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Abstract

What are the real and nominal implications of a green transition to a state with
sustainable energy production, and how should monetary policy react during such
transition? Using a New-Keynesian model with an energy and a goods sector, we
show that a green transition requires the relative price of energy to increase and
the relative price of goods, the marginal cost of production, and the real wage to
fall. We prove analytically that if energy is not used in production and nominal
wages and goods prices are rigid, a flexible energy price and a monetary policy rule
that sees through energy-price changes are sufficient for replicating the flex-price
economy. If energy is used in production there will be deviations from efficiency but
because energy’s share of income is small, these deviations are marginal unless the
increase in the carbon tax is aggressive and/or monetary policy ill suited. During
the green transition, it is optimal for monetary policy to see through the increasing

energy prices and focus on core inflation. The result is a modest increase in CPI.
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1 Introduction

It is by now, well established that humans affect the climate by emitting greenhouse gases
into the atmosphere, and that this contributes to global warming (IPCC, 2021). Carbon
dioxide (CO2) is the most important greenhouse gas that results from human behaviour,
and it is generated as a by-product when fossil fuel is burnt. At the heart of the problem
lies an externality where it is too cheap—basically free—to emit greenhouse gases into the
atmosphere even though these emissions give rise to climate change and climate related
costs.

With the intention to reduce their emissions, some countries have introduced a carbon
tax whereas the EU has adopted the European Union Emission Trading System (EU
ETS), which is a “cap and trade” scheme that limits the amount of emissions that can
come from EU. Carbon taxes and quantity restrictions both lead to a higher price on
fossil fuel and both policies are efficient in reducing emissions. The EU has taken even
further measures with the adoption of the “Fit-for 55” package that aims at reducing
net greenhouse gas emissions by at least 55% (relative to the 1990 level) by 2030. This
reduction is achieved by linearly reducing the newly emitted emission rights—and thus
increasing the price—each year going forward.

In the central banking community there is some concern for “greenflation”, which we
here define broadly to refer to as the upward pressures on inflation that might arise from
a green transition to a state with sustainable energy production.! It seems plausible that
the concern for greenflation has been amplified by the recent experience with surging
inflation, which at least partly has been driven by supply shocks to the energy sector.

Against this background, we first assess the real and inflationary implications that
the green transition will bring about. We then proceed by determining how monetary
policy should react during the transition.

To study these issues, we set up a New-Keynesian model with two sectors: one that
combines fossil and green energy sources as inputs to produce energy services, and one
that combines labor and energy services to produce consumption goods. Households
consume both goods and energy services. Wages and prices of consumption goods are
subject to nominal frictions and therefore sticky but, in line with the data, we assume
the energy price to be fully flexible.

The model economy is thought of as a region such as the European Union that embarks

1See, for instance, the speech by Isabel Schnabel, March 17, 2022. Schnabel makes a distinction
between “fossilflation” and “greenflation”. The former term refers to the higher cost of carbon as well
as to high fossil fuel prices, whereas the latter term refers to the higher cost associated with high
green-energy-production costs. We do not make a distinction between these two concepts, but use the
“greenflation” more broadly to incorporate all potential upward pressures on costs and prices that would
be associated with the green transition.



on a green transition by implementing a policy that increases the price of fossil energy
so that fossil energy use falls by about 60% in the coming decades (similar to the Fit for
55 package). We focus on a carbon tax but the results would, in our setting, be identical
with a cap-and-trade system. Finally, as a benchmark we assume that no policy to reduce
emissions is introduced in the rest of the world. Because the share of emission that are
coming from the EU only accounts for about 10 % of global emissions, the effect of the
EU policy on the global externality is ignored.?

We also contrast the benchmark setting with sticky wages and goods prices to one
with fully flexible prices and wages. Because the transition in the flex-price economy is
free from market failures, it provides the least costly way to achieve a specific desired
reduction in domestic fossil fuel use. For that reason, we will refer to the flex-price
allocation as the the efficient green transition.> Nominal and/or other frictions can then
only make the transition more costly.

Turning to the results, we first show analytically that the efficient green transition in
a relatively small region requires the relative price of energy to increase and the relative
price of goods, the marginal cost of producing goods, the real wage, output, and con-
sumption to fall in that region.* The inflationary consequences of these adjustments then
depend critically on how monetary policy is conducted and the extent to which the econ-
omy features sticky prices and wages. If all prices are flexible, the necessary adjustments
can come about without any consequences for inflation. For instance, if the central bank
follows a Taylor rule that features a enough high weight on stabilizing inflation around
the inflation target, the price of goods will fall as the energy price increases and headline
inflation will be zero.> In the flex-price setting this has no cost, since nominal variables
have no real effects. With CPI targeting and a lower weight on inflation stabilization,
there will instead be slight deflation from the green transition.®

We then prove analytically in our framework, that if energy is not used in production
and nominal wages and goods prices are so rigid that they cannot adjust at all, a flexi-
ble energy price and a monetary policy rule that sees through energy-price changes are

sufficient for implementing the efficient green transition. In other words, the increase in

2This is a quantitatively realistic assumption as shown in Hassler, Krusell, and Olovsson (2020).

3Note that the desired reduction is important here. Otherwise, efficiency from a regional perspective
would require a zero carbon tax in all periods.

4The fall in real income and consumption is due to the assumption that the only market failure in
the flex-price model comes from the emission of carbon dioxide and because the carbon tax in a single
region cannot eliminate the externality, the tax is simply distortionary for the region.

5The result that if prices are flexible then the green transition do not need to have any consequences
for inflation was simultaneously independently derived in a somewhat different model in Del Negro et al.
(2023).

6This follows from that consumption is falling during the transition, which implies a falling real rate.
We show that inflation is a product all future discounted real interest rates, where these rates being
below or equal to the pre-transitional values.



CPI that is generated by the increase in the energy price is exactly the increase that is
needed to lower the real wage and the real price to their efficient levels. The reason for
this potentially surprising result is that if energy is not used in production, the wage and
the price of goods are equal (both in real and nominal terms). Hence, when the energy
price adjusts so that the relative price between energy and labor is efficient, then also the
relative price between energy and goods will be efficient.

In the more realistic setting where nominal goods prices and wages are not fully fixed
but sticky, these prices can potentially move during the transition. With nominal frictions
such movements are associated with costs. The efficient monetary policy is then to make
sure that either core or wage inflation remains on target, while seeing through the increase
in the energy price. The resulting increase in the CPI from this policy is modest: the
maximum yearly inflation rate peaks well below one percent. More importantly, this
inflation is not costly since the efficient green transition is implemented.

If energy is used in production, however, it is no longer sufficient with a flexible energy
price and a monetary policy rule that sees through energy-price changes to implement
the efficient green transition when nominal wages and goods prices are sticky or cannot
adjust. The price of energy can then either adjust so that the relative price between
energy and non-energy goods is correct, or so that the relative price between energy and
wages is correct but not so that both these relative prices are correct. Hence, if possible,
either the nominal wage, the nominal price of goods or a combination of both will have
to make costly adjustments.

For this case, we show analytically that the deviations from the efficient green tran-
sition depends critically on two parameters: the weight on energy in production and the
magnitude of the carbon tax. The weight on energy in production is, by any estimate,
small: energy’s share of income is between 0.02 and 0.05. As a result, the deviations of
the real wage and the real price of goods from their respective efficient levels will also be
small even in the presence of nominal frictions.

