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Abstract

We study the implication of setting a market for carbon permits to meet the
net-zero objective for the Euro Area. Using a dynamic stochastic general equilibrium
model with financial frictions and an environmental externality embedded in a
two-sector (green and brown) production economy, we identify two inefficiencies
arising from the European Emissions Trading System: i) a welfare wedge and ii) a
risk premium distortion. We find that macroprudential climate risk-weights on loans
aimed at ensuring financial stability during the transition can also help to close the
welfare wedge. Then, we show that quantitative easing rules would allow authorities
to offset the effect of carbon price volatility on corporate risk premia. In addition,
central banks have an incentive to tilt large-scale asset purchase programs toward
green bonds when the macroprudential authority simultaneously implements climate
risk-weights.
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1 Introduction

Climate change has shifted from a fringe issue to a worldwide emergency. Our under-
standing of the phenomenon and our willingness to act have developed significantly, in part
paralleling the ways in which climate change is being experienced around the globe. It has
become a hot topic where academics, industry, and lay people alike are finding common
ground. As such, growing academic awareness is leading to important literature in the do-
main. The implementation of a strategy for the substantial reduction of greenhouse gases
(GHG) at the global level has become a major priority. Since the Rio Conference in 1992, a
debate has raged in academic and political circles over the growth-environmental trade-off.
Discussions focus on the means by which economic activities could align with environmental
concerns instead of being hindered by assumed mutual exclusivity. In practice, especially
in the short and medium terms, however, financial and economic activity on one side, and
environmental policy on the other, are in tension. A need for both medium/long and short-
term policies aimed at bridging the gap between environmental sustainability and economic
efficiency, as well as addressing financial stability, are in dire need, in order to foster economic
transition. Of special concern are climate actions that may strongly impact macroeconomic
activity, given the potentially high added cost of GHG offsetting. With the substantial ef-
fects of climate actions on the overall economy, a growing body of research from the field of
macroeconomics and macro-finance, among others, are now tackling these issues.

In this paper, we study the implication of setting a market for carbon permits to meet
the net-zero target (in the European Union (EU), this corresponds to an emission reduction
objective of 55 percent by 2030 compared to the 1990 level). To de-carbonize the economy,
the price of carbon is expected to rise sharply, as the welfare maximizing optimal policy
is shown to not be sufficient (Golosov et al. [2014] and Hassler et al. [2020]). This could
potentially lead to both welfare distortions in the long run and financial disruptions in the
short run (depending on the market structure and price volatility). A framework seeking a
better integration of macro-finance and environment would allow, on one hand, for a better
understanding of carbon mitigation pricing policies as well as their impacts on different
macro aggregates including consumer welfare, which is shown to be significantly impacted
and differs depending on the carbon pricing policy market design in place (Sager [2019]). On
the other hand, this framework would also allow for investigating the linkages and impacts
of the climate externality on financial aggregates such as the natural rate of interest and the
risk premium (Benmir et al. [2020] and Bauer and Rudebusch [2021]). In our quantitative

analysis, we take the EU net-zero policy as given and investigate how macro-financial policies



could interact with it.

This paper is tightly linked to three strands of literature that address macro-
environmental issues and the role of macro-financial authorities.

The first strand focuses on long-term analysis of the nexus between climate policies
and the macroeconomy and can be traced back to the early work of Nordhaus [1991]. A
wide range of literature of integrated assessment models (IAMs) extended the framework
developed by Nordhaus to account for uncertainty in climate dynamics and damages (see
Stern [2008], Weitzman [2012], and Dietz and Stern [2015], among others). Golosov et al.
[2014] use a dynamic stochastic general equilibrium (DSGE) model to show that the optimal
carbon price is not impacted by future uncertainty. They also find that following the optimal
policy would not allow for global warming to be kept well below 2°C over a 50 years horizon.
This is consistent with our simulations, which show that the price of carbon needs to rise
well above its optimal counterpart to set the Euro Area (EA) on the net-zero path. While
Golosov et al. [2014] compute transition pathways resulting from the implementation of
an optimal carbon price policy, we instead consider the carbon price resulting from the
European Trading System (ETS) cap policy. In the same spirit of our work, Hassler et al.
[2020] investigate several sub-optimal policy scenarios using a multi-country TAM. These
scenarios, however, are not designed to represent current carbon policies in the European
Union (EU) and TAMs do not feature a role for the financial system. In a recent paper,
Van der Ploeg et al. [2020] study the financial consequences of climate risk with respect to
portfolio choices. Although our article shares similar components with the latter, we differ
by explicitly modeling financial intermediaries. Carattini et al. [2021] and Diluiso et al.
[2021] also build environmental DSGE (E-DSGE) models with financial frictions, yet they
do not account for trend growth and uncertainty around the level of TFP and carbon price
in their long-term simulations, both of which are featured in our analysis. Furthermore,
they both simulate transition pathways as a response to exogenous shocks, rather than
using deterministic simulations. However, similar to Carattini et al. [2021], we consider
macroprudential policy as a long-term tool that can be used to shape banks’ balance sheets
in order to contain climate risk rather than a short-term tool to address financial shocks
(Diluiso et al. [2021]). With respect to the literature on long-term transition pathways, our
simulations feature both deterministic trends and uncertainty on the level of TFP, as well
as on the carbon price. While Cai and Lontzek [2019] also perform long-term transitions
with uncertainty around the trend of TFP and climate damages, we focus on TFP and
the price of carbon as we consider a shorter horizon. In addition, we use a Newton-based

method to compute the solution where Cai and Lontzek [2019] use value function iteration.



We also provide a dynamic analysis of welfare, which allows us to study the benefits of
macroprudential policy along the transition to the net-zero target.

The second strand of literature relevant to our work focuses on business cycle implications
of environmental policies. Angelopoulos et al. [2010], Fischer and Springborn [2011], Heutel
[2012], among others,! paved the way for business cycle analysis under an environmental
externality. The main focus of these papers is to assess the efficiency of different environ-
mental policies. In recent months, papers such as Diluiso et al. [2021] or Carattini et al.
[2021] incorporated a financial sector in order to study the role of monetary and macropru-
dential policies in the fight against climate change. Our short-term analysis is tangentially
related to these two papers. In our framework, however, the monetary authority intervenes
to correct a distortion in risk premia stemming from carbon price volatility, which we esti-
mate based on observed ETS futures price data. The role of the central bank thus arises
endogenously from the transmission of carbon price shocks to financial variables through the
marginal cost of firms, while Diluiso et al. [2021] explore the benefits of both monetary and
macroprudential policies in response to an exogenous shock to the quality of brown assets.

Finally, this paper is also linked to a strand of literature assessing central banks’ large-
scale asset purchases (LSAP) programs, and especially the so-called green quantitative easing
(green QE). In the wake of the Great Financial Crisis, Gertler and Karadi [2011] provided a
framework to study the impact of central banks” LSAP programs in response to a shock to the
quality of capital. With respect to green QE, Ferrari and Nispi Landi [2021] investigate the
impact of a series of positive unexpected shocks to the central bank’s holdings of green bonds
to simulate an assets purchase program. We differ by considering that LSAP programs are
expected by agents, as central banks communicate about them beforehand. We also consider
two types of green LSAP programs (transitory and permanent) and the interaction between
them and pre-announced macroprudential policy.

Our modeling device borrows components from several macroeconomic types of models.
We first build on the canonical versions of New Keynesian (NK) models such as Woodford
[2003], Smets and Wouters [2003] or Christiano et al. [2005] to derive the core of our econ-
omy.? Second, we add environmental components as in Nordhaus [2008], Heutel [2012], and
Dietz and Venmans [2019], which allow for the analysis of the dynamics of the economy under
the presence of the CO; externality. However, as opposed to Heutel [2012], we differentiate

between green and brown firms instead of using one sole representation for firms, thus bor-

'E.g. Bosetti et al. [2014], Annicchiarico and Di Dio [2015], and Dissou and Karnizova [2016]. For an
extensive literature review distinguishing between the long-term and business cycle environmental macroe-
conomics, respectively, please refer to Schubert [2018].

2Note that for simplicity we abstract from wages rigidities and labor disutility.



rowing from the multi-sector literature (Carvalho and Nechio [2016] among others®). Finally,
we include balance sheet constrained financial intermediaries as in Gertler and Karadi [2011].
Given that we introduce a macroprudential authority that can alter this constraint, we also
draw on Pietrunti [2017].

As we will consider monetary policy, we only focus on the EA. We perform medium /long-
term simulations both for transition pathways to meet the net-zero target and for LSAP
programs along the transition to net-zero. As for business cycle simulations, we rely on second
order impulse responses to analyze the impact of the ETS carbon price shock on macro-
financial aggregates. The novelty of our approach is that our transition pathways feature
both long-run deterministic growth rates (i.e. labor augmenting technology and carbon cap
policy) and stochastic components around these trends. This allows us to compute confidence
intervals for our variables of interest using Monte-Carlo simulations. Furthermore, we rely
on the simulated method of moments (SMM) to estimate key structural parameters and
match the EA macroeconomic, financial, and environmental empirical data.

Our main theoretical result highlights the inefficiencies stemming from the EU ETS
design. In the long term we show that, as the cap policy diverges from the optimal social
cost of carbon (SCC), the loss on welfare increases, whereas, in the short term the ETS
market design induces volatility in the carbon price that distorts risk premia.

On applied grounds, our contribution is to propose tools to mitigate these inefficiencies.
Using numerical simulations, we find that an instrument that deviates from the optimal
policy (SCC), such as the ETS, is needed to meet the net-zero target. However, this induces
a substantial cost in terms of welfare (3 percent consumption equivalent). To ease the
welfare burden, we show that a sectoral risk-weight (i.e. climate risk-weight) macroprudential
policy is able to reduce the wedge gap, without imposing infeasible regulatory weights on
assets held by financial intermediaries and jeopardizing financial stability. In particular,
a sectoral macroprudential policy favorable to the green sector boosts green capital and
output, inducing a gain in welfare, compared to the sub-optimal policy economy without
macroprudential policy, as the green sector is less sensitive to the rise in carbon price.
With respect to the distortion on risk premia, we show that short-term monetary policy
instruments (i.e QE rules) are able to restore the equilibrium in the financial markets.
Thus, macroprudential and monetary policies could play an important role in offsetting the

negative effects stemming from the implementation of a market for carbon permits. Finally,

3We note that a substantial literature referred to as “directed technical progress” uses two sectors (green
and dirty) to investigate the transition to a green economy and impacts of different environmental policies.
See, for example, Smulders and De Nooij [2003], Grimaud and Rouge [2008], Di Maria and Valente [2008],
Acemoglu et al. [2012], Aghion et al. [2016], Acemoglu et al. [2019].



we investigate the role of asset purchase programs over the net-zero transition and find that
central banks would have an incentive to tilt their portfolio of assets toward the green sector
when macroprudential policy takes into account climate risk. More generally, we show that
QE rules could be used as a short-term countercyclical tool, while sectoral macroprudential
policy could play a more structural role, allowing for a smooth transition toward net-zero
emissions.

Our actual findings could be further reinforced if we were to see an increase in the share
of the green sector, as illustrated in our simulated transition in figure 2 and figure 3, and as
argued in the work of Acemoglu et al. [2016], where the focus is on the long-term transition
strategies.

This paper is organized as follows: section 2 presents the model, section 3 explains the

solution method, section 4 discusses the results, and section 5 concludes.

2 The Model

Using the NK-DSGE framework as a foundation, the present paper investigates the poten-
tial role of fiscal policy, central bank unconventional monetary policy, and macroprudential
policy, in mitigating climate change impacts on macroeconomic and financial aggregates.
We first model our two-sector economy following Carvalho and Nechio [2016]. Then, we in-
corporate the environmental component following Nordhaus [2008], Heutel [2012], and Dietz
and Venmans [2019], among others. Finally, we model financial intermediaries drawing on
Gertler and Karadi [2011].

In a nutshell, the economy modeled is described using a discrete set up with time ¢ €
(0,1,2,...00). The production sectors produce two goods (final and intermediate goods)
using labor and capital. Households consume, offer labor services, and rent out capital to
firms via financial intermediaries. Public authorities decide on the fiscal and environmental
policy, the central bank decides on the monetary policy, and the financial authority sets the
macroprudential policy.

2.1 The Household

At each period, the representative household supplies labor inelastically to the two sec-
tors of our economy (i.e green and brown sectors denoted by k € {g,b}*), while they also

consume and save. Households can either lend their money to the government or to financial

4Where ‘g’ refers to the green sector and ‘b’ to the brown sector.



intermediaries, who will in turn leverage and finance firms. In each household there are
bankers and workers. Each banker manages a financial intermediary and transfers profits to
the household. Nevertheless, households cannot lend their money to a financial intermediary
owned by one of their members. Household members who are workers supply labor and
return their salaries to the household to which they belong.

Agents can switch between the two occupations over time. There is a fraction f of agents
who are bankers and a probability #p that a banker remains a banker in the next period.
Thus, (1— f)0p bankers become workers every period and vice versa, which keeps the relative
proportions constant. Exiting bankers give their retained earnings to households, which will
use them as start-up funds for new bankers.

Households solve the following maximization problem:

N (Cryi — hCipi1)t°
E ! 1
Y e .
S.t.
Ci+ By = > (WirLo + i) + I} + T, + Ry By, (2)
k

where 8 € (0,1) is the discount factor and o shapes the utility function of the representative
household associated with risk consumption C;. The consumption index C} is subject to
external habits with degree i € [0;1). Labor supply L;;° in each sector is remunerated at
nominal wage W, . 1I;; are profits from the ownership of firms, while 17" are profits from
the ownership of financial intermediaries and capital producing firms. 7; is lump sum taxes.
As we assume that intermediaries deposits and government bonds are one period bonds,
R B, is interest received on bonds held and By, is bonds acquired.

