this case, the optimal carbon
tax differs from the benchmark Pigouvian solution because a regulator needs to trade
off the intended emissions reduction against the side-effect the policy has on borrowers’
financial constraints. Intuitively, an environmental regulator needs to take into account
that increasing carbon taxes constitutes a materialization of climate transition risk that
can trigger inefficient asset liquidations by constrained borrowers. As a result of these
effects, the optimal carbon tax may be set below the benchmark Pigouvian rate.

A key insight from our analysis is that physical climate risks can reverse the relation-
ship between emissions taxes and financial constraints. If physical climate risks have a
substantial effect on collateral values, borrowers may benefit from an increase in pledge-
able income when the aggregate level of emissions is brought down by a higher carbon
tax. This collateral externality of emissions is not internalized by borrowers, and there-
fore optimal carbon taxes may alternatively be above the Pigouvian benchmark rate if
the collateral effects of physical climate risk dominate the effects of transition risk.

Given that financial constraints can hinder the efficient implementation of optimal
environmental policy, we also ask whether complementing emissions taxes with ex-ante

leverage regulation can help. Doing so, we derive an important necessary condition: for
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any additional policy tool to improve welfare, it needs to be the case that carbon taxes
have a direct effect on borrower’s financial constraints. This is only the case if taxes are
not fully rebated to borrowers (for example, through a “carbon dividend”), or if such
tax rebates are not fully pledgeable to outside investors. Analogously, in a cap-and-trade
system purchases of pollution permits only have a direct effect on financial constraints
if pollution permits are not 100% allocated for free to borrowers. This is the case, for
example, in the EU Emissions Trading System where the number of freely allocated
permits has been significantly reduced over recent years.

If tax rebates cannot be fully pledged to outside investors, then there is scope to
complement carbon taxes with other policies. We show that a leverage mandate that
requires borrowers to contribute either a minimum or a maximum level of own capital
can be socially beneficial in this case. Whether a minimum (floor) or a maximum (ceiling)
on capital is needed depends on the effect that relaxing financial constraints has on total
emissions, which depends on whether looser constraints mostly induce borrowers to avoid
liquidating polluting assets, or increase abatement. As an alternative policy, subsidies on
firm’s abatement activities can (somewhat trivially) improve on the solution achieved with
carbon taxes if the subsidy redistributes resources from unconstrained economic agents
to constrained borrowers. The model also highlights an important role the financial
sector can play in enabling more efficient environmental policy in equilibrium, namely
by offering hedging contracts that reduce financial frictions in high-social-cost-of-carbon
states of the world, which in turn enables more efficient carbon pricing in equilibrium.

In summary, this paper sheds light on the relationship between environmental policy,
financial regulation, and the green transition. It highlights the importance of considering
financial frictions when designing environmental policies and demonstrates that optimal
policies depend on the relative importance of climate-related transition and physical
risks in a given economy. Furthermore, the paper establishes a key necessary condition
for the effectiveness of supplementing environmental regulations with other policies when

borrowers may face financial constraints.
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1 Introduction

Tackling climate change requires large-scale emissions reductions and investments in clean
technologies. Absent other frictions, such investments can be incentivized through emis-
sions taxes set at a rate equal to the social cost of emissions, also known as Pigouvian
taxes in reference to the pioneering work by Pigou (1932). However, during the transi-
tion to a low-carbon economy firms and financial institutions may suffer significant losses
due to stranded assets that become technologically obsolete. At the same time, physical
damages caused by more frequent extreme weather events may hit asset values. Such
losses can aggravate financing frictions, limit the ability of firms to make the necessary
investments in green technologies, and constrain regulators in designing environmental
policies (see Hoffmann et al., 2017; Oehmke and Opp, 2022b; Biais and Landier, 2022).
Accordingly, the risks posed by climate change have moved up the agenda of investors
and policy makers.

We contribute to the debate by providing an analytical evaluation of jointly optimal
carbon pricing and financial regulation in a setting with financial constraints and endoge-
nous climate-related transition and physical risks. Our analysis shows that the relative
strength of these two climate-related risks crucially affects the way in which emissions
taxes interact with financial constraints. We draw implications for optimal environmen-
tal policy and derive necessary conditions under which it can be welfare-improving to
complement emissions taxes with ex-ante leverage regulation. The model also underlines
the role of the financial sector in hedging climate-related risks, which may enable more
efficient environmental policy in equilibrium.

In the model there are three dates and two types of agents: borrowers and deep-
pocketed, risk-neutral lenders. Borrowers have an initial endowment and access to an
investment project. At the initial date, they finance the project with a mix of inside
equity and debt. Equity financing is costly because borrowers have a quasi-linear utility

function and a limited initial endowment. The borrower’s project generates a pecuniary

'For example, the European Central Bank and the Bank of England now include climate risks in their
stress tests (see Alogoskoufis et al., 2021; Brunnermeier and Landau, 2022), and institutional investors
view climate change as an important source of risk that they seek to mitigate (Krueger et al., 2020).
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return as well as carbon emissions at the final date. The social cost of emissions is not
known ex-ante, reflecting the uncertainty evident in the wide range of estimates of the
social cost of carbon (e.g., see Nordhaus, 2018). At the interim date, all agents learn
whether the economy is in a good state with a low social cost of emissions, or a bad state
with a high cost of emissions. After learning the social cost, emissions can be reduced
through costly abatement activities undertaken by borrowers at the interim date. At the
same time, borrowers need to roll-over debt raised in the initial period, but new debt
issuance is limited by a financial constraint because the project’s returns are not fully
pledgeable to outside investors. Cash-constrained borrowers can liquidate part of the
initial investment at the interim date to generate resources and at the same time reduce
emissions, yet liquidations are inefficient due to liquidation losses.

Borrowers are exposed to two different types of climate-related risks. First, we con-
sider an environmental regulator imposing state-contingent emissions taxes to incentivize
costly abatement activities, which represent the costs of transitioning to a low-carbon
economy (often referred to as “transition risk” in the literature).? Second, we assume
that the return of the project may decrease in the level of aggregate emissions to cap-
ture a borrower’s exposure to financial losses due to environmental damages caused by
a warming climate (often termed as “physical risk”).® Both climate-related risks are en-
dogenous in the model: transition risk is a consequence of emissions taxes optimally set
by an environmental regulator, and financial losses due to physical climate risks depend
on aggregate emissions that are a function of abatement activities and investment de-
cisions by borrowers. This allows us to explore the differences in how these two types
of climate-related risks interact with financial frictions and affect optimal environmental

and financial policies in equilibrium.

2Consistent with transition risks being priced in financial markets, recent evidence documents that
firm-level carbon emissions are priced in corporate bonds (see Seltzer et al., 2020), stocks (see Bolton and
Kacperczyk, 2021), and options (see Ilhan et al., 2021), and that the risk of stranded fossil fuel assets is
priced in bank loans (see Delis et al., 2019).

3Several contributions document the relevance of physical risk for asset prices and firm financing. For
example, Giglio et al. (2021) find that the value of real estate in flood zones responds more to changes
in climate attention, and Issler et al. (2020) document an increase in delinquencies and foreclosures after
wildfires in California. Evidence in Ginglinger and Moreau (2019) indicates that physical climate risks
affect a firm’s capital structure. For a review discussing climate risks, see Giglio et al. (2021).
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As a benchmark, we show that a state-contingent emissions tax equal to the social
cost of emissions (i.e., a Pigouvian tax) implements the first-best allocation if financial
constraints are slack in all states. In the first-best allocation, there are no liquidations
and the optimal abatement scale trades off the social benefit of lower emissions against
abatement costs. However, in equilibrium the financial constraint may bind (particularly
in the bad state where a high social cost of emissions necessitates high emissions taxes and
abatement investments). In this case, Pigouvian taxes cannot implement the first best,
and optimal emissions taxes generally differ from the Pigouvian benchmark. The reason
is that a constrained borrower has a limited ability to finance abatement and therefore
needs to inefficiently liquidate some of the project at the interim date. Consequently, the
socially optimal emissions tax needs to trade off the benefit of lower emissions against
the cost of triggering inefficient liquidations. This implies an optimal emissions tax below
the Pigouvian benchmark because borrowers are “too levered for Pigou”.*

A key insight from our analysis is that physical climate risks can reverse the rela-
tionship between emissions taxes and financial constraints. If physical climate risk has a
substantial effect on collateral values, borrowers may benefit from an increase in pledge-
able income when the aggregate level of emissions is brought down by a higher emissions
tax.® Because of this collateral externality the optimal emissions tax may be above the
Pigouvian benchmark rate if the effects of physical climate risk dominate the effects of
transition risk. More broadly, we show that financial constraints call for a generalized
Pigouvian tax that takes climate-induced collateral externalities into account.

To evaluate whether it may be welfare-improving to combine emissions taxes with
other policy tools, we analyze under what conditions the allocation implemented with
emissions taxes is constrained efficient (i.e., equivalent to an allocation chosen by a planner

maximizing social welfare subject to the same constraints as private agents). In a first

4The mechanism behind this result is consistent with recent evidence documenting that financial con-
straints affect firm abatement activities and emissions, see Xu and Kim (2022) and Bartram et al. (2021).

5This effect is similar to collateral externalities in models with pecuniary externalities, where bor-
rowers do not internalize the effect of their choices on the financial constraints of other agents through
prices (for a detailed discussion, see Ddvila and Korinek, 2018). In our setting, the collateral externality
operates through the physical costs of environmental damages caused by higher emissions, which reduce
a borrowers’ pledgeable income.
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step, we consider a benchmark where emissions taxes are fully rebated to borrowers, and
tax rebates are fully pledgeable to outside investors, so that emissions taxes have no direct
effect on financial constraints. In this case, the competitive equilibrium with optimally
set emissions taxes is constrained efficient. This implies that, while financial constraints
generally imply optimal emissions taxes different from a Pigouvian benchmark, there is
no scope to improve welfare using additional policy instruments when tax rebates are
fully pledgeable.

By contrast, when tax rebates are partially non-pledgeable, the allocation is not con-
strained efficient, and combining emissions taxes with other policy tools can be welfare-
improving. Given the central role of financial constraints, we consider a leverage mandate
that allows the regulator to fix the initial level of equity of borrowers at a given level. Such
a policy can be implemented through direct leverage mandates or, alternatively, through
taxes and subsidies on initial leverage. To understand the role of leverage regulation in
the model, note that, (i) when emissions taxes have a direct effect on financial constraints
there remains a wedge between the social and the private cost of emissions even when
emissions taxes are set optimally; and (ii) a borrower’s initial leverage affects emissions
because they affect financial constraints and therefore liquidations and abatement activ-
ities at the interim date. Together, these two points imply that borrowers make socially
inefficient leverage choices, and consequently there is a role for leverage regulation to
improve welfare.

The model focuses on an environment in which the presence of financial constraints
alone does not motivate financial regulation. This is important because it allows us to
establish the conditions under which the environmental externality provides a rationale
for leverage regulation. We thus contribute to the debate on whether financial regu-
latory frameworks should consider climate-related risks beyond the prudential motive
behind current regulatory frameworks (such as moral hazard problems due to govern-
ment guarantees or pecuniary externalities, see, for example, Dewatripont and Tirole,
1994; Hellmann et al., 2000; Lorenzoni, 2008; Martinez-Miera and Repullo, 2010; Bahaj

and Malherbe, 2020). While we are agnostic about whether borrowers in the model are
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non-financial firms or financial institutions, interpreting borrowers as firms may be more
appealing given firms are the final holders of polluting assets and pay emissions taxes.
Under this interpretation, the model prescribes that leverage regulation (or taxes and
subsidies) should be directly applied to firms. Alternatively, we show in the appendix
that the model is equivalent to one in which borrowers are banks that make loans to firms,
which use these loans to finance investment, abatement costs, and emissions taxes (this
equivalence holds if there is no friction between banks and firms, and banks capture all
surplus). Under this interpretation, leverage regulation can be applied directly to banks
within the current Basel regulatory framework.