The only way that deviations could be non-trivial would be if the change in the carbon
tax would be large, i.e., like a shock to the energy price. However, if the carbon tax is
phased in as is the case with the Fit for 55 package, deviations from efficiency will, at
each point in time, be limited.

We then verify numerically that an economy with energy in production, sticky wages
and goods prices, and a monetary policy rule that prevents wage inflation from deviating
from target but allows the goods price to adjust comes very close to replicating the
efficient transition. The median deviation in consumption from the efficient level is only
0.002 percent during the transition and the maximum deviation is 0.02. The resulting

increase in the CPI is again modest and peaks below one percent.



We also show that if either wages or goods prices are flexible—in addition to the
energy price—then it is always possible to replicate the efficient green transition with
a simple Taylor rule even when energy is used as an input in production. If wages are
sticky and goods prices flexible, the optimal monetary policy response is to prevent wage
inflation from deviating from target. If instead, goods prices are sticky and wages flexible,
the response is to prevent goods inflation from deviating from target. In both cases, the
efficient green transition is replicated and there is a mild increase in (non-costly) CPI.

Finally, we verify our analytical finding that a drastic and immediate introduction of
the carbon tax can potentially generate relatively high and immediate inflation. Specifi-
cally, a transition that aggressively increases the carbon tax in an economy where prices
and wages are sticky does, indeed, induce relatively large deviations from efficiency prices
and wages.

It should be pointed out that we employ simple Taylor rules to illustrate that it is
possible to either replicate the flex-price economy or to get very close. In some cases
these simple rules will have extreme parametrizations, but these rules should just be seen
as illustrates of what is possible. Using optimal policy, it would be possible to design
more sophisticated rules that also allow for additional shocks.

We conclude that during the green transition, monetary policy should see through the
increasing energy prices and instead focus on core or wage inflation. With this policy,
a green transformation of the economy can come about with only modest inflationary
pressures or, so called, greenflation. These theoretical results are in line with the empirical
findings in Konradt and Weder di Mauro (2022), showing only limited effects on inflation
from green policies.”

The outline of the paper is as follows. Section 2 introduces the main model and
Section 3 outlines the calibration the model. Section 4 presents the results, starting with
the analytic results and then moves on to the numerical results. An general discussion
including, among other things, climate change is found in Section 5 and Section 6, finally,

concludes.

2 A model with sticky wages and prices

We now set up a relatively standard New-Keynesian model with sticky prices and wages,
but extended with an energy sector. The basic framework builds upon Woodford (2003)

and Gali (2015), whereas the energy sector is taken from Hassler, Krusell, and Olovsson

"Airaudo, F, Pappa, Evi, and Hernan S. (2022) finds a relatively strong impact on inflation in the
beginning of the transition, which could come from the fact that there is no announcement before the
transition starts.



(2020, 2021). In an extension, we show how to introduce climate change into the model.

We start by specifying the full model, but by only changing a few assumptions the
model collapses to a RBC model with flexible nominal prices and wages—a model that
can be solved in closed form. Due to the absence of nominal rigidities, inflation and
monetary policy have no implications for the real variables and welfare. However, the
model serves as an important benchmark, since it reveals the least costly way to achieve
a specific desired reduction in domestic fossil fuel use. The flex-price model is also used
to derive two propositions that constitute two of the most important results in the paper.

Finally, it is very useful for providing intuition.

2.1 Households

We consider an economy with a continuum of labor-types indexed by j.® The different
types are organized in unions that sets wages. Given the wage, the respective types have
to satisfy demand, which implies that the number of hours worked will generally not be
optimal for each of the types? We further assume complete markets on the consumer
side, which allows the income risk to be perfectly shared and consumption levels to be
equalized. But the number of hours worked will not be identical and hence we will see
fluctuations in the marginal disutility of labor. The agent derives utility from consump-
tion, C', and disutility from providing labor. Denoting the amount of hours worked of a

type j by H; (j), preferences for the household are a given by

1+<p
Zﬂlog - [T (1)

where £ is the discount factor, »r and ¢ respectively determines the disutility of labor and
the Frisch elasticity. Consumption is then an aggregate of a manufactured good—that is

labelled Cy—and energy services—labelled C,. Formally, we have

C, = ((1—u)icg; I TonE ) . 2)

The price of the manufactured and the energy good is respectively denoted by P, ; and P, ,,
whereas the price of the aggregate consumption basket, C', is P. The budget constraint

for the consumer is then given by

1
P,Ci+ B, = / Wi(j)He (j)dj + 7+ L1 By + Tt (3)
0

80ur modelling of sticky wages follows Erceg, Henderson, and Levin (2000).
9Just like the demand-determined output of the firm is sub-optimal in a given period when the price
is fixed.



where 7, is profits, W is the nominal wage rate, I;,_; is the gross interest rate paid in
period t on funds B;_; invested at time ¢ — 1, and T denotes the nominal tax revenues

that are rebated to the consumer.

2.2 Firms

Labor is used for three activities: the production of goods, fossil fuel, F;, and green
energy, Fo, where we use subscript 1 and 2 to respectively denote the fossil and the green
sector. Because we want to allow for sticky wages, we assume that the labor employed
by firm ¢ consists of a of an aggregate (bundle) of different types of labor, indexed by j.
The total labor supply in the economy is then given by

fw

1 . Ew—1 . Ew—1
Hy = </ H; (j) & d]) )
0

where H, (j) refers to the amount of hours worked by labor type j, and &, is the elasticity

of substitution between different labor types. Production functions in all activities are
linear in labor. It is then straightforward to show that cost minimization by the firms

will imply that the demand for the different types will satisfy

H, (j) = (WTU))g H,

1
where W; = [fol W, (j)lf&“ dj} 8 s the aggregate wage.

Energy services, C,;, are then produced by a competitive representative firm that
combines the two energy sources as inputs, but this activity does not require any labor.
In line with the data, we assume, the prices of energy inputs and energy services to be

fully flexible, but that the price of the non-energy good, good g is sticky.

2.2.1 The goods sector

Sector ¢ is assumed to consist of a continuum of price setting firms that are optimizing
under monopolistic competition. The price of individual good i is then P (i). The

production function for goods is a CES aggregator in labour and energy, i.e.,

. b1 2

Vi (1) = [(1=2) (A Hy ()7 +7 (e ()77 (4)

where Hy (i) and ey, (i) respectively is the labor and energy demanded by firm ¢ (not
to be confused with that is the labor supplied by labor type j), and p is the elasticity



of substitution between labor and energy. We will also consider the special case where
energy is not used as an input into prodcution, which amounts to setting v = 0.
There also exists a perfectly competitive firm that buys the individual goods and

package them to produce a manufactured final good, using the following aggregator

sa=(f@ww*mﬂé7 Q

The cost minimization problem for the packaging firm delivers the individual demand

functions for goods of type 1, i.e.,

S@m:(ﬁfﬁ%%n (6)

as well as the price index for good g¢:

P, = ( /0 1 (Pg,t ()¢ dz’)) o . (7)

We assume Calvo pricing, which implies that the probability that a firm is allowed to
change its price in each period is 1 — #. Since all firms that are allowed to change their

price, will choose the same price, the maximization problem for firm ¢ in period ¢ is given

by

max I, > Qe (P Yari (1) = Terwy (Youus (1)) (8)
g,t ]:O
s.t.
Yyirs (i) = P Yy t+ds (9)
g,trJj

and where where T'c,; is the total cost of production in period ¢ + j.

