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ENERGY TAXES AND COST-EFFECTIVE UNILATERAL
CLIMATE POLICY: ADDRESSING CARBON LEAKAGE

Peter Birch Sgrensen’

1. The problem: Unilateral climate policy and carbon leakage

The 2015 Paris Agreement on international climate policy is based on a bottom-up ap-
proach to policy coordination, relying on each participating country to make a “nationally
determined contribution” to the global reduction of greenhouse gas emissions. The so-
called Intended Nationally Determined Conbributions submitted so far by the parties to
the agreement vary considerably across countries, with some countries having much more
ambitious targets for greenhouse gas reductions than others. A well-known dilemma for
countries that would like to take the lead in climate policy is that a unilateral increase in
abatement effort is likely to cause carbon leakage: a country that unilaterally tightens its
climate policy may lose international competitiveness, leading to lower domestic produc-
tion and higher net imports of carbon-intensive goods. As a consequence, a considerable
part of domestic emissions may simply leak abroad.

Many writers have discussed how a country with an ambitious climate policy could
try to minimize carbon leakage.? A popular proposal is to supplement a domestic carbon
tax with border carbon adjustment (BCA) in the form of tariffs on imports and rebates
on exports differentiated according to the estimated carbon content of the various traded
goods (see, e.g., Hoel (1996), Bohringer et al. (2012), Fischer and Fox (2012)). The
literature has shown that a BCA policy is a more cost-effective way of reducing global
emissions than a policy of granting output-based rebates of emission taxes on carbon-

intensive domestic industries. However, a BCA policy may violate WTO rules and invite
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secretariat of the Danish Council on Climate Change and Niels Kleis Frederiksen and Jens Holger Helbo
Hansen from the Danish Ministry of Taxation. I am particularly grateful to Frederik for detailed critical
comments on an earlier version of the paper. Thomas Bue Bjgrner and Peter Kjaer Kruse-Andersen
from the Danish Environmental Economics Council also provided valuable comments. All remaining

shortcomings are my own responsibility.
For a survey of the literature on carbon leakage, see e.g. Reinaud (2008) and Marcu et al. (2013).



international trade wars.

This paper proposes to deal with carbon leakage through a tax-subsidy scheme that
avoids border carbon adjustment. Instead, the scheme involves reduced emission tax
rates for trade-exposed domestic production combined with offsetting taxes on domestic
consumption of tradable energy and subsidies to power production based on renewable
energy sources. The paper is related to a recent contribution by Bshringer et al. (2017)
who set up a two-country model to show that it is welfare-improving for a country that
implements emission pricing along with output-based rebates to introduce a consump-
tion tax on emission-intensive trade-exposed goods. The analysis by Bohringer et al.
(2017) takes the carbon tax and the associated rebates as given. The present paper
goes further by analyzing the optimal simultaneous choice of the consumption tax on
emission-intensive tradable goods and the tax rates on and subsidies to energy produc-
tion and consumption, assuming that the domestic government wants to make some given
contribution to the reduction of global emissions at the lowest possible social cost. With
a focus on global emissions rather than emissions from domestic territory, the govern-
ment must account for carbon leakage. Our tool of analysis is a fairly detailed partial
equilibrium model of the energy market in a small open economy that allows for carbon
leakage via international trade in electricity and other goods.

The paper is structured as follows: Section 2 sets up a model of energy production and
energy trade in a small open economy and outlines how one may estimate carbon leakage
rates. Section 3 uses the model to derive the conditions for a socially optimal mix of fossil
and renewable energy production and domestic energy savings, given the government’s
ambition to reduce global emissions by some target amount.® Section 4 derives the set
of energy taxes and energy subsidies that fulfils these optimum conditions, and section 5
outlines how the tax-subsidy scheme must be modified if a part of the economy is cov-
ered by an international cap-and-trade system such as the European Emissions Trading
System. Section 6 summarizes the main findings of the paper and briefly discusses some
practical and political economy issues related to the implementation of a tax-subsidy

scheme that accounts for carbon leakage.

31n the long run the world community will have to phase out fossil fuels to meet the goal of the Paris
Agreement. The present paper focuses on an intermediate policy horizon where there is still some room

for using fossil fuels.



2. A model of the energy market in an open economy

To study the optimal design of energy taxes and subsidies in an economy vulnerable to
carbon leakage, this section sets up a partial-equilibrium model of the energy market
in a small open economy. On the supply side of the market utilities produce a non-
traded energy good denoted as “heat” and an internationally traded energy good termed
“electricity” (reflecting that many countries participate in an international electricity
market via interconnectors). These energy goods are produced either by burning fossil
fuel or by exploiting a renewable energy source such as wind, solar energy or biomass. On
the demand side of the energy market households and firms demand heat and electricity
from the utilities (including foreign utilities if electricity is imported). Households also
demand energy raw materials such as fossil fuels and biomass to produce services like
transport and heating for their own consumption, and as a supplement to the heat and
electricity delivered from utilities firms demand fossil fuels and biomass for direct use in
their production processes.* These fossil and renewable energy raw materials are traded
internationally.

Production of fossil-based heat and electricity and domestic extraction of fossil fuels
generate COy emissions which may be mitigated by abatement efforts and by energy
savings. The target for domestic climate policy is to make a certain contribution to the
reduction of global COs emissions at the lowest possible social cost. For this purpose
the government may levy carbon taxes on emissions from domestic production of fossil
fuel and fossil-based heat and electricity, energy taxes on domestic consumption of the
various form of energy services and energy raw materials, and subsidies to production
of renewable energy. The government may also choose to subsidize abatement efforts.
All of these taxes and subsidies may be differentiated across sectors and types of energy.
Carbon leakage occurs when domestic climate policy induces a shift from home-produced
to imported electricity or when it causes a crowding-out of domestic by foreign production

of other tradable goods.’

4We use the term “biomass” to emphasize that it is an intermediate energy input that needs further
processing before delivering the final energy service demanded, but it should be thought of as including
a range of bioenergy inputs including biofuels and biogas used for transport purposes and industrial

processes.
>The literature has also pointed to other channels for carbon leakage such as the “fossil fuel channel”:



The subsections below describe the details of the model.

2.1. Energy supply

Heating of buildings can be produced either as district heating by utility companies or
by individual households and firms using fossil-based or renewables-based technologies.
We start by focusing on district heating.® The CO, emissions ey from the production of
fossil-based district heating increase with the quantity Hp of heat produced and decrease
with abatement effort Ay which may take the form of investment in more energy-efficient
equipment or equipment that allows a shift from COs-intensive coal to less CO5-intensive
natural gas. Hence

(9eH aeH

€H:€H(HF,AH), OH >Oa
F

oA, < 0. (2.1)

The profits myr of the representative utility company producing heat from fossil fuel are

mur =puHp — Cyr (Hp) — Cua (Ag) + SuaAy — Toen, (2.2)
d d? d d?

Crr > 0, —CHF2 > 0, Cra > 0, —CHAQ > (.

dHp (dHp) dAy (dAg)

The variable py is the price of heat, C'yr is the total cost of producing fossil-based
heat, C'g4 is the total cost of abatement effort in fossil-based heat production, sy, is
a subsidy to abatement in district heating, and 75 is a unit carbon tax on emissions
from production of district heating. The marginal costs of production and abatement
are assumed to be positive and increasing. The competitive utility company takes the
market price of heat as given,” so the first-order conditions for maximization of its profits

subject to the emissions function (2.1) are

dCHF+T 861{
dHp  "oHp

= pH, (2.3)

When the demand for fossil fuel falls as a result of a tightening of climate policy in some country, the
price of fossil fuel goes down, inducing other countries to increase their emissions. However, the analysis
in Hoel (2012, ch. 5) indicates that the “competitiveness channel” in focus here will typically be the

dominant channel for leakage.
6In many countries district heating only plays a minor role, but in several European countries it

constitutes a significant part of total energy use, especially in the Nordic and Baltic countries.
"In reality district heating companies are typically local natural monopolies, so our assumption of

competitive behaviour is equivalent to a assuming an optimal regulatory regime which ensures production

efficiency and marginal cost pricing.
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According to (2.3) the utility company will carry heat production to the point where
the sum of the marginal production cost and the marginal emissions tax payment equals
the market price of heat, and according to (2.4) it will take abatement effort to the
point where the marginal abatement cost M ACy equals the resulting gain from a lower
emissions tax bill and a larger abatement subsidy.