In additional analyses we consider alternative policy tools. In a frictionless world,
emissions taxes are equivalent to a cap-and-trade system with tradable pollution per-
mits, such as the EU Emission Trading System (EU ETS) (see Montgomery, 1972). We
show that in the presence of financial constraints this equivalence only holds if the pledge-
ability of tax rebates is equal to the fraction of freely allocated permits. This implies
that freely allocating pollution permits can eliminate the direct effect of carbon pricing
on financial constraints and implement a constrained-efficient allocation. This is an im-
portant policy insight given real-world cap-and-trade systems (including the EU ETS)
typically do not allocate 100% of permits for free.

Perhaps trivially, the most effective policy tools create financial slack by transferring
resources from unconstrained investors to constrained borrowers. Such transfers can im-
plement the first-best allocation and can either be implemented directly, or indirectly
through abatement subsidies financed with taxes paid by unconstrained agents. We also
show that hedging can have a positive effect on equilibrium environmental policy. When
borrowers can hedge climate-related risks, financial constraints are less binding in the
bad state and may even become slack, which may enable the environmental regulator to
implement the first-best allocation using Pigouvian taxes. This highlights an important
role the financial sector can play in the transition to a low-carbon economy, distinct from
socially responsible investing that aims to reduce emissions by taking environmental and

social factors into account in investment decisions (e.g., see Péstor et al., 2021; Oehmke
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and Opp, 2022b; Goldstein et al., 2022; Gupta et al., 2022).

This paper relates to several recent contributions that study environmental externali-
ties and green investment under financial and other economic frictions (Tirole, 2010; Biais
and Landier, 2022). Recent contributions by Hoffmann et al. (2017), Oehmke and Opp
(2022b), and Heider and Inderst (2022) also find that, in the presence of financial con-
straints, Pigouvian taxes cannot implement a first-best allocation, and optimal emissions
taxes generally differ from the standard Pigouvian solution.® Relative to these papers,
our contribution is that we analyze jointly optimal carbon pricing and leverage regulation,
and that our model features endogenous climate transition and physical risks. This allows
us to derive novel insights on how these two climate-related risks differ in their impact on
environmental and financial policies.” Another related contribution is Oehmke and Opp
(2022a), who analyze capital requirements as a tool to incentivize bank lending to green
firms when emissions taxes are not available. Dévila and Walther (2022) more generally
study optimal regulation when policy instruments are imperfect, with an application to
risk-weighted capital requirements that take environmental externalities into account. In
contrast, we take optimally-set emissions taxes as a starting point, and ask under what
conditions it may be beneficial to complement emissions taxes with leverage regulation in
a setting in which there is no motive for financial regulation absent environmental exter-
nalities. Another related strand of literature uses DSGE models with financial frictions
to simulate the effect and optimal design of macroprudential and monetary policies in
the presence of environmental externalities (Carattini et al., 2021; Dafermos et al., 2018;
Diluiso et al., 2020; Ferrari and Landi, 2021). We contribute by providing analytical

results that allow to pinpoint the friction motivating financial regulation in this context.

6The literature also shows that a Pigouvian solution may be sub-optimal in the presence of hetero-
geneity or interaction between several externality-generating activities (Diamond, 1973; Rothschild and
Scheuer, 2014). Moreover, a wedge between the optimal tax rate and the marginal social cost emerges
when the planner seeks to regulate an externality in the presence of other distortionary taxes (Sandmo,
1975; Lee and Misiolek, 1986; Bovenberg and Goulder, 1997; Bovenberg and De Mooij, 1997; Barrage,
2020) or when consumers have self-control problems (Haavio and Kotakorpi, 2011). In these cases, as in
our setting, the indirect effects of the policy motivate the deviation from the Pigouvian solution.

"Hoffmann et al. (2017) also consider credit subsidies that support abatement investment. These
policy instruments are different from the ex-ante leverage regulation we consider but are similar to the
abatement subsidy explored in Section 4.5. Both credit and abatement subsidies transfer resources to
constrained agents while motivating green investment.
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Section 2 describes the model setup and derives the first best benchmark. Section 3
solves the competitive equilibrium, and Section 4 analyzes optimal financial and environ-

mental regulation. Section 5 concludes.

2 Model Setup

There are three dates, t = 0, 1,2, a unit mass of investors, and a unit mass of borrowers.
At t = 1 all agents learn whether the economy is in a good state (s = G) with a low
social cost of emissions, or in a bad state (s = B) with a high social cost of emissions.
The state of the world is drawn from a binomial distribution with the probability of the

bad state given by gq.

Preferences and Endowments. Investors are risk-neutral and deep-pocketed in that
they have a large endowment A! at t = 0 and ¢ = 1. Borrowers have a limited endowment
Ab only at t = 0 and quasi-linear utility over consumption. There is no discounting and

all agents suffer disutility from aggregate carbon emissions E¢ at t = 2:

T 1 ) b u na
U _CO+018+CQS_78ES7

Ub = U(CO) + C1s + Cos — V;LE;I7

where ¥ is a parameter governing the cost of emissions in agent’s utility, which depends
on the state of the world s € {G, B}. In the bad state ¥ takes a high value 7§, > v¢. In
the good state, we normalize v¢& = 0.

The quasi-linear utility function introduces a meaningful trade-off for borrowers in how
much own funds they contribute. To ensure an interior solution we assume that u(co)
satisfies the Inada conditions, i.e., that u(cg) is strictly increasing and strictly concave,
and that in the limit «'(0) = oo and u/(c0) = 0. Agents are atomistic, so that they do

not internalize the effect of their decisions on aggregate carbon emissions E¢.
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Technology. At ¢t = 0 borrowers can invest in a productive technology with a fixed
scale at an investment cost [y. At ¢t = 1 borrowers can liquidate some of the initial
investment and adjust the investment scale to I1; < I. The project generates a return
of R(Iys, B¢, ~P) = pl1s — P E® at t = 2, and liquidations generate a payoff u(Iy — I15) at
t =1, with p < 1.

The parameter v? captures the project’s exposure to physical climate risk from envi-
ronmental damages. Just as the utility cost of emissions, the exposure to physical risk
depends on the realized state of the world s, with 4% > 0 and 7, = 0. Thus, the total
social cost of emissions consists of a direct utility cost as well as losses in asset values from
environmental damages, vs = 2% +~%. The social cost of emissions is uncertain from an
ex-ante perspective, capturing the uncertainty evident in the wide range of estimates of
the social cost of carbon (for example, see Nordhaus, 2018).8

The project emits carbon emissions E(Xj, [15) at ¢t = 2, which aggregate to E¢ and
may be subject to emissions taxes 7,.” Emissions can be reduced by abatement invest-
ments, denoted by X, at a cost C'(Xj, I15) paid at t = 1. We offer two possible interpre-
tations of this setup. Borrowers may represent non-financial firms that directly invest in a
polluting asset, such as manufacturing firms investing in polluting plants. Alternatively,
we show in Appendix B.2 that, under certain conditions, the setup is equivalent to one
in which borrowers are financial institutions that lend to firms with polluting assets. In
the latter case, borrowers pay for emissions taxes and abatement costs indirectly through
the profitability of their loan portfolios.

We make the following functional form assumptions.

Assumption 1. F(X, ;) and C(X, 1) satisfy

OE(X,I1) OE(X,I1) oC(X,11) dC(X,11)
-Z' 89X S 07 ol Z Oa 0X Z 07 o6 2 07

2. B(X — o00,1y) = E(X,0)=0, E(0,I))=FE, C(0,,)=C(X,0)=0,

8While uncertainty is not a necessary model ingredient for our baseline results, it allows us to study
the role that financial markets can play in facilitating the use of more efficient environmental policy by
enabling hedging of climate risks (see Section 4.6). The framing also permits us to study how future
environmental policy may affect long-run investments and result in stranded assets.

9Formally, using b to index individual borrowers, E¢ = fol E(Xb 1%,)db. To simplify notation,
throughout the paper we do not use superscripts to index borrowers.
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> 0.

9 0%2E(X,I}) —0 9%2C(X,I1)
: X2 T 0X2

Assumption 1.1 ensures that abatement investments are costly but reduce emissions,
and that a higher final investment scale is associated with higher emissions and abatement
costs. Assumption 1.2 defines boundaries such that costs and emissions are non-negative,
and there is an upper bound E on emissions. Assumption 1.3 implies that emissions are
linear in abatement, which simplifies the exposition, but that the cost of abatement is

strictly convex, so that the borrower’s optimal abatement choice has an interior solution.

Environmental Regulation. After production takes place, an environmental regula-
tor can observe emissions and impose a state-contingent emissions tax 7, per unit of emis-
sions.!Y Emissions taxes are rebated lump-sum to borrowers, Ty = 7,E%. Section 4 derives
socially optimal emissions taxes and discusses efficiency. Subsections 4.4 and 4.5 also con-
sider other environmental policies in the form of a pollution permit market and an abate-
ment subsidy. Given the role of financial constraints in the model, in Subsection 4.3 we

study whether there is scope for financial regulation to complement environmental policy.

Financing. Borrowers need to finance the upfront investment I at ¢ = 0 and abatement
Xgat t = 1. At t = 0 they can contribute their own funds as inside equity financing
e < Ag. Additionally, borrowers can raise debt financing dy and d;s from investors at
t =0,1. In Section 4.6 we also allow hedging and derive interesting additional insights
on how it can affect equilibrium environmental policy.

Borrowing is limited by a moral hazard problem. We assume that borrowers can
abscond with any resources except a fraction 6 € [0, 1] of asset returns, and a fraction
1 € [0,1] of tax rebates at t = 2. Thus, there is a wedge between the project’s re-
turn and pledgeable income, with pledgeable project returns given by }?(]15, E¢ ~P) =
OR(Is, E2,7?) (as in Rampini and Viswanathan, 2013, among others). We introduce a

separate pledgeability parameter for tax rebates to be able to perform key comparative

10We only consider a linear tax because there is no heterogeneity among borrowers, and therefore a non-
linear tax cannot improve upon a linear tax. See Hoffmann et al. (2017) for a model with heterogeneity,
in which a non-linear tax can be a superior policy instrument because it transfers less resources from
more to less constrained firms.

ECB Working Paper Series No 2812 13



statics exercises. For example, when ) = 1 tax rebates are fully pledgeable and emissions
taxes have no direct effect on financial constraints, while the opposite holds when ¢ < 1.

At the interim date the liquidation proceeds p(Iy— I15) can be seized by investors who
provided ¢ = 0 financing (that is, liquidation proceeds are pledgeable). Investors can de-

mand liquidation if they choose not to roll over their debt and are not fully repaid at ¢t = 1.

Variable Definitions. For the further analysis it will be useful to introduce the fol-

lowing variable definitions and assumptions:

Definition 1. The project’s private net marginal return v(r, X, 1;) and pledgeable net

marginal return 7(1, X, I1) are respectively defined as

9C(X,I,) OE(X,I)

T(T7Xa[1):p_:u_ 811 - T (9[1 )
i 90 (X, I OE(X, I
(1, X, 1) =0p — u— (8[1 1)—7' (8[1 1).