2.2.2 Energy production and supply

The energy sector features two types of firms: those that produce the different energy
inputs and the energy-service provider that buys these inputs and use them as inputs to
produce and supply energy services, C,;. Both energy inputs are produced using linear
technologies. Price of energy inputs and energy services are assumed to be fully flexible,
and only fossil-fuel production is subject to taxation. The profit-maximization problem

in the fossil, and the green sector is then, respectively, given by

Tt = INax (1 - Tt) Pl,tAl,tHl,t - WtHLt; (10)

e,t



and

ot = rlr}ax P2,tA2,tH2,t - WtHQ,ta (11)

e,t
where 7 denotes the tax on fossil fuel production (and Hy; and Hs; respectively, denote
the labor demand by energy producer 1 and 2).
Energy services, C,;, are then produced by a competitive representative firm that

combines the two energy sources as inputs using the following aggregator.

Co= (1= NP B +A B )7 (12)

The cost-minimization problem for the energy service provider is given by

1 e—=1 e=1 E%
min P1 tElt + PQ tEQt P |:Ce,t + €yt — ((1 — )\)g EL; + A%EZ; ) 1:| . (13)

Er, B2t

where e, is the energy demand from the goods sector.

2.3 Unions

The union is setting the wage that maximizes the expected utility of its members. Since

the wage only is allowed to change with a certain probability, the intertemporal problem

becomes
max E i(ﬁ@ ) [ 1og (C v Md' (14)
o tk:O w g (Cri) 110 J)

s.t.

1
Py kCor + Biyr = / Wi (§) Hir () dj + T + Teyk—1 Begn—1 + Tigr,
0

Hypwe (7) = ( . > Hyy,

and

Witk
and where 1 — 6, is the probability that the wage for type j can be changed its price in

each period.

2.4 Monetary policy

We start by considering a monetary policy rule of the form

* Ht
I, =371 <H) : (15)



where II* is the gross inflation target, and

P,

II, =
M

(16)

is the inflation rate. This is the simplest possible Taylor-rule without response to the
output-gap, which makes perfect sense since due to the assumption about flexible prices

output will always equal potential.

2.5 Climate change

In the benchmark scenario, we do not allow either fiscal or monetary policy to have any
effect of the climate. The reason is that we are considering policy changes in a small
region, such as the EU that only has a marginal effect on global emissions.'® The share
of global emissions that are coming from the EU is about 10 percent and that share
is expected to be reduced in the coming decades. In an extension, we do allow for an

interaction between the economy and the climate.

2.6 Equilibrium

We now describe the equilibrium conditions.

2.6.1 Households

We will use the following definitions py, = Py/ Py, pey = Pey/ P, we = W, /P, by =
B,/P,. All derivations of the optimality conditions are laid out in the Appendix. The

maximization problem for the consumer can be written as follows.

Cor = (1=v)p{Cy, (17)

Ce,t = I/p;?Ct, (18)
1 11 )

— = [BE , 19
Cy PE: (Ct+1 i1 (19)
1 = [(1=v)p," +vpe "] (20)

where (19) is the Euler equation and (20) gives the aggregate price level, i.e., the CPL.

The optimality conditions for fossil and green fuel are respectively given by

Ayy 1 1N\ °F
B=(1-) (2% - 21
= (1-=2X) (Al,t - ht) (Cet +egt), (21)

10See Hassler, Krusell, and Olovsson (2020).
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and

1 —€
Eyp =\ (—) (Cet+egt), (22)

A l—e 1—¢
where h, = [(1 —n () )\} .

2.6.2 Firms

The first order condition to (8) can, after some manipulation, be written as

_ § L - QHE,_tl o Ny (23)
Pot =1 1-0 Nit
where N, and Ny, are laid out in the Appendix.
The energy demand by the firms are
-p
Pe,
€gt = ’yDg,t (m_ctt) Ytg,b (24)

where the marginal cost for firms in sector ¢ is

g,t

Wy e 1— 7
mega= (0= (55) | (25)

2.6.3 Unions

The solution to the union’s problem (14) is

1
/\{Z 1+&w
* |: fw 1,t:| ks 7 (26)

e éw - 1M2,t

where M, and M, have been placed in the Appendix. The real wage is then given by

1

w = (1= 0,) ()75 4 0TI ()| 75 (27)

2.6.4 Market clearing and prices

Labor market clearing requires that the demand for labor equals the supply, i.e.,

Hg,t -+ Hl,t + H2,t = Ht- (28)
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Using the first order condition to (11) in combination with (56), the marginal cost of

labor, wy, has to equal the marginal product of labor in the green sector, i.e.,

A
Wt = pat%. (29)
t

The budget constraint written in real terms becomes

Tt
?
1-7}

. Ag
Cy = wHy +7g + h—’tpe,tHl,t
¢

(30)

and 7, = pgtYyr — weHy — peeg . The first term in (64) is the tax revenues from taxing
the fossil fuel and the second term is the payments to b. The supply of goods, fossil and

green fuel must all equal the demand for these goods. We have
Ag’tH ’t

—p
(1=7) Dy (52)

N J/
-

Y.t

- Cgﬂg, (31)

Al,tHl,t = El,t> (32)
—
Y14
and
A2,tH2,t = EQ,t7 (33)
——

Yo

The equations that define the equilibrium are (15), (17)-(63), (58)—(63) and the un-
knowns are Hg,t7 Hl,t7 H27ta Ht; Cta Cg,t7 Ceﬂfa El,t7 EQ,t7 eg,t7 mcg,ta bta Nl,t: N2,t7 Ml,t7
MQ,ta Dg,ta pg,t7 Pe,t, Htu Hg,tu He,t7 -[t7 ’LU:, and wt-ll

3 Calibration

The model is now calibrated. A period is one quarter. There are five preference parame-
ters: (3,1, ¢, v, and . The discount factor 3 is set to 0.995 to generate a real steady-state
annual interest rate of about two percent. Parameter ) determines the disutiity of labor
and it is set so to 2. We then set ¢ = 3 to generate a Frisch elasticity of about 0.5.
The weight on energy in the consumption bundle, v, is set to 0.05 to match that about
five percent of the total income is spent on energy. The parameter 7 is the elasticity of
substitution (EOS) between energy services and other goods and we set it to 0.2 to match

the low substitution elasticity found in Hassler, Krusell, and Olovsson (2021).

1The aggregate price level is indeterminate, but the change in the level is determined.
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Parameters € and A\ determines the elasticity of substitution between fossil and green
energy in the energy bundle. These parameters are respectively set to 1.5 and 0.36, which
is roughly in line with the values in Hassler, Krusell, and Olovsson (2021).

We consider different values for the price and wage rigidities. However, we follow Gali
(2015) and set # = 0.75 for the case with sticky prices and 6,, = 0.75 for sticky wages.
The EOS between, &, firms output varieties is set to 6. As is common in the literature,
we subsidize goods production with a negative tax (denoted by 7,) that exactly offsets
the distortion generated by market power. The EOS between &, labor types is set to 2.

Turning to production parameters, we abstract from technical change and set A, =
A =1, and Zei = A, = 1. In the benchmark calibration, we set ¢ to zero and abstract
from the direct effects of climate change. This also implies that the considered region
cannot improve welfare by increasing the carbon tax,which is quantitatively correct when
the region is taken to be the EU. 2

Finally, for monetary policy we consider several different values for ay.