District heating may also be produced from renewable energy which is assumed not

8

to generate any CQOs emissions. The profits myr of the representative competitive

renewables-based heat-producing utility company are

dC d*C
s, 1% >, (2.5)
dHR (dHR)

mur = (pu + Sur) Hr — Cur (Hg) ,

where Hp is the volume of renewables-based heat produced, Cypr is the total cost of
production, and sy g is a unit subsidy to renewables-based heat production. Profit max-
imization implies that the marginal cost of production equals the sum of the heat price

and the subsidy rate:
dCyr

dHp
We now turn to the supply of electricity.” By analogy to (2.1), domestic production

= PH + SHR- (2.6)

of fossil-based electricity (EFr) generates the CO, emissions

86E 86E

ep =ep (Ep, Ag) , E>0> 9An

<0, (2.7)

where Ag is the abatement effort undertaken by the representative utility company pro-
ducing electricity from fossil fuel. The company’s emissions are subject to a carbon tax
TE, and its total costs of production and abatement effort are Crr and Crys. Abate-

ment in the electricity sector may be granted a unit subsidy sg4. With an international

8This assumption is warranted if the heat is produced by a heat pump driven by electricity generated
by wind or solar energy. In practice much renewable heat production is based on burning wood-based
biomass where the effects on total emissions depend crucially on forest management practices, as ex-
plained by Ter-Mikaelian et al. (2015). In principle, heat production based on biomass from areas where
trees are not replanted should be included in the fossil-based production sector described by egs. (2.1)

and (2.2), since the burning of biomass releases carbon to the atmosphere.
91n practice electricity and heat may be produced as joint outputs in combined heat and power plants.

However, this technology allows some variation of the ratio of the two outputs, so for simplicity we model

the production of heat and electricity as separate processes.
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electricity price pg, the profits mgp of the fossil-based electricity company are thus given

by

ngr = ppFEr — Cpr (Er) — Cpa (Agp) + SpaAp — Treg, (2.8)
2 d 2

dCEF >0, d CEF2 >0, OEA >0, d CEA2 >0,

dEp (dE) dAp (dAg)

and the first-order conditions for maximization of the company’s profit are

dCEF+7_ 86E
dEp EoE,

dCEA/dAE — SEA
dep/0Ay ¥ Bep/0Ay

with the same straightforward interpretation as the analogous conditions (2.3) and (2.4).

= PE; (2.9)

MACp = — (2.10)

Electricity may also be produced from a renewable energy source, and the renewables-
based electricity production EFr may be granted a unit subsidy sgg, leaving the producer

with a profit

Ter = (e + ser) Er — Cer (ER), dEn >0, (dE )2
R

>0, (2.11)

which is maximized when the marginal cost of production equals the sum of the electricity

price and the subsidy rate:
dCgr

dEgr

A third domestic source of COs emissions is the domestic extraction of fossil fuels
which may, for example, generate emissions via flaring associated with the drilling of oil
and natural gas. These emissions ep increase with the volume @ of fossil fuel extracted

and decrease with the abatement effort Ap of the representative drilling company, so

86}7’ 8ep
> 0,
OQF

The fossil fuel is sold at a world market price pr, and the emissions from drilling are

er = er (Qr, Ar), <0 (2.13)

0Ap '

subject to the carbon tax 7r. Emissions abatement in fossil fuel extraction may also be
subsidized at the rate sp4. Denoting the extraction company’s total costs of extraction

and abatement by Crg and Cry, its net profit 75 is

mr = prQr — Crg (Qr) — Cra (Ap) + SpaAr — Trep, (2.14)
2 2
Crq > 0, d CFQQ > 0, a4 > 0, d CFAQ > 0.



The extraction company maximizes its profit (2.14) subject to (2.13), taking the fossil

fuel price as given.'® The first-order condition for maximization of profits imply that

dCFQ 8ep
_ 2.1
Qo T 219
MACp = _dCra/dAr _ oA (2.16)

er/0Ar " DepjoAy
where M ACF is the extraction company’s marginal abatement cost.
As an alternative to fossil fuel, and as a supplement to the heat and electricity bought
from utility companies, households and firms may use a renewable energy raw material
like biomass, biofuel or biogas to produce energy services and transport services for
themselves. We will refer to this renewable energy raw material as “biomass” and assume
that it is traded internationally, selling at the price pr in world markets. The dometic
production of biomass is denoted by ()r and may be granted a unit subsidy srg. With
a notation analogous to that used above, the profit 7z of the representative domestic

biomass producer is

dCrq d2C’RQ
= - C 0 2.1
Tr = (Pr+ SrQ) @r — Cro (QRr) i0n > 0, (dQn)’ >0, (2.17)
and the first-order condition for its maximization is
dCrg
— . 2.18
d0, PR + SrQ (2.18)

This completes the description of the supply side of the energy market.

2.2. Energy demand

The domestic demand for energy stems from the household sector and the non-energy
business sector. The business sector is disaggregated into a tradable-goods sector which is
exposed to carbon leakage via international trade, and a non-tradable goods sector with
no exposure to leakage. Households and firms demand heat and electricity from utilities

as well as fossil fuel and biomass from which they produce supplementary energy and

0By modelling fossil fuel extraction as a static problem of maximizing current profit, we implicitly

assume that the reserve stock of fossil fuels is not a scarce resource to be exhausted over the firm’s plan-
ning horizon in accordance with a Hotelling Rule. Instead we may assume that the costs of discovering

and developing new reserves to replace the old ones are included in the cost function Crg (QF).
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transport services for themselves. Like before, the four energy goods heat, electricity,
fossil fuel, and biomass are indicated by the subscripts H, F, F, and R, while the
subscripts h, T', and N indicate the household sector, the tradable-goods sector, and the
non-tradables sector, respectively.

Striking an optimal balance between energy savings and expansion of renewable en-
ergy supply is an important challenge for climate policy. To facilitate an analysis of this
issue, we will specify the demands for the four energy goods in the model as “energy
savings functions” indicating the energy savings undertaken by households and firms rel-
ative to a benchmark equilibrium with no government intervention in the energy market.

Specifically, the saving of energy good i in sector j is given as
Sijzbij_Dija i=H,E,F,R, j=hTN, (219)

where ﬁij is the demand that would be forthcoming in the no-intervention equilib-
rium, and D;; is the actual demand after the introduction of energy taxes and subsidies.
Throughout the following, we will treat the E,-j’s as exogenous constants.

