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1 Introduction

The struggle against anthropogenic climate change is one of the most urgent
tasks of humankind in the 21st century. A big strand of economic literature has
evolved around the question of how to reduce global greenhouse gas (GHG)
emissions in an efficient way.! It is obvious that a first-best solution would
involve the participation of all countries, including developing nations (see for
example Branstetter and Pizer, 2012). But the past United Nations climate
conferences have made it abundantly clear that an effective international agree-
ment is unlikely to be implemented in the near future. Instead, national and/or
regional initiatives will presumably prevail. The lack of international coordi-
nation raises questions concerning the relationship of national (or regional)
climate policies and international trade. Unilateral emission reductions can
for example be partly offset by resulting increases in other countries, i.e. emis-
sions can be shifted via international trade, a phenomenon known as carbon
leakage (see Felder and Rutherford, 1993).

One possible measure against carbon leakage is the introduction of carbon
tariffs. In such a case, countries with a stricter climate policy would impose
an import tariff on goods from countries with laxer regulation (or lower car-
bon prices), based on the amount of carbon emissions embodied in the good.
Carbon tariffs are very prominently discussed in the environmental policy de-
bate. For example, the House of Representatives in the USA released a bill
in 2009 that enables the introduction of carbon tariffs from 2020 onwards in
some carbon intensive sectors (see for example Krugman, 2009a). In Europe,
French politicians have repeatedly called for carbon tariffs by the European
Union, most prominently the former President Sarkozy in 2009 (see for ex-
ample Krugman, 2009b). Claims for carbon tariffs also received prominent
academic support. Nobel laureate Paul Krugman (2009a,b) argues for carbon

tariffs in his New York times column by highlighting the fact that trade pol-

!See Aldy, Krupnick, Newell, Parry, and Pizer (2010) for a survey of the respective
research.



icy may indeed be a good tool in the case of non-economic objectives such as
carbon emissions that do not respect national borders. This policy measure is
the thematic object of investigation of this work.

As carbon tariffs have a strong international perspective, it is natural to
analyze the effects in a trade model typically used to evaluate trade policies.
We therefore use as a starting point an empirically very successful structural
empirical trade model, which explains trade flows by country sizes, distances
and multilateral resistance terms, which capture the embedding of a country
into the world economy. These models are known as structural gravity mod-
els (see for example, Eaton and Kortum (2002) and Anderson and van Win-
coop (2003), as well as the survey by Head and Mayer (2013)). Costinot and
Rodriguez-Clare (2013) nicely summarize the advantages of structural gravity
models: i) they are better micro-founded than other quantitative work, like
many Computational General Equilibrium (CGE) models, ii) they provide a
close link between the theory and the data by estimating the parameters from
the same model and data as are used for the counterfactual analysis, and iii)
they are still small enough to understand the driving mechanisms and do not
hide important mechanisms behind hundreds of equations.

As we want to investigate the effects of carbon tariffs on trade, welfare and
emissions, we have to adopt existing structural trade models to incorporate
important aspects of carbon emissions. First, we add a production structure
that uses energy as input. Second, we allow for emissions as a side output of
production related to the amount of energy employed. Third, we allow for more
sectors to distinguish between sectors of high and low carbon emission intensity
and to hence better capture carbon leakage. Fourth, we introduce revenue-
generating tariffs in order to implement carbon tariffs. With the resulting
structural model it is possible to evaluate ex ante the effects of the introduction
of carbon tariffs.

Using our estimable structural model, we find that the introduction of

carbon tariffs reduces trade flows and welfare for most countries, and most



strongly for developing countries. Concerning carbon emissions, we indeed
see a shift of carbon emissions from low carbon tax countries to high carbon
tax countries. Hence, carbon tariffs reduce carbon leakage. However, our
analysis reveals that world carbon emissions would increase by 0.5 percent
by introducing carbon tariffs. The bootstrapped confidence interval of [0.44,
0.55] for this counterfactual calculation shows that the increase is statistically
significant. The reason for this effect is that the relative carbon intensity of
the net export sectors compared to the net import sectors is below average for
many of the high carbon tax economies (such as Japan, Germany or the United
Kingdom). By reducing carbon leakage via carbon tariffs, the induced increase
of production in the sectors with comparative disadvantage (i.e. with relatively
high carbon intensity) in the high carbon tax economies may therefore lead
to an overall increase in world carbon emissions, if the corresponding increase
in the emissions is stronger than the reduction of carbon emissions in the low
carbon tax economies.