Solving the first order conditions and denoting g; as the marginal utility of consumption,

the consumption/saving equations are:

0t = (Cy = hCy 1)~ — BhE {(Chey — hCH) ™}, (3)
1= BEtALt-&-lRt-&-l? (4)

with Ay = ijl the expected variation in the marginal utility of consumption.

5As the main focus of the paper is on medium run transitions, we impose inelastic labour supply to ease
computational burden (without a loss of generality, as most of the effects will captured by the wages). We
note that inelastic labor L; ;, = Ly, where Ly, is the steady state level of labor in each sector.



2.2 The Firms

2.2.1 The Final Firms

Using the multi-sector framework from Carvalho and Nechio [2016], and under non-
perfect competition, we assume that production comprises two sectors. Our representative
final firms produce a final good Y} in these two competitive sectors. Using no more than
capital and labor to produce the intermediate good Yj; (where j € (0,1) is the continuum
of intermediate goods firms), intermediate firms supply the final sectors. In other words,
the “bundling” of intermediate goods within the two sectors leads to a final good. The final

economy good is a constant elasticity of substitution aggregate of the two sectors:

Y, = <%%th1*

g

T =)y ) (5)

with 6 € (1,00) the elasticity of substitution between the two sectors, and s the weight of
each sector. The final firms in the model are looking for profit maximization (in nominal
terms), at a given price P, subject to the intermediate goods j in each of the two sectors k

at prices Py :

1 1
max Hf‘mal _ Pth _ %/ Pjt,gY}t,gdj — (1 — %)/ Pjt,by}t,bdja (6)
0 0

Yj¢

where the aggregation of green and brown firms reads as:

1 1 17L 171L
sz@wf%/¥JWQ€V )
0

The sector share for the green g is g(3) = » and (1 — ) for the brown sector b. While we

assume a constant elasticity of substitution between the final sectors, we consider a different
elasticity of substitution 6, between differentiated intermediate goods within each sector.
As the goods of the two sectors entail different costs, a different elasticity of substitution is
considered. This assumption, which shapes the marginal cost structure, is based both on
theoretical work of Tucker [2010] as well as on the empirical findings of Chan et al. [2013]
and Chegut et al. [2019], where it is found that green projects entail higher marginal cost
(7-13 percent higher costs for green projects in the construction industry compared to non
green projects depending on the ’greenness’ of the project, and 5-7 percent higher costs in

the cement and iron & steel sectors, respectively).



The first order condition for the final firm profit maximization problem yields:

Piw\ " (Pr\ "’
Yiw = (=2 —) Y.
Tk < P ) < P, ' ®)

Under perfect competition and free entry, the price of the final good is denoted P;, while

the price P, is the price index of sector-k intermediate goods. Finally, the price Pj is the
price charged by firm 7 from sector k.

Prices of final aggregate goods and for each sector are given by:

1
P = (%Pt{g—@ + (1 - %)Pt{,;e) =0 (9)

1 o,
Py = ( / p].lt;kdj> : (10)
0

2.2.2 The Intermediate Firms

Our economy is composed of two categories of firms: i) green firms, which are
environmentally-friendly and ii) brown firms with a higher emission intensity. The rep-
resentative firms j in each sector k of the modeled economy uses capital K;; and labor
L, to produce the intermediate good. In our framework, firms’ productivity is subject to
climate dynamics. As presented in Golosov et al. [2014] real business cycle model, the envi-
ronmental externality constrains the Cobb-Douglas production function of the firms, where
the negative externality deteriorates the environment and alters production possibilities for
firms. However, we differ from Golosov et al. [2014] by incorporating damages from the stock
of emissions through the level of temperature as follows:

)/jtuk = gfkd(ﬂo)Kﬁ,k(FtthJf)l_a? ac (07 1)7 (11)

where T’ is the economy growth trend and d(7}) a convex function relating the tempera-
2

ture level to a deterioration in output (d(7y7) = ae T ), with (a,b)€R?, which is borrowed
from Nordhaus and Moffat [2017]. As highlighted by Benhabib et al. [1991], Jaimovich and
Rebelo [2009], and Queralto [2020], the business cycle literature typically features prefer-
ences and /or production functions with I'; = 1 for all t. Within a business cycle framework,
we usually assume no long-run growth. However, as we are also interested in the transition

pathways, our economy features a growth trend I'; different than 1 in hours worked. There-
b o2

fore, we introduce T';* to the damage sensitivity parameter b, such that d(T?) = ae ™% ' .



The goal is to ensure the existence of abbalanced growth path without a loss of generality,
as over the studied period d(T?) = ae % e ~ ae~"?*. In addition, the growth rate of T,
which determines the growth rate of economy, is set exogenously to v¥ where I'; = 4¥T',_;.
Furthermore, « is the standard elasticity of output with respect to capital, and gtA Fis a
sector-specific technology shock that follows an AR(1) process: gt = pAkEffl + aAknf’“,
with 7% ~ N (0, 1).

Global temperature Ty is linearly proportional to the level of the emission stock, which

in turn is proportional to cumulative emissions as argued by Dietz and Venmans [2019]:%7
TP = vy (vg Xy — T ) + T7 4, (12)

with v§ and v§ chosen following Dietz and Venmans [2019].

Furthermore, the carbon emissions stock X; follows a law of motion:
Xt = (]. — ’7d)Xt—1 + Et + E:, (13)

where B, = ), g(5) fol E;i 1dj is the aggregate flow of emissions from both the green and
brown firms at time ¢ and 4 is the decay rate. £} = E*I'; represents the rest of the world
emissions and is used to pin down the actual steady state level of the stock of emission in
the atmosphere.® We assume that the rest of the world’s emissions grow at the same rate as
the domestic GDP over the period studied.

The emissions level is shaped by a non-linear abatement technology 1¢;. 1, that allows firms

to reduce their emissions inflows:
Ejir = (1 — je.6) kYt k- (14)

Emissions F;, ;, at firm level are proportional to the production Yj; , with ¢y, the fraction of

6To allow for convergence in the auto-regressive law of motion for the stock of emissions process (shown in
equation (13)) we slightly depart from the transient climate response to cumulative carbon emissions theory
and set v4 # 0. However, we choose vy sufficiently low such that X; ~ Xg + ZZ:O(Ei + EY).

"We note that while differences on climate dynamics and damages modeling over the long horizon (whether
a la Golosov et al. [2014], & la Nordhaus [2017], or & la Dietz and Venmans [2019], among others) induce
consequent impacts on macroeconomic aggregate equilibriums, over the business cycle horizon (and under
equivalent calibrations), these modeling specifications do not induce significant impacts on macroeconomic
aggregate equilibriums.

8In order to retrieve a balanced growth path, we assume that the rest of the world’s emissions grow at
the rate of the Euro Zone.
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emissions to output in each sector.” Also, emissions could be reduced at the firm level through
an abatement effort p;,. The firms are allowed to invest in an abatement technology, but
it represents an extra cost.

We model the direct abatement effort costs as follows:
Zitr = f(jen) Yie ks (15)

where
f(ujer) = 91,1;#5;';’;, 01> 0,0, >1, (16)

with 6, ;, and 0, the cost efficiency of abatement parameters for each sector.

Thus, profits of our representative intermediate firms in each sector I ; will be impacted
by the presence of the environmental externality. Revenues are the value of intermediate
goods Y}, while costs arise from: i) wages W, (paid to the labor force L, ), ii) rents Rffk
(on capital Kj ), iii) abatement investments f(s;,), and iv) the cost of releasing carbon

in the atmosphere 7., Ej; 5 (i.e. the carbon price paid to the government).

P; 0
L1 = ]J;k Yier = WenLjir — Rf,{kKjt,k — O ktty 1 Yok — TetkEje
b (17)
Jt.k
— MGy, )Y,
( Pt t,k) gtk

As firms are not free to update prices each period, they first choose inputs so as to
minimize costs, given a price, subject to the demand constraint.

The cost-minimization problem yields the marginal cost, which can be expressed fol-
lowing the first-order conditions with respect to the firm’s optimal choice of capital, labor,

abatement, and production level, respectively:

Yk
R = aly -2, 18
t.k Jtk ij ( )
Y.
Wik = (1= )W, (19)
J b
01025 o, ,.—
Tetk = L:;;Jf J:,z 17 (20)
)
MCjiy =MCyp =V p + Ql,k,utfk’k + Tet k(1 — L) P (21)

9Contrary to Cai and Lontzek [2019], we consider ¢, ;. = ¢} constant overtime and calibrate it using Euro
Area emissions to GDP data, as we focus on shorter time horizons (less than 50 years).
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where W, = \Ilt,klo is the marginal cost component related to the same capital-labor ratio all
firms from each sector choose. This marginal cost component is common to all intermediate
firms, but differs across sectors.

Equation (20) is the optimal condition on abatement: abating CO, emissions is optimal
when its marginal gain equals its marginal cost. This equation highlights the key role of the
carbon price in shaping firms’ decisions. In addition, abatement efforts y , are common to all
firms of the same sector, as the environmental cost is also common to all firms of the same
sector. Furthermore, as the impact of the environmental externality is not internalize by
firms (i.e. they take X; and T} as given), the shadow value of the environmental externality
is zero.

The total marginal cost captures both abatement and emissions costs as shown above in
equation (21). Note that in the case of the laissez-faire scenario, MCy = U, y, as the firms
are not subject to emissions and abatement constraints.

In addition, monopolistic firms engage in a price setting a la Rotemberg.!! Price update is

2
subject to an adjustment cost given by Aﬁ p = % <% — 1) . Thus, profit maximization
’ Jt—4,

subject to the demand from final firms reads as follows:

maXEtZBiAt,tJri (Hjt+i,k - Aﬁﬂ-,k}@ri) (22)
i=0

Pjt,k

Pur\ " [P\’
" sz( ];;:) (?) Y,

where 8°A; ;. = Bi% is the real stochastic discount factor, or as commonly called in the

macro-finance literature, the pricing kernel.

The NK Philips Curve pricing equation for each sector is as follows:

P\ " (P Y,
0P7Tt,k(7rt,k_]-) == (%) (%Vk(l — ek) + HkMCt,k> +Et {Mt,t—l-l ;1 6)P7Tt+1,k(’ﬂ't+1’k — 1)} s
t t t
(23)

with sectoral inflation 7, = P g/ Pi_1.

1— «
Wik = Wik = Dt"‘(lfloc)l*" s{""tli(T{’) UCONN (R’{(k) ’
11 As a robustness exercise we set price stickiness & la Calvo (Appendix section C.3) and find similar results.
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The aggregate inflation m; = Pi - reads as:
P _1 P_ _1\1-%
T = (%é—t 1’971'151799 —i—(l—%)é 4 1’b7rt1b9) . (24)
P Py "

In addition, please note that the j-index referring to our intermediate firms collapses as
all firms for each sector, which are capable of setting their price optimally at ¢, will make

the same decisions.

2.2.3 Capital Producing Firms

We assume that households own capital producing firms and receive profits. Capital
producing firms buy specific types of capital from intermediate goods firms at the end of
period t, repair depreciated capital, and create new capital. They then sell both the new and
re-furbished capital. The relative price of a unit of capital is Q)¢ , for green and )y 5, for brown.
We suppose that there are flow adjustment costs associated with producing new capital as

in Jermann [1998]. Accordingly, capital producing firms face the following maximization

problem:
Hllmi Ey Z BNt t4s {(Qersk — Dliwsk — fu( ) (Lepsn) b (25)
Lk s=0
with ng, = Imk — 5Kt,k7 (26)
K1 = Kyp + Iﬁk, (27)
T 2
md () =% (o) (28)
2 \ L1

where ng and [, are net and gross capital created, respectively. 0K, is the quantity of
re-furbished capital, and 7; the inverse elasticity of net investment to the price of capital.'?

Thus, we get the following value for )y x:

Iiq g

Qm=1+ﬂw+ﬂw<IM)—B&{MmﬂO<%j)?- (29)

12The term 6! is set such that the over the balanced growth path (f (ﬁ"“ ) = 0), where i, is the

Ut—1,k
de-trended net investment.
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2.3 Financial Intermediaries

We augment the setup of Gertler and Karadi [2011] to allow financial intermediaries to
invest in both green and carbon-intensive firms. We also modify the incentive constraint to
provide a realistic implementation of macroprudential policy through regulatory risk-weights
on loans.