Energy savings involve costs. Some of these costs take the form of expenditures on
measures to increase energy efficiency. For households they also include the (money
metric) utility loss from a cut in energy consumption, and for firms they include the loss
of revenue from the cuts in output induced by a reduction of energy inputs. At the same
time energy savings also imply lower expenses on the purchase of energy goods and lower
expenditures on energy taxes. For example, the total net cost of energy savings in the

representative firm in the tradable-goods sector (T'Csr) is
TCsr = Csr (Sur, Ser, SFT, SRT)

—(pr + tur) Sar + (P + ter) Ser + (pr + ter) Ser + (Pr + trr) SkYT) (2.20)

2 2
0Cst 0, O Csr_ CST2 >0, 0Cst 0, OCsr CST2 >0,
8SHT (8SHT) aSET (8SET)

2 2
0Cst o OCsr 0, 0Cst 0, st

> U,
OSFr (8SFT)2 OSkrr (aSRT)2

The function Csr (Sur, Ser, SFr, SRT) Ccaptures the total gross cost of reducing the
inputs of the four energy goods (loss of revenue plus expenses on improving energy ef-
ficiency). For each energy good the marginal cost of energy saving is positive and in-

creasing. The policy instruments tgyr, tgr, tpr, and tgr are tax rates on the use of the

9



different energy inputs in the tradable-goods sector, so the term in the square bracket in
(2.20) is the saving on expenses on the purchase of energy goods, including the reduc-
tion in energy tax payments. As part of its maximization of profits, the tradable-goods
firm will minimize its total net cost of energy savings. The first-order conditions for the
solution to this problem require that the marginal gross cost of energy saving be equal

to the cut in the energy tax bill per unit of energy saved, i.e.,

0C g7
0Sir

=pi +tir, i=H,E, FR. (2.21)

Analogously, the total net costs of energy savings in the non-tradables sector and in the

household sector are, respectively,
TCsy = Csn (Sun, Sen, SFN; SrN)

—(pg +tun) Sun + (P +ten) Sen + (PF +trn) Sen + (PR + trN) Sk, | (2.22)
TCsy = Csn (Sun, Sen, Seny Sri)
—(pr + tun) San + (P + ten) Sen + (0F + ten) Sk + (PR + trr) Ska) - (2.23)

Again we assume that the cost functions Csy (+) and Cgy, (+) display positive and increas-
ing marginal costs of energy savings for each energy good. Profit maximization in the
non-tradables sector and utility maximization in the household sector require a minimiza-

tion of the net costs of energy savings which in turn requires fulfilment of the first-order

conditions
oC
SNy 4+ tiy,  i=H, E,F R, (2.24)
0Sin
aoC
St pi+tm, i=H E,F R (2.25)
OSin

The optimum conditions (2.21), (2.24), and (2.25) amount to 12 equations determining
the 12 different values of S;;. The absolute demand for the four energy goods in the three
sectors may then be backed out from the definition of S;; stated in (2.19).

2.3. Energy market equilibrium

Since heat is not traded internationally, the domestic price of heat py must adjust to

ensure that total domestic production of heat equals the total domestic demand for it.

10



Since the demand for heat in sector j is Dp; = EH]- — Spuj, domestic heat market

equilibrium thus requires that
Hp + Hp + Syt + Sun + Sun = D, Dy = Dyr + Dy + D, (2.26)

where Dy is the total demand for heat in the pre-intervention equilibrium.

The three remaining energy goods are all traded internationally at prices exogenous to
the small domestic economy. The net imports of electricity, fossil fuel, and biomass must
therefore make up for any imbalance between domestic demand and domestic supply.

Thus the net import of electricity is

Total domestic demand Domestic production
for electricity of electricity
~ % N — — — — —
Mg = Dg — Spr — Sen — Sen — (Er + ER) , Dg = Dgr+ Dgn + Dgy.

(2.27)
The net imports of fossil fuel and biomass are given by similar bookkeeping identities

which will not be stated here since we will not need them for the analysis below.

2.4. Carbon leakage and the target for climate policy

The domestic government wants to make a certain contribution to the reduction of global
CO, emissions, accounting for carbon leakage. We focus on leakage of emissions from
the domestic to the foreign economy via a shift from domestic to foreign production of
electricity or via a shift from domestic to foreign production of other tradable goods. To
achieve its target for emissions reduction the government must estimate the increase in
foreign emissions occurring when domestic output of electricity and other tradable goods
falls as a result of a tightening of domestic climate policy.

In the electricity sector a cut in domestic electricity production will lead to a cor-
responding increase in electricity imports since domestic demand for electricity is un-
changed, given the exogenous international price of electricity. If the share of fossil-based
electricity in the marginal supply of foreign electricity is oz{; 5> and if a unit of foreign fossil-
based electricity production generates additional CO, emissions amounting to 862 / 6Ef;,

the increase in foreign emissions caused by a unit increase in electricity imports (ag) will

11



be

wp—al 9 G<al < (2.28)
E—Qpp 7> >~ tp > L. .
OB

In the sector for other tradable goods leakage occurs when a tightening of domestic
climate policy induces a fall in the input of energy goods which causes a fall in domes-
tic output, leaving room for an increase in foreign output and a concomitant increase
in foreign emissions to satisfy the world demand for tradables. In practice, the high-
temperature heat used for production purposes in some energy-intensive industries is not
provided by district heating companies. Instead, the heat needed for industrial processes
is typically produced in-house by burning some type of (mostly fossil) fuel. We will there-
fore assume that a saving of energy from lower consumption of district heating in the
tradable-goods sector does not have a significant cost-increasing effect that could cause
carbon leakage. However, we allow for the possibility that a reduction in the use of elec-
tricity, fossil fuel or biomass may generate carbon leakage by lowering the productivity
of energy-intensive industrial processes exposed to foreign competition. Specifically, an
increase in the energy saving S,z (where the energy good i could be electricity, fossil fuel
or biomass) implies a corresponding cut in the input of energy good i in domestic trad-
able goods production, so the increase a{T in the emissions from foreign tradable-goods
production per unit of domestic energy saving is

= deél/dyéi

7 N

(b;; +al bl + agbg), i=E,F R, (2.2

o dep _ depdyr dyr _ dyp dyr
T dSy dy), dyr dSir - dyr dSir

where de% is the absolute increase in foreign emissions, dy; and dy% are the changes in
domestic and foreign production of tradable goods, b?, bj:{, and bj; are marginal input-
output coefficients indicating the increases in the inputs of fossil fuel, heat and electricity
per unit increase in foreign tradable-goods production, and afH and ag are the additional
CO emissions per unit increase in foreign production of heat and electricity. Since the
increase in emissions per unit increase in fossil fuel input has been normalized at unity,
the emission coefficient on the input-output coefficient b? is 1. The fraction dyr/dS;r
in (2.29) is the negative of the marginal product M P,y of energy input i in domestic
tradable-goods production. In the benchmark case of perfect competition the marginal
product of input i will equal the real product price of that input, i.e., M P,y = p;/pr,
so dyr/dSi;yr = —M P,y = —p;/pr, where p; is the price of input i, and pr is the world

12



market price of the traded good. The price ratio p;/pr is directly observable. Moreover,
under perfect competition domestic production will be fully crowded out by foreign pro-
duction, implying that dy% /dyr — —1. Estimating the leakage coefficient O‘{T then boils
down to estimating the input-output coefficients and the emission coefficients in the term
<b£ + ol bl + aébé) in (2.29).
To get a feeling for the likely order of magnitude of the leakage coefficients ag and
/

a;p, we may consider a stylized example where the output of the foreign tradable-goods

sector is given by a Cobb-Douglas function of the form

yh = (F%)ﬂ (E%i)" (H%)e (X%)l_ﬁ_"_a, 0<Bm0<1, B+n+60<1. (2.30)

The variables FIJ:, E%, and Hj’: are the inputs of fossil fuel, electricity and district heating
(for warming up buildings), and X% is a composite of other inputs. Further, let us assume

that the production function for foreign fossil-based electricity (E7) is
w 1-w
B = (Fé) (zg) . O<w<l, (2.31)

and that foreign output of fossil-based district heating (H/) is given by the production
function