Assumption 2. Project returns p are sufficiently large and pledgeability 0 sufficiently

small such that, given a threshold T > g,
1. 7"(7’, X, Il) > 0, VX, [1,7' <T
2. 70,X,1) <0, VX, I;.

The first condition ensures that continuing the investment project has positive NPV
at t = 1 as long as emissions taxes do not exceed some threshold 7. Throughout the
paper we focus on the interesting case 7 < 7, such that it is efficient to continue rather
than liquidate the project even in the bad state with a high social cost of carbon. The
second condition ensures that liquidation proceeds p exceed the loss in pledgeable income
due to a reduced investment scale. This implies that, while inefficient, liquidations relax

financial constraints.
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2.1 First-Best Benchmark

Proposition 1. In the first-best allocation I, = Iy, and optimal t = 0 consumption by

borrowers, cq, and optimal abatement, X, are defined by the following conditions:

u'(cp) = 1,
OE(X, Lis)  0C(Xs, Lis)
L) ) SR
Proof. See Appendix A.1 O

In the first-best allocation, the optimal abatement equates the marginal gain from
lower emissions to the marginal cost of abatement. The borrower’s consumption is at
a level that ensures the marginal utility is equalized across agents and time. Crucially,
there are no liquidations because liquidations are inefficient by Assumption 2. The next
section shows that this may be different in the competitive equilibrium, where financially

constrained borrowers may need to liquidate some of their initial investment.

3 Competitive Equilibrium

This section solves the problem of borrowers and defines a competitive equilibrium given
a state-contingent emissions tax 7, but without financial regulation. We analyze optimal
emissions taxes and compare the allocation to an equilibrium with financial regulation

and other policy tools in the next section.

3.1 Borrower Problem

The borrower’s expected utility is given by

E[UY] = u(co) + Y Prls=k](cux + cox — W E}) -
ke{G,B}
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Borrowers maximize their expected utility subject to the following constraints:

COZAS—GZOa (1)
c1s = (lo — his)p + dis — (Io — e) — C(X,, I15) > 0, (2)
c2s = R(Lis, E5,7Y) — T E(Xs, Lis) — dis + T > 0, (3)
dvs < R(I1s, ES,9) — o E(X,, i) + YT, (4)
I €0, Iy]. (5)

Equations (1), (2) and (3) are non-negativity constraints on consumption at ¢t = 0, 1, and
2, respectively. Eq. (4) is a financial constraint that ensures ¢ = 1 borrowing does not ex-
ceed pledgeable income, which implies borrowers have no incentive to abscond at ¢ = 2.1

Using the budget constraints to eliminate cg, c¢i5, o5, do, and dis, the borrower’s
problem can be formulated as a Lagrange function of e, X, I1, as well as Lagrange mul-
tipliers g for the t = 1 financial constraint in state s, and x’s serving as multipliers for
lower and upper bounds on variables. The Lagrangian is formally stated in Eq. (18) in

Appendix A.2.1.

3.2 Borrower Decisions at t = 1

At t = 1 borrowers observe the realization of the aggregate state s, and then choose X,
and I1,. In principle, borrowers could also default on ¢ = 0 debt, yet the following lemma

shows that this is never optimal:

Lemma 1. Borrowers prefer to roll-over t = 0 debt by raising di > dy, rather than

defaulting on t = 0 debt.
Proof. In Appendix A.2.2 n

The intuition is that investors can recoup t = 0 debt by forcing liquidation of the

project, so that borrowers are better off rolling over the debt to avoid forced liquidations.

HEq. (4) is equivalent to an incentive-compatibility condition cas > (1 — 0)R(I1s, E%,7?) + (1 — ) T.
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X, and I, are chosen according to the following first order conditions:

OB(X, hi) 8C(Xs,fls>> _0, (6)

(T+ X) (TS X e

T(Tsa Xs; Ils) + )\sf(Tm Xs; ]ls> —Rrs + Krs = 0. (7)

In Eq. (6) borrowers choose abatement trading off the tax bill associated with carbon
emissions against the cost of abatement. Eq. (7) is the first order condition with respect
to I1s, which uses Definition 1 of private net marginal return and pledgeable net marginal

return, 7(-) and 7(-). Together with the following condition,

)\S[R<IISJ Egaf}/f) - TsE(Xs> Ils) + ¢Ts +e— IO + ,U(IO - Ils) - C(X57 Ils)] = 07 (8)

which combines the complementary slackness conditions of the financial constraint (4) and
non-negativity constraint of ¢15 (2), these conditions define the optimal state-contingent
t = 1 allocations Iy, X, and A for a given 7, and e (the optimality condition for equity

is derived below).

Lemma 2. Borrowers do not liquidate any investment if the financial constraint (4) is
slack. That is, if As = 0, then I, = Iy. In contrast, if Ay > 0, then borrowers liquidate

some investment so that I, < I.
Proof. In Appendix A.2.3 O

Lemma 2 follows from Assumption 2, which implies that the net marginal return is
positive and therefore it is optimal to continue the project without any liquidations, i.e.,
the optimum is a corner solution with 15 = Iy and 75 = r(7s, X5, [15) > 0. By contrast, if
the financial constraint is binding, A, > 0, the pledgeable income under the full investment
scale is insufficient to support the required borrowing. Since liquidations relax financial
constraints (by Assumption 2.2), in this case borrowers reduce the investment scale at

t =1 by choosing I1s < Ij.
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3.3 Borrower Decisions at t =0

At t = 0 borrowers decide on their capital structure by choosing the optimal equity e
(debt financing follows as the residual dy = Iy — e). The first order condition of the

borrower’s problem w.r.t. e is given by

' (AS—e) =1+ ke + (1 — )¢ + ¢)s. 9)

Condition (9) shows that borrowers contribute equity trading off the marginal utility cost
of lower t = 0 consumption on the left-hand side against the marginal utility of t = 1
consumption plus the expected shadow cost of the financial constraint on the right-hand
side. The first order conditions and complementary slackness condition together define

the competitive equilibrium:

Definition 2. Given a state-contingent emissions tax Ts, the competitive equilibrium
is the set of allocations I ,(7s), X (7s), No(7s), €*(7a, 7B), defined by Equations (6), (7),
(8), and (9). Aggregate emissions are given by E%(15) = E(XI I{,). The allocations
c5(1a, TB), Cii(Ts), c54(Ts), and di(1a, TB) follow as residuals from Egs. (1), (2), (3), and

d():[()—e.

For brevity we sometimes omit the dependence of equilibrium allocations on 7,. For

instance, we refer to X(7y) as X, or to e*(7g, 7p) as e*.

3.4 Pigouvian Benchmark

Proposition 2. If Xi(vs) =0, Vs € {G, B}, then the competitive equilibrium with Ts = 75

is equivalent to the first-best allocation.

Proof. With A:(vs) = 0, Vs € {G, B}, it follows from Lemma 2 that I;, = I,. This
investment level, as well as the FOCs of borrowers w.r.t. X and e in Egs. (6) and (9),

are then equivalent to those in the first best given in Proposition 1. O

Proposition 2 establishes an important benchmark result. If the financial constraint is

slack in all states, then by Lemma 2 borrowers can avoid inefficient liquidations, and the
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optimal Pigouvian emissions tax can implement the first-best allocation. Accordingly,
throughout we refer to a tax 7, = 75 Vs € {B, G} as the Pigouvian benchmark. In the
next section we depart from this benchmark and analyze optimal emissions taxes when

the financial constraint binds.

4 Carbon Pricing and Financial Regulation

To analyze optimal emissions taxes in the presence of financial constraints, we consider
the problem of an environmental regulator who sets a state-contingent emissions tax 7.
after observing the social cost of emissions at ¢t = 1. We then show under what conditions
the resulting equilibrium allocation is constrained efficient, and ask whether there is a

case to combine emissions taxes with leverage regulation.

4.1 Socially Optimal Emissions Tax

To derive the optimal 7, we solve the problem of a regulator choosing the optimal tax
at t = 1 so as to maximize social welfare. This problem can be written as the following
Lagrangian with k., the multiplier on the non-negativity constraint on 7s:

max W = AL+ AL +u(A) — e*) + e — Iy + ke(e* — Iy + plp)

TG,TB

+ 3" Prls = K { R BEAD) + nllo — 1) — 290 B(XE, 1) — C(X5, 1) + ok}
ke{B,G}
(10)

The regulator’s first order condition with respect to 75 can be written as:

oI5,
075

OE(X?,I},) 0X; _
- (73 - Ts) 8X;‘ or. + Krrs = 0. (11)

(s X35 1)

In this condition, the final investment scale I3, and abatement X are optimal choices
by private agents that respond to changes in emissions taxes. In setting the emissions

tax, the regulator takes into account the effect of the tax on these equilibrium allocations.
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4.1.1 The Effect of Taxes on Equilibrium Allocations

Higher emissions taxes increase the cost of polluting, which incentivizes borrowers to
invest more in abatement. But higher emissions taxes also affect the tightness of financial
constraints, which may induce borrowers to abate less. Through this indirect effect,
emissions taxes can have a perverse effect and decrease abatement due to tightening
financial constraints. To focus on the interesting case in which emissions taxes are a
useful tool to incentivize abatement to begin with, we introduce parameter assumptions

that ensure the direct effect of emissions taxes on abatement dominates.

OX*
OTs

Assumption 3. Model parameters are such that > 0 V7,5, as characterized in Ap-

pendiz A.53.1.

The following Lemma additionally clarifies how liquidations and therefore the equi-

librium investment scale I, responds to emissions taxes.

oIy,

Lemma 3. If the financial constraint is slack, \;(75) = 0, then ZX

:Oand¥>0.
Ts

X
OTs

Under Assumption 3, if the financial constraint binds, \i(15) > 0, then > 0 and there

* * * * 2
exists a threshold characterized by AP (7s) = %Ts—l— “;w)E(X;‘, Ifs)62g((§i)’£15)/ <8E(;§§;I“)) ,

such that

or* . ~
T <0 4f 8 <AP(7s),

oIy . A
o Y= 0ify7 =47(r),

Th > 0 if 2 > 47(y).

Proof. See Appendix A.3.1 m

Only if the financial constraint binds, A(75) > 0, borrowers need to liquidate invest-
ments to be able to roll-over their debt. Interestingly, higher emissions taxes can result
in more or less liquidations, depending on how strongly asset values are affected by phys-

ical climate risk, as captured by «?. The overall effect of emissions taxes on the final
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investment scale follows from totally differentiating (8) with respect to 7:

Collateral externality

Direct effect ~ N\ ~
- - OE® 0X*
. * Tk D s s
a]iks B (1 ¢)E(Xs ) Ils) + (075 ¢TS) aX: 87’ (12)
873 N 7:(7—3(1 —¢) +97§>X;<>Iiks)

This equation highlights that emissions taxes affect the final investment scale via two
channels that operate through financial constraints. First, changes in the tax directly
affect the size of the tax bill and the tax rebate. Since only a fraction ¢ of the tax
rebate is pledgeable this direct effect of the emissions tax on the tightness of the financial
constraint is proportional to (1 — ) E(X*, I7,).

Second, changes in abatement also affect the aggregate level of emissions, which im-
pact borrowers’ pledgeable income via two collateral externalities. Physical climate risk
represents a negative collateral externality because higher aggregate emissions result in
larger physical damages to borrowers’ assets, decreasing pledgeable income by 6+?. Thus
in the presence of physical climate risk higher emissions taxes partly relax financial con-
straints. At the same time, there is a positive collateral externality because tax rebates
are a function of aggregate emissions. This implies that lower aggregate emissions reduce
the tax rebate, decreasing pledgeable income by 7;.