A representative bank’s balance sheet can be depicted as:
Qr,g5t,g + Qe Sty = Ny + By, (30)

where S; , and S;; are financial claims on green and brown firms and @, and @, their
respective relative price. Note that S;; = K., as firms from both sectors do not face
frictions when requesting financing. On the liability side, N; is the banks’ net worth and B;

is debt to households. Over time, the banks’ equity capital evolves as follows:

Ny = Ry gQi—1,9St—1,9 + RepQe—1pSt—1p — Re By, (31)
Ny = (Reg — Rt)Q1-1,9St-1,9 + (Rep — Rt)Q—155¢ -1 + ReNy—1, (32)
RS —(Qt 1~

5
where R, ), = ) denotes the gross rate of return on a unit of the bank’s assets from

Qi—1,k
t — 1 to t for sector k.'3
The goal of a financial intermediary is to maximize its equity over time. Thus, we can

write the following objective function:

i=1

V. = E, {Z(Aﬁ)i/\t,m(l - 93)%th+1} ; (33)

with (1 —6p) the exogenous probability of going out of business for a banker and A a param-
eter accounting for the subjective discount factor of bankers.'* We introduce a regulator in
charge of the supervision of financial intermediaries. Drawing on Pietrunti [2017], we assume
that the regulator requires that the discounted value of the bankers’ net worth should be

greater than or equal to the current value of assets, weighted by their relative risk:
Vi 2 MAgQrgStg + MQepStp), (34)

with A the risk-weight on loans and )\, and ), sectoral specific weights that can be applied

I3Note that the depreciated capital has a value of one as adjustment costs only apply to net investment.
14This parameter allows us to perfectly match the steady state financial aggregates for the EA.
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to loans for green and/or brown firms. The regulator can modify these weights, altering
the constraint weighing on banks and thus the allocation of loans between sectors. In our
baseline version of the model, however, we consider the case where A\, and A, are both equal
to one, and we calibrate A and other banks-related parameters to match the capital ratio of
banks in the Euro Area as well as risk premia levels. We guess that the value function is

linear of the form V, = FtB N; so we can rewrite V; as:

Vi = max E; {ABAt,t—i-th-i—th—i-l}a (35)

t,gyst,b

where Q; = 1 — 0 + 0pI'?. Maximization subject to the regulatory constraint (34) yields

the following first order and slackness conditions:
ABEt {At,t+1Qt+1(Rt+1,k - Rt+1)} = Vt>\k/\7 (36)

Ve [TPN: — MAgQr,gStg + MQipSes)] =0, (37)

where v; is the multiplier for constraint (34). One interesting result is that we get:

Ni > Ei(A\gQt ¢St + MQipStn), (38)

where Z; = \/T'Z is the regulatory capital requirement for banks and Ag and A, represent
potential rewards or penalties on the weights required by the regulator on green and brown

loans, respectively.'® Finally, we rewrite the value function to find I';:
Vi = A AgQr,gStg + AaQ1pSes) + ABE: {41011 Rey1 N}
TPNy = P Ny + ABE A i1 Qi Ry Ny} (39)

1
ABE; {At,t—i-th—l-lRt—l-l} .

1—7/t

Iy =
We close this part of the model with the aggregate law of motion for the net worth of bankers:
Ny =0g[(Riy — R)Qi—145t-14 + (Rep — R)Qt—15St—1) + (0R: + w)Ny_1, (40)

with w € [0; 1) the proportion of funds transferred to entering bankers.

5For instance, if A; < Ay banks will need to hold less capital for loans they grant to green firms compared
to brown firms. Note that the actual capital ratio thus also depends on the risk-weights assigned to each
asset, consistent with Basel III framework.
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2.4 Public Authorities

2.4.1 Central Bank

The central bank follows a simple Taylor [1993] rule to set the interest rate:

'it —1= pc (it—l - i) + (1 - pc) [¢W (ﬂ-t - ﬁ-) + ¢y (Y; - Y;—l)] ) (41)

where 7 is the steady state of the nominal rate i;, p. € [0,1) is the smoothing coefficient,
¢- > 1 is the inflation stance penalizing deviations of inflation from the steady state, ¢, is
the output gap stance penalizing deviations of output from its previous period level Y; ;.
Moreover, the relationship between the nominal and the real interest is modeled through the

Fisherian equation:

iy = ReE {mga}. (42)

We match the observed level of nominal interest rate using the simulated method of

16 The estimation leads to a

moments with the German 10-year Bund as an observable.
steady sate value of about 1% annually over the sample period.

In addition to setting the nominal interest rate, the central bank conducts open market
operations. Within our framework, it will be able to buy and sell assets that are other-
wise held by financial intermediaries. We will explain in section 2.7 how public financial

intermediation (i.e. QE) works in this model.

2.4.2 Government

The government sets a budget constraint according to the following rule:
Ty + Tet By + RP g g Ky g + RP, gy Ky = Gy, (43)

with public expenditure G; finding its source from taxes T}, revenues from the price of carbon
Te+ £y and from public financial intermediation on both green and brown firms RP, j9; K, 4
and RP,pt) qfyp (with RP, ), the spread between each sector’s risky rate and the riskless
rate, also referred to as risk premia). Government spending is also assumed to be a fixed
proportion of the GDP:

G = th. (44)

16 At the steady state, inflation is normalized to 1, so that i, = R,.
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2.5 Normalization and Aggregation

Factors and goods markets clear as follows. First, the market-clearing conditions for
aggregate capital and investment in the two sector economy read as: K; =, g(x fo jtkdy
and Iy = >, g(x fo jt.kdy, respectively. Second, global aggregate emissions and aggregate
emissions cost are two weighted sums of sectoral emissions E;, = ), g(x fo stkdy, and
sectoral emissions cost Z, = >, g(s fo it xdj, respectively. Finally, the resource constraint

of the economy features capital adjustment and abatement costs:

Ct+Gt+It+Zg )(Li k)] +Zg Ath;t‘i‘Zt (45)

2.6 Climate Externality and Financial-Economics Inefficiencies

Retrieving the optimal allocation where the environmental cost is internalized by the
central planner requires setting the carbon price in the decentralized equilibrium equals to
the social cost of carbon found in the centralized problem. To keep the framework tractable
and without a loss of generality, we solve the centralized problem for households and firms,
given an allocation of investment, capital, financial intermediaries net worth and deposit as

these do not enter the social cost of carbon derivation.'”

2.6.1 Competitive Equilibrium

To pin down the optimal carbon policy, we solve for the Competitive Equilibrium (CE*).

The CE* in this economy is defined as follows:

Definition 1 A competitive equilibrium consists of an allocation {Cy, Ky, By, Xi, T}, a
set of prices { Py, Py, Ry, Rtk, Wik}t and a set of policies {Tet , Ty, Bey1 } such that:

e the allocation solves the consumers’ and firms’ problems given prices and policies,
e the government budget constraint is satisfied in every period,
e temperature change satisfies the carbon cycle constraint in every period, and

o markets clear.

1"We can easily show that adding financial intermediaries as well as capital producing firms to the con-
straints of the centralized problem does not change change the SCC derivation.
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Result 1 The optimal solution sets the carbon price policy Teyx as an optimal policy 77, 4,

which mazximizes total welfare in equation (1):®

Toe = 9(52)SCC. (46)
with SCC; the social cost of carbon:
SCC, = ffi“scom + (vf Q)BA;T 601, (47)
and with
i = 0D~ el S K ) (13)

2.6.2 Departing from the Competitive Equilibrium to Meet Climate Goals

Definition 2 Public authorities, however, do not optimally set the carbon price as high-
lighted in definition 2. In the EU, public authorities target a level of emissions that is
consistent with their objective of a 55% emissions reduction by 2030. In practice, this means
gradually increasing the cost of carbon through the reduction of emissions quotas distributed
to firms within specific sectors. We model this situation by assuming that the cap set by the
fiscal authority follows a decreasing trend, implying a growing price of carbon. The resulting
carbon price can then be hit by exogenous shocks, to account in a ‘stylized’ way for price
fluctuations on the ETS market:

E, = Cap, (49)

with Cap, = Cap/ Ftc ? - Equivalently, a cap on emissions translates to a price of carbon such
that:
Tetx = Carbon Price;, (50)

where Carbon Price; = e[T'Fr¢ Carbon Price. In this case, ™ is a trend on the carbon
price that 1s proportional to the trend on the cap Ft P and 1is consistent with the desired

emissions reduction implemented through the cap policy. €] represents the ETS price shock.'

This stylized representation of the implementation of a permit market allows us to find

18The full derivation of the CE* can be found in the technical appendix

19Tn our setup, carbon prices variations at the business cycle frequency are mainly driven by exogenous
market forces. While sudden changes in abatement efficiency (i.e. the abatement cost) could in theory be a
source of carbon price volatility, we abstract from considering this mechanism as there is a lack of empirical
evidence and data availability (at the business cycle frequency) on abatement costs.
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theoretical fiscal pathways consistent with the EU climate objectives.

2.6.3 Welfare Distortion

Definition 3 The welfare distortion arises when there is a difference between the optimal

environmental policy and the targeted policy consistent with the EU objectives:

Te*t,k # Tetk (51)

* ; .20
When Tei . moves away from 7}, ., the loss in welfare grows:

A7y Welfare < 0 (52)
where the welfare could be decomposed as follows:

Wedge, o<(1 — g)e, (T} L) (d(T) Ky — d(TY) K") = (f (Kyk) = (o))
- ((Fiiailiﬂ(d(ﬂo)ngf(Ht,H - d(TtO)*) fék*f(/ith)

Proposition 1 Macroprudential climate risk-weights loosening the constraint on bank lend-
ing to the green sector can reduce the welfare loss on consumption, while addressing climate-

related financial risk.?*

Implementing a higher policy rate compared to an optimal policy clearly decreases dam-
ages from temperature to production d(7?) < d(77)". However, abatement is costlier under
the higher policy rate. This results in a loss of welfare, but prevents potential climate risks
in the future that are not internalized by firms. The climate risk-weights macroprudential
policy, which will lower (increase) the capital requirement for green (brown) assets, will in
turn trigger a rise (decrease) in green (brown) firms’ capital. As green firms are less subject
to the carbon price, the increase in the relative size of the green sector in total output will

lead to a welfare gain.

2.6.4 Risk Premium Wedge

Volatility in risk premia RP; j, defined as the difference between expected returns on risky

assets R and the return on the riskless asset ?;, could alter monetary policy transmission

20A full decomposition of the welfare effect is presented in appendix section C.5.

21As detailed in section 2.7 and shown in figure 4, macroprudential policy arises as a tool to mitigate
climate risk to the financial sector. While primarily intended to ensure financial stability, it also dampens
the welfare effect of an increasing carbon price.
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(Doh et al. [2015]).

Definition 4 When the carbon price is set through a market for carbon permits, it induces
price uncertainty that is detrimental to firms. Ultimately, it affects the marginal cost of
firms as well as the price of capital, and leads to movements in risk premia. In the case of
a positive carbon price shock, the marginal cost of firms increases as they are now subject to

higher COy prices. This in turn could raise the risk premium.:*

RP = Ry — Ry (53)
= f(Wop, Yir, Kig, Qui) — Ry (54)

Proposition 2 Volatility in risk premia stemming from carbon price fluctuations could po-
tentially distort the functioning of monetary policy operations. Short-term monetary policies
(QF rules that react to changes in risk premia) can prevent this situation and ensure financial

stability.

The risky rate reacts to changes coming both from the firms’ side and the financial side.
In this case, the goal is to cut the link between the rise of the marginal cost (triggered by
an increase in the carbon price) and the impact on the risk premium. One way to do so is
to act on the financial side to compress the risk premium. Similar to models where a rise in
risk premia comes from an exogenous shock on the quality of capital (e.g. crisis simulation
in Gertler and Karadi [2011]), the central bank is able to offset this effect by intervening in

the loan market.

2.7 Set of Policies

Environmental Policy

When acting optimally, the decentralized planner would set the environmental policy

*

as shown in result 1 (77, is set equal to the social cost of carbon g(»)SCCy ;). However,
as highlighted in the previous section, the EU authorities deviate from the optimal policy
and set the environmental policy to be consistent with their net-zero emissions reduction

objective (T x # T;t,k>‘

22The impact is symmetric in the case of a negative carbon price shock. Furthermore, whether the shock
is positive or negative, it implies higher volatility for the marginal cost and the risk premium.
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Sectoral Macroprudential Weights

There is a macroprudential authority with the ability to alter the regulatory constraint
weighing on banks (equation (34)) by modifying risk-weights on loans.

Environmental, social, and corporate governance (ESG) criteria are increasingly valued
by both investors and authorities. As these criteria are also gaining importance in firms’
credit ratings (Escrig-Olmedo et al. [2019] and Carbone et al. [2021]), it will likely impact
banks’ portfolio allocation. On the regulatory side, macroprudential authorities are starting
to assess how they could consider climate risk within their frameworks. Recently, the Basel
Committee [2021] issued a press release stating that “The Committee is taking a holistic
approach to addressing climate-related financial risks to the global banking system. This in-
cludes the assessment and consideration of disclosure, supervisory and regulatory measures.”
Within our framework, this would mean that firms with a low carbon intensity would carry
a lower risk-weight in the RWA methodology, while carbon-intensive firms would carry a
higher risk-weight. In our view, there are two means by which this could materialize. Either
ESG criteria would become so important in standard credit ratings such that it could lead to
environmentally friendly firms getting a higher rating, and thus a lower risk-weight in banks’
regulatory constraint. For instance, a green firm could see its rating upgraded from BBB+
to A-, implying a 25 percent drop in the risk-weight associated with this firm in banks’
regulatory capital constraint. On the other hand, a carbon-intensive firm could see its rating
downgraded from BBB- to BB+, implying a 25 percent increase in the risk-weight associ-
ated with this firm.?® In this case, this change in the importance of ESG criteria in credit
ratings would endogenously transmit to macroprudential policy, and ultimately to banks’
portfolio allocation. Another possibility would be that macroprudential authorities apply an
additional risk-weight related to the carbon intensity of firms. It could for instance multiply
the risk-weight related to the credit rating of a firm by a climate risk-weight related to the
environmental performance of a firm. In our setup, implementing climate risk-weights in the
spirit of Basel III, would mean decreasing A, by 25 percent (i.e. A\, = 0.75) and increasing
Ay by 25 percent (i.e. A\, = 1.25).?* This will loosen (tighten) the regulatory constraint on
banks with respect to the green (brown) sector, triggering an increase (decrease) in loans to
green (brown) firms. In addition to addressing climate-related financial risk, it would also

support the transition to a greener economy.

ZPlease refer to the high-level summary of Basel III reforms (Basel Committee [2017]) for a detailed
description of the RWA methodology.

24We consider this to be our baseline scenario, where both green and brown bonds held by financial
intermediaries are mainly at the lower rank of investment grade bonds (i.e. BBB+ to BBB-). We also
investigate other cases in our robustness exercises, where climate risk-weights applied are higher.
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Quantitative Easing

QE in this model can be both a short-term or a medium/long-term instrument. In the
short term, the central bank can purchase or sell bonds as part of open market operations
to ensure the smooth transmission of monetary policy. In this case, we model it as a QE
rule, in the spirit of Gertler and Karadi [2011]. We will show quantitatively how QE rules
targeting risk premia can offset the inefficiency stemming from the uncertainty over the
carbon price. In the long term, the central bank can also implement LSAP programs, where
it decides to buy a predefined portion of assets over a determined period of time. Much
like the Corporate Sector Purchase Program in the EA| the central bank has the ability to
finance non-financial firms in order to reduce corporate spread, steer private investment, and
ultimately keep inflation within range of its target. In a complementary exercise, we will
assess how green LSAP programs differ from conventional brown LSAP programs.