1—
H = (F;;)'y (K{I) T 0<q<l, (2.32)

where F' é and F 1{; are the inputs of fossil fuel in foreign electricity and heat production,
and ZJ{; and K IJ; are composites of other inputs. Finally, let us assume that the foreign
economy’s emissions eé, eg, and efH from the production of tradable goods, electricity

and heat are given by the quasi-linear functions
ep = Ff —ar (A%;) . ep=Fj—ap <A£> . ey =Fh—ay (Afrc{) ;o (2:33)

where A%:, Ag, Ag are foreign abatement efforts in the three sectors. With these assump-
tions Appendix 2 shows that profit maximization under perfect competition implies the
following expressions for the leakage coefficients specified in (2.28) and (2.29), where o, ,
and a? p are the shares of fossil-based production in total foreign production of heat and
electricity, tfHT, téT, and T% are the tax rates on the use of heat, electricity and fossil

fuel in the foreign tradable-goods sector, and TfH and Té are the foreign carbon tax rates

on emissions from the production of heat and electricity (all tax rates are measured as

13



fractions of the producer prices of the taxed energy goods):

f
ap = B <, (2.34)
147y
! 0 f
alp = (1+tr) 0 ainl Crel . (2.35)

=+ -
L+77 (1 + tfHT> (1 + ﬁ}) (1 + th) (1 + Tg)
0<aby,aphy <1, i=EFR.

Since the parameters 3, v, 0, w, and n are all smaller than one, the leakage coefficients
in (2.35) will almost certainly be lower than one unless the domestic energy tax rates
t;r are much higher than the foreign tax rates. The attractiveness of the formulas (2.34)
and (2.35) is that the parameters (3, 7, and € are the cost shares of fossil fuel, electricity
and heat in the value of output of tradable goods, and v and w are the cost shares
of fossil fuels in the value of output of heat and electricity. These cost shares may be
estimated from national income accounts once the relevant production sector exposed
to foreign competition has been identified, and the shares a? 5 and a?E of fossil-based
energy production may be estimated from the energy statistics collected by most national
statistical agencies.

Consider next the effect on foreign emissions of a change in domestic consumption of
tradable goods. Suppose the consumption of such goods is D in the pre-intervention
equilibrium and Dy in the post-intervention equilibrium. The fall in domestic consump-
tion of tradables induced by government intervention is then Sp = Dy — Dp. As a first
approximation this fall in consumption will cause a corresponding fall in the net im-
port of tradables, since the domestic consumption tax will not influence the international
price of tradables, thus leaving domestic production of tradables unaffected (we abstact
from possible general equlibrium effects on domestic input prices). The fall in foreign
exports to the domestic economy and the concomitant fall in foreign output will reduce

the emissions from the foreign tradable goods sector by the amount oz%ST where

~ -1 :deg;/dy:{w
de? del, dyl. \
f_  aGep aep Ayp  (.,f faf faf
ap = 5, dy% S, (bF + ayby —l—ozEbE). (2.36)

For the purpose of determining Sr we may write the private net welfare cost T'C'r of

14



reducing the consumption of tradables by the amount St as

2
Cr d—OT2 >0, (2.37)
dST (dST)

where t7 is a unit tax on consumption of tradables, and Cr (Sr) is the money-metric

TCr = Cr (Sr) — (pr +tr) St,

utility loss measured by the area under the demand curve in the consumption interval
Sy = Dr— Dyp. A utility-maximizing consumer will want to minimize the net welfare cost
(2.37) of reducing the consumption of tradables, so Sy may be found from the first-order

condition
dCr (Sr)
dSt

Note that while (2.37) represents the private cost of reducing consumption of tradables

= pr+tr. (2.38)

by S, the social cost of concern to policy makers is given by Cr (S7) — prSr since the
consumption tax is just a transfer from the private to the public sector.
The total net carbon leakage L. from the domestic to the foreign economy occurring

via international trade may now be expressed as
L. = apMg + afpS TS YrSrr — oS 2.39
c (6% 5) E+OéET ET+aFT FT+05RT RT QpoT. ( . )

The government aims to reduce global emissions by the exogenous amount A, accounting
for the carbon leakage induced by climate policy. In a pre-intervention equilibrium with-
out energy taxes and subsidies, the total emissions from the domestic economy would
be €. Recalling our normalization that one unit of fossil fuel use generates one unit of

emissions, the target for climate policy may therefore be specified as

Emissions from Emissions from fossil
production of heat, fuel use in households
electricity and fossil fuel and non-energy firms

e~  (em+epter)  —(Dp—Ser—Spy— Sp) — Le= A, (2.40)

We will now analyze how the policy goal (2.40) may be achieved in an optimal way.

3. Optimal resource allocation in the energy market

An optimal allocation of resources requires a minimization of the sum of the social costs

of satisfying the domestic demand for energy and reducing the consumption of tradables,
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subject to the constraint that the climate policy target (2.40) must be met. The social
cost of satisfying energy demand is the sum of the costs of domestic production of heat,
electricity, fossil fuel and biomass plus the costs of emissions abatement and energy
savings and the expenses on the net imports needed to meet the demand for electricity,
fossil fuel, and biomass in the household sector and the non-energy business sectors.!! In
formal terms, the total social cost SC' of providing energy to households and non-energy
firms and reducing the consumption of tradables for the purpose of reducing foreign

emissions 1s

Production and abatement costs in heat production
o\

SC = Cyp(Hp)+ Crya(Ag) + Chg (Hg)

Production and abatement costs in electricity production

A\

™~

+  Cgr(Er)+ Cga(Ag) + Cgr (ER)

Production and abatement costs in fossil fuel extraction Cost of biomass production

- % ~ —
+ Cro (Qr) + Cra (Ap) + Crq (Qr)

Cost of energy savings in tradable-goods sector Cost of energy savings in non-tradables sector
" N

+ bST (SHT7SETJSFT7SRT5 + bSN (SHNusEN7SFN7SRNS

Cost of energy savings in household sector Cost of reduced consumption of tradables
7\ 7\

+ rCSh (Stn, Sens Seh, Skn) + rCT (Sr) — pTS’;

Cost of net imports of electricity to households and non-energy firms
N\

+ pe (Dp — Er — Er — Spr, — Spr — Sen)

Cost of net imports of fossil fuel to households and non-energy firms

+ pr (Dp — Qr — Spn — Spr — SFN)‘

Cost of net imports of biomass to households and non-energy firms
—_— % N
+ pr (Dr — Qr — Srn — Skrr — SkN) : (3.1)

1'We abstract here from non-climate externalities from energy production and consumption. It would

be straightforward to add the relevant external cost functions to the social cost function (3.1). Inter-
nalizing these additional externalities would then call for additional Pigouvian taxes as a supplement to

the carbon and energy taxes derived below.
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Dr = Dpr + Dpy + Dy, Dgr = Dgr + Dpy + D,

where Dy and D are the total demands for fossil fuel and biomass in the household and
non-energy business sectors in the pre-intervention equilibrium. Note that the net import
terms in the last three lines of (3.1) do not include the costs of imported fossil fuels and
biomass to the domestic utility companies since these costs are already included in the
cost functions Cyr (Hf), Cyr (Hg), Cpr (Er), and Cgr (ER).