3.1 The considered experiments

As described in the Introduction, we think of the region as the European Union and
consider a green transition that will result from a fiscal policy that loosely resembles
the Fit for 55 policy proposal. Specifically, the EU runs the European Union Emission
Trading System (EU ETS), which is a “cap and trade”” scheme that limits the amount
of emissions that can come from EU. The Fit-for 55 package then aims at reducing net
greenhouse gas emissions by at least 55% by 2030 relative to the 1990 level. This will be
achieved by linearly reducing the newly emitted emission rights—and thus increasing the
price—each year going forward. We will instead consider a carbon tax that is linearly
increased up to 2040, after which it remains constant. A carbon tax is, in all important
aspects that we are concerned with, virtually identical to a cap and trade system. The
benchmark scenario features a transition that is announced five years in advance of the
first tax increase. As a comparison, however, we also consider a case where the tax is
increased immediately.

The rest of the world is assumed not to implement any policies that provide incentives
to reduce their emissions. At the time that this paper is written, this seems to be the
most accurate characterization of the current state of the world.

The reason for considering this specific fiscal policy rather than an optimal one is that
we are interested in the effects of a policy that actually is considered to be implemented,

rather than theoretical constructs. Global optimality would also require all countries to

128ee Hassler, Krusell, and Olovsson (2020) that shows that the global laissez fair is basically quanti-
tatively the same when only the EU implements a carbon taxx.
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implement the same carbon tax. In this regard, the Fit for 55 package is likely not too
far from optimal if it were to be implemented globally.'?

It is, however, important to note that a green transition that is coming from a policy
that reduces greenhouse gas emissions will have real effects. Because the externality is
global, a tax or quantity restriction in just one relatively small region such as the EU will
only have a marginal effect on the externality, but the policy will increase the real costs
of producing and consuming fossil energy in that region.'* This implies that the climate
policy will reduce consumption and output in the implementing region. Only if all (or
most of the) regions implement the carbon tax could consumption and output increase.
These implications are important for trends for consumption and output as we will see
in the next section.

The transition between the steady states are solved with the “Perfect foresight solver”

in Dynare, which implies that the transition path is not linearised.

4 Results

We are now ready to present the results and we start with an economy without nominal
frictions. This setting reveals the real changes that needs to come about. With fully
flexible prices and wages monetary policy has no allocative effects, but the setting al-
lows us to study both the real and the nominal effects of the green transition. As also
mentioned in the Introduction, the flex-price economy provides the least costly way of
achieving a specific desired reduction in domestic fossil fuel use, which is why we refer
to this allocation as “the efficient green transition”. Nominal and/or other frictions can

then only make the transition more costly.

4.1 Flexible prices: the efficient green transition

To remove the nominal frictions from the model, we simply assume that there are no
frictions for setting prices and wages, that all labor types and firms are identical (so that

they are perfect substitutes), and that also all individual goods in sector g are identical.
HIT?
o
p—1

1 L
function for goods becomes Y,; = [(1 —7) (Ag7tHg7t)pT + v (egt) » ]p " As a result,

In this case, the utility function becomes Y.~ ' log (C) — ¢ and the production

the model collapses to a RBC model with flexible prices and wages that can be solved in

closed form.'> We will, below, only present a few selected equilibrium equations that are

I3Note, however, that if all regions but one chooses to not implement the globally optimal policy, then
it would be individually optimal also for the last country to not implement the policy.

14See Hassler, Krusell, and Olovsson (2020).

15The price level is indeterminate, but the inflation rates are not. The model is solved in the Appendix.
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relevant for our results, but the full solution is presented in Appendix A.6. Let us start

with the real side of the economy.

4.1.1 Relative prices

Setting A, = A; = A, for transparency, the real wage is given by.

we= (=) (1 —7+7 {(1 () )\} LZ>H
wo = () 4] Tg] -

It is straightforward to verify that the real wage, wy, is decreasing in the tax rate for all
weights v € (0,1), v € (0,1), A € (0,1), and all elasticities 0 < p < 00, 0 < & < o0,

(34)

0 < 71 < oo. The only market failure in the flex-price model comes from the emission
of carbon dioxide and because the carbon tax in a single region cannot eliminate the
externality, the tax is simply distortionary for the region.

Turning to the the relative prices of energy and goods, it is clear that the carbon tax
increases the relative price of energy and reduces the relative price of goods. Equations

(35) and (36) provide closed form solutions of these prices:

1—p i,
1 l—e 1—e L
Pgt = W 1—”)/"‘/}/ (1_>\)<1—Tt) +)\ (35)
g,t )
1 1—¢ 1—e
Per = wy [(1—)\) (1—@) A (36)

where w; is given by (34). Because the model features a tax that completely offsets
the distortion generated by market power, p, always exactly equals the marginal cost of
producing goods, mc,.

A reduction of p,, requires the Lh.s. of (35) to fall. Consider, now, the different
implications of when energy is used as an input in production (y > 0) relative to when
it is not (y = 0). In the former case, the carbon tax increases the r.h.s. of (35).1% It

is the reduction in the real wage rate that then ensures that (35) still holds.!” The real

6The r.h.s. of (35) is increasing in 74, but because the elasticity of substitution between fossil and
green energy (¢) is larger than one, the increase of the marginal cost is bounded from above and finite
even when 7 — 1.

1"The increase of the r.h.s. from the tax rate could, in principle, be offset by technological progress,
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wage will thus have to fall more than the relative price of goods to offset the upward
pressure from the carbon tax on the marginal cost of producing goods.!® The fact that
the real marginal cost of production of goods falls when the price of energy increases is
potentially surprising, but it is a general equilibrium effect that comes from the required
reduction in the real wage.

The falling real wage also puts downward pressure on the energy price, but here the
direct effect from the higher carbon tax dominates, i.e., the energy price is increasing in
the tax rate.

Note now that if energy is not used in production, then (35) collapses to p,; = wy,
which also implies P,; = W,. Hence, the price of goods and the wage rate will then
always move exactly one for one. The implication of this result is so important that we

formulate in a proposition.

Proposition 1. If energy is not used in production and nominal wages and goods prices
cannot adjust, a flexible energy price and a monetary policy rule that sees through energy-
price changes are sufficient to implement the efficient green transition. Hence, the in-
crease in CPI that is generated by the increase in the energy price is exactly the increase

that is needed to make sure that real wage and the real price of goods satisfy (34) and
(85).
Proof. See the Appendix. n

The implication of Proposition 1 is that, even in the extreme case where P,;; and W,
cannot adjust at all, a flexible energy price is all that is needed to implement the efficient
transition when energy is not used in production. This is, however, no longer true in the

more realistic scenario when energy is used in production as is stated in Proposition 2.

Proposition 2. If energy is used in production and nominal wages and goods prices
cannot adjust, a flexible energy price and a monetary policy rule that sees through energy-
price changes are is no longer sufficient to implement the efficient green transition. The
resulting increase in CPI from the increase in the energy price results in a real relative

price of goods that is too low and a real wage that is too high.
Proof. See the Appendix. O

In the full model with nominal frictions, F,; and W, are not fixed but they can

adjust—if only in a staggered way. The implication of Proposition 2 is then that, when

which we abstract from here. Note, however, that technical change would need to be directed to increase
the productivity of fossil energy and not green. Technological progress is potentially important, but we
expect these processes to be relatively slow moving relative to to price adjustments even if prices and
wages are sticky.

18This effect is captured in (34) by the product of 4 and a square bracket.
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energy is used in production, at least one of these prices will indeed have to adjust when
the carbon tax increases the price of energy. If nominal frictions are present, then the
necessary nominal price changes will give rise to some costs. To evaluate exactly how
large these costs will be requires the full model, but already here it is possible to infer
some aspects of the costs.