Then for each type of firm k& we now have:

Qr Stk = QukSpt e + QuxSgt ks (55)

with Q¢ 1 Sgt 1 the total real value of loans to firms of type k held by the central bank. Q; xSy«
is the total real value of loans to firms of type k held by financial intermediaries, as defined
in section 2.3. As in Gertler and Karadi [2011], we model this intervention by assuming that
the central bank holds a portion 1y, of total loans to non-financial firms belonging to each

sector:2?

QxS = Ve Qe kSt k- (56)

To address the inefficiency stemming from carbon price uncertainty, we will assume that,
for each sector, the central bank follows a counter-cyclical credit policy rule that reacts to
the variations in the expected spread (E{RPi1 1} = Et{Riy1x — Rey1}) in order to decide
the share of assets 9 it holds. This rule is defined as follows:

Uik = Op(E{RP 1} — RPy). (57)

Note that in our baseline model v, = 0 so that the central bank allows financial interme-

diaries to be the sole source of financing for firms.

25For simplicity, we abstract from monitoring costs.
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3 Solution Method

3.1 Balanced Growth Path

In our economy, the labor-augmenting technology grows at rate I';. As a number of
variables (e.g. output, emissions, investment, ...) will not be stationary, we need to de-trend
the model.?® In the appendix subsection C.7 we present the de-trended economy, where
all variables are stationary along an existing balanced growth path. The variables of our
economy growing at the same rate I'; include: output per capita Y; s, investment per capita
I; j,, consumption per capita C;, government spending G;, lump sum taxes 7}, capital per
capita K, emissions £} ;, abatement costs Z, i, stock of emissions X;, temperature 7}, debt

to households By, net worth Ny, and the banks’ value function V,2.

3.2 Model Solving and Methods

To solve for the medium/long-run pathway scenarios, we use the extended path algo-
rithm, which allows us to integrate both deterministic trends and stochastic shocks. This
approach maintains the ability of deterministic methods to provide accurate accounts of
non-linearities, while usual local approximation techniques do not perform as well under the
presence of such non-linearities (Adjemian and Juillard [2013]). Furthermore, we account for
uncertainty and compute confidence intervals along the net-zero transition pathways. We
rely on the Monte Carlo method and simulate 2000 series for both stochastic shocks (i.e
labor-augmenting technology and carbon price shocks) around their deterministic trends.
As for addressing short-term business cycle implications of the ETS price volatility, we use
second-order perturbation methods as they are usually performed in the macro-finance lit-

erature to retrieve impulse response functions.

3.3 Data and Fitting Strategy

As we will study the role of the central bank and macroprudential authority, we calibrate
and estimate the model on the EA, even though the environmental ETS policy is set at the
EU level. This is without a loss of generality, since all countries in the EA are members of
the EU.

26This is also necessary to estimate our key structural parameters using the SMM.
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In order to best fit our model to real data,?” we rely on the SMM (Duffie and Singleton
[1993]) to estimate key structural parameters of our economy (table 4). In the spirit of
Jermann [1998] we match the first and second moments of: output growth, investment
growth, and consumption to output growth. As we are also interested in the financial and
environmental sectors, we match the first moments of the real riskless and risky rates, the
capital ratio of banks, the emission to output ratio, the global stock of carbon, and the ETS
price level (at the beginning of 2021), as well as the difference between green and brown
firms’ marginal costs. We estimate the following key structural parameters: {na,, pa,, %, i,
B, vy, h, a, 0, 84, 04, E*, ¢y, Carbon Price, A\, w}, using the Metropolis-Hastings algorithm
for the Markov Chain Monte Carlo over 5 chains of 2000 draws. The remaining parameters

are calibrated and their values are reported in table 1, table 2, and table 3.

3.3.1 Calibration

For parameters related to business cycle theory, their calibration is standard: the share
of hours worked per day is set at one third in each sector and the coefficient of relative risk
aversion o in the CRRA utility function is set at 2, as argued by Stern [2008] and Weitzman
[2007].

Regarding environmental components, we calibrate the damage function according to
Nordhaus and Moffat [2017].%® The global temperature parameters v and v§ are set following
Dietz and Venmans [2019] to pin down the ‘initial pulse-adjustment timescale’ of the climate
system.? We use sectoral data made available by the Transition Pathway Initiative to set
the share of the green sector s at 30 percent.* Abatement parameters 6,1, 62, and 6,2,
which pin down the abatement costs for each sector, are set as in Heutel [2012]. We then
proceed to set 0,1 to match the drop in emissions induced by the introduction of the carbon
price policy in the EA. More precisely, we retrieve the value of 6,; in such a way so as to
be consistent with a reduction of emissions of 14.3 percent between 2009 and 2020,3! which
is associated with an increase in the carbon price from 0 to 30 euro (the price of ETS at
the end of 2020). In our model, this leads to a value of 6, of 0.02, which means that the

abatement technology is cheaper in the green sector. The decay rate of emissions d, is set

2TFor macro-finance data, we match first and second moments using EA data between 2000 and 2020. All
data sources are summarized in table 5.

Z8We perform a sensitivity analysis using values from Dietz and Stern [2015] and Weitzman [2012] in the
next section.

29We also perform a sensitivity analysis for v§.

30What we consider green in our model is a sector with a carbon performance that allows for an emission
target aligned with the Paris Agreement of 2 degrees Celsius or below.

31'We remove the first and last years of data.
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at 0.21 percent as in Heutel [2012].

As for the financial parameters, we set the probability of remaining a banker fp at
0.98, meaning that 2 percent of bankers default every quarter, which is slightly less than in
Gertler and Karadi [2011]. A is a parameter that introduces a different discount factor in
the bankers’ objective function relative to households and is set to 0.99. This implies that
bankers are slightly more impatient than households. Finally, the monetary rule parameters
are set as in Smets and Wouters [2003].

Regarding the carbon price shock, we calibrate the standard deviation using ETS data

(futures prices). We find a standard deviation of about 0.18 on a quarterly basis.

3.3.2 Estimation

Parameters estimated through the SMM are reported in table 4, while the empirical
moments matched are reported in table 5. Although we only rely on a shock to the labor-
augmenting technology, the model is able to match empirical moments for the EA.

More precisely, the depreciation rate of physical capital is estimated at 2.5 percent in
quarterly terms, the government spending to GDP ratio at 28 percent, and the capital
intensity in the production function « at 0.33. All these estimates are quite standard within
the macroeconomic literature. The inverse elasticity of net investment to the price of capital
n; is estimated at 1.7354, in line with the value chosen by Gertler and Karadi [2011]. The
parameter b, which allows us to pin down the discount factor, is set at 0.02. This ensures
that we match the steady state real interest rate of about 1 percent (the mean rate of 10-year
German Bund over the sampled period). Habits in consumption are found to be rather low
(0.22) compared to the estimated value of Smets and Wouters [2003].

To replicate the global level of carbon stock in the atmosphere (i.e. 840 gigatons), the
level of the rest of the world’s emissions E* is estimated at 3.37. Furthermore, as argued
by De Haas and Popov [2019], CO, emissions intensity differs largely between sectors and
industries. We use carbon intensity parameters ¢ and ¢, to match the observed ratio of
emissions to output for the EA, which is at 21 percent.?? Assuming that the carbon intensity
in the green sector is approximately one third of what it is in the brown sector, we find that
wp = 0.29 and ¢, = 0.09.

The value of 6,4, the brown firms’ marginal cost parameter, is set as in Smets and Wouters
[2003] to replicate the mean markup and marginal cost levels observed in the economy. On

the other hand, 6, is estimated to match the green marginal cost, which is—as argued by

32We compute this value as the number of kCo2 per dollar of GDP using emissions data from the Global
Carbon Project and GDP data from Eurostat.
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Chan et al. [2013] and Chegut et al. [2019]—6 percent higher than the brown firms’ marginal
cost.

The parameter shaping the leverage of banks A is estimated at 0.0176 to generate a
spread of 80 basis points between risky and riskless assets, consistent with Fender et al.
[2019]. The authors also find that the spread between green and brown bonds recently
disappeared. Thus, we target the same steady state for R, and R;.** The proportional
transfer to entering bankers w is found to be around 0.006, allowing us to match a capital
ratio of approximately 14.4 percent in the EA.

Finally, for the TFP shock, standard deviation and persistence are estimated at 0.006
and 0.78, which are both in line with previous estimates of Smets and Wouters [2003] for

the EA.

4 Quantitative Analysis

In the EU, the carbon price resulting from the ETS cap policy is subject to high volatility.
We use ETS futures weekly prices to retrieve the mean standard deviation over the period,
before converting it to a quarterly level. We then set the standard deviation of the ETS
carbon price ogrs to this value for all pathway simulations and exercises we conduct.

With respect to the long-term inefficiency (i.e. the welfare loss), we perform stochastic
transition pathway simulations,?* where we include stochastic shocks on both the price of
carbon and the TFP around their respective deterministic growth rate. We perform 2000
Monte Carlo simulations to construct 95 percent confidence intervals around the determinis-
tic trends for both the output and the carbon price needed to achieve the net-zero pledge. We
then investigate the role that green macroprudential policy—which favors the green sector
over the brown sector—could play in mitigating the welfare wedge, while ensuring financial
stability.

Turning to the short-term inefficiency (i.e. risk premia distortion), we perform stochastic
simulations to investigate the impulse responses to a shock to the price of carbon on risk
premia and inflation, and highlight how the central bank could take into account this type

of transition risk within its framework.

33This is also in line with recent findings of Flammer [2021] with respect to the so called “Greenium”
puzzle (i.e. Ry < Rg). In this paper, she finds no evidence for the existence of a Greenium.

34We compare two scenarios: a) the carbon policy is consistent with the net-zero objective and b) the
carbon policy is consistent with the optimal social cost of carbon.
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4.1 Fiscal Environmental Policy Scenario

The goal of this section is to present and analyze theoretical fiscal pathways consistent
with the EU objective for 2030.3> We first find the trajectory of the carbon price that leads
to the desired reduction in emissions (i.e. a 55 percent emissions reduction relative to the
1990 level, which corresponds to a 33 percent reduction relative to the 2020 level). We then

highlight the impact of sub-optimal carbon pricing policies on welfare.

4.1.1 Growth, carbon price, and the EU objectives

Figure 5 shows carbon price trajectories (according to two different growth scenarios)
consistent with being on track for achieving the net-zero objective in the EU. The blue
dashed line is the central scenario with a growth trend of 0.8 percent, corresponding to the
average real growth rate per capita in the EA from 2000 to 2020. The orange dotted line
is a scenario with a more optimistic growth trend of 1.2 percent. We also add stochastic
components drawn from random disturbances to the TFP and the carbon price. The shaded
blue and orange areas are 95 percent confidence intervals retrieved over the 2000 Monte Carlo
draws. This allows us to account for uncertainty in output growth and the carbon pricing
trajectory.®® Depending on the growth scenario, reducing emissions by 55 percent compared
to 1990 level would require a mean carbon price between 350€ and 375€ per ton of CO,.
Accounting for uncertainty, the price is found to fluctuate between 200€ and 500€ , meaning
that the target could be either undershot or overshot. Note that this large confidence interval
is computed assuming that future volatility can be inferred from past volatility. However,
EU countries are considering measures to reduce price fluctuations in the ETS market 3"
which could lead to a lower standard deviation in the future. This exercise provides evidence
that such measures are needed if the EU authorities want to improve their ability to meet
their emission reduction objective. Furthermore, we also find that the price of carbon needs
to follow the growth of output to be able to shrink the flow of emissions to the desired level.
It is worth noting, however, that our model takes the abatement technology as given. With
improvements in technology, the EU could reach the same target with a lower carbon price,

but the mechanisms to trigger this improvement in the abatement technology are left for

35In this section, as the main focus is long-term transition pathways, we do not consider nominal rigidities
in prices.

36Where trend growth in output and carbon prices are anticipated, but shocks can distort these determin-
istic processes in the short run.

37A carbon price floor has been implemented in the Netherlands and is currently under consideration in
Germany. The EU Market Stability Reserve was also introduced to regain some control over the carbon
price.
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further research.

Figure 6 uses the central growth scenario (i.e. 0.8 percent growth rate) to compare the
net-zero trajectory with a carbon market that exhibits uncertainty (blue solid line and shaded
area) and a market that yields a completely deterministic carbon price (purple dotted line
and shaded area). This is similar to comparing a cap policy with a tax policy. We find that
a carbon tax like system, where volatility is controlled, would allow for reaching the net-zero
objective with certainty. However, a cap and trade policy ensures that emissions reduction
take place efficiently, as firms are able to trade permits while a tax system imposes a fixed
reduction in emissions to all firms. In addition, Karp and Traeger [2018] show that, when
considering a stock pollutant, a cap market guarantees efficiency gains (compared to a tax
system) when the economy is subject to technology shocks that shift the marginal abatement
cost curve and the social cost of carbon.

The ambitious net-zero goal would have several implications on output and consumption
alike. In figure 7, we show that uncertainty in carbon pricing does not significantly alter
consumption pathways and therefore does not alter the welfare, as shown in the case of
the certainty equivalence in Golosov et al. [2014]. Carbon price shocks do not propagate to
the households as, on one hand, the stochastic discount factor—which is the central part
in asset pricing and consumption smoothing mechanisms—is not directly impacted by the
carbon pricing, and, on the other hand, the relative risk aversion is set different to 1 (the log
utility case). In our setup, climate risk is not directly captured within the utility function,
restraining the carbon price shock from propagating to consumption and welfare.®® As such,
we run deterministic transition pathway simulations instead of stochastic transition pathway

simulations for the remaining welfare analysis.