The rest of this work proceeds as follows: Section 2 introduces carbon leak-
age and the concept of carbon tariffs in some more detail, also giving a short
overview of other work in the area. In section 3 we develop a structural grav-
ity model in the vein of Anderson and van Wincoop (2003), incorporating a
sectoral structure, a two-factor production function and non-resource consum-
ing, revenue-generating tariffs. In section 4 we derive a stochastic version of
the developed model, describe the methods used for its estimation and briefly
explain how the remaining model parameters are obtained. Section 5 presents
the data sources and some descriptive statistics. In section 6 firstly the regres-
sion results for the gravity equation are shown. Then, the results obtained for
the counterfactual introduction of carbon tariffs are presented. In section 7
we develop a model extension incorporating a production structure for energy.

Section 8 concludes.



2 Carbon Leakage and Carbon Tariffs

The relationship of carbon policy and international trade has been of major
interest in the last years. One phenomenon that has been discussed in this
context is carbon leakage. Carbon leakage arises if stricter climate policy and
a resulting reduction of emissions in one country (or region, such as e.g. the
European Union) leads to an increase of carbon emissions elsewhere. This can
mainly occur due to two reasons. Firstly, a higher carbon price (via a carbon
tax, tradable certificates or simply stricter regulation) makes goods from the
country implementing the policy relatively more expensive. This can lead to a
shift of carbon emission intensive production to countries with laxer regulation
or lower carbon prices and hence increase emissions in these countries (see for
example Felder and Rutherford, 1993). Secondly, a higher carbon price can
lead to a lower demand for energy in the countries imposing the regulation.
This could lead to falling world market prices for energy and hence lead to
a more emission-intensive production in other countries (Sinn, 2008). This
mechanism is called supply-side leakage (see for example Harstad, 2012). We
will focus on the former type of carbon leakage in the base model. The model
extension in section 7 will additionally incorporate supply-side leakage effects.

Several empirical studies have investigated the extent of carbon leakage.
For example, Aichele and Felbermayr (2012, forthcoming) conduct ex-post
analyses of the Kyoto Protocol’s ability to reduce world carbon emissions.
They find strong evidence that the Kyoto Protocol led to carbon leakage. In
fact, the reductions in the committed countries may have been completely
offset (or possibly even overcompensated) by increases in other countries. A
second approach in the literature is the use of computable general equilibrium
(CGE) models. Burniaux and Oliveira Martins (2012) give a good overview
here. Estimated leakage rates (i.e. the percentage part of domestic emission
reductions that is offset by foreign increases) in these models range between two

and 20 percent in most cases, but can also go up as high as 100 percent (see for



example Babiker, 2005). Another approach that, just as CGE models, allows
ex ante investigations of policy scenarios in an international trade context is
the use of structural gravity models. Structural gravity models have a special
appeal because they perform so well empirically. Aichele (2013) explicitly
investigates carbon leakage in a one-sector Anderson and van Wincoop (2003)-
type framework which she augments with a multi-factor production structure.
She investigates several counterfactual scenarios, finding for example a leakage
rate of 10 percent for an increase of the EU emission allowance price to 15
US-$. Besides Aichele (2013), Egger and Nigai (2012, 2013) use structural
gravity models in a similar context. In both cases, these authors employ an
Eaton and Kortum (2002)-type framework. Egger and Nigai (2012) analyze
the implications of the Copenhagen Accord. Based on the pledges countries
made in the Accord, required carbon prices are calculated and implemented
in different counterfactual scenarios. One of their most important findings
is again interesting in the carbon leakage context: welfare losses from stricter
climate policies are found to be minimized if implemented in an internationally
cooperative way. Egger and Nigai (2013) include an energy sector in their
model and compare different policy measures meant to reduce a country’s
energy demand.

Even though its extent remains a matter of scientific debate, carbon leakage
is likely to at least reduce the effectiveness of unilateral climate policies. One
measure that could be taken in order to reduce carbon leakage is the introduc-
tion of carbon tariffs. Leaving the question of legal and practical feasibility
aside?, questions arise of how these tariffs would influence welfare, trade flows
and carbon emissions. This is mainly investigated within the framework of
computable general equilibrium models. For example, Elliott, Foster, Kor-
tum, Munson, Pérez Cervantes, and Weisbach (2010) find that accompanying

a higher carbon tax in some countries with full border tax adjustment (i.e.

2For a short treatment of the legal issues in the WTO context and practical implemen-
tation issues, see Branstetter and Pizer (2012, pp. 26—27 and pp. 34-35, respectively).



a combination of import tariffs and export subsidies) eliminates carbon leak-
age but has no noteworthy effect on world carbon emissions. Elliott, Foster,
Kortum, Khun Jush, Munson, and Weisbach (2012) investigate a similar sce-
nario without export subsidies and find that carbon tariffs reduce world carbon
emissions. Bohringer, Carbone, and Rutherford (2011) also find that carbon
tariffs shift emissions back from developing to richer countries, i.e. reduce car-
bon leakage, but without reducing world emissions. They argue that the main
effect of introducing carbon tariffs is to shift the welfare costs of climate policy
to developing countries.