Overall, the effect of emissions taxes on financial constraints and liquidations depends
on the relative strength of the direct effect of taxes on pledgeable income, and the indirect
effects due to collateral externalities.'?> When borrowers’ exposure to physical climate risk
is low such that y? < 4P, the direct effect and tax rebate externality dominate, so that
higher emissions taxes imply tighter constraints and more liquidations. If borrowers’
exposure to physical climate risk is high such that v? > 4P, the equilibrium effect of

emissions taxes that lowers the physical risk dominates, so that higher emissions taxes

12Note that, because higher taxes induce an endogenous change in abatement by borrowers, they also
affect abatement costs. On one hand, higher abatement increases abatement costs, tightening financial
constraints. On the other hand, higher abatement reduces emissions and thereby the tax bill, easing
financial constraints. Therefore, an additional term that shows up in the numerator of Eq. (12) is

- (aC(;()g;LIfS) + TOE(;(X:SLIL) XL However, by the borrower’s optimal abatement choice in Eq. (6), this

or
term is equal to zero, so that this channel has no marginal effect on financial constraints and drops out

from Eq. (12).
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relax financial constraints and result in fewer liquidations.

4.1.2 Optimal Emissions Tax

Because emissions taxes interact with financial constraints, the regulator considers not

only the direct effect of taxes on emissions, but also their side effect on asset liquidations.

Proposition 3. The optimal emissions tax 77 solves (11). If Xi(vs) = 0 or vs = 0, then
TF =5 If Xi(7s) > 0 and vs > 0, then the optimal emissions tax depends on the strength
of physical Tisk *, and on the pledgeability of tax rebates 1 and cash flows 0. If ¢ > 0,
the optimal emissions tax is always below the direct social cost of emissions, 177 < ~vs. If

P < 6, then
o T < if 9k <AP()),
o T =1 if % ="(7]),
o T > if 9% > AP(7]),
Proof. See Appendix A.3.2 O]

With binding financial constraints, A(y) > 0, the optimal emissions tax generally
differs from the Pigouvian benchmark equal to the direct social cost of emissions -,
because the regulator needs to account for the effect of the policy on liquidations. To
disentangle the results in Proposition 3, we discuss three polar cases: (i) tax rebates are
not pledgeable and physical climate risk has no effect on collateral values (¢ = +? = 0);
(i) tax rebates are not pledgeable but physical climate risk has an effect on collateral
values (¢ = 0,~7F > 0); and (iii) tax rebates are pledgeable and physical climate risk has

an effect on collateral values (¢ > 0,72 > 0).

(i) No physical risk (» = 7» = 0). With non-pledgeable tax rebates and absent
physical climate risk effects, there is no collateral externality and emissions taxes affect
financial constraints only through their direct effect on pledgeable income. In this case,

higher taxes trigger inefficient liquidations (see Lemma 3). Internalizing this undesired
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side effect, an environmental regulator sets an emissions tax below the direct social cost
of emissions, 7} < 7. Intuitively, regulators set a lower carbon tax because they under-
stand that higher taxes constitute a realization of climate transition risk for financially
constrained borrowers. Put differently, optimal emissions taxes are below the Pigouvian

benchmark because borrowers are “too levered for Pigou”.

(ii) Physical risk (¢» = 0,7 > 0). Physical climate risk implies that emissions taxes
affect borrower’s financial constraints not only through their direct effect, but also through
a collateral externality. The relative importance of this effect depends on how strongly
collateral values are exposed to physical climate risk, as measured by 2. If v2 < 4%, the
direct effect dominates and the trade-off resembles the one in case (i) above. This case
applies when climate transition risks dominate physical climate risk effects, for example
in economies with large polluting industries. By contrast, if the effect of physical climate
risk on collateral values is sufficiently high such that 7? > 4P then higher emissions
taxes ease financial constraints (see Lemma 3). As a result, the trade-offs faced by an
environmental regulator change fundamentally, implying optimal emissions taxes above
the direct social cost of emissions, 77 > 7,. Such a case may apply to economies that are
heavily exposed to the risk of weather disasters such as droughts or floodings that have

a negative effect on asset values.

(iii) Plegeability () > 0,7 > 0). With (partially) pledgeable tax rebates, the over-
all collateral externality effect of emissions taxes depends not only on the impact due
to physical climate risk, but also due to changes in the size of tax rebates. The latter
represents a positive collateral externality of emissions, thereby counteracting the nega-
tive collateral externality due to physical risk. Which of the two collateral externalities
dominates depends on whether tax rebates or asset returns have a greater pledgeability.
If ¢ > 0, tax rebates are more pledgeable than the firm’s asset returns, and the positive
collateral externality due to tax rebates dominates. In this case, optimal emissions taxes
are unambiguously below the direct social cost of emissions, 7 < 7, irrespectively of

the level of 2. By contrast, if 1) < 6 the optimal emissions tax may be above the direct
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social cost of emissions if 1? is sufficiently large, as discussed under case (ii) above.

An interesting implication is that, in economies where firms’ assets have a low pledge-
ability (such as knowledge-based economies with much intangible capital), optimal emis-
sions taxes are lower because the effect of physical risk on collateral values is less relevant
(small @). Similarly, emissions taxes may be optimally lower in economies where tax

rebates are more pledgeable (large 1; for example, due to stronger political institutions).

Generalized Pigouvian Tax. The results in Proposition 3 highlight that, in the pres-
ence of financial constraints, the total social cost of emissions includes not only the direct
social cost of emissions v, but also the indirect costs due to collateral externalities driven
by physical climate risk, A\,677, and the pledgeability of tax rebates, \,17,.'> Therefore,
another useful benchmark to compare the optimal emissions tax to is a generalized Pigou-
vian tax, defined as the emissions tax that equalizes the private cost of emissions 7, to

the total social cost of emissions vs + A\s07F + A 7s.

Proposition 4. Let the generalized Pigouvian tazx be defined as

LGP _ s+ A0
Tl

With Xt > 0 and v, > 0, the optimal emissions taz is 75 = 79 if p = 1, and 77 < 7P

if ¢ < 1. With \* =0 or v, = 0, the optimal emissions taz is 7° = 7 = ~,.

S

Proof. In Appendix A.3.3 O]

While the optimal emissions tax may be above a standard Pigouvian benchmark equal
to the direct social cost of emissions 75 (see Proposition 3), Proposition 4 shows that, if tax
rebates are not fully pledgeable, the optimal emissions tax is always below a generalized
Pigouvian benchmark that accounts for collateral externalities. This highlights that, even

with 77 > ~,, the adverse direct effect of emissions taxes on financial constraints can limit

13Collateral externalities can also emerge in models with pecuniary externalities, where borrowers do
not internalize how their choices affect the financial constraint of other agents through their impact on
prices (for a detailed discussion, see Davila and Korinek, 2018). As in these settings, here borrowers
choose a socially sub-optimal leverage because they do not internalize their impact on financial con-
straints. Unlike in the pecuniary externality literature, in our setting the collateral externality arises due
to the effect of aggregate emissions on borrowers’ pledgeable income.
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the regulator in setting a tax that accounts for all direct and indirect social costs of emis-

sions. The next subsection shows this has implications for the efficiency of the allocation.

4.2 Efficiency

To evaluate efficiency, we compare the allocation that can be implemented with the
optimal emissions tax 7} to the constrained-efficient allocation in which a social planner
can choose X, I and e directly, subject to the same resource and financial constraints as
private agents. This constrained-efficient allocation is formally defined and characterized

in Appendix A.4.1.

Proposition 5. If 1) = 1, then the competitive equilibrium with a socially optimal emis-

sions tar equal to the generalized Pigouvian tax 76T = % 18 constrained efficient.
If v < 1 and the financial constraint binds in some state, X > 0, then the competitive

equilibrium with a socially optimal emissions tax ) is not constrained efficient.
Proof. In Appendix A.4.1 O]

We show in Appendix A.4.1 that the constrained-efficient level of abatement solves

0E(Xs, I1s)
0X

0C(Xs, I1s)

= (14 X\y) X,

—(7s + As072) : (13)

When choosing the optimal level of abatement, a constrained social planner trades off the
benefits associated with lower aggregate emissions on the left-hand side against the cost
of abatement on the right-hand side of Eq. (13). The total marginal benefit of lowering
emissions consists of the avoided direct social cost 7, plus the indirect social cost due to
the collateral externality associated with physical climate risk A;6+2. On the right-hand
side, the marginal abatement cost is scaled by the marginal utility of consumption plus
the shadow cost of the financial constraint, (1 + A;), because spending on abatement
tightens borrowers’ financial constraints.

In contrast to a social planner, the environmental regulator cannot choose abatement

directly, but instead uses emissions taxes as a policy instrument to incentivize abatement.
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If tax rebates are fully pledgeable, the regulator can implement the abatement level de-
fined by Eq. (13) without introducing additional distortions to the final investment scale
by setting the emissions tax equal to the generalized Pigouvian tax 77, However, if tax
rebates are not fully pledgeable, 1V < 1, taxes have a direct adverse effect on financial
constraints because 7, F (X, I1s) —¢Ts = (1—9)15E(Xs, I15) > 0, and the regulator needs

to set an emissions tax below 76

1 (see Proposition 4). As a result, emissions taxes can

only implement the constrained-efficient allocation if tax rebates are fully pledgeable.
This result implies that when ¢ < 1 there may be scope to improve welfare by com-
plementing emissions taxes with other policies. Since borrowers’ initial leverage directly
affects the tightness of the collateral constraint, ex-ante leverage regulation is a natural
candidate policy we consider in the next subsection. Another way to improve social wel-
fare could be to use an alternative environmental policy instrument with no direct adverse
effect on financial constraints. Section 4.4 explores a cap-and-trade system with tradable

pollution permits and Section 4.5 abatement subsidies instead of emissions taxes.

4.3 Leverage Regulation

This section introduces leverage regulation complementing emissions taxes when tax re-
bates are not fully pledgeable () < 1). We analyze a leverage mandate that fixes the
borrower’s equity at a level e, which can be implemented through a direct mandate, or
through taxes and subsidies (see Appendix B.1). To streamline the discussion, we focus
on the case in which the model parameters are such that in the competitive equilibrium

the financial constraint binds when s = B and is slack when s = G.

4.3.1 The Effect of a Leverage Mandate on Equilibrium Allocations

To understand the trade-offs faced by the regulator when choosing the leverage mandate,
we first study the effect of leverage on the equilibrium final investment scale I}, and

abatement X7.

Lemma 4. If \} = 0, then borrower equity does not affect the final investment scale and

abatement, ag;; = % = 0. If Xi > 0, then higher borrower equity increases the final
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1mvestment scale,

«O2E(X:I7) | 02C(X:IL)

e increases in borrower equity, a;(é >0, of 7 OX oI + axX:orr, <0
1s
. . X 02B(X}:,1 02C(Xx I}
e decreases in borrower equity, aae <0, if 7 6X*8I* i) 4 8)§*51*15) >0
s 1s
Proof. In Appendix A.4.2 O]

Equity affects the optimal choices of borrowers at ¢ = 1 only if they face a binding
financial constraint. Generally, a greater equity buffer relaxes financial constraints. This
enables borrowers to liquidate less, so that 2 13 > 0 if A? > 0. This change in the invest-
ment scale has an indirect effect on the optimal abatement, as both the marginal cost and
the marginal benefit of abatement (in terms of avoided tax expenditures) depend on I7,.