4.1.2 Welfare implications

The first two plots in figure 8 display the trajectory of the environmental policy consistent
with the EU objective compared to the optimal environmental policy for both output and
emissions. The optimal policy (i.e. setting the carbon price equals to the SCC) trajectory
is not able to meet the net-zero pledge. The carbon price needed to achieve net-zero is
found to be significantly higher than the SCC, thus altering the welfare pathway. Several
key factors are in play. First, the fact that the environmental externality is a slow moving
variable pushes the social planner to further its intervention at a late stage when the stock of

carbon has significantly accumulated, and has become a major threat. Second, the absence

38While integrating climate risk as a dis-utility would allow for carbon price shocks to propagate to the
welfare, we do not model it in this paper and leave it for future research.
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of tipping points, which would force the social planner to account for uncertainty over the
climate damages, would obligate the social planner to increase its actions by increasing the
SCC (Dietz et al. [2021]). Third, the household utility objective function does not capture
the effects of climate change directly, which would impact the SCC (Barrage [2020] and
Benmir et al. [2020]).*” Finally, in recent work, Cai and Lontzek [2019], Traeger [2021], and
Van den Bremer and Van der Ploeg [2021] both show that accounting for uncertainty in
climate dynamics could increase the inherent level of the SCC. This increase in the carbon
price, which would be welfare enhancing in our framework, is still, however, not sufficient to
meet the net-zero emissions reduction goal. We show that the price difference between the
optimal SCC and the net-zero ETS induced carbon price needed to reach the target (the
“Extra Carbon Price”) is about 300€ higher by the end of 2030. While we do not explicitly
model tipping points in the damage function, we perform a sensitivity analysis both on the
climate damages specification and climate dynamics.

As reported in our sensitivity analysis (table 6), the optimal price of carbon depends on
the specification of damages. We find carbon prices between 31.2€ to 144.1€ for different
calibrations found within the literature. Furthermore, in the spirit of Traeger [2021], we
perform a sensitivity analysis over the parameter v, which drives the climate dynamics for
temperature. We show that for a higher value of v, temperature by 2030 could double, but
the implied SCC (under both Nordhaus and Dietz damage specifications) would still be in-
sufficient to obtain the desired emission reduction to be on track for net-zero by 2030. Under
the Weitzman specification, we find that setting the carbon price equals to the SCC would
lead to a 45 percent emissions reduction by 2030, which is higher than the EU objective.
However, the carbon price that would be able to achieve such an objective is significantly
high (846.65 €), thus suggesting major issues in terms of implementation. Therefore, for
the remainder of the paper, we set the climate damage parameter “b” a la Nordhaus and
vg to the baseline value as in Dietz and Venmans [2019], as these are the closest to the ETS
price at the start of January 2021 for all three estimates.

The two red plots in figure 8 show that the welfare loss increases over time as the extra
carbon price continues to rise to about 300€. This deviation of the ETS carbon price
from the SCC introduces a distortion with respect to the optimal allocation. By 2030, the
household looses about 3 percent in consumption equivalent (CE) compared to the optimal
case. We will see in the next section that this effect can be partially offset by sectoral

macroprudential risk-weights.

39Benmir et al. [2020] show that the SCC increases when households account for the externality within
their utility function (ug. # 0).
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4.1.3 Introducing Macroprudential Policy

To reduce the welfare gap induced by the sub-optimal policy, we investigate the role
macroprudential policy could play. We present transition pathway scenarios where the
macroprudential authority varies regulatory risk-weights on loans granted to the green and
the brown sectors by banks. While there is not yet such a policy in the EU, regulators are
increasingly taking into account climate risk (see section 2.7).

In figure 9, we present two net-zero emissions reduction scenarios: i) the scenario where
macroprudential policy is neutral (i.e. A\; =1 and A\, = 1) in blue, and ii) the scenario where
a green macroprudential policy is implemented by the regulator in green (i.e. A, \acho 0.75
linearly, while A . ;0::0 1.25). We show that favoring the green sector over the brown sector
in banks’ regulatory constraint leads to an increase in the green capital (8.3 percent) and a
decrease in the brown capital (4.8 percent) by the end of 2030, with respect to the scenario
where risk-weights are left unchanged. The implementation of green macroprudential policy
thus amplifies the rise (drop) in green (brown) capital induced by the rising carbon price
along the transition. Compared to the neutral macroprudential policy case, increasing the
capital stock in the green sector reduces the welfare loss (of about 1 percent CE). Intuitively,
the increasing carbon price triggers a substitution between brown and green production, as
the green sector is less emission intensive. Favoring the green sector in the RWA policy
reinforces this substitution effect by tilting investments toward the green sector, leading to
an increase in output.

In figure 10, we investigate the case where the macroprudential authority favors the
brown sector over the green sector to avoid a disorderly transition. The goal would be to
attenuate the impact of the rising carbon price on the brown sector, as the current share of
the brown sector is higher than the share of green sector (70 and 30 percent respectively).
The brown macroprudential policy is displayed in brown (i.e. A, . _?030 1.25 linearly, while
Ab . E}’O 0.75). With sectoral shares held constant, this policy would lead to a lower welfare
loss by the end of 2030 than in the case of the green macroprudential policy. The RWA
policy reduces the substitution effect stemming from the environmental fiscal policy. At the
aggregate level, the need for investment is lower, as the substitution effect is weaker than
when macroprudential policy favors the green sector. Although output decreases relative
to the green macroprudential policy scenario, welfare improves as investment spending is
proportionally lower.

In figure 11, we compare green and brown macroprudential policies, while assuming that

the share of the green sector in the economy increases from 30 percent to 50 percent by the
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end of 2030.*° With an increasing share of the green sector,*! both types of macroprudential
policies induce a substitution effect between the two sectors, which otherwise would not arise
in the case of brown macroprudential policy (as shown previously in figure 10). In this case,
green macroprudential policy is able to close the welfare wedge by the end of 2030. Two
main factors are at play. First, as the share of the green sector grows, required investments
in abatement decrease, thus increasing consumption. Second, green macroprudential policy
induces lower investment costs in green capital, which at the aggregate level boosts con-
sumption. Along the transition to a greener economy, favoring green firms in banks’ capital
requirements rules would ease the welfare burden on households, by lowering transition costs
for firms. However, the main challenge would be to identify green firms in practice. As
highlighted in Ehlers et al. [2020], there is a need for a ‘green label” at the firm-level for
companies committed to the net-zero transition, as opposed to the current project-based
green labels.

As a robustness exercise, we also report in table 7 the steady state impacts of various
macroprudential policy settings. We investigate several risk-weights combinations, where
macroprudential policy is conducted as a one off. We consider a carbon price of about
300€ (the net-zero implied price by 2030). We then compare three scenarios: i) the model
following the optimal policy ii) the model with a carbon price consistent with the net-zero
target and no macroprudential policy iii) the model with a carbon price consistent with the
net-zero target and various macroprudential policies. The robustness exercise shows that,
the more the macroprudential authority decreases the risk-weight on green loans (while
increasing the risk-weight on brown loans), the smaller the consumption loss is compared to
the optimal. It would be possible to completely offset the consumption loss, but it would

require drastic changes in risk-weight, which could threaten financial stability.

4.2 Risk Premia Stabilization

To offset the distortion of risk premia stemming from carbon price volatility, we assess
the effectiveness of short-term QE rules set by the central bank.

The simulation reported in figure 12 presents the responses of risk premia to a positive
shock to the carbon price level. We first show how risk premia react to the volatility in

the ETS market. As the EU decided to implement its environmental fiscal policy through

40These results are further reinforced if the increase in the share of the green sector is greater than 50
percent.

41In this setting, we exogenously change the share of the green sector over the 10 year transition period.
One could endogenously model this shift in the share of the green sector. We leave this for future work.
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2 Estimating the

carbon permits, there is an inherent variance in the price of carbon.*
standard deviation of the shock on the ETS series and simulating the model allow us to
analyze how these unexpected variations in the carbon price could affect firms and banks.
The blue line shows the reaction of risk premia in both the green and brown sectors following
a positive shock on the carbon price. The shock leads to an increase in risk premia of about
10 basis points annually. This rise in risk premia could lead to financial instability and thus
distortion in the transmission of monetary policy. To restore the equilibrium in risk premia,
monetary policy could rely on quantitative easing rules (as a ‘fire-fighting’ tool), which would
react to changes in the level of the risk premium. As such, the central bank would have the
ability to substitute to financial intermediaries in financing either green or brown firms. This
intervention will lead to a temporary increase in the central bank balance sheet.

More specifically, we compare two scenarios: i) a model where the central bank does not
implement QE rules, ii) a model where the central bank implements QE rules with various
degrees of reaction. We show that the increase in spreads could be offset by an increase
in asset purchases, where the intensity of the reaction of the central bank is represented
by the parameter ¢;. For instance, asset purchases of about 0.23 percent (annually) of
total assets within each sector (i.e. ¢; = 0.5) are sufficient to almost completely offset the
induced distortion in risk premia.*> The mechanism at play here is the same as in the case
of exogenous financial shocks on risk premia, except that the initial rise in risk premia is
triggered by the shock on the carbon price and its subsequent effect on firms’ marginal costs.
Compared to the financial crisis simulation in Gertler and Karadi [2011], our carbon price
shock triggers a reaction of risk premia that is smaller, but the magnitude of the intervention
of the central bank is proportionally similar. By stepping in to directly lend to firms, the
central bank is able to restore the equilibrium on the loans market and avoid potential
negative effects coming from the rise of spreads. Table 8 confirms that the variance of risk
premia is significantly reduced in the presence of QE rules. With respect to sectoral inflation,
we find that central bank intervention increases inflation, though the magnitude is very small
(less than 0.02 percent annually). Thus, a trade-off appears between financial stabilization
and inflation control. However, in our framework, the benefits of mitigating the impact of
the carbon price shock on risk premia seem to outweigh the inflationary consequences of

asset purchases.

42Table 8 displays the moments of risk premia, marginal costs, and inflation for both sectors following a
positive shock on carbon prices.

43We also plot the case where ¢; = 5 and ¢} = 0.05. We show that when the central bank purchases
about 0.27 percent of both green and brown assets annually, it is able to completely offset the rise in risk
premia, while a purchase of about 0.15 percent annually reduces the impact on risk premia by about half.
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5 Asset Purchase Program Scenario — LSAP

To shed some light on the interest of tilting central banks portfolio toward green bonds,
we simulate both transitory and permanent LSAP programs run by the central bank under
two macroprudential policy scenarios. In the first case, the macroprudential authority im-
plements climate-risk weights along the transition, while in the second case risk-weights are

held constant.

5.1 Transitory LSAP

The first scenario studied is a transitory LSAP program where the central bank gradually
increases the size of its balance sheet to hold around 8 percent of either green or brown
total assets by 2028. Asset purchases are then reversed and holdings return to zero in
approximately two years. As LSAP programs are announced by central banks before being
implemented, we rely on perfect foresight simulations.

Figure 13 shows the impact of both green and brown transitory LSAP programs along
the transition.** The main result is that there is no incentive for a central bank to purchase
green rather than brown bonds as part of a LSAP program, since both programs lead to
the exact same results. The reason is that green and brown bonds are seen as perfectly
substitutable by banks. In this case, if the central bank favors one of the sectors in its
asset purchases, the effect is completely offset by the reaction of financial intermediaries.
An interesting point to note is that both green and brown transitory LSAP programs allow
central banks to postpone the impact of the rising carbon price on brown capital and output
by loosening the constraint on banks. If the transition to a low-carbon economy were to
take place in a disorderly fashion, such LSAP programs could delay the potential negative
impacts the transition might have on stranded assets.

Figure 14 shows how a transitory LSAP program focused on green bonds would interact
with a sectoral macroprudential policy favoring the green sector. In this exercise, asset
purchases are similar to those in the previous exercise, but the risk-weight on green loans
is lowered along the transition, while the risk-weight on brown loans is gradually increased.
Breaking the perfect substitution between green and brown assets allows to boost green

sector capital and output compared to when macroprudential policy stays neutral over the

44 A5 in the previous section, the carbon price is assumed to increase to reach the EU climate goals and
trend growth is assumed to be 0.8 percent annually.
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period studied.®® Overall, this leads to a positive effect on aggregate capital and output that
disappears at the end of the simulation, as the central bank unwinds its asset purchases.
Thus, a transitory green LSAP program coupled with a macroprudential policy favoring the
green sector exacerbates the effect of the transition induced by the rise in the carbon price,

which leads to a slightly better emission to output ratio.

5.2 Permanent LSAP

The second scenario studied is a permanent LSAP program where the central bank grad-
ually increases the size of its balance sheet to hold around 8 percent of either green or brown
total assets by 2028 and keeps this proportion constant from 2028 on.

Figure 15 displays the reaction of selected variables to both green and brown permanent
LSAP programs along the transition. The results are quantitatively similar to the case of a
transitory LSAP, except at the end of the simulation, where brown permanent LSAP seem
to be more effective than transitory LSAP to mitigate the loss in brown capital and output
associated with a decarbonization of the economy.

Figure 16 shows how a permanent LSAP program focused on green bonds would interact
with a sectoral macroprudential policy favoring the green sector. The interaction of the two
policies gives the best results in terms of accompanying the transition to a greener economy.
Compared to the case where asset purchases were transitory, a permanent LSAP program
yields an effect on capital, output, and emissions that is long-lasting. Overall, the emission
to output ratio is lower, since green output rises sharply while brown output decreases over
the period studied. It is also important to keep in mind that results presented in this section
could be further reinforced if we were to witness an increase in the share of the green sector

over the transition, as exemplified in the previous section.