In the gravity framework, one of the policy measures investigated by Egger
and Nigai (2013) are import tariffs. They investigate tariffs as a mean to
reduce domestic emissions by imposing a tariff on imported energy inputs, but
do not consider carbon tariffs. Hence, to the best of our knowledge, carbon
tariffs have not yet been analyzed within a structural gravity model. This is

the aim of our analysis.

3 A Multi-Sector Gravity Model with Tariffs

3.1 Trade Flows

In this section, we develop a gravity model in the vein of Anderson and van
Wincoop (2003). Their model aggregates over all sectors. As the aim of this
work is to investigate the effects of a policy measure that will influence sec-
tors differently according to their carbon intensities, this level of aggregation
is inappropriate in the given context. We therefore allow for a sectoral struc-
ture in the model, following Anderson and Yotov (2010), Caliendo and Parro
(2012) and most closely the approach of Egger, Larch, and Staub (2012), who
introduce a sectoral structure into a Krugman-type gravity model.

Let us assume there are £ sectors and N countries. Following Armington

(1969), goods within one sector are differentiated by country of origin and



each country produces one variety per sector. The utility of the representative
consumer from consumption in a specific sector (I) is given by a constant

elasticity of substitution (CES) utility function:
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where (3} is a positive, country and sector-specific distribution parameter (which
can for example be interpreted as representing quality differences), qlij is the
amount of goods from country 7 in sector [ that the representative consumer
in country j buys, and o; is the elasticity of substitution. CES utility func-
tions have the desirable property of accounting for a “love of variety” of the
consumers, i.e. for a given consumption level, a higher utility level is achieved
if more different varieties are consumed.

The utility received from consumption in the different sectors is combined
to give the total utility of the representative consumer by a Cobb-Douglas
function U7 = [[,(U} )", where 3", v = 1. Sectoral expenditure in country i is
given by ¥/ = 7,7 = "N pq?, where p¥ is the price in country j for goods
from country i. A country’s total income is given by the sum of its sectoral

productions and its tariff revenues:

N

Y=V - )X )
l 1 =1
where Tfj is one plus the ad valorem tariff rate and X lij is the value of exports
from country ¢ to country j in sector [.

We assume multilaterally balanced trade at the country level. This implies
that total expenditure equals total income in each country. Summing expen-
ditures over sectors yields the corresponding expression Y7 = X7 = Y, %{ =
> Zf\il pfj qlij , which represents the budget constraint for country j. The
representative consumer in j hence maximizes U’ subject to this budget con-

straint. This determines the demand in country j for goods from sector [ from
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where Plj is the ideal price index, given by
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Assuming (sector-specific) iceberg transport costs following Samuelson (1952),
the price consumers in j pay for imports from i can be restated as p’ = T} 7,7 pi,
where Tj% = 1, T” > 1 and trade costs are, in contrast to tariffs, additionally
assumed to be symmetric, i.e. Tlij = leZ The value of exports from ¢ to j can

then be expressed as

i irid \ 1—o1
_ i in-o (BT’ j
XJ = zqz]TJ = (le> ( P X (5)
I

Goods market clearing ensures that the sectoral production of a country is
equal to the world-wide demand for its good Y}’ = Zjvzl Xlij. Replacing Xij
by the expression given in equation (5), rearranging to solve for (8ipi)!=7,
substituting this expression into (5), defining #/ = Y7/YW, 6i = Y;i/YW,
W= Z;VZI Y7, and using X/ = X’ = Y7 gives an expression that strongly
resembles the well-known expression obtained by Anderson and van Wincoop

(2003) and Anderson and Yotov (2010), accounting for tariffs and the sectoral

structure: o o
(Y
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I and Plj represent so-called outward and inward multilateral resistance terms,

respectively, indicating that bilateral trade flows depend on relative trade costs.