If abatement is more efficient at a higher investment scale, i.e. when the technologies are

COPE(XLIL) | 92C(XLIT)
such that 77 axzorr, T aX*aI*s

< 0, then more equity results in a higher equilibrium

investment scale. Combining these effects, the total effect of equity on emissions can be

represented as

OE(X?IT,) 02C (X1 13,)
dE(X;, I,) _ [ 0B(X; IY,)  OE(X; If,) ™ axzon, + axon, | 01
de B oIz, 0Xx POX L) oe
OX3)?
dE(X* i‘s)

- dl*
As equity increases the final investment scale whenever financial constraints bind, the

dE(X}IT,)
dily,

dE(X} %)

s’ 1s

. The first term in ar

effect of equity on emissions depends on captures
the direct effect of a greater investment scale on emissions. The second term captures

the endogenous response of abatement, through which emissions may decline in equity.

4.3.2 Optimal Leverage Regulation

We now consider the problem of a regulator who sets an equity mandate e at t = 0 and
state-contingent emissions taxes 7, at ¢ = 1, so as to maximize welfare. That is, we

re-consider the optimization problem (10) but allow the regulator to also set e = € at
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t = 0. The regulator’s first order condition w.r.t. € is given by

u'(Ab—e)—1—ke =

ol dE(X:, It (14)
Z Prls = k] |7 (i, Xp, [ik) = — (1 —Tk)M ‘

oe de
ke{B,G}

In setting the optimal equity mandate, the regulator considers the effect of leverage on
borrower profits and emissions. Since equity increases the final investment scale when the

financial constraint binds, it results in a higher profit earned by borrowers. The regulator

internalizes this effect, similarly to private agents. This is captured by r(7s, X, I15) 6;;} in

the regulator’s FOC. The regulator also accounts for the effect of leverage on emissions and
the marginal social cost that these generate in excess of what is already accounted for by
the borrower, captured by (s — Ts)%. Comparing Eq. (14) with the corresponding

borrower’s FOC in Eq. (9) yields the optimal equity mandate.

Proposition 6. If in the competitive equilibrium the borrower’s financial constraint is
slack when s = G and binding when s = B, then the optimal equity mandate coincides

with the borrower’s choice of equity if and only if

dE(X, IT
B i) 1, 4 05 00— )] = (15)
1s

T-SCC wedge

If ¥ < 1 the T-SCC wedge s positive and the optimal equity mandate €* is

o & > e*(1h,Th) if ABXplip) <0,

ity
o & =e*(1h,Th) if —dE(ziITB) =0,
o & <7 Th) if FEEE > 0.
Proof. See Appendix A.4.3 m

What motivates leverage regulation is the difference in the marginal social and private

costs of changes in emissions induced by higher levels of equity. The left-hand side of

dE(XS, I,

Eq. (15) captures this intuition, consisting of =5 ) and the expression in square
1s
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brackets labeled T-SCC wedge, where T-SCC stands for total social cost of carbon. The
T-SCC wedge is the difference between the total social cost and private cost of emissions
and consists of two components. First, yg — 75 is the wedge between the direct social cost
of emissions 5 and the private cost of emissions 7. Second, Ap (075 — ¥75) is the effect
of emissions on pledgeable income caused by the collateral externalities due to physical
climate risk and tax rebates.

The optimal equity mandate can be above or below the level in the competitive equi-
librium, depending on the effect of borrower equity on emissions. From Proposition 4, the
optimal emissions tax is below 757 if 1) < 1, which implies a positive T-SCC wedge. This
positive T-SCC wedge results in a socially inefficient leverage choice by borrowers and
motivates an equity mandate. If higher equity primarily results in more abatement rather

than lower liquidations, such that % < 0, then the regulator opts for an equity level
1s

that is above the privately optimal level of equity, €* > e*. By contrast, if %fl) > 0,
then higher equity implies higher emissions, and the optimal equity mandate is below a

borrower’s optimal choice of equity in the competitive equilibrium, e* < e*.

4.3.3 A Motive to Include Climate Externalities in Financial Regulation

The finding in Proposition 6 that leverage regulation can improve welfare may not seem
surprising given the large body of literature that shows how financial constraints can
motivate financial regulation (for an overview, see Dewatripont and Tirole, 1994). Yet
the following corollary shows that the financial constraint in itself does not motivate

leverage regulation in our model:
Corollary 1. If v¢ =P = 0, then €* = e* regardless of whether Xz = 0 or not.

Proof. Follows from the result in Proposition 3 that 7, = 0 if v = +? = 0, which implies

a zero T-SSC wedge as defined in Proposition 6. n

In the absence of environmental externalities there is no benefit to introducing lever-
age regulation — irrespective of whether the financial constraint binds or not. This is
important because it implies that financial constraints alone are not enough to moti-

vate leverage regulation in our model. Instead, the motive for implementing an equity
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mandate € comes from the interaction between environmental externalities and financial
frictions because binding financial constraints imply that the optimal emissions tax is
below the total social cost of emissions. The results in Proposition 6 thus contribute to
the debate on whether environmental externalities should be included in the mandate of

financial regulatory frameworks (also see Oehmke and Opp, 2022a).

4.4 Cap and Trade

An alternative policy that a regulator could use is a cap-and-trade system with a limited
quantity Qs of tradeable pollution permits (similar to the EU ETS). For each unit of
emissions borrowers need to surrender a permit to the regulator. Remaining permits can
be sold at the market price p;. Absent other frictions, such pollution permit markets are
equivalent to emissions taxes (see Montgomery, 1972). In what follows we show under
what conditions the pollution permit market is equivalent to emissions taxes when the
financial constraint binds and explore whether a pollution permit trading system can
achieve higher welfare than emissions taxes.

A key feature of a pollution permit trading system is the mode through which polluters
acquire the permits. We assume that a share ¢ of all permits @), is freely allocated to
borrowers ex-ante and that the remaining (1 — ¢)@Q; permits need to be purchased by
the borrower at the market price ps. Note that with freely allocated permits borrowers
have the same incentives to invest in abatement because of the opportunity cost of selling
unused permits. For now, the regulator takes the freely allocated share ¢ as given. Later
we discuss the welfare-maximizing level of ¢. The budget constraints of the borrower

under the pollution trading scheme are:

Cls = M(IO - Ils) + dls +e— ]0 - C(XS7 Ils) +ps(¢Qs - E(XS7 Ils)) Z O) (27)
Co = R(Ils7 Eg,Vg) - dls Z Oa (37)

dls S R(Ilsa Egv ’Yg) (47)

The first order conditions of the borrower stated in Appendix A.4.4 are equivalent to
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those in the baseline problem, with ps taking the place of 7,. The borrower’s FOC
with respect to abatement given by (6) in Appendix A.4.4 determines the relationship
between the privately optimal level of abatement and p,, and mirrors (6) of the original
problem. This condition, together with the market clearing for permits, ()s = E¢, jointly
determine a mapping from p, to E¢. Thus, the regulator can implement a desired market
price of permits by altering the total amount of permits. Consequently, we can express
the regulator’s problem as maximizing social welfare by choosing p, in each state s =
{B,G}. Appendix A.4.4 reports the first order condition of the regulator. As in the
baseline setting, the regulator internalizes the effect of the policy on borrowers’ profits
and emissions. Comparing the FOC under the cap-and-trade system with the one in the

original problem yields the following result.

Proposition 7. The allocation implemented with a pollution permit market in which the
quantity of permits is chosen to implement a permit price ps = 7, and a fraction ¢ of
permits are allocated freely, is equivalent to the allocation implemented with an emissions

tax 75 if the fraction of freely allocated permits is equal to the fraction of tax rebates that

can be pledged, ¢ = 1.
Proof. See Appendix A.4.4 n

In both the baseline setting and the current extension the regulator’s policy amounts
to choosing the private marginal cost of emissions represented either by the tax rate 7
or the price of permits p,. The direct effect of the policies on the financial constraints
depend, respectively, on v, the pledgeability of the tax rebates, and ¢, the share of freely
allocated permits. Pollution permits have a direct effect on the financial constraint if the
borrower needs to purchase some of them ex-ante (i.e. if 1 —¢ > 0). This corresponds
to the direct effect of the tax bill on pledgeable income under emissions taxes. The price
of permits also affects the tightness of the financial constraint through the collateral
externalities, which mirror those discussed in Section 4.1.2.

So far we assumed that the regulator takes the share of freely allocated permits as

given. However, the advantage of using a cap-and-trade system instead of emissions taxes
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is that the regulator can choose ¢ optimally. The equivalence result in Proposition 7
implies that a version of Proposition 5 in which 7, = p, and 1) = ¢ holds in the current

setting, giving rise to the following corollary.

Corollary 2. The requlator can implement a constrained-efficient allocation by setting

Ys+AE0YE

¢ =1 and issuing a quantity of permits that implements a permit price p; = S5

The regulator can avoid the problem of the carbon price’s direct effect on borrowers’
financial constraints by allocating all permits for free and setting ¢ = 1. In this case,
the shadow cost of permits induces borrowers to engage in a constrained-efficient level
of abatement. As in the baseline with ¢ = 1, the optimal policy is below the Pigouvian
benchmark p¥ < 75 whenever the financial constraint binds (see Proposition 3).

An important policy implication is that a pollution permit market with free allowances
may be a superior policy instrument when financial constraints are a first-order concern,
and that such a pollution permit market can render financial regulation unnecessary.
Yet, in practice emissions permit markets often do not allocate permits for free. For
example, the EU ETS (the largest emissions permit market in the world), only grants
free allowances equal to a fraction of total emissions, and is gradually reducing the amount
of free allowances over time.!*

We acknowledge that there may be considerations outside our model that motivate
these real-life policy choices.'® For example, it may be difficult for regulators to correctly
allocate free permits if polluters were privately informed about heterogeneous abatement
costs, potentially triggering undesirable distributional consequences. Similarly, deter-
mining the amount of freely allocated emissions by past emissions (a policy referred to
as “grandfathering”), may weaken incentives to reduce emissions as firms may want to
avoid a reduction in the amount of freely allocated permits in the future (see Clo, 2010).
Modeling these frictions is beyond the scope of our model. In as far as they constrain

the regulator’s ability to allocate all permits for free, the results in Propositions 6 and 7

For example, the manufacturing industry received 80% of its allowances for free in 2013. This
proportion has been decreased down to 30% in 2020, see European Commission website.

15The European Commission states that it reduces the amount of free allowances “to reflect more
accurately the technological progress and to incentivize further deployment of innovative low-carbon
technologies”, see European Commission website.
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suggest potential benefits from complementing permit markets with leverage regulation

in this case.

4.5 Abatement Subsidy

Another alternative policy is a subsidy to abatement investments instead of a tax on
emissions. To analyze such a policy in the context of our baseline model, suppose that
7s = 0 and consider instead a subsidy o, on abatement financed by lump-sum taxes. For
now, suppose these lump-sum taxes are fully financed by borrowers and that —o, X, = T.
Borrowers have to raise financing at the beginning of ¢ = 1 to pay the lump-sum taxes
and invest in abatement, then receive the subsidy o, per unit of abatement. To map the
subsidy to the baseline model, we assume that a fraction ¢ of the subsidy is pledgeable
to outside investors, and borrowers can absond with 1 —1. The first order condition with

respect to X in Eq. (6) becomes

9C(Xo 1)\
(1 + )\s) <O’s - a—)(s) =0.