6 Conclusion

We develop a DSGE model with both endogenously-constrained financial intermediaries
and heterogeneous firms. We then use the model to assess the implications of setting an
environmental policy consistent with the net-zero target using a cap system.

We find that a price of about 350€ per ton of carbon is needed to be aligned with the

net-zero target. However, the actual implementation of this price induces two inefficiencies.

45Gimilarly, Ferrari and Nispi Landi [2021] break the perfect substitutability by introducing a quadratic
cost related to the holding of green bonds by banks.
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The first inefficiency is linked to the need of an increasingly higher price of carbon (compared
to the optimal SCC) to meet the EU targets. This decoupling generates a growing welfare
loss. To address this wedge, we show that a RWA policy favoring the green sector (i.e. green
macroprudential policy) is efficient in partially offsetting the welfare loss while reaching the
emissions target. Furthermore, green macroprudential would allow the regulator to address
climate-related financial risk.

The second inefficiency is related to the market design of the environmental fiscal policy
in the EU area. The present volatility in the ETS is shown to affect firms’ marginal costs
and thus to alter risk premia. We find that QE rules that react to changes in risk premia
are able to completely offset movements in spread levels and volatility, allowing for a smooth
transmission of monetary policy, while not significantly impacting inflation.

Turning to LSAP programs, we find that macroprudential policy is needed to provide an
incentive to central banks to engage in both transitory and permanent green QE. However,
permanent LSAP programs yields an effect on capital, output, and emissions that is long-
lasting compared to transitory LSAP programs.

More generally, we show that QE rules could be used as a short-term countercyclical
tool, while sectoral macroprudential policy could play a more structural role, allowing for a
smooth transition toward net-zero.

In particular, we find that green macroprudential policy strengthen the substitution effect
between the two sectors, which is triggered by the environmental fiscal policy. While this
result is obtained with a constant share of the green sector (), increasing s along the
transition reinforces our findings. Intuitively, making the green sector predominant (figure 2
and figure 3), would not only decrease substantially emissions, which in turn decreases the
environmental policy cost (i.e. the carbon price), it would also help achieve the sought-after
decoupling of emissions and output. The emissions to output ratio Fy = E/Y falls almost
linearly with an increase in the green sector share and leads to lower level of carbon price.

Many extensions could be conducted using our framework. In particular, we think that
further research could be devoted to the impact of non-linearities within the financial sector
on the dynamics of the model and to the role that endogenous TFP could play in fostering
the emergence of greener output growth. We also believe it could be fruitful to examine how
to capture the environmental quality on the welfare of households in more direct ways than

in existing models.
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A Appendix: Tables

TABLE 1

Calibrated parameter values (quarterly basis)

Calibrated parameters Values
Standard Macro Parameters
o Risk aversion 2
> % of Green firms in the economy 30
0 Price elasticity )
13 Price stickiness (Calvo parameter) 2/3
6" Price stickiness (Rotemberg parameter) %
L Labor supply 1/3
TABLE 2
Calibrated parameter values (quarterly basis)
Calibrated parameters Values

Environmental Parameters

Yd CO4 natural abatement 0.0021

01,4 Abatement cost parameter for sector G 0.02

Ba.4 Abatement cost parameter for sector G 2.7

01 Abatement cost parameter for sector B 0.05

Oap Abatement cost parameter for sector B 2.7

vy Temperature parameter 0.5

vg Temperature parameter 0.00125

a Damage function parameter 1.004

b Damage function parameter 0.02
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TABLE 3

Calibrated parameter values (quarterly basis)

Calibrated parameters Values
Banking Parameters
A Parameter impacting the discount factor of bankers 0.99
Or Probability of staying a banker 0.98
Pe Smoothing monetary rule coefficient 0.8
Oy Output policy parameter 0.2
on Inflation policy parameter 1.5

TABLE 4

Estimated Parameters

Estimation

Parameters Mean Standard Deviation
Standard Macro Parameters
A Output shock standard deviation 0.0063361 7.2574e-06
PA, Output shock persistence 0.76907 8.3156e-06
g/y Public spending share in output 0.28503 1.9099e-05
i Capital adjustment cost 1.7354 7.2439e-06
1/(14+b/100) Discount factor 0.027254 6.4961e-06
14+ vy /100 Economy growth rate 0.21907 3.0773e-07
h habits 0.22278 1.3859¢-05
« Capital intensity 0.34202 4.8802e-07
1) Depreciation rate of capital 0.024995 1.5241e-07
04 Price elasticity in sector G 11 6.1805e-06
O Price elasticity in sector B 7.0206 4.3802e-06
Environmental Parameters
E* Rest of the world emissions 3.3666 3.0327e-06
©b Emissions-to-output ratio in sector B 0.2849 1.5072e-06
Carbon Price  Carbon price level 0.0099078 4.5392e-06
Banking Parameters
A Risk weight on loans 0.17618 5.9887e-06
w Proportional transfer to the entering bankers  0.006353 2.4101e-06
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TABLE 5
Model moments compared to observed data (Euro Zone)

Target Model Data Source
Macro Aggregates:
Output Growth Volatility 0.0065  0.0066 Eurostat
Investment Growth Volatility 0.030 0.030 Eurostat
Consumption to output Growth Volatility 0.0047  0.0048 Eurostat
Mean Output Growth 0.0022  0.0023 Eurostat
Mean Investment Growth 0.0021  0.0023 Eurostat
Consumption to Output Ratio (%) 0.57 0.53 Eurostat
Government Spending to Output Ratio (%) 0.28 0.24 Eurostat
Marginal Cost of the Brown Sector (Normalized) 1 1 Chegut et al. [2019]
Marginal Cost of the Green Sector (6% higher than 'B’) 1.06 1.06 Chegut et al. [2019]
Financial Aggregates:
Risk-less Bond Mean Return (annualized) 1.07%  1.08% ECB
Green Bonds Risk Premium (annualized) 0.80%  0.80% Fender et al. [2019]
Brown Bonds Risk Premium (annualized) 0.80%  0.80% Fender et al. [2019]
Banks’ Capital Ratio (Equity as a % of RWA) 14.39%  14.40% ECB
Environmental Aggregates:
Global Level of Carbon Stock (GtC) 839 839 USDA
Emissions to Output Ratio (kCOy per $ of output) 0.21 0.21 Global Carbon Project/FRED
ETS Price (January 2021) in € 30 30 Bloomberg

TABLE 6

Sensitivity of the optimal carbon price to climate damages and dynamics

Nordhaus Dietz Weitzman
vg =0.00125 v§ =0.0025 wv5 =0.00125 o9 =0.0025 v =0.00125 v§ = 0.0025
Emissions Reduction (in%) - 15% 5% 28% 15% 45%
Social Cost of Carbon (in €) 31.2 144.12 65.94 333.53 144.12 846.65
Temperature 7 (in Celsius) 1.06 2.07 1.05 2.04 1.03 2

Notes: The figures reported in the table show the sensitivity of the optimal price of carbon, temperature, and net-zero
goal of 55 percent emissions reduction by 2030, to different levels of calibration of: i) the damage function (parameter
“p”), and ii) the climate dynamics (parameter “v$”). With respect to the damage function, b = 0.01 corresponds to
Nordhaus and Moffat [2017], b = 0.02 corresponds to Dietz and Stern [2015], and b = 0.04 corresponds to Weitzman
[2012]. For the climate dynamics, v§ = 0.00125 corresponds to baseline case with 7° < 1.1C' by 2030, and v$ = 0.0025
corresponds to case with T° < 2.1C' by 2030.
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TABLE 7
Steady state values

Optimal Policy ETS Policy ETS and Macropru

Ay =075 A =05 A =025
M=125 XN=15 X\=175

(1) (2) (3) (4) ()

Consumption 1.2419 1.2372 1.2387 1.2402 1.2418
Aggregate Output 2.1139 2.1029 2.1019 2.1013 2.1011
Green Output 1.0937 1.0937 1.1012 1.1111 1.1213
Brown Output 1.06 1.0515 1.0425 1.0337 1.0251
Emissions to Output 0.2183 0.1569 0.1569 0.1569 0.1569
Green Sector Emissions 0.1034 0.0747 0.0754 0.0760 0.0767
Brown Sector Emissions 0.2876 0.2049 0.2032 0.2014 0.1998
Green Capital Stock 11.4318 11.3383 11.6359  11.9468  12.2717
Brown Capital Stock 10.4235 10.1552 9.9001 9.6554 9.4207
Green Real Rate 1.0045 1.0045 1.004 1.0035 1.003

Brown Real Rate 1.0045 1.0045 1.005 1.0055 1.006

ETS Price (in euros) 31.2 300 303 304 306

Carbon Cost as % of GDP in Green Sector 0.3278 0.5122 0.5122 0.5122 0.5122
Carbon Cost as % of GDP in Brown Sector 0.7650 1.4580 1.4580 1.4580 1.4580

Notes: The first column is the economy subject to an optimal carbon price. The second column is the economy subject to
a carbon price consistent with the EU climate goals for 2030 (i.e. ETS cap net-zero objective), and the three last columns
feature both a carbon price consistent with the EU climate goals for 2030 and an intervention of the macroprudential
authority. We show how the economy responds to different risk-weight requirements related to climate risk exposure of
firms. For instance the baseline scenario presents the case where an upgrade in the rating of the green bonds of the asset
class BBB+ to A- and the downgrade in the rating of the brown bonds of the asset class BBB+ to BBB- (i.e. Ay = 0.75
and A\, = 1.25). The two other cases: i) with Ay = 0.5 and A\, = 1.5, and ii) with Ay = 0.25 and A, = 1.75, represent a
higher cut in the risk-weight associated with climate risk exposure (i.e. a higher upgrade and downgrade in the ratings).
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TABLE 8

Risk premia volatility under the carbon price shock

Baseline Model

Model with QE Rules (¢;=5)

Mean Standard Deviation Mean Standard Deviation
EP, 0.1989 0.02 0.1989 0.0003
EP, 0.1989 0.02 0.1989 0.0003
MC, 0.9091 0.0001 0.9091 0.0003
MC, 0.8571 0.0001 0.8571 0.0003
Qyq 1.0000 0.0002 1.0000 0.0001
Q 1.0000 0.0002 1.0000 0.0001
g 1.0000 0.0000 1.0000 0.0001
s 1.0000 0.0000 1.0000 0.0001

Notes: The figures reported in the table show the first and second moments of selected variables following a positive

carbon price shock. The baseline model refers to the model with the ETS carbon price.

The model with QE rules

incorporates a reaction of the central bank to deviations in risk premia from their respective steady state.
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B Appendix: Figures

FIGURE 1. ETS Price in Euros per Ton of CO,

€/ Ton of CO4
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Notes: The figure displays the spot price of carbon permits traded within the ETS in euros per ton of COz2. (Source:
Bloomberg)
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FIGURE 2. Share of the green sector, carbon intensity, and the environmental policy
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Notes: The graph on the left reports the interaction between emissions to output and the size of the green sector. The

right graph reports how a change in the weight of the green sector drives the carbon price, through a decrease in the

emissions to output ratio.

FIGURE 3. Share of the green sector, emission levels (normalized to one), and the
mental policy
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Notes: The graph on the left reports the interaction between emissions and the share of the green sector. The right graph

reports how the share of the green sector shapes the carbon price.
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FIGURE 4. Financial stability and climate risk
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Notes: The figure shows the effect of a 0.5°C increase in the level of temperature, with and without macroprudential
policy. In the baseline scenario, there is no sectoral macroprudential policy, which means A, = Ay = 1. To illustrate
the impact of green macroprudential policy on climate-related financial risk, we multiply/divide climate risk weights by
a factor of 2, which means A, = 2 and Ay = 0.5. Green macroprudential policy reduces the impact of a temperature
increase on the global capital ratio by providing an incentive to banks to hold more green assets. The results are presented

as percentage deviations from the steady state over quarterly periods.
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FIGURE 5. Net-zero transition pathways with two different growth assumptions
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Notes: The figure reports the results of 2000 Monte Carlo simulation draws consistent with the net-zero target, according
to two different growth scenarios. The blue line corresponds to the average per capita real growth over the last 20 years

in the EZ (0.8%), while the orange dotted line corresponds to a more optimistic scenario in line with long term EZ trends

(1.2%). The shaded blue and orange areas correspond to 95 percent confidence intervals for each scenario.
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FIGURE 6. Net-zero transition pathways with and without carbon price uncertainty
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Notes: The figure reports the results of 2000 Monte Carlo simulation draws consistent with the net-zero target, according
to the 0.8% growth scenario, where the carbon price is subject to carbon price volatility (i.e. carbon price shocks) and
where the carbon price is not subject to carbon price volatility. The blue line corresponds to the average per capita real
growth over the last 20 years in the EZ (0.8%) where the carbon price is subject to uncertainty, while the purple dotted
line corresponds to the case where the carbon price is not subject to uncertainty. The shaded blue and purple areas
correspond to the 95 percent confidence intervals for each scenario. Please note that for both scenarios output is subject
to TFP shocks consistent with the past 20 years in the EZ.
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FIGURE 7. Consumption pathways and carbon price uncertainty
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Notes: The figure reports the results of 2000 Monte Carlo simulation draws consistent with the net-zero target, according
to the 0.8% growth scenario, where in one case the economy features carbon price volatility (i.e. carbon price shocks)
and where in the other case the price of carbon is not subject to carbon price volatility. The blue line corresponds to the
average per capita real growth over the last 20 years in the EZ (0.8%) where the carbon price is subject to uncertainty,
while the purple line corresponds to the case where carbon price is not subject to uncertainty. The shaded blue and
purple areas correspond to the 95 percent confidence intervals for each scenario. Please note that for both scenarios
output is subject to TFP shocks consistent with the past 20 years in the EZ.
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FIGURE 8. Transition pathways: optimal versus net-zero
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Notes: The figure compares the pathway consistent with the optimal carbon price (the social cost of carbon) to the
net-zero ETS cap policy pathway. The blue line corresponds to the social planner choice, while the green dotted line
corresponds to a pathway consistent with a reduction of emissions of 33 percent by 2030 (55 percent compared to 1990
level). The red lines show both the difference in carbon price and the welfare loss, between the optimal and sub-optimal
policy (ETS inherent price). More specifically, the red graph on the left shows the trajectory of the extra carbon price,
which is the carbon price consistent with the net-zero ETS cap policy minus the optimal price of the social planner.
The graph on the right shows the welfare loss in consumption equivalent (CE), which is the difference between the
welfare implied by the pathway of the social planner and the welfare implied by the pathway consistent with the net-zero
objective.
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FIGURE 9. Transition pathways (net-zero) with and without green macroprudential policy
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Notes: The figure compares a pathway consistent with the net-zero objective where a macroprudential policy takes into account
climate risk and where it does not. The blue line corresponds to the case where no climate risk is considered (Ay = 1 and