A benevolent government will wish to minimize the total social cost (3.1) subject to
the constraint (2.26) that domestic heat production must equal domestic demand for heat
and subject to the climate policy constraint (2.40) as well as the carbon leakage mech-
anism (2.39) and the electricity import function (2.27). The first-order conditions for
the solution to this policy problem are derived in Appendix 1. From these conditions it
follows that an optimal resource allocation in the energy sector must satisfy the following
intuitive relationships, where p is the shadow price of district heating (the Lagrange mul-
tiplier associated with the constraint (2.26)), and A is the shadow price of CO; emissions

(the Lagrange multiplier associated with the climate policy target (2.40)):

Optimal provision of heat:

Marginal social cost of

fossil-based heat production

A

dCHF 861{\ dOHR 8OST OOSN 8Cgh
+ A = = = = = i (3.2)
dHF (9HF dHR 8SHT 8SHN 8SHh
Optimal provision of electricity:
Marginal social cost Marginal social cost Marginal social cost
of fossil-based of renewables-based of electricity savings
electricity production electricity production in tradable-goods sector
Is - 7 \ ‘e N o~
dCEF 86}3 dCER 0CST
—— A | =———ap | = — agA = —I—)\(af —a)
dEg <8EF L dEg E Sy ET — OE
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Marginal social cost
of electricity savings

in non-tradables sector

——t—
B sy
0Spny O

Marginal social cost
of electricity savings

in household sector

—
0Con
aSEh E PE,

Optimal provision of fossil fuel:

Marginal social cost
of fossil

fuel production
dC der

OF 4 \22F
dQr OQr

Marginal social cost
of fossil fuel savings

in non-tradables sector

Marginal social cost

of fossil fuel savings

in tradable-goods sector

A

ST (- k) A

Marginal social cost
of fossil fuel saving

in household sector

—— —
_ ICsn 3 _ s \ _
OSrn 9Spn b

Optimal provision of biomass:

Marginal social cost
of biomass savings

in tradable-goods sector

—_———
dCRQ _ 0Cgr n af A\ _ dCsn _ dCgp, -
dQr OSgrr RT dSrn  dSgn ’

Optimal emissions abatement:
Marginal abatement costs
dCya/dAy  dCpa/dAgy  dCpa/dAp

" Oen/0Ay  Oep/0Ar  Odep/0Ap =A

Optimal reduction of consumption of tradables:

Marginal social gain from

reduced consumption of tradables
dCT f
— = + apA
d ST pr T
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The optimum conditions (3.2) through (3.5) state that the marginal social costs of
energy production should equal the marginal social cost of energy savings which in turn
should equal the marginal benefits from energy savings. The marginal benefit from heat
savings stated on the right-hand side of (3.2) equals the shadow price of heat (1). For the
other types of energy, the marginal benefits of energy savings are given by the relevant
world market energy prices. The optimum condition (3.6) requires that the marginal
costs of abating CO, emissions be equalized across the emitting sectors at a level equal
to the shadow price of emissions (\), and (3.7) states that the marginal utility loss from
reduced consumption of tradables must equal the marginal gain given by the lower social
cost of imports (pr) plus the gain oz:];)\ from reduced emissions abroad.

The marginal costs of energy production and energy savings include the (shadow)
costs and benefits of changes in domestic emissions plus any changes in foreign emissions
occuring through carbon leakage. For example, when domestic fossil-based electricity
production goes up by one unit, domestic emissions increase by the amount deg/JEF,
generating a social cost of A (Oeg/0Fr). At the same time the unit rise in domestic elec-
tricity production induces a corresponding fall in electricity imports (since the electricity
price and hence domestic electricity demand is unchanged) which reduces the emissions
from foreign power production by the amount a g, creating a social benefit Aag. Hence
the net marginal social cost of domestic electricity production is CZCTEFF + A (3% -« E),
as stated in the first term on the left side of (3.3).

As another example, when the domestic tradable-goods sector saves an extra unit
of electricity, the resulting shift from domestic to foreign production of tradable goods
increases foreign emissions by the amount af,,, thus adding an amount Aal, to the
marginal social cost of electricity saving in the domestic tradable-goods sector. On the
other hand the domestic electricity saving reduces electricity imports by a correspond-
ing amount, thereby generating a social benefit Aag from lower emissions from foreign
electricity producers. The net marginal social cost of electricity savings in the domestic
tradable-goods sector is therefore equal to ggﬁ +A <a§;T -« E), as indicated in the third
term on the left side of (3.3). In a similar way, when the tradable-goods sector saves an
extra unit of fossil fuel input, thus reducing domestic emissions by one unit, the benefit to

society is A, but the resulting leakage aéT of emissions to other countries creates a social
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cost of A, so the net marginal social cost of fossil fuel savings in the tradables-sector
is st _ (1 - a;T) A

OSpr

4. Optimal energy taxes and subsidies

By comparing the equations describing energy market behaviour in section 2 to the
conditions for optimal energy provision in section 3, we may now derive the energy tax-
subsidy scheme that will implement the optimal allocation of resources in the energy
market. To facilitate the interpretation of the tax rules stated below, it may be useful to
remind the reader of the base for the various taxes and subsidies.

The taxes 7p, Ty, and T are ‘genuine’ emissions taxes levied on emissions from
domestic extraction of fossil fuels and from domestic production of district heating and
electricity. If companies use end-of-pipe technologies such as Carbon Capture and Stor-
age, the tax base will thus be de-coupled from the burning of fossil fuels. In practice
emissions will typically be proportional to the use of fossil fuel inputs, allowing the car-
bon taxes to be administered as taxes on fuel inputs, differentiated according to their
estimated carbon content. For simplicity our model aggregates all fossil fuels into one
composite fuel input which generates one unit of COy emissions when burned.

The tax rates tpy, trn, and tpr in the equations below are also taxes on fossil fuel in-
puts, and given the assumed one-to-one relationship between fossil fuel use and emissions
these taxes should likewise be interpreted as carbon taxes.

The electricity tax rates tgr, tgy and tgy, on electricity use in the domestic economy
are levied on the amount of electricity consumed, measured in, say, kiloWatt hours. Hence
they may be seen as conventional energy taxes, but since these tax rates are systematically
related to the estimated amount of carbon emitted at the margin of electricity production,
they may also be seen as carbon taxes. The tax t7 on consumption of tradable goods is
likewise a kind of carbon tax since it is differentiated according to the estimated amount
of carbon emitted in the process of producing an extra unit of the taxed good.

By contrast, the taxes on heat consumption tg7r, tgn, tgn, and the taxes on biofuel
use trr, try, try are not related to CO, emissions and may thus be interpreted as specific

taxes on energy consumption or energy inputs.
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The interpretation of the subsidies sgr, Spr, Sro is straightforward since they are
all granted per unit of output produced, and the abatement subsidies sg4, Spa, Spa are
granted per unit of CO, emission abated. In the absence of end-of-pipe abatement, these
subsidies may be obtained by investing in more energy-efficient technologies.