This equation is equivalent to the original first order condition (6) when setting o, =
TS%. Whether the subsidy can implement the constrained-efficient allocation de-
pends on 7, as can be seen from the complementary slackness condition (8), which now

becomes

)\s R(Ils,Eg,’}/g)+’¢O'SXS—TS+G—IO—F/L(IO—IL§)—C(Xs,fls) :O

In equilibrium, this condition maps to Eq. (8) with —(1 — )T} replaced by —T + o X.
This implies that the results from the baseline model apply. Notably, Proposition 5 still

holds, so that the allocation is constrained efficient only if the subsidy is fully pledgeable,
ie. if ¢ =1.

Transfers. A subsidy may dominate emissions taxes if it is financed through taxes

raised from unconstrained investors. In this case, the subsidy constitutes a net transfer
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T, = 0 X, from unconstrained to constrained agents, and it can implement the first-best
allocation if the transfer is sufficiently large to ensure the financial constraint is slack in
all states.

More generally, consider the baseline model with a generic transfer 7, to borrow-
ers paid at t = 1, financed by lump-sum taxes from investors. With this transfer the

complementary slackness condition (8) becomes
/\s [R(Ilsa Egvlyg) - TE(Xsa ]15) + wTs + 7; +e— ]0 + M(IO - ]15) - C(XS7 [18)] =0.

Clearly, if 7T, is sufficiently large, then the financial constraint becomes slack. As shown
in Proposition 2, this implies that an emissions tax equal to the Pigouvian benchmark
can implement the first best. Perhaps trivially, complementing Pigouvian emissions taxes
with transfers from unconstrained investors to constrained borrowers can circumvent the

financial constraint.

4.6 Hedging

In the baseline model, borrowers can take out non-state-contingent debt and cannot
hedge. This extension allows fairly-priced hedging contracts that pay hp in the bad
state and h¢g in the good state. Such contracts can also be implemented through state-
contingent financing, for example, bonds that write off some of the principal when the
social cost of emissions or taxes are high. Fair pricing of the hedging contract requires
that

(1= qhe +qhp = 0. (16)

Using this expression, the problem of borrowers can be expressed in terms of choosing the

—%. The borrower’s problem with hedging

optimal hg, while hg follows as hg =
is formally shown in Appendix A.4.5. The first order conditions are the same as in the

baseline model, except for the new first order condition w.r.t. hg, which states that
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borrowers equalize the shadow cost of the financial constraints across states:

Ae = Ap. (17)

This implies that borrowers optimally shift resources from the good, low SCC state to
the bad, high SCC state. If this allows borrowers to ensure that financial constraints are
slack in both states (A\¢ = Ap = 0), then a Pigouvian emissions tax 75 = v,, Vs € {B, G}
can implement the first best allocation (see Proposition 2). By allowing firms to hedge
climate-related transition risk, the financial sector can enable efficient emissions taxation
in equilibrium. This result highlights that hedging of climate-related risks may be an
important role the financial sector can play in supporting the transition to a low-carbon
economy, distinct from socially responsible investing that aims to direct firm policies by
taking into account environmental and social factors in investment decisions (e.g., see
Pastor et al., 2021; Oehmke and Opp, 2022b; Goldstein et al., 2022; Gupta et al., 2022).

If under optimal hedging A\¢ = Ag > 0, then emissions taxes are different from the
Pigouvian benchmark, see Proposition 3. Appendix A.4.5 shows that in this case the
efficiency results in Proposition 5 apply, so that emissions taxes alone can implement a

constrained-efficient allocation only if tax rebates are fully pledgeable.

5 Conclusion

This paper provides an analytical framework to shed light on how to design and combine
carbon pricing with other regulatory tools when firms are subject to financial constraints
and to endogenous climate-related transition and physical risks. We find that emissions
taxes alone can only implement a constrained-efficient allocation if tax rebates are fully
pledgeable. Otherwise, welfare can be improved by complementing emissions taxes with
leverage regulation, or by replacing emissions taxes with a cap-and-trade system with
ex-ante freely allocated pollution permits.

Another important insight is that the way in which financial constraints interact with

emissions taxes critically depends on the relative strength of climate-related transition
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and physical risks on pledgeable income. Higher emissions taxes tighten financial con-
straints if borrowers are exposed to climate transition risk, but they can ease financial
constraints if borrowers’ assets are exposed to physical climate risk, because lower emis-
sions have a positive effect on their collateral value. Optimal emissions taxes need to
account for climate-induced collateral externalities, and thus may be either above or

below a Pigouvian benchmark rate equal to the direct social cost of emissions.
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A Appendix

A.1 First Best (Proposition 1)

Proof. The first best allocation corresponds to the abatement, investment and consump-

tion levels that maximize social welfare defined by the sum of agent’s utilities

max W =u(c) + ¢
IlstS7007Cz)7€tsvc7£s

+ (1= q) [a1e + g + cac + g — 16 E(Xa, L1i6))

+ q [ClB + CiB “+ cop + CéB — VBE(XB;IIB)] ,

subject to I3 < Iy, ¢g > 0, cg >0, ¢ > O,Cf;S > 0 and the aggregate resource constraints

co+ch=Ab+ A — I,
C1s + Cis + O(Xs; ]ls> - A?L + /vL(IO - Ils)u

Cos + Cés = plls - VSE(X& [ls))

for all s € {G, B}. Eliminating ¢}, ci5, ¢4, cas + ¢4, the problem can be formulated as:

max W:u(co)—kquLAé—]O—co
I15,Xs,c0

+ A+ u(ly — (1 — ) Lig — qhi) — (1 — q)C(Xg, Lig) — ¢C(Xp, I1p)
+ (1 —q)phc + qphip — v8E(XB, I1B)

+ (1 —q)knelo — hig) + gkn,s(Lo — Lip),
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with R, the Lagrange multiplier on the constraint that I1; < I. The first order condi-

tions w.r.t. cg, I1s and X, are given by, respectively,

UI(C()) = 1,
3E(Xs, [15) aC(X37 [15) _

— B - — i =0,

p u ,y 8]15 alls K'Il

3E Xs,ls 80 XS?-[S
OB L) 90X D)

0l 0l
By Assumption 2 liquidations are inefficient, which implies k7, s > 0 and Iy = I,. O

A.2 Competitive Equilibrium
A.2.1 Borrower’s Lagrangian

The non-negativity constraint for cq is always satisfied since we assume that «'(0) = oc.
Moreover, due to the financial constraint (4) cos is always positive, so that (3) never

binds.

The problem of borrowers can be stated as the following Lagrangian:

max L = u(A} —e)
Xs,I1s,d1s,e

+ > Pris=k[ulo — ) + e — Iy = C(Xp, L) + R(Iix, B, AP) — 7B (X, Ine) + i)
ke{G,B}

+ Z Pris = k] {/\k [R(Ilk; B AY) — B (X, L) + T — dug | + £ Die + Re[lo — Ilk]}
ke{G,B}

+ > Prls = ke, [du + p(lo — i) + e — Io — C(X, L)
ke{G,B}

(18)
where )\, is the Lagrange multiplier for the financial constraint and x’s are the multipliers
for lower and upper bounds on variables. The first order condition w.r.t. d;, implies that
the multiplier on the non-negativity constraint for ¢y, is equal to the multiplier on the
financial constraint. If the financial constraint binds, borrowers are at a corner solution

and do not consume at ¢t = 1, so that ¢;; = 0 and A\; = K.,, > 0. The FOC’s given in

Section 3 follow.
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A.2.2 Proof of Lemma 1

Consider two cases: (i) dy > plp and (ii) dy < plp.

(i)

If dy > ply, then defaulting on ¢ = 0 debt implies that investors force liquidation
of the entire project, i.e. I; = 0. This implies a residual payoff to the borrower of
0 plus tax rebates the borrower can abscond with (1 — ¢)Ts. Not defaulting, the
borrower can do at least as well because the borrower may not have to liquidate the
entire project, so that I; > 0. Consequently, the borrower can earn R(If,, E*,~P)

plus (1 — )Ty and is therefore weakly better off not defaulting.

If dy < ply, defaulting on ¢ = 0 debt implies that investors force liquidation s.t.
do = u(ly — I;). The borrower can then decide to continue the project, abate and
potentially raise new debt d;, subject to the constraint that liquidations are at least
s.t. do = p(lo—1I1). But the borrower can already achieve this by not defaulting and
instead rolling over dy. Therefore, defaulting introduces an additional constraint on
how much the borrower at a minimum needs to liquidate. Again, the borrower is

weakly better off not defaulting to avoid this constraint.

A.2.3 Proof of Lemma 2

Proof. Equation (7) evaluated at Ay = 01s (75, X, [15)—Frs+k;, = 0. By Assumption 2.1

r(7s, X5, [15) > 0, which implies that the solution requires 775 > 0 (i.e., I = I,).

The complementary slackness condition (8) can be reformulated as

AsS (75, X, I1,€,7%) = 0. (87)

Assumption 2.2 implies that liquidating investments eases financial constraints. Thus,

if the financial constraint is slack at full investment scale, S(7, X, o, €,7F) > 0, it is

slack for any I 5. If the reverse holds, S(7, X, [y, €,7?) < 0, such that the pledgeable

resources are insufficient to cover the expenses at ¢t = 1 in the absence of liquidations,

then the financial constraints binds, A\, > 0. In this case the complementary slackness

condition (8’) requires that borrowers liquidate the investment up to the point where

ECB Working Paper Series No 2812 42



S(1s, X5, If5,€,7P) = 0. Thus, if A; > 0 it must be that I], < Iy and 75 = 0.

[
A.3 Optimal Policy
A.3.1 Proof of Lemma 3 and statement of Assumption 3
Recall that X(7s) is pinned down by:
OB(X? 17,) 9C(X7, 13,)
To——— a2 = ——— 2 28 (6)
0X: 0X:
Totally differentiating (6) with respect to 75 allows us to find %)T(f:
OB(X:IE)  92N(XEIf,ms) OIf,
0X;  ~ox: - T xsar . o 19
o, PO 15 (19)
’ Tax)?

where N (X, I1,,75) = —7.E(X, I1s) — C(X,, I15) and we use that 8259%’2]1) = 0. If the

=0 and %)T( > 0. If the

oIy,
OTs

financial constraint is slack, A%(7s,€) > 0, then I}, = Iy, so
financial constraint is binding, A*(7s,€) > 0, then the interior solution of I7,(7) follows

from:

R(I;,ESAP) +u(ly — L) +&— Iy — O(X2, 1) —TE(XEIE) + 9T, =0 (8)

oI, .

Totally differentiating (8) with respect to 7, allows us to find =:

* T OF(X?,I1,) 0X*
or;, (1= O)E(X5 1) — (dr, — 0y8) HGerl 8

= 20
87—5 f(TS(l - w) + 97§7X;7Iik8) ( )
T i o .« ey = ) OB(XLI)
o further simplify, we use a shorthand notation: E(X],I},) = E, B, = —5&1,
N/ = % and 7(75) = 7(75, XJ, I,). Moreover, we use (19) and (20) to get:
ot F(rs(1 =) + 09%)C + (U7 — 090 BN,

oty (11— ) + 0%)Crla + (U7 — 00 EL N,
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Assumption 3 requires that the model parameters are such that %);;‘ > (0. This is the
case when the numerator and the denominator of (22) have the same sign.
Notice that the denominator of (22) is negative for ¢ = 0 and 4? = 0. More generally,
this expression is negative if and only if 7(7, — 750 + 692)C" < — (Y15 — 02 )N, EL.
The numerator of (22) is negative if #(0y2)E! > (1 — ) (1. E}E. + EN;). This is
true whenever ¢ = 1. Since the RHS of the inequality is monotone in v, the numerator
of (22) is negative across the full range of ¢ if 7(64?)E! > 7,E}E + EN/,

Thus, Assumption 3 can be restated as:

~ OE(X:,I%,) PN(XEIr,,7s) OE(X:,It) OB (X2, IF.)
4 * * s’ 1s * * 53718 s5371s s)t1s
o 7(04%, X7, I5) axr 7 E(X7, 1) ax:ol; T s ax: oI7,

VX (1s), I15(75), Ts < T

~ 920 (X IT,) N(XIF,,7s) OB(XEIT,)
o 7T — T + 008, X3 1) e < —(me — 08— Xy

VXH(7s), If5(75), 7s < T

Lemma 3 follows from observing that the numerator of equation (21) which defines %IE:
—)EC”.
is negative if 4? > %TS + GJE)—,)Q“Q = AP(7,) and positive if 1? < 4P(75). The denominator

of (21) is the same as that of %, i.e. negative under Assumption 3.