3.2 Introducing a Two-Factor Production Function

In the Anderson and van Wincoop (2003) framework, the production structure
is not modeled. But without a production structure, there is no convincing
way to include for example energy as an input factor or emissions as a side
output into the model. As such features are of great interest in the carbon
leakage context, we follow the approach by Aichele (2013) to incorporate a
production function that allows for multiple input factors. We will consider
two factors, energy and labor, but the production function could easily be
extended to more factors. As the use of energy is highly correlated with the
emission of COy (see for example Egger and Nigai, 2013), we can include
energy into the production function and treat the emissions as a proportional
side output. Sectoral production in country i can then be modeled by the

following Cobb-Douglas production function with constant returns to scale:
qr = AY(E])™ (L)', (9)

where A! is a sector- and country-specific productivity parameter, E} is the
amount of energy used in country ¢ in sector [, a} is the country- and sector-
specific cost share of energy and L! is the sectoral labor endowment.® For
the energy market in our benchmark model, we also follow Aichele (2013) by
deviating from the standard factor market assumptions. A country’s energy
price €’ is exogenously given and there is a completely elastic supply of energy

at the given price.* Just as wages, factor income from energy is treated as part

3 As we refrain from including further factors (such as capital or land) into the model, the
factor labor should here rather be interpreted as an accumulative factor covering all factors
except energy.

4Note that this assumption rules out supply-side leakage effects. In order to be able to
capture such effects, we develop a model extension incorporating a more elaborate energy
market model in section 7.



of the income of the representative consumer. With this production structure,
one can derive expressions for the equilibrium amount of energy and wages
which we use in deriving counterfactual expressions. We refer the interested

reader to Appendix A.l.

3.3 Counterfactuals

An important feature of structural gravity models is that they allow ex-ante
evaluations of policies by counterfactual analyses. For the model derived in
sections 3.1 and 3.2, this means that for example the effects of climate policy
(associated with a change in €'), of trade policy (such as the reduction of
trade costs via free trade agreements) or (as will be done in this work) of the
introduction of carbon tariffs (a combined climate and trade policy instrument,
so to say) on trade flows, welfare and carbon emissions can be investigated. In
this section, we will show how to solve the model for counterfactual sectoral
GDPs, income, and scaled equilibrium prices and then derive expressions for
the counterfactual values of the other variables of interest.

Let the additional subscripts b and ¢ denote the benchmark and the coun-
terfactual cases, respectively. Let us start by rewriting the market clearing
condition Y}’ = Zjvzl X fj for the benchmark case, defining scaled equilibrium

prices ¥}, = (0{p,)' =", inserting the price index (4), and using %{71) = Yy

(T3 (7)™ -
’ Y/. 10
7vblbzzk 1¢lb(Tk] k]) ’Yl b ( )

Lb lb

Given data for be and Y})j and values for v, oy, Tl{, and Tl b (10) can be solved
for the values of the scaled equilibrium prices in the benchmark scenario, wib.

The most fundamental counterfactual variable is the sectoral GDP, Y.
Restating expression (10) for the counterfactual case therefore is a good start-

ing point:

N i7\1— 15\ —
. _ (T])l UZ(T]) o] _
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l,c lc

10



As there are £ sectors, this is a system of £N equations. But as there are
(2€ 4+ 1)N unknowns (Y., ¥, and Y7), the system is not solvable.
Using equation (2), along with equations (6) to (8), the following additional

expressions can be obtained for a country’s counterfactual total income:

N . ; i1 _ 1 (]
. . g Yy (Tj )1 o1 y
Yi= LY (- Dy he 7], (12
Z l, ;( 1, )’leé\;l Yck < H{,cpll,c ( 1, ) ( )

with )
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mo |2 (F) @) o w
| ; (Pz,c SIS 2.
and )
N i_gi\ =0 1-0y
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P.=1> < e =N vr : (14)
j=1 lLe Dk Ve

This adds (2£€ + 1)N equations to the system, but at the same time adds
the 2CN unknown values II} . and Pl]C Using the production structure of our
model given by equation (9), we can find an expression for the counterfactual
change in sectoral GDP, which adds £N equations without further unknowns

(see Appendix A.2 for details of the derivation):
}/ZC 77Z)li,c 17701 Yl?Ceé Oé; E/ZZLC Zm(]‘ - a:’)’L>Y7,TL1,b 1_0[; (15)
be 77Z}?,b Yszeé Yzlb Zm(l - Oéin)yrfl,c .

Equations (11) to (15) represent a system of (4£+1)N equations in (4£+1)N

unkowns. There are data or exogenously set values for Ylfb, et, oy, v and ay,
estimates or exogenously set values for Tl”C and Ti{), and values for W,b can be
obtained by solving (10). Hence, the system is solvable for N values of Y and
LN values of Y/, ¢ , I}, and P/, each.>

(R3]

®Note that in our counterfactual scenario for carbon tariffs, we do not change the esti-
mated trade costs or the carbon price, i.e. )3, = T}, and el = el. We nonetheless stick to
the general notation above to show that counterfactual analyses involving exogenous changes
in these variables could just as well be conducted in the given framework.