Ap = 1) and the green line corresponds to the case where the macroprudential authority considers climate risk with a progressive
change in sectoral risk-weights (Ag — 0.75 and A, — 1.25) .
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FIGURE 10. Transition pathways (net-zero) with and without brown macroprudential policy
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Notes: As a robustness exercise, we compare a pathway consistent with the net-zero objective where a macroprudential
policy favors the brown sector over the green and where it stays neutral. The blue line corresponds to the neutral case
(Ag =1 and Ay = 1) and the brown line corresponds to the case where the macroprudential authority favors the brown
sector (Ag — 1.25 and A, — 0.75).
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FIGURE 11. Transition pathways (net-zero) with macroprudential policy and an increase
in the green sector share
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Notes: The figure compares a pathway consistent with the net-zero objective where the share of the green sector increases
overtime (3 — 50%) and where a macroprudential policy: i) takes into account climate risk, and ii) favors the brown sector over
the green. The brown line corresponds to the case where the brown sector is favored over the green (Ag = 1.25 and A, = 0.75)
and the green line corresponds to the case where the macroprudential authority considers climate risk with a progressive change

in sectoral risk-weights (A — 0.75 and A\, — 1.25) .
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FIGURE 12. Responses to a positive carbon price shock (¢7). (The Rotemberg Case)
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Notes: The figure shows the effect of a positive carbon price shock (e]) calibrated on the ETS data on selected variables, with
and without QE policy rules. The results are presented as percentage deviations from the steady state over quarterly periods.
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FIGURE 13. Effect of transitory green and brown asset purchase programs
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Notes: The figure shows the effect of transitory green and brown asset purchase programs (of about 9% of total asset in

the economy) on a selection of variables, where the central bank stops purchasing bonds by 2028.
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FIGURE 14. Effect of a transitory green asset purchase program with and without green

macroprudential policy
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Notes: The figure shows the effect of transitory green asset purchase program (of about 9% of total asset in the economy)
on a selection of variables, where the central bank stops purchasing bonds by 2028. In blue, the macroprudential authority
sets a green macroprudential policy as presented in the previous section, while in red, it remains neutral.
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FIGURE 15. Effect of permanent green and brown asset purchase programs
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Notes: The figure shows the effect of permanent (where the central bank keeps the share of asset constant at about 9%

of total assets in the economy) green and brown asset purchase programs on a selection of variables.
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FIGURE 16. Effect of a permanent green asset purchase program with and without green

macroprudential policy
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Notes: The figure shows the effect of a permanent (where the central bank keeps the share of asset constant at about 9%
of total assets in the economy) green asset purchase program on a selection of variables. In blue, the macroprudential
authority sets a green macroprudential policy as presented in the previous section, while in red, it remains neutral.

60



(Online Appendix)

C Appendix: Climate Externality and Inefficiencies

C.1 The Social Planner Equilibrium: Centralized Economy

The benevolent social planner optimal allocation and optimal plan would choose to max-
imize welfare by choosing a sequence of allocations, for given initial conditions for the en-
dogenous state variables, that satisfies the economy constraints.*6

The planners’ social problem for the households reads as follows:*7

maxFE, Zﬁt< 1h_CtU1) —

+)\t(z ( ( )Wt,kth,k—FHt,k) +H§F—|—Tt—|—RtBt —Cy — Bt+1)

+ A Z Gr.k (—Y; k= WinLer — RIS Ko — f(per)Yor — Ht,k)
+ A Z Uy (e d(TY ) K (TeLok)' ™ = Yin)
+ Meoe( By — Z g(5)Ey )

+ /\t§t (Xt — X1 — Ey)
+ M8 (T — v (s Xy — T )) — T7 )

+ At Z §tEk(Etk —(1- Mt,k)@OkYt,k))
A

where as we will show below the Social Cost of Carbon SCC} is the shadow value with
respect to the temperature damages §f. W, is the marginal cost component related to the
firm’s choice of labour and capital.

The first order conditions determining the SCC, are the ones with respect to 17, X,
while the FOCs with respect to E, , i, and II; ;, determine the level of abatement needed:

46This equilibrium will provide a benchmark solution, which we use to compare with the allocation obtained
in the decentralized economy for the carbon policy.

4TThe social planner optimizes in an economy without price/financial frictions. This frictionless economy
is the bare-bone model. In the following section, we present the decentralized economy, where we include
financial and price frictions.
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Ak 8d(1—;to)

M8 = BB = ) Aen bl — Ekj Uiy g pe Kik(Tels)' = (58)
A8 = EB(vivg) 18y + EBndia§iy (59)
Mk = gGONET (60)
)\tQt,kf,(Mt,k:) = @k>\t§fk (61)
)\t = )\tthk. (62)

Rearranging these FOCs we obtain the following SC'C; and abatement level:

od(Ty
§z“ — Et<1 — Uf)At,t+1§z+1 — Z \Ift,ké??’k 8(T‘f )ng(FtLt,k)lia (63>
- t
§7 = E(v7v3) A8y + B8 (64)
iF, = 95 9
(k) = ox8), (66)

C.2 The Decentralized Economy

The competitive equilibrium problem for the firms reads as follows:

([P,
max Fy Z LkYt,k — WikLey — Rf(th,k — f(per) Yok — Terw B — i
=0 P 7
+ AT (e (TP K (T L) ™ = Yig)

+ )\t\I’Ek(Et,k —(1— Mt,k)@kﬁ,k))

The first order conditions determining the environmental policy 7, j are the ones with respect

to By p and fuy

‘I/tE = Tet,k (67>
f/(,ut,k) = ‘IJtESOt,k (68)
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Thus, from both the household and firm FOCs, we get*:

Ul = Tetk (69)
\IltEk = §fk (70)
F(per) = §0xn (71)
od(T?
§) = (1— 0D A8l — Y \yt,kef’k% Pe(TeLeg)' ™ (72)
k t
§i( = (UfUS)At,t+1§z+1 + 77At,t+1§tx+1 (73)
§0 = g(50)8" (74)

The competitive equilibrium problem for the capital producing firms and financial inter-
mediaries remains the same as the one presented in the financial intermediaries section. In

the next section we present the Calvo problem for price frictions.*”

C.3 The New Keynesian Phillips Curve a la Calvo

When monopolistic firms engage in infrequent price setting a la Calvo, we assume that
intermediate goods producers for each sector re-optimize their prices Pj;; only when a price
change signal is received. The probability (density) of receiving such a signal h periods
from today is assumed to be independent from the last time the firm received the signal. A
number of firms £ will receive the price-change signal per unit of time. All other firms keep

their old prices. Thus, the profit maximization of our intermediate firms reads as follows:

f}glaXEtZ§iﬁiAt,t+iHjt+i,k (75)
itk 0
P\ ™ (P’
b Y= == — | Y
S Jt.k Ptyk) Pt ty

- o\ Ak 1o l1—a
and, Yji = d(TY)e; Kjt,ijt,k: .

where A4 = Bi% is the real stochastic discount factor as in the Rotemberg case.

48Gince g, = 1 (as showed above), we retrieve that the input shadow cost \Ilfk in the firms optimization
problem is equal to §fk
49The Rotemberg case is presented in the core text.
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The NK Philips Curve pricing equations are as follows:

o0

o N
P*k 0, E, Zfzﬁl/\atHMCH@kdtﬂ,k
* t, i=0

pt7k: = 00 I (76)
oo 0= B S iping S
i=0
where
1\ " (Pyig\ "’
Sivik = = PPY,
ik (Ptﬂ-,k) (Ptﬂ- P
o (P’
:ptﬂ,kek 0 (%) Yirs, (77)
t

or equivalently:

P O Sek+ Yik

= bk L 78
Pk = T -1 Oy 78)

with: S = Pg;]f;_e‘lft,kﬁ + %ﬁﬁEthHSHLk,
t
- Ot+1 _
and: Oy = PIL~"Yi + = 6B Orpn
t

and: Ty = Pf;’i*@ [&,Wfﬁék + Tet k(1 — pep)or| Yo + %fﬁEﬂtgﬂTtﬂ,k,
with inflation 7, = P,/ P,_;.

The optimal pricing condition p* is obtained by equating the dynamic marginal revenues
to the dynamic marginal costs. As in each period a fraction £ of the intermediate firms of
each sector choose their optimal price P}, we can rewrite the final firms goods price P as a
weighted average of the last period’s price level and the price set by firms adjusting in the
current period: P,y = (£Pt1__f,’; +(1— £)Pt’f,1_0’“)ﬁ. In addition, please note that the j-index
referring to our intermediate firms collapses as all firms for each sector, which are capable
of setting their price optimally at ¢, will make the same decisions.

As presented in Gali and Monacelli [2008], the Calvo price dispersion D, is essentially a
measure of distortion introduced by dispersion in relative prices. Price dispersion is bounded
below at 1, where 1 would be the value in the case of flexible prices. Price dispersion in our

two-sector economy reads as:

! VP (P!
/ Yioxdj = / ( J’) (—) Yirdi = DyYir, (79)
0 o \ Pk P,
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with D, the aggregate loss of efficiency induced by price dispersion of the interme-

(0, —0) _
diate goods. In other words, it also reads as Dy = (1 — &) <ﬁ> ' (pfk) (g

Py
—6
Py i 0y,
5( P ) 7Tt7kDpt—1,k-
Furthermore, as outlined in Annicchiarico and Di Dio [2015], our two-sector environmen-

tal components are impacted by the price dispersion as following:

B =1 — i) ekDpiiYe ks (80)
02
Lk = 91,kut,;;kDpt,kK,k- (81)

C.4 The Non-Stationnary Equilibrium Conditions

The following equations represent the model equilibrium conditions.

Households:
o = (Cy = hCy 1) = BRE {(Ciy1 — hC) ™7}, (82)
1 = BEN 1R, (83)

Final firms:
Vo= (0¥ 7 4 (1= ) (84)

50Note that, as in the canonical NK models, production and profits are also affected by the price dispersion

Y = d(Tto)sf’“KfjkLtl*aD;t}k and Iy, = (1 — MCy 1Dyt 1) Yik-
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Intermediate firms:

Yoo = d(TY)e)" KLy~ Dy, (85)
TP = i (s Xemr = T4) + 17, (86)
Xe=1—v)Xi1 + B+ EF, (87)

Erp = (1 = pe ) 0rDpt p Ye g, (88)

Zig = 91,k#f,2k’k Dy 1Yok, (89)

Yk
R = aqjt’km7 (90)
W = (1= 0, (o1)
T = A (92)
MCip =Wy + 91,19#?72;;’“ + Ter (1 — Mt,k)@ka (93)

New Phillips Curve equation (the Rotemberg case):

P, P, Y,
07 (M p—1) = (ﬁ) ( tk(l —0) + 0. MC, k) +E, {5/\15 t41 ;19 T (M1 6 — 1)}

P, P,
(94)
New Phillips Curve equations (the Calvo case):
Py O Stk + Tig
P o= ko : : 95
Pk = T -1 O 93)
St,k = sz_e‘ljt,kyt + Q;+1§5Etﬂt+1st+1 ks (96)
O = PITYi + SO O (97)
Yow =P [Ql,kﬂt,k’ + Tet (1 — 1)k ] Y+ %fﬁEtﬂ-t—&-lTHﬂ ks (98)
P (0—0) 0 P
Dyt = (1 - f) Lk (p;tkk) * +¢& Lk Wzl;chtfl,ky (99)
I B
P = (EPS+ (1 =By "), (100)
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Other NK equations:

Capital producing firms:

Iy =T — 0Ky,
n
Kipip = Kip + 1),

RO =% (o)

Iy

Quie =1+ fi(l)+ fi() < Lk

Financial Intermediaries:

Qt,g5tg + QepStp = Ny + By,

Ny =0p[(Rty — R)Qt—1,4St-1,9 + (Rtp — Ri)Qt—1S1—1) + (R + w)Ni_1,
Vi = A (NgQrgStg + MaQipStp) + ABE {111 Rip1 N}

f—) _ BE, {At,tﬂfg(.) (
t—1k

FtBNt = VtFtBNt + ABE { At 1+10 41 Re N}

1
I‘tB = ﬁAﬁEt {At,t+1Qt+1Rt+l} )
—

Vi AA = ABE, {At,t-&-lQH—l(Rt—f—Lk - Rt+1)} )
0=u [Fth — AAgQ1 ¢St g + /\th,bSt,b)] )

RPys = Ry, — Ry,
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(106)
(107)
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Central Bank:°!

it — 1= pe(it1 —2) + (1= pe) [fr (e — T) + &y (e — ¥e-1)] (118)
iy = Ry {mi} (119)
Government:
Gy =T, + Tt By + RP, gty oKy g + RP, qth p Ky g, (120)
Gy = %Yt, (121)

Environmental Policy (when the policy is sub-optimal (E; =cap)):

E; = Cap,, (122)
Cap, = Cap/T'¢™, (123)

Environmental Policy (when the policy is optimal (7., =social cost of carbon)):

Tetk = g(22)SCCy, (124)
A A
SCC, = np ;Hscct+1 + (U;)Ug)ﬁ;—“g iy (125)
t t
A d(T?° .
B = (L= oD = D el a(Ti  KreLo)' =, (126)
L t

Aggregate variables:
Ey =Y g()Eu (127)
K=Y g0 Ky, (128)
L= g, (129)
Zy = Zg(%>Zt,k7 (130)

51To ensure stationarity over the BGP, the central bank sets its interest rates following the Taylor rule in
the spirit of Smets and Wouters [2003].
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Aggregate resource constraint (price stickiness a la Rotemberg):

Y,=C+ G+ I + Zg(%)[fk()ltk] + Zg(%)Akat + Z;. (131)
k k

Aggregate resource constraint (price stickiness a la Calvo):

Yi=Ci+ G+ L+> gl)fi( )] + Zi. (132)

C.5 Welfare Distortion

When 7, moves away from 77, ,, losses in household lifetime consumption and welfare

grow:
Agr_ryWelfare < 0,

As in Schmitt-Grohé and Uribe [2007], we define welfare under the optimal policy, con-
ditional on the state of the economy in period ¢ = 0 being the non-stochastic steady state
associated with that regime and remaining under that regime forever, as Welfaref. Similarly,

Welfare, represents welfare under the sub-optimal policy:

o

Welfare] = E, Y~ B'U(CT") (133)
=0

Welfare; = E; Z BU(CT) (134)
=0

where C7" and C denote the particular plans for consumption under the optimal regime
and sub-optimal regime, respectively.