A.3.2 Proof of Proposition 3

The first order condition of the regulator with respect to 7 is given by:

L OB(X. L) 0C(X L)\ 0L, ( 0B(X,hL.)  0C(X. )\ 0X;
T ol or.  \ 7 ax, 09X, 7.,

Using (6) and the definition of r(7, X, I;) the above simplifies to (11).

0Xz

Since 5 >0 and r(7s, X5, [15) > 0 the optimal tax:
e is lower than the direct social cost of carbon 7, < 7 if %?S <0 and v, >0
B

e is equal to the direct social cost of carbon 7, = ~, if

I* .. OIF
s — () or if =2¢ < 0 and
OTs OTs

7520

e is higher than the direct social cost of carbon 7, > ~, if % >0
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T

8811*3 yields the result in Proposition 3.

Using Lemma 3 to determine the sign of
Optimal emissions tax

The interior solution to the optimal emissions-taxation problem solves:

(s, X2 I3 )(L = ) ECY, + (1 — 092)(EL)?] ,
(L= )N, —H(n(l — 0) + 0 Ko Ty, O T Ex (23)

which can be rewritten as the following polynomial:

"

(1= ) (EE’ - E}) +
L R R e e 1) F Y

T

0V r(y) — 7 (07F) — %E(v el —r(7)CA) =0

xT

A.3.3 Proof of Proposition 4

Focusing on the interior solution (k. = 0) to Eq. (11) and using Eq. (12) yields:

r<’787X.;k7Iiks) * *
— 1—P)E(X! I, =
f(Ts(l _ w) + Q’YgaX;aIiks)( W ( ER) ls)
OB(X: 1) 0X: [ (0 = m)r( X0 1)
0X; ors |77 F(r(1 =)+ 048 X5 17

With some algebra this simplifies to:

* Tk * Tk OF X:vj*s aX; * ~ * Tk
T(fy& Xs ) [ls>(1 - w)E(Xsﬁjls) = (8X* : ) or [fys —Ts+ )\8(9’)/5 - 77—8)] T(T& Xs ) ]ls>

If v = 1, then the LHS of the above is equal to zero, so the tax must solve v, — 75 +

A5(O0yP — 15). If ¢ < 1, then the LHS of the above is positive, so it must be that

Vs — Ts + Ae(09? — 75) > 0.
If 75 = 0 then 7, = 0 and k. > 0 solve Eq. (11).
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A.4 Efficiency and Other Policies
A.4.1 Proof of Proposition 5

As a first step, we define the constrained efficient allocation in which a social planner can
choose X, I15 and e directly without any policy instruments, but subject to the same
constraints as private agents. The planner’s problem can be written as a Lagrangian

similar to the borrower’s Lagrangian in Eq. (18):

max L= AL+ Al +u(A)—e)+e—1I

)(sallsadl‘w6
+ Y Prls=K{R(L, Bf,78) + n(lo — Ti) — 294 E(Xy, L) — O(Xx, L)}
ke{B,G}
SP [ 7 (25)
+ > Pris=kX; {R(Ilk, E8 AP + p(ly — ) — C(Xg, i) + € — 10}
ke{B,G}
+ Z Pris = k] [k Dix + Fix (Lo — L1x)] -
ke{B,G}
The first order condition with respect to X, 14, and e are given by, respectively,
OE(Xy, I1s) 0C (X, L)
. SP P ) s) SP CR) S _
(o XFO97) =] — (14 X Tl — o (26)
7 (Ysy Koo T15) + NTF(OE, X, Tis) + gy — Fopge = 0 (27)
—u/ (A —e) 4+ 1+ ke + Z Pris=kl\: =0 (28)
ke{B,G}
The complementary slackness condition in state s is given by
NPIR(Is, B2, 7s) — To + Iy — Is) + e — C(X,, I1s)] = 0. (29)

Definition 3. The constrained efficient allocation is the set of allocations I7F |, X 5P NP &SP
defined by Equations (26), (27), (29), and (28). Aggregate emissions are given by E* =

E(XSP IPF). The allocations c§t ;P c5F, and d5° follow as residuals from Eqs. (1),

(2), (3), and d3¥ = Iy — e57.

The equilibrium is constrained efficient if and only if X?(7*) = X7 I7, = IJF and
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e* = P, We first establish when X?(7*) = X5 and then move to the remaining

conditions.
Using the private FOC’s wrt. X, given by (6) to find the level of 757 that would

implement the constrained efficient level of abatement X* = X5F consistent with (26)

we get: v, + AJF0vP = (1 4+ N3P) 757 where:

T('V&XfpvlfeP) + Krs — Kis
7048, XIP, ITF)

)\SP —
S
Focusing on the case when IF is in the interior solution, the emissions tax that imple-
ments the constrained efficient allocation is

s _ (098, XOT IET) — 09 (0, X3 1)
° f(07§7X§P7[ESP) _T(787X§P>[Esp)

(30)

To determine whether the equilibrium level of X is constrained efficient, we plug in the
tax that can implement the constrained efficient allocation 75 into the condition that
defines the optimal tax set by the regulator (23).

r(vs X3 LI — ) B + (77 — 092)(£)%]
(1 =) EN = (3P (1 =) + 07, X3, 13 B,

= (v —1")E, (31)
which can be rewritten as:

(1 =) [r(ys, X3, 130 (Bce = 777(EL)?) = (s = 707) (BLENG, + (E,)*T°7Ep) ] = 0
(32)

The LHS of (32) is equal to zero whenever ¢ = 1. In this case 7°F corresponds to the tax
implemented by the regulator. To show that when ¢ = 1 also I}, = I7F" notice that the
complementary slackness condition (8) collapses to (29). Moreover, private and planner’s
FOC’s with respect to e are equal whenever

T(IYS) + EEIP - Eflp _ T(T§P> — Rsr + Ky
7(675) a F(7oF)
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which is holds at 75 defined in (30). Thus, if v = 1 the competitive equilibrium is
constrained efficient.

If » < 1 then the LHS of (32) is equal to zero only if:

(1:)E,[E,E; — EE] ]+
TsE;[E(VEZI - ;/UII) - 7‘(07X;» ITS)E;]+ (34)

[r(v, X3, 1) ECR + v ELECT] =0

Let 7, = 7% and 7, = 7 denote the solutions of (34). Given that LHS is quadratic

S

£ 9%2C(X,I) O%*E(X,h)

oxol, ' oxoh and

in 7, if the solution to (34) exists 7% and 7° are functions o

82(%%’21 1) Notice that the tax rate that is needed to implement the constrained efficient

level of abatement, 7°F, given in (30) does not depend on these cross- and second-order-
derivatives. Thus, condition (34), which ensures that X* = X% is generally not satisfied
except in a knife’s edge case in which the values of these derivatives are coincidentally
such that 7¢ = 75F. This implies that the allocation implemented by the tax optimally

set by the regulator is constrained inefficient when ¢ < 1.

A.4.2 Proof of Lemma 4

Totally differentiating (6) with respect to € allows us to find % are:

=0

PO(Xy, I) ] 0X; PEX; L) | PCXS, )] 06y
axnz | o | axqor oX:0I;, | oe

Which can be simplified using N (X, I1s,7s) = —7:E(Xs, [1s) — C(Xs, I15) to yield:

02N (X3 I3,,7s)
de ORI ge
o(X3)?

=0.

oIy 0X*
s — () and 5

If the financial constraint is slack, Aj(7s) > 0, then I}, = Iy, so L

If the financial constraint is binding, A(75) > 0, then the interior solution of I7(7s) is
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pinned down by (8). By totally differentiating (8) with respect to e we get:

OB(X:,Ir,) 0X*
ory, —1—-(m - Oyp) E e 5

oe B 7:(7_3<]- - 1/}) + efygngv Iiks)

(36)

Combining (35) and (36) and using the shorthand notation introduced in Appendix A.3.1,

yields:
or, -, (37
0 7(ry(1 =) + 0%)Clla + (¥rs — 09%) LN
0X: —N”
s xl (38)

0c — H(r.(1 = ¥) + 092)Clh + (o7, — 690) ELNY,

The denominator of (38) is negative by Assumption 3, Therefore ag(é; > 0 if and only if

Z : «OPEX.I) | OPC(XS.I)
N >0, ie. 7] axzol T Toxtorn < 0.

A.4.3 Proof of Proposition 6

The first order conditions of the regulator with respect to e is:

u'(A)—e)—1=

* 0 (39
OE  0C \ 0I3, OE  0C \ 0X; (
+2Pr0b[3—k] {(p—,u—’)’sa[ls—ahs) o <756X3+3Xs> oe }

Using the private FOC wrt X and the fact that r(vys, X7, I5,) = (7, X, I{‘s)+7's%ilﬁ)—

”ys%ilfs), yields (14).
If the financial constraint binds only in the bad state s = B then the regulator’s and
borrowers FOCs can be restated using the shorthand notation introduced in Appendix
A.3.1 as, respectively:
—(78)Cy + (v8 — 78)[E]Ce + ELNY]
F(ra(1 =) + 07p)C + (Y75 — Ovp) ELN

/ b—@ _ :_T(TB>
R (41)

u'(AY—e)—1=

ECB Working Paper Series No 2812 49



Thus, borrowers choose a lower level of equity than the regulator if and only if:

—r(18)Cy + (78 — 78)[E7CE + BN —r(78)
F(78(1 =) + 0vp)Cra + (U7 — Ovp) ELNY, ~ 7(78)

Since under Assumption 3 7(75(1 — ¥) + 0v%)C", + (Y75 — O%)E.NY, < 0, and by

x2

Assumption 2 7(7) < 0 the above can be rewritten as:

N/I
(E} +E CZ’QI) {(73 —Tg) — % (Ovp —v7E)| <0.

Borrowers choose a higher level of equity than the regulator if the LHS is larger than
zero. This yields condition (15) in Proposition 6.

To see that the borrower’s choice of equity corresponds with that of the regulator
when ¢ = 1, plug in the optimal emissions tax 75 into (15). If ¢ < 1, there is a motive

"
Nz[

17
o,

for leverage regulation as long E} + E., = 0 because, as we have shown in Appendix

* p
A.4.1, the optimal tax set by the regulator 7} # %
B

in this case.

If v = 0 and v} < 4P(7};) then borrowers choose too little equity if E, N, +E;C", < 0
and too much equity if E/ N, + E;C", > 0.

If 7, = vp (which is optimal when v = 0 or Aj; = 0) the regulator’s FOC (14°) is
identical to the borrower’s FOC (97), so the regulator does not regulate leverage.