%In fact, 11} . and P/ are only idenitified as the products Hf,CPlj_'c.
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The aim of counterfactual analyses in this modeling framework is to eval-
uate policy scenarios (such as the introduction of carbon tariffs) in terms of
their impact on trade flows, welfare (measured as real income)’, and carbon
emissions. Given the solved values for counterfactual nominal sectoral GDPs,
nominal total income, and for the scaled equilibrium prices, these variables
can be obtained.

The effect of counterfactual scenarios on trade flows could in general be
investigated on a sectoral and bilateral level. As this would imply the depiction
of £N? numbers, we instead only present the effect on a country’s aggregate
total trade flows. Due to the balanced trade assumption made, it does not
make any difference if the percentage change in total imports or total exports
is analyzed and the counterfactual percentage changes in a country’s trade

flows can hence be obtained as

N i
Z] lX]

AX' =
[ZL X,

— 1] x 100, (16)
where the values of X, and X% can be obtained using equations (6) to (8)
for the benchmark and counterfactual case, respectively, summing over the
sectors.

For evaluating changes in real income, the counterfactual sectoral price

indeces are required. These are given by

1

N l1—0y

j’L 1 (o]
E :T 7—lc wlc

(17)

Real income is defined as R* =Y*/P' =Y"/[,(P})". We report the percent-

age changes of the variables of main interest in the results. The percentage

"We define welfare by income only and ignore taking into account the level of emissions
directly in our welfare function to cleanly distinguish income and emissions. The weights
given to each of these components in any social welfare function are ultimately a political
decision and not part of our analysis. For a discussion of different welfare and GDP concepts
see Stiglitz, Sen, and Fitoussi (2010).
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change of real income is defined as

_ (Y P YITL(PL)™
AR = <— - 1) x 100 = [ ===l tbe 1) w100 (18)
Y /P <Y1f [L(E)™

Finally, emissions being proportional to energy use, the counterfactual per-
centage change in a country’s level of carbon emissions is equal to the percent-

age change in energy use and hence given by

AE' = {5 - 1} x 100 = [eb 21 01Yie

Ej €Ly alYE,b ]

using E' = Y, ajY}" /€', which follows from factor market clearing.

4 Estimation Method

4.1 Derivation of a Stochastic Model

The aim of this section is to derive from the model developed in Section 3
an estimable stochastic version. First, note that trade costs Tlij are not ob-
servable and therefore have to be approximated. The standard procedure is
to approximate them as an exponential function of K observable variables
70 =(Z7,79,...,Z2): T/ = exp((Z]’)'b;), where by is a (K x 1) parameter

vector. Adding a stochastic expression to equation (6) yields:

ix i 17 1—0

ij ’YZYJYZZ( sz ) Lo i

X7 = - (le) w’, (20)
LN

where ufj is a random error which is mean independent of all right-hand side

variables with conditional expectation equal to 1.8 Pooling all exporter- or

8We follow the trade literature and add the error term already when describing our
trade flow equation. From an econometric point of view, one might focus on deriving the
expression for the conditional expectation of trade flows and add the error term later as the
difference between the conditional expectation of trade flows and actual trade flows.

13



importer-specific parts of this equation, defining
p =Y ()" and i =7 (B (21)

and using equation Tlij = exp((ij )'by), the following, more compact stochastic
expression for the value of exports is obtained:
ij 1 ij\s ij\—oy, i, . i
X = Y—Wexp((Zl ) B)(1?) T iy’ (22)
where 8; = b;(1 —0;). We treat tariffs as zero in the benchmark case, in which
Tlij is estimated. To keep things simple in the following explanations, we sac-

rifice some generality by permanently assuming zero tariffs for the estimation

(ie. 77 =1).

4.2 Estimators

Equation (22) represents a multiplicative constant-elasticity model. It has long
been common practice to simply take logarithms and estimate the resulting lin-
ear model with OLS (in this case, pf and m{ would be captured by exporter and
importer fixed effects). But Santos Silva and Tenreyro (2006) argue that this
approach yields inconsistent parameter estimates. Further, log-linearization
requires all values of X;j to be greater than zero. But depending on the set of
countries used, there may well be a considerable number of zero entries in the
trade matrix. The usual solution of simply dropping these observations is not
theoretically justified and will in general lead to biased estimates.

For these reasons, we will not rely on the OLS estimator to obtain the
bilateral trade costs, but rather on the Poisson pseudo-maximum-likelihood
estimator. As argued by Santos Silva and Tenreyro (2006), PPML is also
likely to be a more sensible choice than other consistent non-linear estima-
tors (such as non-linear least squares or Gamma PML), because it gives equal

weight to all observations. They additionally demonstrate that the PPML es-

14



timator is generally well behaved in the context of constant elasticity models
by conducting Monte Carlo simulations (see Santos Silva and Tenreyro, 2011).
We therefore follow this by now standard approach and will base the empirical
investigation on sector-wise PPML estimation of (22).° As it is common prac-
tice, we will also estimate the model with OLS and use the resulting estimates
as a robustness check.