To see this, consider an economy where nominal wages and goods prices cannot adjust
at all as in Proposition 2. Assume further that the economy initially is in the steady state
where the carbon tax is 7y. If the carbon tax then is increased to 7, > 7, the resulting

real wage in period ¢ will be given by!?

B ——
+v [(1_)\) (ﬁ)ler)\}H]nll_

The difference relative to (34) is that the tax rate 7y appears inside the second square

bracket instead of the tax rate 7; that would be efficient. In other words, the difference
between the realized and the efficient real wage depends crucially on the parameter 7,
which is the weight on energy in production, and the carbon tax. The weight on energy in
production is by any estimate small: typically between 0.03 and 0.05. Such small numbers
immediately reveal that the deviation of the real wage from the efficient real wage (given
by (34)) is predicted to be small even in the presence of nominal frictions. The only
way that the deviation could be non-trivial would be if the change in the carbon tax is
large. However, if the carbon tax is phased in as is the case with the Fit for 55 package,
deviations from efficiency will, at each point in time, be small. It is straightforward to
verify that the same logic holds true for the price of goods.

Let us now consider some of the the inflationary consequences that could result from

the green transition.

4.1.2 Inflationary consequences

In the previous section, it was concluded that the real wage will fall in the transition.
With falling income, also consumption will fall. Closed-form expressions for consumption

and labor supply are provided in Appendix A.6. The reduction in consumption translates

19Gee the proof of Proposition 2 in the Appendix.
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into a fall in the real interest rate, which from the Euler equation can be written as

e [

Ry1 = —E
t+1 t U/(CH_l)

g
With falling consumption, the marginal utility of consumption is increasing and, conse-
quently, the real interest rate is falling. Once the tax rate reaches its new steady-state
level, however, the real interest rate also reverts back to its steady state level that equals
the inverse of the discount factor.

The inflationary consequence of these necessary adjustments will depend critically on
how monetary policy is conducted and the extent to which the economy features sticky
prices and wages. For now, we stay in the setting without nominal frictions and a central
bank that follows a Taylor-type rule, and note that the nominal rate is linked to the real

rate through a Fisher equation. In our perfect-foresight economy, the equation reads®

I

R, = .
T

(37)

Combining (37) with the Taylor rule in (15) that targets CPI we get, after some manip-
ulation, that current inflation is fully determined by (the expectations of) current and

future real interest rates

M = [ (BRus) | (38)
=0

Since all the entries in the product in (38) are below or equal to the pre-transitional
values, it follows that the transition generates downward pressures on inflation. Exactly
how much downward pressure that the green transition puts on inflation depends on how
aggressive the Taylor rule is: the higher the weight on stabilizing inflation around the
inflation target (c) is, the less downward pressure on inflation there will be. It is, in
fact, possible to drive the inflationary response arbitrarily close to the target with a high
enough weight. In the flex-price setting this has no cost, since nominal variables have no
real effects.?!

Alternatively, the central bank could simply “see through” the energy price increase
and instead focus exclusively on core inflation. In this case, monetary policy could be
designed so that core inflation would not deviate at all from its target, which would

imply a larger nominal price adjustment of energy in order to keep the relative price at

20Equation (37) can be derived by combining the real Euler equation with its nominal counterpart,
(19), to get Ry = Etmh, and then noting that with perfect foresight the expectation term

(U'(Ct41))
can be dropped.
2L A similar result was independently derived in somewhat different model in Del Negro et al. (2023).
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the desired level. This would also imply a higher level of CPI inflation. Under flexible
prices, however, the real effects would be unchanged.

With this intuition, let us now turn to the full transition while continuing to stay in
a setting without nominal frictions and where the central bank follows the Taylor rule

described by (15). The results are presented in Figure 1.
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Figure 1: The effects of a green transition in an economy without nominal rigidities. The
transition is announced 5 years in advance, and the vertical line denotes the first increase
in the tax rate.

The top left graph plots the carbon tax that is implemented in the transition. All
sub-plots are in line with the intuition provided above. The middle graphs provide the
inflationary consequences for headline (CPI), core (which in our setting is defined as
headline inflation excluding energy inflation) and energy inflation.

We are now ready to sum up the results from this section: the green transition in a
relatively small region requires the relative price of energy to increase and the relative
price of goods, the marginal cost of producing goods, the real wage, output, and con-
sumption to fall in that region. If energy is not used in production, a flexible energy price
is sufficient to implement the efficient green transition. The reason is that p,,; (P,:) and
wy (Wy) always move one for one, which implies that the nominal price of energy can
adjust to match all necessary relative prices. If energy is used in production then either
P, and/or W, also need to adjust to implement that efficient transition. However, if the

carbon tax is phased in, the required nominal adjustments will be small.
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4.2 Nominal Rigidities

We now turn to the implications with nominal rigidities. In contrast to the case without
nominal rigidities, monetary policy can now have real effects on the economy. Hence, the
exact specification of the central bank’s objective becomes important.

We consider three cases: sticky prices and flexible wages, flexible prices and sticky
wages, and sticky prices and wages. In all cases, we maintain the realistic assumption

that energy prices are fully flexible.

4.2.1 Sticky goods prices and flexible wages

We now know from the previous section the efficient green transition requires the relative
price of goods and the real wage to decrease when the relative price of energy increases as
a result of the carbon tax. If both the wage and the price of energy are fully flexible, the
efficient green transition can still be implemented even though goods prices are sticky—
but only if monetary policy is correctly designed.

Note, in particular, that a monetary policy rule that targets CPI inflation could never
be efficient here. In this case, the nominal price of (non-energy) goods would have to fall
when the energy price increases in order to make sure that the CPI inflation rate does
not deviate from its target. If nominal goods prices are sticky so that not all these prices
can change at once, then changing goods prices would result in a costly price dispersion
that gives rise to an inefficient allocation of goods.

A well-known result in the monetary-policy literature then states that if price rigidities
differ across sectors, it is optimal for the central bank to put higher weights on sectors

with relatively more rigid prices.??

The reason is simply that prices in sectors where
prices are more flexible can relatively easily adjust to achieve the correct prices.

With respect to the green transition, this implies that the central bank should make
sure that core inflation remains on target. This policy eliminates the realization of costly
and inefficient price dispersions for goods. The nominal wage and the price of energy can
then simply adjust so that the efficient green transition can be replicated. To see this,

consider the following Taylor rule that targets core inflation

1 Pyt Ht)%r
I, = —II* | 2= . 39
! B g (pg,t—l H; ( )
The implications of this monetary-policy rule with a high value of «, is illustrated in

Figure 2. The top graphs verify that logic that just was provided: in this economy

a monetary-policy rule that ensures that core-inflation remains zero can replicate the

228ee Aoki (2001).
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Figure 2: An economy with sticky prices, flexible wages, and a monetary-policy rule that
targets core inflation. «, is set to 100 to make sure that core inflation remains zero
throughout the transition. Note that in the bottom left graph, II; and II,; uses the left
y—axis, whereas II.; uses the right one. All plots except the bottom right one features
energy in production.

efficient green transition. This is here illustrated by the fact that the real interest rate
and consumption are both perfectly matched.?

The bottom left graph then shows that the resulting increase in the energy price now
should translate into an increase in CPI inflation. This effect is quantitatively small
(the maximum yearly inflation rate stays below 1.005 for any year in the transition), but
more importantly: this inflation is not costly since we are replicating the efficient green
transition.