Now, let Ay denote welfare costs associated with the sub-optimal fiscal policy in terms
of consumption. It is defined as the fraction of the optimal consumption process that a
household would be willing to give up to be as well off under the sub-optimal policy (7) as
under the optimal policy (7).

Welfare] = E, Y SU((1— Aw)C]) (135)
=0

As the utility function is a CRRA, no closed form solution exists to characterize the loss
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in welfare denoted )\y,. We perform a numerical exercise®® to compute the unconditional
Aw .

We can reduce the problem to the following expression:*3

Wedgeo = ((CtJri — hCipi1)' 7 B (Cri—h t*+z‘—1)10> x AC,

1—0 1—0
O(AK—AIt—AGt—AZt
x A(l—g)Y, — AL — AZ,

Thus, the total effect on consumption reads as follows:
Wedgeg oc (1 —g)(Y; = Y)") = (L = I}) = (Ze = Z)

As argued above, and without a loss of generality, we can focus on one sector and draw the

same conclusion for the model with both sectors:

Wedgec, oc(1 — g) (eI} L") (d(T) Ky, — d(T7) KY)
— (f(Ep) — f(Kop))
— (M T L Y (TP K f () — AT K f (per)”)

Comparing now the impact of a higher carbon price to the optimal, we can first clearly see
that the damages from higher temperature will be lower under the higher carbon price than
under the optimal one d(77) < d(T7?)", as temperature is lower since emissions are reduced
at a higher rate. Similarly, abatement is higher under the higher carbon price. As such,
we propose a sectoral-maroprudential policy, which will loosen the regulatory constraint on
loans to the green sector. This policy will boost the relative share of the green sector in
total output, which will partially offset the welfare loss, as the green sector is less carbon
intensive®*.

Similarly, the sectoral-maroprudential policy will decrease the wedge on the labor com-

ponent of welfare.

52Where we use policy functions approximated to the second order.

53First by using the fact that the utility function is strictly increasing. Then by using the economy budget
constraint (and abstracting from adding—without a loss of generality—the investment adjustment costs as
well as the price stickiness adjustment costs): Y; = Cy + I; + G + Z;, and that Gy = gY;, and Z; = f(.)Y;.

54Thus, abatement costs are less impacted by the rise in the carbon price in this sector.
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C.6 Premium Distortion
Risk premia are defined as:
EP =Ry — Ry

_ aL%,;ae?k‘I’t,kd(ﬂo)K?A — (Quk — 9)
Qi-1k

— R

At the steady state, as we chose L, = L to march hours worked in the economy, the

previous expression simplifies to:

Limaehy,  d(ToY Kot — Sy
EPtyk; — o et tyk (Cgt) I: (Qt,k‘ ) - Rt
t—1,

aq’t,k%’i - (th - 5)

Qi—1.k

— R

Thus, relying on a market-based instrument such as the ETS implies sudden changes and
volatility in the carbon price. This uncertainty will generate fluctuations in the marginal
cost components and in the price of capital, that will translate to volatility in risk premia.

In the case of an increase in the carbon price:

e MUy, which represents the maginal cost of firms would increase as a result of higher
abatement costs (MC’t,k:\I/t,k—F@Lkuffk‘k+Tt,k(1 — [tk)Pr)-

e Thus, firms’ investment decreases, leading to a lower price of capital Q).

While a positive shock would trigger volatility in risk premia (as the price increase impacts
all component in R; ), the direction of the change depends on the calibration. As such two

cases arise:
Y,
1. Q\Pt,kﬁ — (Qt,k — 5) > 0.

In this case, risk premia would increase following a positive shock on the carbon price.
Intuitively, the decrease in the price of capital is proportionally higher than the impact the

shock would have on output, capital, and capital /labor input cost.

2. aWy gt — (Que — 8) < 0.
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In this case, risk premia would decrease following a positive shock on the carbon price.
Intuitively, the decrease in the price of capital cost is proportionally smaller than the impact
the shock would have on output, capital, and capital/labor input cost.

In either case, it is possible to offset the level and volatility effect by acting on Q.
From the macro-finance literature, we know that QE rules reacting to deviations in risk
premia from their steady states are able to eliminate risk premia distortions. In our case,

the distortion arises from a shock to the carbon price and not to the quality of capital.

C.7 Balanced Growth Path Equilibrium

C.7.1 The Firms

In order to perform our structural parameters estimation through the simulated method
of moments, we first need to specify the de-trended economy over its balanced growth path.
The growth rate of I'; determines the growth rate of the economy along the balanced

growth path.?® This growth rate is denoted by +¥, where:

Iy =+"Ti (136)

Stationary variables are denoted by lower case letters, whereas variables that are growing
are denoted by capital letters. For example, in the growing economy, output in each sector
is denoted by Y; ;. De-trended output is thus obtained by dividing output in the growing

economy by the level of growth progress:

Iy

Sectoral emissions, which we denote by E, ;, in the growing economy are given as follows:

Ytk = (137)

Eip = (1 — pur)prYerDpt, k (138)

Thus, in the de-trended economy, per sector emissions law of motion reads as follows:

€tk — (1 - Nt,k)¢kyt,kDpt7 k (139)
where:
E, .
P 140
Ctk T, (140)

55Tn our setup both sectors grow at the same rate I';.
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and the price dispersion Dy, . is a stationary variable™.

Therefore, the total flow of emissions reads as:

Ey
= — 141
€t T, (141)
The abatement cost in the growing economy is:
Zik = fpep)YepDpt, k (142)
Thus, in the de-trended economy, the abatement cost reads as follows:®”
2tk = f(,uuk)yt,kDpta k (143)

The stock of emissions in the atmosphere is denoted by X;, while the temperature is

called 7 in the growing economy:

X, = (1 — ’)/d)Xt—l + B + E: (144)
Ty = U?(UgXt—l - Ttofl) + 174, (145)

The de-trended X; and 7Y read as follows:

1 —
Ty = (’y—yfyd)l't_l + e+ E* (146)
7Yt§ = vi(vyTs1 — t?—l) + 174 (147)
where:

Xy
_ 7t 148
Tt T, (148)

TO
10 =L 149
t Ft ( )

In the growing economy, with the above growth progress, the production function is as
follows:

°6In the baseline case (i.e. the Rotemberg case), the term Dy, ) collapses (i.e. D) = 1). Only when
relying on Calvo pricing that the dispersion appears.
5TPlease note that i, x is stationary.
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Ve = et d(TY) Ky (TyLyi) '~ Dpt, k (150)

¥ are stationary variables. Further-

_b_T02

— =T
24t
r? .

where per sector labor L, and the technology shock 5;4
more, the climate damage function captures the growth rate I'; such that d(7?) = ae
Capturing the growth rate of the economy within the damage function allows us to simplify
the de-trended form of the damage function without a loss of generality as over the studied
period (a 10-15 year horizon) d(T7) = ae_%Tto2 ~ ae VT

De-trending the production function gives the following:
_ A oy.a Tl-« -1
Yok = €, d(t7) il Dpt, k (151)
As for aggregate emissions, the de-trended aggregate output reads as:

_Y
-

The capital-accumulation equation for both the green and brown sectors in the growing

n (152)

economy read as:

Kip=1=0)Kiap+ i (153)
In the de-trended economy, we thus have:

1

ki = ¥ (1 —0)ki—1 g + t4—1k] (154)
with both capital and investment de-trended variables reading as: k;j; = % andiy j, = [E—’t’“,
respectively.®®
C.7.2 The Economy Constraint (Rotemberg case)
The economy budget constraint reads as:
Yi=C+1L+Gi+Z + Z 9 fi( ) ew] + Z 9(>) [Afk]n (155)
k k
Thus,
Yo =t + g+ 2+ Zg<%) [fe(iw] + Zg<%>[Afk]yt (156)
k k

58We note that both the return on capital Rf’k and wage W; . are stationary. This can be easily seen by
looking at the intermediate firms FOC.
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where: ¢, = Ct

The calvo case reads as:

Yt = Ct +it+9t+2t+29(%)[fk(-)it,k] (157)

C.7.3 Households

Under the presence of a labor-augmenting technology I';, the utility function reads as:
U(Cy) = @hlen'™.

l—0

Thus, the de-trended utility reads as:

ZﬁtU ) :i ( 1):130“1)1_0) (158)

t=0

where 3 = gy,

Turning to households, the equilibrium de-trended conditions read as:

o0 =(ce —h(y") 1) = B(Y) TTRE { (cirr — h(Y) Te) 7} (159)
1 == BEtAt,t—l-lRt—l—l (160)

with Ay, = Qt‘gjl the expected variation in the marginal utility of consumption.

C.7.4 The Firms Monetary Aggregates (NK related variables)

The presence of trend growth in output will impact the NK variables. Hence, the sta-

tionarized New Phillips Curve reads as:

P, P, Yiy
epﬂt,k(ﬁt,k—l) = (%k) ( ;,k (1 - ek) + ekMCt k) +L {7 5At t+1 ;19 41, k(7Tt+1 k— 1)}
t t
(161)

Turning now to the Calvo case, we stationarize Sy, T, and O, j, dividing these variables
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by the trend I';. The NK Philips Curve stationary equations are as follows:

_ Ott1 . ~
Stk = Pt% "W hyr + VY;;lﬁﬁEth+13t+1,ka (162)
t
_ Oi41 . 5 o
O = Pte,lli Oy, + ’YY;—JrlfﬁEthﬂletH,k, (163)
t
_ 0 % >
ek = PO Orkpt it + mern(1 = pog)on| ve + 7" S EBE A Ve (164)

Ot

C.7.5 Government

The lump sum taxes 7; and government spending G; grow at the growth rate of the
economy [':
ge =ty + Tey, (165)

C.7.6 Capital Producing Firms

The de-trended tobin Q) reads as:

. . 2
Que =14 )+ A0 () —BEt{Atmf,;(.) (i) } (166)

t—1, (N

C.7.7 Financial Intermediaries

All financial intermediary variables are made stationary by dividing aggregate variables
by the trend I';. The only equation that needs to be adjusted is the net worth of bankers.

Therefore, the stationary net worth of bankers reads as:

Ny = WY_l (0B[(Riy — Ri)Qt—1,95t-1,9 + (Rea — Ri)Qt—1,05t-1,4] + (R +w)N,_1) . (167)
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D Appendix: Additional Figures

FIGURE 17. Implications of transition pathways (Net-Zero) Without and With Macropru-
dential Policy
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Notes: As a robustness exercise, we compare a pathway consistent with the net-zero objective where a macroprudential
policy takes into account climate risk and where it does not. The blue line corresponds to the case where no climate
risk is considered (Ag = 1 and A, = 1) and the green line corresponds to the case where the macroprudential authority

considers climate risk with a progressive change in sectoral risk-weights (Ag — 0.75 and A\, = 1) .
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FIGURE 18. Implications of transition pathways (Net-Zero) Without and With Macropru-
dential Policy
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Notes: As a robustness exercise, we compare a pathway consistent with the net-zero objective where a macroprudential
policy takes into account climate risk and where it does not. The blue line corresponds to the case where no climate
risk is considered (A¢g = 1 and A, = 1) and the green line corresponds to the case where the macroprudential authority
considers climate risk with a progressive change in sectoral risk-weights (Ag — 0.65 and A\, = 1) .
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FIGURE 19. Implications of transition pathways (Net-Zero) Without and With Macropru-
dential Policy
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Notes: As a robustness exercise, we compare a pathway consistent with the net-zero objective where a macroprudential
policy takes into account climate risk and where it does not. The blue line corresponds to the case where no climate
risk is considered (A¢g = 1 and A, = 1) and the green line corresponds to the case where the macroprudential authority
considers climate risk with a progressive change in sectoral risk-weights (Ag — 0.45 and A\, = 1) .
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FIGURE 20. Responses to a positive carbon price shock (g7). (The Calvo Case)
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Notes: The figure shows the effect of a positive carbon price shock (e]) calibrated on the ETS data on selected variables,
with and without QE policy rules. The results are presented as percentage deviations from the steady state over quarterly
periods.
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