Estimation of equation (22) with PPML gives alongside fixed effects G,

Based on this, the estimated trade costs can be obtained as

T = exp <1 _1 - ((zjj)'ﬁl» , (23)

4.3 Determination of Remaining Model Parameters

We will now show how the carbon tariff for the counterfactual scenario is ob-
tained. For the benchmark case, we will assume Tlij = 1, but of course the
benchmark tariff could instead be estimated from the data and the counter-
factual carbon tariff then be added to the benchmark rates. Let \* denote the
implicit carbon tax in country i (calculated as i’s firms’ energy tax expenses
over i’s carbon emissions). Then Tlij can be obtained from the difference in
national carbon taxes as follows:

EM/

}/lj

=1+ (N — A7), (24)
where EM{ is the amount of carbon emissions in sector [ and hence EMlj/Yl]
is the carbon intensity of production in sector [ in the importing country.
Of course, it would generally be possible to use the carbon intensities of the
exporting country instead. This would be a production-based rather than a

product-based calculation of the carbon tariff rates. In our counterfactual

Note that there are potential efficiency gains in employing a system estimator as in
Egger, Larch, and Staub (2012), making use of the correlation of the error terms between
sectors. The empirical approach in this work will be constrained to the also consistent
though less efficient PPML estimator.
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scenario, we will follow equation (28) and hence work with product-based
carbon tariffs, because they can possibly be regarded as being comparable to
VAT border tax adjustments which are legitimate under WTO law (see Metcalf
and Weisbach, 2009, p. 546 f.).

The expenditure share for sector [, +;, is assumed to be constant across
countries. It is calculated from the data as v, = Y,V /YW (see Appendix A.3
for details). The elasticity of substitution, o;, could be estimated in various
ways.!? For simplicity, we instead follow the common approach to just put o;
to a plausible value. Simplifying further by assuming a common elasticity of
substitution for all sectors, we choose o; = 5.1

As was mentioned in section 3, we treat energy and emissions as if there
was a perfectly linear relationship. This allows us to infer the energy price
of country i as e’ = EC'/EM®, where EC" are total energy costs of all firms

2 Treating energy

in country ¢ and EM' are total emissions in country i.!
and emissions as perfectly correlated further makes it possible to estimate the
last missing model parameter, the cost share of emissions in country 7, o, as
af = EMje'/TC}, where EM; are the emissions in sector [ in country i and

T'Cy are the total costs of firms in the corresponding sector.

5 Data

5.1 Data Sources

For most of the data in this work, we use the Global Trade Analysis Project
(GTAP) 8 database (Narayanan, Aguiar, and McDougall, 2010). This database

10Gee for an overview Feenstra (2004) and for a recently suggested method Bergstrand,
Egger, and Larch (2013).

HThis is close to the estimate Aichele (2013) obtains using the approach by Bergstrand,
Egger, and Larch (2013) and equal to the benchmark choice of Anderson and van Wincoop
(2003). We additionally solve our model for o; = 8 and o; = 10 as a robustness check.

12Note that the energy price is given per unit of carbon emissions, rather than per a typical
energy unit such as kilowatt-hour. This is unproblematic due to the linear relationship of
energy and emissions.
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comprises data for 129 regions covering all countries in the world.!® The data
are disaggregated to 57 sectors. In order to make the counterfactual analysis
tractable, we work with the data on a bisectoral level. Sectors are divided into
a clean sector (I = C) and a dirty sector (I = D). In order to obtain the
clean and dirty sector used in the model, we divided the sectoral emission data
provided in GTAP for all countries by the sectoral production data. The 50
percent of the industries, for which this ratio is above the median were pooled
together as the dirty sector, the rest of the industries form the clean sector.'®
All further data taken from the GTAP 8 database were then aggregated to this
sectoral structure. These are the bilateral trade flows used for the estimation
of the gravity equation, sectoral GDPs (constructed as described by Hertel,
1997, p. 380), firms’ total costs, firms’ expenses for energy (and the tax part
thereof) and carbon emissions. The GTAP 8 data are for the year 2007. We
therefore construct the whole dataset as a cross-section for this year.