As a further preliminary, note that in a competitive market equilibrium satisfying
the social optimum conditions stated in the previous section, the market price of heat
will equal the shadow price i appearing on the right-hand side of (3.2), in which case
we may set pgy = p. Using this result plus the results in section 2 and 3, we find that
the following tax-subsidy scheme will minimize the social cost of energy provision while

satisfying the target for reduction of COy emissions:
Taxes on domestic energy production:
Tp=Tg=A (4.1)
TE:)\<1—04’];€E> , = % (4.2)

T Bep/0Er

Taxes on domestic energy consumption:

ten =tep = A (4.3)
ter = A (1 - a;T) (4.4)
del
tEN = tEh = CVE)\, ap = agﬁ (45)
tET =\ (OéE — Oé]];T> (46)
tur =tun = tgn = trny = tpn, =0 (4.7)

Tax on consumption of tradable goods:
tr = al A (4.8)

Subsidies to production and consumption of renewable energy:

SER — OéE>\ (49)
SHR:SRQZO (410)
tRT == —OééT)\ (411)
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Subsidies to emissions abatement:

SHA:SFAIO (4.12)
de Oe
spa=—7 Ai (A =7r) =—3 A]Z Aatep (4.13)

Eq. (4.1) says that the tax rate on emissions from fossil fuel extraction and from
fossil-based heat production should equal the marginal social cost of emissions, defined
here as the marginal cost of attaining the government’s target for climate policy (A).
We will term this the standard rate of carbon tax. According to (4.2) the carbon tax
on domestic emissions from fossil-based electricity production should only be a fraction
1-— aés g of the standard rate, because a unit increase in domestic emissions caused by
higher domestic power production generates a fall of aé&‘E in foreign emissions, since
higher domestic electricity output crowds out a similar amount of electricity imports.
Hence the optimal carbon tax rate on power production is A <1 — oﬂl;s E), corresponding
to the social cost of the net increase in global emissions associated with a unit rise in the
emissions from domestic power production. In the benchmark situation where domestic
and foreign electricity production is equally fossil-intensive at the margin, the parameter
ep is equal to one. In that case the reduction of the carbon tax on domestic electricity
production relative to the standard rate will equal the share of fossil-based electricity
production in total foreign electricity production (af ).

From (4.3) we see that fossil fuels used by domestic households and domestic firms
in the non-tradable goods sector should be taxed at the standard carbon tax rate, since
fossil fuels burned in these sectors will contribute one-to-one to global emissions (given
our normalization that one unit of fossil fuel use generates one unit of CO, emissions).
However, in the tradable-goods sector a unit increase in domestic fossil fuel use only
increases global emissions by the amount 1 — a?T as the rise in domestic output made
possible by the larger input of fuel crowds out foreign output of tradables, resulting in
“negative carbon leakage”. Hence fossil fuel used in this sector should only be taxed at
the rate A (1 - aﬁT), as stated in (4.4).

The tax rule (4.5) reflects that a unit increase in domestic electricity consumption
causes a corresponding increase in imported electricity, since the international price of

electricity and hence domestic production is unchanged in a small open economy. The
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rise in imports increases emissions abroad by the amount ag as foreign electricity pro-
duction goes up. Households and firms in the non-tradables sector should therefore pay
an electricity tax equal to the social cost of the rise in global emissions caused by the
marginal unit of electricity consumed, i.e., a tax amounting to agA. The motivation for
the consumption tax (4.8) on tradable goods is similar: A unit increase in the consump-
tion of such goods raises the import of tradables by one unit, and the concomitant unit
rise in foreign output drives up foreign emissions by the amount 045];. To internalize the
resulting marginal social cost, a carbon tax rate a%)\ on tradables is needed.

An increase in electricity use in the domestic tradable-goods sector likewise increases
the emissions from imported electricity by the amount ag. However, it also allows an
increase in domestic output at the expense of foreign output of tradables, thereby reducing
foreign emissions by aéT units. Hence the use of electricity in the tradable-goods sector
should only be taxed at the rate A (a E— ozéT>, as reported in (4.6). To put it another
way, taxing electricity use in the tradable-goods sector causes carbon leakage and thus
calls for a lower rate of tax than the electricity tax on the sheltered sectors. Whether the
tax rate on electricity use in the tradable-goods sector should be positive or negative will
depend on the details of the technology for electricity production and the importance
of fossil fuels in the production process. In the Cobb-Douglas example underlying the
formulas (2.34) and (2.35), we get the following expression for ¢ g7 in the benchmark case
where foreign and domestic electricity use in the tradables sector is taxed at the same

rate (t1,. = tpr):

a;‘Ew (1 — 77) . (1 + tET) O'/{J‘H’yg

ter = A +
1—1—7'2 1—|—7'§: (1+tfHT>(1+TfH)

(4.14)

In practice the cost share of district heating in tradable-goods production will typically
be quite small, so the parameter ¢ will be close to zero. According to (4.14) the tax rate
on electricity use by domestic tradable-goods firms should then be positive if the cost
share of fossil fuel input in foreign competing firms (/) is relatively low and the fossil fuel
intensity of foreign electricity production (captured by the product &é pw) is relatively
high. This is intuitive: When the fossil fuel intensity of foreign power production is high,
an increase in domestic electricity imports will generate a noticeable increase in foreign

emissions. This calls for a positive tax rate on domestic electricity use to curb electricity
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imports. Moreover, if the fossil fuel intensity of foreign tradable-goods production (3) is
relatively low, the shift from domestic to foreign production of tradables induced by the
domestic electricity tax will not boost foreign emissions very much which increases the
likelihood that a positive tax rate is in fact optimal.

Since the external cost of emissions from domestic heat production is fully internalized
by the carbon tax on those emissions and there is no (significant) leakage associated with
the use of district heating in the non-energy sector, the use of this input should not be
taxed or subsidized, as stated in (4.7).

The rationale for the subsidy rule (4.9) is that a unit increase in domestic renewables-
based power production crowds out a similar amount of foreign-produced electricity,
thereby reducing global emissions by the amount ap as the domestic net import of elec-
tricity falls by one unit. The resulting external social benefit is Ao which is internalized
when producers of renewables-based electricity receive a corresponding subsidy per unit
of power produced. Note that this subsidy equals the electricity tax on households and
firms in the non-tradables sector, ensuring that the net tax on renewables-based electricity
used in the sheltered sectors is zero.

Production of biomass and renewables-based heat does not generate any emissions or
carbon leakage, so according to (4.10) there is no need for taxing or subsidizing these
energy goods. However, a unit increase in the use of bioenergy in the tradable-goods
sector will reduce foreign emissions by the amount agT as the resulting rise in domestic
output crowds out foreign output. To internalize this externality, a subsidy )\OHI;T to the
input of bioenergy in domestic production of tradable goods is needed, as stated in (4.11).

The result in (4.12) reflects that the standard carbon tax A on domestic production
of heat and fossil fuel provides an appropriate incentive to abate emissions, so no subsidy
to abatement is needed in these sectors. In the power sector the carbon tax is reduced
by the amount \ — 7 relative to the standard rate to account for carbon leakage. Hence
there is a weaker incentive for abatement in this sector. To ensure an equalization of
marginal abatement costs across all emitting sectors the government must therefore offer
an abatement subsidy to electricity companies which is proportional to the reduction in

the carbon tax rate, as seen from (4.13).
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5. Caveats

5.1. An EU perspective: Emissions trading and national energy taxes

Economists have long pointed out that the international costs of cutting global greenhouse
gas emissions may be reduced by allowing international trade in emission rights. The
Emissions Trading System (ETS) in the European Union is so far the most important
attempt to reap the gains from trade in CO, emission allowances, accounting for over
three quarters of international carbon trading. The ETS covers the energy sector and
energy-intensive industrial emitters, representing about 45 percent of total greenhouse
gas emissions in the EU (see European Commission (2017)).

An international emissions trading system where the total supply of emission al-
lowances acts as a binding cap on total emissions from utility companies and energy-
intensive firms means that national policy makers concerned about their country’s con-
tribution to global emissions do not have to worry about emissions from these sectors
since total emissions are fixed by the cap. In terms of our model, the government may
then ignore the emissions from the production of fossil fuels and fossil-based heat and
electricity (our variables ep, ey and eg) as well as emissions from energy-intensive pro-
duction of tradable goods and carbon leakage from such production. For firms covered by
the cap-and-trade system the cost of emission allowances will be included in our fossil fuel
price variable pr, and there is no rationale for an additional domestic carbon tax on firms
within the system since this would only distort their input mix without affecting global
emissions. Similarly there is no need for a tax on the domestic use of electricity nor for
a subsidy to domestic renewables-based power production when electricity production is
included in the emissions trading system. The national government should then focus on
reducing emissions from emitters outside the cap-and-trade system, and assuming that
(roughly) all energy-intensive industrial firms vulnerable to carbon leakage are covered
by the system, this can be done in a cost-effective way by imposing a uniform carbon tax
on all emissions outside the system, with no need for differentiation of carbon tax rates,
selective subsidies or taxes on energy consumption.