Consistent with the intuition provided in Section 4.1.1, the bottom right graph shows
that if energy is not an input into production, then wage inflation will also be exactly
zero. Hence, even though the nominal wage can adjust, no adjustments will take place.
The graph also shows that if energy is used, then the real wage will fall more than pg,
when the price of energy increases. The nominal wage then also need to fall.

To sum up the results from this section: if goods prices are sticky but nominal wages
flexible, then it is optimal for the central bank to see through the rising energy prices

during the green transition. By doing so the efficient green transition can be implemented.

23Also labor supply is perfectly matched. The deviations from the flex-price solution can be made
arbitrarily small as higher values of a, are chosen.
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The result is a mild increase in CPI inflation, but this inflation is not costly.

4.2.2 Flexible goods prices and sticky wages

Consider now, instead, a setting where all prices are fully flexible, except the nominal
wage that is subject to frictions. The logic provided in the previous section then still
applies: with two flexible nominal prices it is possible to replicate the efficient green
transition, but only if monetary policy is correctly designed.

Also in line with the findings to in the previous section, a monetary policy rule that
targets CPI inflation can never be efficient here. If the central bank aims at keeping CPI
inflation on target, the nominal wages will have to adjust when the carbon tax increases.
Because nominal wages are sticky and only can adjust in a staggered way, the result
would be a wage distribution that gives rise to an inefficient allocation.

It will, instead, be optimal for the central bank to stabilize the rate of nominal wage
growth. Specifically, with wage inflation given by Iy, = W,/W,_1 = (w/w;_1) 11, it

follows that the Taylor rule now should read

1 Wt Ht >aW
Iy = =1}, | ——=— . 40
' B v <wt—1 115, ( )

The results are not plotted but very similar to with sticky prices and flexible wages. The
Taylor rule described in (40), calibrated with a high enough value of ay that ensures
that wage-inflation remains zero while goods and energy prices can adjust so that the
efficient green transition is implemented. 24

We, again, know from Section 4.1.1 that, if energy is not used as an input in pro-
duction, then the goods-price inflation will also be zero. However, if energy is used in
production, then goods-prices will have to increase to make sure that the real wage falls
by more than the real goods price. This will result in a slightly higher CPI inflation
relative to with sticky prices and flexible wages.?> Again, however, this inflation is not

costly since the the efficient green transition is implemented.

4.2.3 Sticky goods prices and sticky wages

Finally, we now consider the case where both prices of non-energy goods and wages are
rigid. We already know from Section 4.1 that if energy is not used in production, a
flexible energy price and a central bank that sees through the increase in the energy price

is enough to implement the efficient green transition. However, in the more realistic case

24The deviations from the flex-price solution can be made arbitrarily small as higher values of ay are
chosen.
25The maximum yearly inflation rate stays below one percent.

22



when energy is used in production, this will not be enough. The price of energy can then
either adjust so that the relative price between energy and non-energy is correct, or so
that the relative price between energy and wages is correct — but not so that both these
relative prices are correct at each point in time. Hence, either the nominal wage, the
nominal price of goods or a combination of both will have to adjust.

For that reason, an optimal monetary policy is going to have to accept some deviations
of inflation for non-energy goods and/or wages. The central bank may face a trade-off
between wage and price rigidites where the more rigid wages are and the more costly
wage dispersion is perceived to be, the larger the share of the adjustment will go through
goods price inflation and vice versa. To allow for such trade-off, we here consider the

following Taylor rule that incorporates both core and wage inflation:

1 II t o Wt Ht aw
I, = = |1 g IT; . 41
t 5{9(112) W(“’t—lﬂ?}/) )

The results from this rule are presented in Figures 3-4. The former figure verifies the

claim in Proposition 1 that, without energy in production, it is possible to implement
the efficient green transition even though only the price of energy is flexible and the
central bank sees through the increase in the energy price. For instance, the central bank
can employ a Taylor rule that makes sure that either goods or wage inflation does not
deviate from zero. As can be seen, the efficient green transition is perfectly matched
and the resulting increase in CPI is modest and peaks just above 0.5 percent. Figure 4
plots the transition when energy is used in production. As was conjectured above, the
differences to when energy is not used in production are quantitatively small. With the
use of a Taylor rule that gives a high weight on keeping wage inflation on target while
allowing the price of goods to adjust, it is possible to closely replicate the efficient green
transition. Consumption, labor supply and the real rate are all matched almost perfectly.
As presented in Table 1, the median deviation of consumption from the efficient level
is as small as 0.002 percent and the maximum deviation is 0.02, which quantitatively is
negligible.

Note that the price of goods increase in the transition so that w falls by more than
py- As with sticky wages and flexible goods prices, this results in a slightly higher CPI
level, but the CPI peaks well below one percent.

It is, however, important that monetary policy is correctly designed in the transition.
As shown in Table 1, if the central bank instead where to follow a Taylor rule that targets

CPI, there would be sizeable deviations from efficiency.
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Figure 3: An economy without energy in production but with sticky prices and wages.
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Figure 4: An economy with energy in production and sticky prices and wages.

4.2.4 A transition that starts immediately

Figure 5 shows that the adjustment period to the transition is crucial. The case where

the transition starts immediately has fundamentally different features than those from an
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Table 1: Deviations in C from the efficient green transition with nominal frictions

TAYLOR RULE CPI CORE CORE AND WAGE
MAX DEVIATION (in %) 1.19 0.40 0.02
MEDIAN DEVIATION (in %) 0.14  0.11 0.002
ol 1.25 1.5 1.5
oGy - - 17.5

Parameters o and oy, respectively, denote the values that minimizes the maximum deviation for the
considered Taylor rules.

announced transition. The figure plots the results for when monetary policy follows (41)
with the same calibration as in the previous section. The CPI spikes around five percent
over target in the beginning of the transition. However, the deviation in consumption
from the efficient solution is relatively small: the median deviation is negligible and
the maximum deviation is about 0.5 percent.serious energy-price hike of more than 60

percent.
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Figure 5: An immediate transition in an economy with energy in production and sticky
prices and wages.

The announced transition requires high nominal rates and with sticky wages and

prices the drop in consumption is drastic, suggesting that such case is very costly.
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5 Discussion

5.1 Taylor rules versus optimal policy

As already mentioned in the Introduction, we employ simple Taylor rules to illustrate
that it is possible to either replicate the flex-price economy or to get very close. In some
cases these simple rules will have extreme parametrizations, but these rules should just
be seen as illustrates of what is possible. Using optimal policy, it would then be possible

to design more sophisticated rules that also allow for additional shocks.

5.2 Climate change

Let us now briefly comment on the scenario where the whole world would implement a
carbon tax. Following Golosov et al. (2014), the stock of carbon dioxide in the atmo-

sphere, S, follows the process
Si1=(1-0,)Y _ Eiyj,
=0

where 0, is the depreciation of carbon dioxide from the atmosphere. Moreover, the dam-

ages could then be modelled as reducing the total factor productivity in each production

sector, i.e.,
Ag7t = Zg,t exp (_Qst) ) (42)
Al,t = Zl,t exp <_QSt) ) (43)
AQ,t = ZQ,t exp (_QSt) ) (44)

here A, Ay, and A, denote the total factor productivities that would prevail without any
climate damages, and p determines the size of the externality.