If 73 < g the RHS of regulator’s FOC (14’) is higher than the RHS of borrower’s FOC
(14’) if and only if:

O?N(X%.Ii5,7B)

aE(XE7[TB> aE(XévlfB) aXBaITB

oI, 0Xp TGl
B

<0 (42)
If the RHS of regulator’s FOC (14) is higher than the RHS of borrower’s FOC (14") then

the regulator prefers a higher level of equity than the borrower. In this case, regulator

implements binding leverage regulation.

ECB Working Paper Series No 2812 50



A.4.4 Optimal Price of Permits

The first order conditions of the borrower’s problem are given by:

8E(X5,115> aC(Xsalls) _ ’
(14 A) <ps e + e =0, (67)
0C (X, I, OE (X, I1s _
p(1+)\5(1_0))_<1+/\5) M+¥+psg — KJs +ﬁ]s :07 (77)
0l 0l
u/(Ag — 6) — 1 — (1 — q)AG — q)\B = 0 (97)

The complementary slackness condition of borrower’s problem is now

MR(Ls, E2,A2) + 1o + p(lo — Lis) + e — C(X, I1s) + ps(0Qs — E( X5, [15))]. (8)

The first order condition of the regulator is:

or, DB(X;, I},) OX;
o, TP

r(vs, X5, 1) + k=0 (11°)

To find %—);S*, we take a total derivative of (6”) with respect to ps. This yields:

OBE(X*I})  9°N(X*Ifps) oI}

0X*  ~Tox- ox+=ol;  op 19°
6p - 020(X*,I7) ( )
a(X*)Z

To find %Ifs take a total derivative of (8’) with respect to ps, keeping in mind that
Ps

QL = 0Q, = ¢E;.

x Tk OE(X} I, *
or;, (1= )E(X] I},) — (dps — 08) = Gk

- 20
0p5 r(ps(l - ¢) - 9’757 ng [fs) ( )
Let’s define:

0X?

or. = gX(TS)

oI5,

or. = g[(Ts)
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Comparing (19) with (197) and (20) with (20°), it is straightforward that

%ﬁs = gr(ps) Thus, the first order condition of the regulator’s problem in the baseline

oxX*
5 = 9x(ps) and

s

model (11) is equivalent to the first order condition of the problem of choosing Qs to

implement p, taking as given ¢, given by (11°).

A.4.5 Hedging
With hedging as described in Section 4.6, the borrower’s problem can be written as the
following Lagrangian:

max L = u(A} —e)
Xs,I1s,d1,6,hs

+ Z PT’[S = ]C} [/J(IO — ]1k) + e+ hk — Io — C(Xk,flk) + R(Ilk,Eg,’}/g) — TkE(Xk,]lk) + Tk]
ke{G,B}

+ Z Pr(s = K] {/\k [R(Ilka B8 — e B( Xy, Lig) + YTy + hy, — dlk] + & dik + Fkl[lo — ]lk]}
ke{G,B}

+ Y Prls =klke, [di + u(To — L) + e + by — Io — C(Xy, Iy
ke{G,B}
(43)

The problem and first order conditions are equivalent to the problem in the main text (18),

except that now additionally borrowers choose h, subject to the fair pricing condition

(16). Using (16) to substitute hp = —%, the first order condition w.r.t. hg is given
by
)\G - >\B-

Constrained Efficiency With hedging, the problem of a constrained social planner is

similar to Eq. (25), but with h as an additional choice variable, analogous to the updated
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borrower problem (43).

= Al + A Ab — — 1
Xﬁjg}ggj&hs L o+t A +u(Ay—e)+e—1I

+ Z Prls = k[ {R(I1x, B, ) + pu(lo — Lig) + hie — 29 E( Xy, L) — C(Xi, Lig) }

ke{B,G}
+ Y Prls = KN { RO B o) + o+ T — Ti) = C(Xi, T) + e — Io |
ke{B,G}
+ Z PT[SZk] [ﬁ[k;llk’ _'_Elk([(l_[lk)]
ke{B,G}
(44)
Using (16) to substitute hp = —%, the first order condition w.r.t. hq is equivalent

to the borrower’s first order condition:

SP __ \SP
ASP = \SP.

All other first order conditions are the same as in the model without hedging. This
implies the efficiency properties of the equilibrium allocation are the same as in the

baseline model without hedging, as outlined in Proposition 5.
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B Extensions and Additional Results

B.1 Implementation of the Capital Mandate through Taxes on

Leverage

This appendix shows that a capital mandate e derived in Section 4.3 can alternatively
be implemented through a tax 75, on ¢ = 0 debt (or a subsidy if 7; < 0). Given that
capital requirements in the Basel Accord apply to financial institutions, leverage taxes
and subsidies may be a more likely tool seen in the real world if borrowers in the model
are interpreted as non-financial firms (such as manufacturing firms). Tax proceeds are
fully rebated to borrowers via a lump-sum rebate T¢.

With a leverage tax 74, the t = 0 budget constraint is given by Iy = e+do(1—74) + T,

Io—e—T%

which can be re-arranged to dy = =

. With this budget constraint, the borrower’s
problem (18) is now given by the following Lagrangian:

L= u(Ab —
hax u(Ay —e)

+ > Pris=4k {uuo —Iny) —

ke{G,B}

IO—G—T(I))

T C(Xy, Iie) + R(Lig, B, P) — 1B (Xg, L1g) + Tk:|
— T4

Y0 Prls =k { e [ROTw B A2) = B (X, T) + UTh = dg| + s+ Rl — Tl }
ke{G,B}

+ Z PT[S = k‘}lfclk |:d1k; + M(]O — ]lkz> —
ke{G,B}

[O—G—Tob
l—Td

- C(Xk,llk):| :

(45)
The first order conditions with respect to X, and I, are equivalent to those in the main
text and given by (6) and (7), respectively. By contrast, the first order condition with

respect to equity e is different from the main text Eq. (9), and is now given by

1+ (1 —q)A¢ +qA5
1—Td .

u'(Ab—e) =

From this equation it is clear that a higher tax on debt induces borrowers to choose a
higher level of e, i.e., lower leverage. By fully rebating the taxes, such that T = 74dy, a

regulator can ensure that the tax does not affect any constraints. Consequently, a equity
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mandate €* can be implemented by setting a leverage tax 7; such that

1+ (1 —q)re+ X5
1—7; '

u' (A —e*) =

B.2 Interpretation of Borrowers as Financial Institutions

This appendix derives a version of the model in which borrowers are banks that make
loans to non-financial firms. A continuum of firms run by risk-neutral owners have access
to the same investment project as described in Section 2. Firms have no own funds and
must obtain a loan from a bank. Banks have the same preferences and the same limited
endowment A} as borrowers in the baseline model. Banks can also raise financing from
investors as in the baseline model. In contrast, each firm is matched with a bank and can
only obtain financing through a loan from its bank, i.e., firms cannot obtain funding from
other investors or banks. There is no friction between a firm and its bank, but banks are
constrained by the same financial constraint (4) as borrowers in the baseline model. That
is, banks can fully seize the firm’s assets at ¢ = 2 but can only pledge }?(Il, E%) of the
seized asset returns to outside investors. In this version of the model, “borrowers” are
split into a financial and a real sector, where banks finance loans to bank-dependent firms
through bank equity and outside financing, and firms use loans to finance real investment
and abatement. We assume that firm owners are risk-neutral and bank owners have the
same quasi-linear utility as borrowers in the baseline model. For simplicity, we focus on

the case ¢ = 0.

Firm problem. Banks make a take-it-or-leave-it offer to firms, offering a loan [; at
t =0and t = 1, and repayment D due at t = 2. Firms can decide to accept or reject the
loan but conditional on accepting take [; and D as given. When rejecting the loan, the
outside option for firms is not to finance the project.

Firms have no own funds, so that Iy = [y. At ¢t = 1 firms can liquidate some initial

investment to generate a liquidation value p(ly — I15), and invest in abatement X at a
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cost C'(Xjs, I15). Firm owner’s consumption is given by

Cg = l() — I()
C{s = ILL(IO - ]15) - C(X57 Ils) + lls

o, = R(I,, E*,A?) — 7E(X,, I,;) + T, — D

The firm’s problem is to choose I, and X, so as to maximize c{; + c{ + cg subject

to Iy > Is > 0 and non-negativity constraints on consumption. This problem can be
written as follows:

max L = lo — IO
Xs,I1s,l1s,l0

+ > Prls=k][R(Iix, B, 70) — B (Xi, Iik) + T — D + i + pu(To — In,) — C(Xi, Iy
ke{G,B}

+rg(lo—To)+ Y Prls=Krgnlo — L) = C(Xi, L) + L]
ke{G,B}

+ > Pris=k [/ﬁcgk[R([lk, B2 AP) — e B(Xg, Ing) + Th, — D] + sk + Rpr(Lo — Tng) | -
ke{G,B}

(46)

The first order conditions with respect to I1; and X, are, respectively,

OE (X, I 0C0(Xs, I —
(1+ /@cgs) (p— TM) —(1+ HC{S) (M+ g) + Ky, —Krs =0, (47)

oI, 0l
OE(X,, I,) 0C(X,, L)
— Ty X, — X, =0. (48)

The first order condition with respect to X, is the same as in the baseline model, cf.

Eq. (6). By Assumption 2 (liquidations are inefficient) and the fact that Fofs 2 0, it also

follows that (1 + Iicgs) (,0 — T%ﬁ) — (u + %ﬁ;}“)) > (0. This implies that either

Krs > 0 or ks > 0, so that Iy, is either I;, = Iy or is pinned down by c{ = 0, which
1

defines Ir4(lys).
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Bank problem. The bank chooses ly, l1s, D, dis and dy, subject to the financial con-
straint (4).

co=A—e¢e
¢ =dis —dy — lis

co =D —dis

Firm participation requires that c,{ > 0. Banks optimally choose D, l;s and [y such
that the participation constraints bind, which implies Iy = Iy = e + dy, lis = —p(ly —
L) + C(Xs, I1s), and D = R(l5, B¢) — TE(Xs, L1s) + Ts.

If the firm’s investment is pinned down by I1,(ly,) (defined by ¢] = 0), the bank’s
problem can be expressed as:

max L=u(A—e)—Iy+e

l157d1576

+ Y Pris =kl — Ii(he)) = C(Xe, () + R (h), B ) = mB(Xe, L () + Tl
ke{G,B}

+ 3 Pris=Hxn (R(Ilk(llk), B8 AP) — mB( X, (L)) — dlk) e (A —e)

ke{G,B}
+ Z Pr(s = k] [Key, (R(Iw(lik), B, v;) — TeB( Xk, Li(lie)) + T — dig)] -
ke{G,B}
(49)
The first order conditions read:
W(A—e)=1=Fe+ (1 — q)heye + GReyp (50)
Keyy — Koy, — As = 0 (51)

oC OR OE OR oE
=) (it g ) 0 (g =g ) A (aT ‘aT) =062

Due to the assumptions on u/(co), it is never optimal to have A—e = 0, so k., = 0. Because

dis < R(Iis, E*) — 1,E(X,, L), ¢2s > 0 and k,,, = 0. It follows that A\, = k., > 0, s0
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the FOCs simplify to:

W(co) =1+ (1—q)Ac +qAp (53)
_T<TsaXsa-le>

Ag=—— 7
T<Tsa Xs; ]ls>

(54)

which are the same as the conditions as (7') and (9) in the baseline model. Since also
Eq. (48) is equivalent to Eq. (6), in this case all first order conditions and therefore the

equilibrium allocations are the same as in the baseline model.
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