However, in reality the total supply of emission allowances in the European ETS is

not a binding cap on current emissions from the ETS sector. At the time of writing
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there is an excess allowance supply amounting to almost one year of current emissions.
Since ETS emission allowances can be “banked” for later use, the current positive price
of allowances reflects a bet by market participants that the emissions cap could become
binding at some point in the future, but given the prospects for the future demand for
and supply of allowances under the policy planned for the coming Phase IV of the ETS,
it may well take three decades or even longer before the excess supply is eliminated,
according to the quantitative analysis in Silbye and Sgrensen (2017). As a consequence,
if the demand for ETS allowances in some EU member country falls as a result of a cut
in emissions, it will take a long time before that decrease in emissions is fully offset by
a corresponding rise in emissions from other EU countries. In the short and medium
term there will be some offset as the lower demand for emission allowances will drive
down the allowance price, thereby reducing the cost of emissions, but the full offset will
not occur until the time when the excess allowance supply has been fully eliminated. If
policy makers value a cut in current emissions higher than a corresponding cut in future
emissions, say, because they fear that a target for keeping global warming below a certain
threshold may be compromised if emissions cuts are postponed, the “offset coefficient”

implied by the ETS will be lower than one. The offset coefficient (¢) is defined here as

Present value of offsetting increase in foreign E'TS emissions
c

5.1
Cut in domestic ETS emissions (5.1)

We may also define the “Coefficient of Emissions Reduction” as

CER=1—¢c— Present value of total cut in ETS emissions (5.2)

Cut in domestic ETS emissions

The CER indicates the fraction of a cut in domestic emissions from the ETS sector that
will translate into a fall in global emissions, measured in present-value terms. When the
discount rate applied in the valuation of future relative to present changes in emissions is
positive and the cap on emissions does not become binding until some time in the future,
the offset coefficient will be less than one and the Coefficient of Emissions Reduction
will be positive. The estimates presented in Silbye and Sgrensen (2017) suggest that, for
plausible discount rates and policy horizons, the CER in the EU ETS is currently not
far below 1, indicating that the offset coefficient is not far above zero.

Accounting for the offset coefficient, and assuming that the energy-intensive firms

vulnerable to carbon leakage are included in the ETS, the model set up in section 2 may
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be modified in a simple way for a country participating in the EU ETS. For such a country
the emission functions ey (-), eg (+), e (-) and the carbon leakage coefficients ag, al.,
al, and agT should be multiplied by the C E R to reflect that changes in emissions in one
part of the ETS will be partly offset (in present value terms) by a change in emissions of
the opposite sign in other parts of the system. The tax and subsidy rates in section 4 that
are targeted at emissions within the ETS (i.e., 7y, Tr, Tg, trr, ten, ten, ter, tr, SER, tRT,
and sg4) would then also be multiplied by the C ER to ensure that taxes and subsidies
are calibrated to the present value of the changes in emissions. Thus the tax and subsidy
rates applied to emissions covered by the ETS should be scaled down proportionately,
and the price of emission allowances should count as part of the overall tax payment, but

the general principles underlying the optimal tax-subsidy scheme described in section 4

should still be applied.

5.2. Interactions with other taxes

Our partial equilibrium model of the energy market does not account for the effects
of the changes in other tax rates that may be needed to keep the government budget
balance unchanged when the tax-subsidy scheme described in section 4 is introduced.
The implicit assumption is that the government can adjust some non-distortionary fiscal
instrument to maintain its budget balance.

Instead of recycling the net revenue from energy taxes as a lump sum transfer to the
private sector, the government could use it to cut existing distortionary taxes on income.
It might be thought that this would generate an additional efficiency gain which is not
accounted for in the analysis above, but this reasoning neglects that the introduction of
a carbon tax discourages labour supply by eroding real wages, thereby exacerbating the
pre-existing tax distortions to labour supply. According to the studies by Bovenberg and
Goulder (1996), Parry (1997) and Goulder (2013), the second-best optimal environmental
taxes may be substantially lower than the first-best Pigouvian level (represented by the
shadow price A in our analysis) when the green taxes interact with pre-existing tax
distortions in other markets such as the labour market.

On the other hand, this view has been challenged by Kaplow (2004; 2012) who argues

that when the marginal external cost of producing a polluting good has not been fully
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internalized by a Pigou tax, there is a potential for a Pareto improvement by introducing
(or raising) such a tax if the government has full flexibility in adjusting the income tax
schedule at each level of income. By undertaking a sufficiently fine-tuned adjustment
of the income tax system, the government can in principle ensure that each person has
the same incentive to supply labour as before the Pigou tax was introduced so that no
additional non-environmental distortion from the Pigou tax arises. To the extent that
this Kaplow argument is valid, it may justify the neglect of tax interactions with the non-
energy markets in the present paper. The presence of a progressive non-linear income tax
which may be adjusted to achieve the government’s distributional goals may also justify

why the present analysis abstracts from the effects of energy taxes on income distribution.

6. Concluding remarks

This paper has analyzed how a country pursuing a unilateral climate policy may con-
tribute to a reduction in global CO, emissions in a cost-effective way. To do so its system
of energy taxes and subsidies must account for leakage of emissions from the domestic to
the foreign economy. We focused on leakage occurring via imports and exports of elec-
tricity and via shifts between domestic and foreign production of other tradable goods.
Emissions from the tradable-goods sector should be taxed at reduced rates to avoid ex-
cessive carbon leakage, and a part of the carbon tax on electricity should be levied at
the consumer rather then the producer level to ensure taxation of the carbon content
of imported electricity. In other sectors emissions should be taxed at a uniform rate
corresponding to the marginal social cost of meeting the target for emissions reduction.
Producers of renewables-based electricity should receive a subsidy to internalize their
contribution to the reduction of global emissions. There is also a case for an abatement
subsidy to the production of fossil-based electricity and a subsidy to the use of bioenergy
in the tradable-goods sector.

Although the optimal tax-subsidy scheme may seem somewhat complicated, it is in
fact governed by a simple and consistent principle: Impose a uniform carbon tax on all
additions to global emissions caused by changes in domestic production and consumption

of energy, including additions to emissions occuring via shifts in international trade.
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To achieve such uniformity, some differentiation of taxes on and subsidies to domestic
production and consumption of energy is called for.

A systematic differentiation of taxes and subsidies is vulnerable to two well-known
problems: First, the authorities may not have the information and administrative capac-
ity to implement the differentiation in a consistent way. Although the paper has sketched
how the relevant carbon leakage rates may be estimated, there will be considerable uncer-
tainty regarding their magnitude, and delineating the group of firms vulnerable to carbon
leakage is bound to be difficult. Second, and related to the first problem, differentiation
of taxes and subsidies invites lobbyism by interest groups seeking to take undue advan-
tage of reduced tax rates and selective subsidies, especially if fulfilment of the criteria for
differentiation of taxes and subsidies is not easy to verify. To minimize these problems,
the government should only offer reduced carbon tax rates and bioenergy subsidies in
industries where the risk of carbon leakage is significant and obvious, i.e., in cases where
firms are heavily dependent on energy and heavily engaged in international trade.