Bilateral data on free trade agreement (FTA) memberships are taken from
the WTO homepage. All geographic variables for the estimation of the gravity
equation stem from the Centre d’Etudes Prospectives et d’Informations In-
ternationales (CEPII) dataset constructed by Head, Mayer, and Ries (2010).
From the CEPII dataset, we use the weighted distance (“distw”), the contigu-
ity variable (“contig”), two colonial variables (“colony”, indicating if the two
countries ever had a direct colonial link, and “comcol”, indicating if the two
countries once had the same colonizer) and construct a variable for common
language which is one if either the two countries share an official language
or if one language is spoken by at least 9 percent of the population in both
countries.

As both the WTO and the CEPII data are given on a country level, we

13Most of these regions are identical with countries, but some countries are pooled together
as one region. For a list of the regions please refer to Appendix B.

4We refer to a sector as dirty or clean if it is carbon-emission intensive in production or
not, respectively, following Copeland and Taylor (2003).

5For a list of the industries and their grouping to the two sectors see Appendix B.
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aggregated them to the GTAP 8 regional level. For the distance variable, the
mean distance was used for aggregation. All of the other variables are binary.
For these variables, we again took the mean when aggregating the countries

and then rounded these variables to zero or one.

5.2 Descriptive Statistics

In this subsection, we briefly describe the most important summary statistics
of the data involved. Table 1 shows the descriptives statistics for all gravity

variables. 22 percent of the countrypairs in the dataset had signed some kind of

Table 1: Descriptive Statistics for Gravity Variables

Variable Mean S.D.  Min Max
WTO

FTA 0.22 0.41 0 1
CEPII

DISTANCE, km 7,585 4,346 132 19,781

CONTIG 0.02 0.15 0 1

COLONY 0.01 0.12 0 1

COMCOL 0.07 0.26 0 1

LANGUAGE 0.13 0.33 0 1
GTAP

Xg, million US-$  363.04 2306.25 0.001 140,512

Xg, million US-$  545.46 4414.19 0.002 263,406

Notes: We have information for 128 countries, leading to 128 x 127 = 16,256 observations
(excluding intra-trade flows).

common free trade agreement in 2007. The average weighted distance between
two countries is 7,585 km, ranging from 132 to 19,781 km. Only two percent
have a common land border. One and seven percent had a direct colonial link
or a common colonizer at some point in the past, respectively. 13 percent share
a common language. Average trade flows in the clean and dirty sector were

363 and 545 million US-$, respectively.'©

6Note that some trade flows in both sectors are very small, but none are actually zero in
the dataset used. One of the problems of OLS in estimating the gravity equation is therefore
not of importance here. But this does not change the rest of the argumentation brought
forward in section 4 and hence leaves PPML as the preferred estimator untouched.
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Table 2 shows descriptive statistics for all model variables and parameters.

Table 2: Model Variables and Parameters

Variable Obs Mean S.D. Min Max

Production

(billion US-$) Yy 128 436 1463 1.3 14,900
Yé 128 374 1331 0.9 13,700
Y}, 128 62 142 0.2 1,158

Emissions

(mT of CO,) E' 128 178 610 0.3 4,922
EL, 128 14 47 0.0 378

E% 128 163 565 0.3 4,544
Energy price/Carbon tax
(US-$/t COy) e 128 393 198 82 1,321
A 128 31 39 -14 171
Carbon cost share
b 128  0.013 0.026 0.000 0.240
ab 128  0.201 0.098 0.036  0.541
Expenditure share

Yo 1 0.857 - - -
b 1 0.143 ; ; ;
Carbon tariffs
Tgc —1 16,256 0.0006 0.001 0 0.036
Tgc —1 16,256 0.0265 0.045 0 0.995

Trade costs
(tg)l_” 16,256 0.0037 0.004 0.0011  0.068
(t%)l"’ 16,256 0.0009 0.001 0.0002 0.031
Elasticity of substitution
o 1 5) - - -

Notes: All values in this table except the trade costs and the elasticity of substitution are either taken
directly or calculated from the GTAP 8 data. The values of t;J are obtained by estimating the gravity
equation and o is simply put to 5.

Total production in one country varies between 1.3 billion and 14.9 trillion
US-$, with the much larger share stemming from the clean sector. This dis-
crepancy in the size of the two sectors also shows up in the expenditure shares,
as 85.7 percent of total income are spent on goods from the clean sector and
only 14.3 percent on goods from the dirty sector. Despite being by far smaller,

the dirty sector accounts for the majority of carbon emissions (on average 163
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out of the 178 million tons of CO,, which are the average total emissions).
Countries’ total carbon emissions range between almost none and close to 5
billion tons. Energy prices also show huge variation, from 82 US-$ per ton of
CO4 up to 1,321 US-$/ton of COq. The tax component of this price (i.e. the
implicit carbon tax) is even negative in a few cases, implying that some coun-
tries subsidize the use of energy. Implicit carbon taxes therefore range from
-14 to 171 US-$ per ton of CO,. The average cost share of carbon emissions
is 1.3 percent in the clean sector and 20.1 percent in the dirty sector. Accord-
ingly, carbon tariffs in the clean sector are very low: 0.06 percent on average,
ranging from zero to 3.6 percent. Average carbon tariffs in the dirty sector are
2.65 percent ranging from zero to a few outliers as high as 99.5 percent. The
average iceberg trade costs are 305 percent in the clean sector and 477 percent
in the dirty sector. As stated before, the elasticity of substitution is put to

five.