We do not solve this specification of the model, but just note that with climate exter-
nalities some of the results from the above sections could change slightly. For instance,
if the whole world internalizes the externality, the real wage and consumption could in-
stead be increasing during the transition. In the absence of nominal frictions, there would
then instead be a slight increase in inflation if the central bank of the world targets CPI.
Important to note, however, is that the main conclusions do not change. It would, for
instance, still be possible for the central bank to drive inflation to target. The same
principle holds true for the rest of our findings, i.e., some specific numbers can change

but not the overall principles derived.
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6 Conclusions

We have analysed the real and nominal implications of a green transition to a state
with sustainable energy production, and how should monetary policy react during such
transition. Using a New-Keynesian model with an energy and a goods sector, we show
that a green transition requires the relative price of energy to increase and the relative
price of goods, the marginal cost of production, and the real wage to fall. We provide
a proof that, in our setting, if energy is not used in production and nominal wages and
goods prices are rigid, a flexible energy price and a monetary policy rule that sees through
energy-price changes can replicate the flex-price economy. In the more realistic case where
energy is used in production there will be deviations from efficiency. However, because
energy’s share of income is small, these deviations are only marginal unless monetary
policy is ill suited and/or if the increase in the carbon tax is aggressive and immediate.
During the green transition, it is optimal for monetary policy to see through the increasing

energy prices and focus on core inflation. The result is a modest increase in CPI.
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A Appendix

A.1 The consumer problem
The intra-temporal problem for the consumer is

n—1

C, — ((1 —w)% C,t +w71106127> " ] )

min Py,Cy, + P.,Cey — P

Cg,t 7Ce,t

The first-order condition w.r.t. C,, and C,; can, respectively, be written as (17) and
(18). Inserting (17) and (18) into (2) delivers (20).
The intertemporal problem for the consumer is to maximize (1) subject to (3). The

resulting first-order conditions gives (19).

A.2 Firms
A.2.1 The goods sector

The cost minimization problem for the firm that assembles the manufactured final good

18

I3
. . . ! NE=ERN
min Py (4) Yo (i) — Pyr | Ygi — (/ (Yg,t (i) ¢ di))
0

Yy, (2)

The first order condition w.r.t. Y, (7) delivers (6).

Turning to the problem for firm 4, we have

mian,t,et WtHg,t (1) + Pe,teg,t (7')
1 Ay 2=t 1 V=S by .
=21y ([(1=)F Ay ()T 495 (e )7 ] =Y 0),

where, by construction, the Lagrange multiplier, M (), defines the exact marginal costfor

inputs.
Foc H,, (i):
1 W, )_p

H,;(2) =(1—- Y,:(2); 45
i) = =) 3= (e ) Yoe) (5

foc ey, (7): )

P, B
cor )= (=) Youi (1)
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Back into the constraint delivers

-
hS)

W\ _
MCyi = [(1 () ear
g7

with the real marginal cost is given by

_1
MC w, \ 1P N
meg = —Pg’t = [(1 -7) <j) +'ypi,t'”] :
t t

Notice that the real marginal cost is independent of the level of production, since the
relative price of energy and the wage rate are exogenous from the viewpoint of the small
firm.

The first-order condition to (8) can be written as

E, Z 07 Q-+ (Yg,H—j (¢) + (ngt ~ MCyrij (Yores (2))> gj'fzjt() -

J=0

where M Cj ;4 ; is the marginal cost of production in period ¢+ j. Noting that Wg’;—g(i) =

Y, (), we et
E Z 0 Qe Yg1; (1) { gt ngMCQth =0. (47)
=0
Inserting the stochastic discount factor Q1 ; = 37 U&(,fgg ) Pi' and (9), we arrive at
Pyt o0 iy B (Pt
B S (00) U (Cog) 7 (%52 ) Vs "
. 3
3 00 Witj Py tti
= f%%Et 23’:0 (ﬁ@)ﬂ U’ (Ct+j) Pt:j Agi+j ( pg: > Yg,t+j.
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which implies that
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g Piyji1 \ Py

Then take expectations, using the law of iterated expectations and subtracting this from
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K, gives that

/ Py Pyin ¢
Ny = U (C)Yy + Ey ——— ) BON; 41, or
Py \ P,

g,t

Ny = U(Cy) Yy + BOEIHIL Ny .

g

Similarly,

- : MCly; [ FPyuyj
Noyw = EEY (80U (Cr, J(g’ﬂ
2,0 t tz< ) ( t+]) Pt+] P

j=0 g5t

Noy = U (Cy)meYyy + BOEIL, 1 Noyiy.

£
) S/jg,t—‘,—j ? or

We can now express
Pl o S P
SN, =
Py (€—1)(1+17y) Pys

where 7, is a tax rate used to offset the distortion generated by market power. Specifically,

Noy, (49)

we set 7, to

£
Ty =———1,
g é- -1
which ensures that the equilibrium is identical to the flex-price equilibrium if the nominal
frictions are set to zero.

Next, since Pg{t_g =(1-90) (Pg*ﬂt)l_5 + 0P17t__£1, we see that

9
1
Py |1—0I | 0
P, | 1-90 (50)

Inserting (50) into (49) delivers (23).

Finally, use the demand function (9) and the market clearing condition that requires
Y,: = C,4, with Cy; given by (17) and (50) to arrive at (58), (59), which allows us to
write (?77) as (23).
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To solve the model, we make use of the following manipulation

1 A\ —€
Pt(l)) .
D = / <—g’ di,
gut 0 Pg’t

Dy = S (1-oye (Fi)
gt Z(_) m )

j=0
[e’] * —£
D, , = 1—6)67 9“‘?)
g,t—1 Jgo( ) ( Pg,tfl
P\ * - (P*t_ )‘5
6 =2 D, 4 = 1—0)¢ | 2= ,
Pg,t g,t—1 ;( ) Pg,t
Ptfl ¢ P*t ¢
D,;—0 |2 Do,y = (1-6)( =2
=0 (%2) Dyt = -0 ()
Pr\ "¢
Dgt = (1_6) ’t + 011 Dgt 15
g?

and using (50) we arrive at (61).
Finally, from (45), (46), and (25), we then have

Hye) = (=) 5 () Y0,

gt \Agime

Hence

and

A.3 Unions

Cost minimization for the different labor types by the firms implies the following problem

Sw

/OIWt(j)Ht@)dj—Wt Y, - t(/ H,(j) dy) .

The solution is

Hy (j) = (thv(j)>_£w H,.
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To solve (14), substitute the constraints into the utility function and take the first order

conditions to arrive at

: « OHy ke () OHy g1 (5)
kZ (86u)" (CM o (Ht+k|t (7) +W; %ﬁ) Hype ()7 — 5 )

Using

we get

1 1 w N1+
0= 3 (90 (Wi gl g e )= 5 e (0.

Substitute out Hy 4, and manipulate to get an expression in terms of real wages instead

of nominal

9 1+§w§0 1 —&w H €w 1 —Ew q e
kz_: (8 ) Ct+th+lc (Pt+kwt+k) kT g, -1 (Pt+kwt+k> bk
=0.

Now, multiply with P, inside the parentheses with P,/P, to get

- —&w
1+€wp P(1+5w89)+§w—§w(1+4/’) 11
By Zk =0 (ﬁ@ ) <( ) 1= CiyrPrir ’th:-tek HH_k

1 _gw 1+‘P
Ew I bk _
— gt (( e ) Ht+k> = 0.

Because (1 + &up) + &w — &uw (1 + @) = 1, we arrive at

1+¢
Ee > ro (B0 ) (( )H&M C't+kH§ut)+kwt+kHt+k Sw—1 71 (H?Z—i-kwtgikHt-*-k) )
=0,

(w*w)1+§w<p ’Sw Ml,t
! Sw —1 M2,t
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with

00 14

M, = Z (B0 )k< t+kwt+k‘Ht+k>
k=0

My, = Z(ﬁe ) H§1§+kwt+kHt+k
k=0

Recursify, take expectations at ¢, and subtract the result from M, 4, to arrive at (?7)-

(60).