Furthermore, it is widely acknowledged that the countries of the world will have to
tighten their climate policies significantly in the coming years to achieve the goal of
the Paris agreement that global warming should be kept below 2 degrees Celsius. As
a growing number of countries adopt binding targets for reduction of greenhouse gas
emissions, the risk of carbon leakage from the countries that pursue the most ambitious
climate policies will gradually diminish. This will allow these countries to move towards
more uniform carbon tax rates on domestic activities which will be simpler to administer

and less exposed to lobbyism.

7. Appendix 1: Conditions for optimal resource allocation in the
energy market
This appendix derives the first-order conditions for a cost-effective provision of energy,
given that the government must meet its target for climate policy, restated here from eq.
(2.40):
E—(€H+€E+€F)—(EF—SFT—SFN—SF}L)—LC—AZO. (71)
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According to (2.1), (2.7), (2.13), (2.39), and (2.27) we have

€y = €y (HF,AH), Cp = € (EF,AE), Cp = €efp (QF,AF), (72)
L.=agMg+ OéJJ;TSET + a?TSFT -+ aﬂTSRT — OééiST, (73)
ME:EE—SET—SEN—SE}L—(EF—FER). (74)

Inserting (7.2) through (7.4) in (7.1), we can write the climate policy target as
e—en (Hp,An) —ep (Ep, Ag) — er (Qr, Ar) — Dp + Spr + Spy + Sen

—Oop (bE — SE‘T — SEN — SEh — EF — ER)—CY%TSET—OéJ;TSFT—OééTSRT‘l‘CY%iST—A =0.
(7.5)
The government must also respect the constraint that the supply of district heating

must equal the demand for it, implying

Hr+ Hg + Syr + Sun + San — Dy = 0. (7.6)

The government wishes to minimize the social cost of energy provision stated in (3.1)

subject to the constraints (7.5) and (7.6). The Lagrangian for this problem is
L=Cyr (Hr) + Cra(An) + Cur (Hg) + Cer (EF) + Cpa (Ag) + Cgr (ER)

+Crq (Qr) + Cpa (Ar) + Cro (Qr) + Csr (Sur, Ser, Sk, Skr)
+Csn (Sun, Sen, Sen, Sen) + Csi (San, Sens Seny Skn)
+PE (ﬁE — Ep — Eg — Sgn — Spr — SEN) +pr (ﬁF — Qr — Srn — SFr — SFN)
+pr (Dr — Qr — Srn — Srr — San) — 1 (Hp + Hr + Sur + Sun + Sun — D)
—\[e—ey (Hp, Ay) — ep (Ep, Ag) — er (Qp, Ap) — D + Spr + Sen + Sk
—Qag (EE — Sgr — Sen — Sen — Er — ER) - OégTSET - OC{WTSFT - CVJI;TSRT + OéST - A} )
(7.7)
where p is the Lagrange multiplier associated with the heat market equilibrium constraint
(7.6), and A is the Lagrange multiplier associated with the climate policy constraint

(7.5). From (7.7) we obtain the first-order conditions for the optimal choice of energy

production, energy savings, and emissions abatement:

oL dCyr Oey
gLy aoer _
OH, die | omy M

(7.8)
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From (7.8) through (7.29) it is straightforward to derive the optimum conditions (3.2)

= pr + o). (7.29)

through (3.7) explained in section 3.

8. Appendix 2. Deriving carbon leakage rates

In this appendix we derive the expression for the carbon leakage rate alfT stated in (2.35).

Normalizing the international price of traded goods to one and using (2.30) and (2.33),

we may write the profits of the representative foreign tradable-goods producer (7‘(‘%:) as

f
T

o = () (B () (50) " =t = o ) 2

— (vl + the) =Pl Xt =7} [Pl - ar (4F)]. (8.1)
where tf;T and tfHT are foreign tax rates on the use of electricity and district heating in
the tradable-goods sector, T§ is the foreign carbon tax rate on emissions from that sector,
pr is the foreign producer price of district heating, and pg( is the price of the composite
input X%. The competitive foreign tradable-goods producer maximizes the profit (8.1),
taking all prices as given. The first-order condition for the profit-maximizing choice of
the fossil fuel input F{f yields the following expression for the input-output coefficient b?:
F 8

w=tr__ 8
y{ﬂ pF"‘T%

(8.2)

Similarly, profit-maximization with respect to the inputs of electricity and heat imply

the input-output coefficients

E/ n

bg = —J:f =, (8.3)
Yr PE + tET
HY 0

bl = — (8.4)

Yr pr + t;{T‘

We will now derive the CO, emissions generated by the foreign tradable-goods pro-
ducer’s use of electricity and heat. From (2.31) and (2.33) it follows that the profits from
foreign fossil-based electricity production () are

Ef

’ w 1-w
rh=pu(FE) (28) - peFh-pazl—oh|Fl—ap(af)],  ©5)
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where Té is the foreign carbon tax rate on emissions from power production, and py is an

index of the price of the other inputs used by foreign electricity producers. Maximization
of the profit Wé with respect to fossil fuel input implies that the amount of fossil fuel
input per unit of electricity produced will be
Fi w
e (8.6)
E Pr+Tg

If the share of fossil-based electricity production in total foreign electricity production

is al,, it follows from (8.6) that the additional CO, emissions per unit increase in

foreign power production (aé) will be given by the following expression (where we have
maintained our normalization that one unit of fossil fuel burned generates one unit of

CO4 emissions):

F/ ol w
f _ f E _ OppWDE
Op = QppTt _—pF—l-Tg‘ (8.7)

Following a similar procedure and using analogous notation, we can use (2.32) and (2.33)
to write the profits from foreign fossil-based heat production as

=Hf
7\

Ve

v 1—y
7rfH = pr <F1]—;> (Kﬁ) - pFFIJ; - pKKI]; - TfH [FI]—; — aH (Ail)} . (8.8)
Maximization of the heat-producer’s profit with respect to fossil fuel input requires that

Fy __ h
T T (8.9)
H Pr+ Ty
so if the share of fossil-based heat production in total foreign (district) heat production
is ), the additional CO, emissions per unit increase in foreign heat production (af;)
1s

Fhy o5y 1ply

Pr+ Ty

Now recall from (2.29) that the carbon leakage coefficient associated with a reduction
in the use of energy input ¢ in the domestic tradable-goods sector is

;_ dyp dyr

f faf faf s
o=l (vh + ofbly +ofpl), i=E.FR (8.11)

With perfect competition in the international market for tradable goods the ratio dyéi /dyr
will be minus one, as a reduction in domestic output of the tradable good will be offset

one-to-one by an increase in foreign output, since world demand for the good will be
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unchanged at the given world price of the output. The ratio dyr/dS;r is roughly the
negative of the marginal product of the energy input of type ¢ which will equal the tax-
inclusive price of that input when firms maximize profits. Denoting the marginal product
of energy good i by M P;r, we thus have

dyf. dyr .
T - = -—MPgy=—(pi+ty), i=E,FR. 8.12
dur ; dSr T (pi +tir), i ( )

Inserting (8.2), (8.3), (8.4), (8.7), (8.10), and (8.12) in (8.11), we get

B by Opy N afpwnpE
f
Pr+ Tp <p2—+t£T> (pp%—rﬁ> (pE—+t§T) (pp—kré>

alp = (pi + tir)

)

(8.13)

Without loss of generality we may choose units such that pr = pgp = p}; = pr = 1 in the

initial equilibrium. We then obtain the expression for the leakage coefficient ozsz stated

in (2.35) where the normalization implies that the various tax rates are measured as a
fraction of the producer prices of the relevant energy goods.

Further, since ag is defined as the additional COs emissions generated by a unit

increase in domestic electricity imports (i.e., the rise in emissions caused by a unit rise in

foreign power production), it follows from (8.7) that ag will be given by eq. (2.34) when

pr =pr = L.
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