The aggregate wage index follows a similar logic as the price index:

W8 = (1= 0,) (W) 75 0, W} .
Dividing by P to get (27).

A.3.1 Energy production and supply

The first-order conditions to (10), and (11) are given by
Wi=(1—m)P1iAL,

and
Wi = Py Agy.

Ay 1

P y=P
1t ZtAltl_Tt

(53)

The cost-minimization problem for the energy service provider, (13), delivers the

following equilibrium conditions

P —€
Ery = (Pl’t) (1 =) (Cet +egt)
e,t

P —&
Egﬂg = ( 2’t) )\ (Ce,t —+ eg,t) s

Pe,t
and
Pe,t = h'tP2,t7
where )
Ay 1 \'7F
hy= (1 =)\ | == A
t [( )(Al,tl_Tt) +
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Using (53) and (56) in (54) and (55), these latter expressions can be formulated as

(21) and (22).

A.4 Help terms
Ny =U'(Cy) Yy + BOEII NI Ny,

N2,t = U/ (Ct) Y;cht + BeEtHf;,t_HNZ,t-l—l-

1+
M, = (wwat) + /BewEtﬂfigH@Ml,tHa

1 _
MQ,t = awf”Ht + 60wEtH§il 1M2’t+1.
e-1ET
1—01;, | °
—g’t + QHE’th’t_l.

1-0

Dgﬂg — (]. - 9)
pg,t
pg,t—l
pe,t
Pe,t—1

Hg,t - Ht

He,t - Ht

We also have
I

T,
2 ==y H
2 Pe,t L7 ' 10,

A.5 Steady state
The steady-state versions of (15) and (19) are

1 I\
[=-II" [ —
(i)

g
and .
I =1I-.
5
Combining these two equations delivers
IT =117,
1
I =-1II
B
We then have
I, =11, = 1T,

A
2t Tt Tl VA

(58)
(59)



3
¢-1] et
= 1-— 95 1— 011, , ; (68)
1—01, | 1-0
1
w = AQP@E; (69)
B A2 1 1—e 1—¢

h=[(1-)) g + A : (70)
(1=v)(p) " +v(p) ™" =1; (71)

Using the steady-state expressions of (58) and (59) in (23), we get the steady-state version

of the latter equation

_1
T - BeI IS

& Mc
1— 30115 (72

-1 P

1 — gt
1—-0

Py =

1

w 1—p 1-p
me = [(1 -7) (A—> + wi‘”] ;
g

Inserting the steady-state versions of (??)-(60) into (26) and then into (27) and rearrang-

ing allows us to solve for H, we get

g [L=senete, —1w 10, ] 73
T ge et &, © (1 - GwH€w1> ’ (73)
(U)&UH) 1+
M= T, e ey )
ws H

M, = .
> Ol = Ty %)

* fw Ml,t 1+§1w(p
ai = (223 (76)

e \ P _
(Vpe_“erg (:;J (1 —V)pg"> ha

- B () "= (e an, (2) =) b= ()
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C.=vp,"C, (78)
Cy=(1—v)p,"C; (79)
Pe \
eg =D, <mc> Cy (80)
A, 1 1\ °
E1 (1 —)\> (A_ll —TE) (Ce‘l’eg), (81)
1 —&
Ey =\ <—) (Ce+ey); (82)
1
Ay = Agexp (—vEn); (83)
Ay = Ajexp (—vE,); (84)
AQ = ZQ exXp (—’}/El) ) (85)
Ny, = LAY (86)
1 — BOTI-II5
U (C) ey,
N, = LP;’; (87)
1 — p011;

where we used the the market clearing condition that requires Y, ; = Cy;.

wy+nm4+T—C
b ;
1- /1
o AQPe T I
T2 I
hPl—T+b<H )
Y, D w \ "’
H =(1—- 9—9
9= ( )Ag (Agmc) ’
E,
H, = 1
1 A17
E,
Hy = -2,
2=,

To solve for the steady state, note that (65)—(68) solves for II, II,, I, and D, in closed
form. Then solve (69), (71)-(73), (77), (81), and (83)-(85) w, py, pe, H, C, A, Ay, Ay,

and F;. The remaining equations can then be solved in closed form.
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A.6 The model with flexible prices
With flexible prices, Dy = 1, Vt. The first order condition w.r.t. H; becomes

Combining (88) with the market clearing condition for labor, (28), and using the defini-

t= v Agt v Azt 2 = A1 \Ars1—7 ha Aoy \ he ’
we arrive at the following closed-form expression for C.

Ct ==
I K e
(1-)0 7 4vh; " (89)
q/)% ((1—7)(1—V)Ag’tleﬁiz+<l/(1&) _n+(1—u)7®§;2 (%) _,,) h2,t>
The prices are given by
_1

megr = wO; ", (90)
w, = {(1 —v)O, " + vl "] : (91)

hy
e = R 92
Det WtAZt (92)

pg,t = mcgﬂfa

Mgt _ @ﬁ

w; t )

1
mcgy B A27t@t1_p
De,t hy .
Labor suppply can then be solved from (88), and shown to be
] 1
Wy | #

H=|——| . 93
=5 (98)

With consumption and all prices known, it is straightforward to solve for the rest of the
endogenous variables in the economy by using the expressions in Section 2.6. Specifically,
Cyts Cer, Evy, Eay, and e, are respectively given by (17), (18), (21), (22), (24), whereas
H,,, Hy;, and Hy, can be directly solved for from (31)-(33).

The derivation of (38) makes use of combining the Fisher equation with the Taylor

rue, i.e.,




A.7 Proof of Proposition 1

Proof. We have already established that without energy in production, Py, = W;. As-
sume now, that these nominal prices are fixed at F,; = W, = W,. From (36) it follows

that the nominal price of energy reads

P.,=W, [(1—)\)( ! )1_6+A

1—Tt

The CPI index reads
P=[(1-v)P"+vP. """,

1

I P 1—¢ 1—e¢
Inserting Py = Wyand Py = W, [ (1 —)) ( ! ) + /\] into the CPI index delivers

1—7¢

P=W,|(1-v)+v [(1—)\)< ! )1_€+>\

or |
1 1-nq 7=1

1—¢

w
?:Ewt: (1—V)+V

(1- ) <1_17t)1_8+x

which is exactly the same as (34). Hence, the increase in the CPI implements the efficient

real wage. In addition, since p,; = wy, equation (35) holds and, consequently, also the

efficient goods price is implemented. O

A.8 Proof of Proposition 2

Assume now that the carbon tax initially is 7y and that the nominal wage and goods price

J— — 1—e 1-¢
are fixed at their initial values W, = W, and P,, = W, (1 -7+ {(1 - A) (1—1¢0> + )\}
The tax is then changed to 7; # 7, and the flexible nominal energy price becomes

1
1—¢

o 1 l—e
Pe’t:Wt[(l_)\)(l T) + A
— T
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Inserting these prices into the CPI index delivers, after some manipulation

<o faon (1 foon () ] )
+v {(1 ~\) (117't>16+)\‘|i;7]nll.

The above expression differs from (34) because 175 # 7. In particular, if 79 < 7 the

S

CPI increases less than optimal (because P,,; cannot adjust), whuch results in a p,; that

us too low.and w; that is too high.
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