6 Results

6.1 Regression Results

As was described in section 4, the gravity equation resulting from the model
developed in section 3 is estimated both with Ordinary Least Squares and
with the Poisson Pseudo-Maximum-Likelihood estimator. The corresponding
results are given in table 3. The results are in line with the usual findings.
Almost all variables included are highly significant for both sectors in all speci-
fications. The exceptions are the two colonial variables in the PPML estimate
for the clean sector and the language variable in the PPML estimate for the
dirty sector. Even though these three coefficients lack significance, they still
show the expected sign. Estimation with OLS and PPML yield very similar
results. This might be due to the fact that we estimate the gravity equation

for the clean and dirty sector separately, which potentially reduces the hetero-
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Table 3: Estimation Results for the Gravity Equation

Dep. Var. XY In X Xy In X7
(1) (2) (3) (4)
PPML OLS PPML OLS
In DISTW? -0.685%** -0, 711 -0.872%H* -0.866%+*
(0.032) (0.012) (0.039) (0.017)
FT AV 0.286%** 0.251 %% 0.21 7% 0.1927%%*
(0.056) (0.019) (0.073) (0.027)
CONTIGY 0.308*** 1.014%%* 0.352%% 1.228%#*
(0.064) (0.046) (0.068) (0.065)
COMLANGY — 0.200%** 0.288*** 0.111 0.245%%*
(0.073) (0.023) (0.070) (0.033)
COLONY' 0.054 0.512%%* 0.236%** 0.559%%*
(0.088) (0.055) (0.091) (0.078)
COMCOLY 0.095 0,317 0.430°%%* 0.555%#*
(0.111) (0.028) (0.163) (0.040)
CONST 13.343%%%  13.312%%%  15.866%%*  14.748%**
(0.367) (0.156) (0.473) (0.221)
(Pseudo-) R? 0.958 0.936 0.894 0.871

Notes: All regressions include importer and exporter fixed effects, the coefficients of which are not shown.
We have 128 countries and 16,256 bilateral observations. Robust standard errors are given in parentheses.
*,*¥* and *** denote statistical significance at the 10, 5 and 1 percent level, respectively.

geneity of trade flows making OLS more reasonable, though still inconsistent.
Only for the common border variable, OLS yields much higher estimates (sur-
prisingly high in fact). As the calculation of the trade costs is based on the
consistent PPML estimates, we will focus on these values in the following short
description of the results.

The regressions explain a very large part of the variation of bilateral trade
flows (95.8 percent for the clean and 89.4 percent for the dirty sector). Ignoring
general equilibrium effects for the moment, an impression of the coefficients can
be given by the implied percentage changes. Distance is found to reduce trade
flows a little less in the clean than in the dirty sector. A one percent increase in
distance leads to a 0.685 and a 0.872 percent reduction, respectively. Ignoring

general equilibrium effects, free trade agreements lead to a (exp(0.286) — 1) x
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100% = 33.1% increase in trade flows in the clean sector and to a 24.2 percent
increase in the dirty sector. All further geographical, political and cultural
variables included from the CEPII dataset increase bilateral trade flows, with
effects varying from 5.5 percent (direct colonial link, in the clean sector) to

55.1 percent (common colonizer, in the dirty sector).

6.2 Counterfactual Scenario

As was stated above, structural gravity models allow the investigation of coun-
terfactual scenarios, taking into account general equilibrium effects. The model
developed in section 3 can be used to conduct scenarios for exogenous changes
in trade costs, energy/carbon prices or carbon tariffs. We analyze the latter
case.

The carbon tariff rates are obtained as described in section 4.3. Then the
model is solved for the scaled equilibrium prices, sectoral productions and total
national income (putting scaled equilibrium prices in the clean sector of Alba-
nia to one as the numeraire) and the percentage changes in trade flows, real
income and carbon emissions are calculated. In this section, we will (mostly
graphically) present the results for the latter three variables. Additionally, in
Appendix C, the exact numerical results are given as well as numerical and
graphical representations of the percentage changes in sectoral productions.

To obtain information about the precision of our results of the counterfactu-
als, we bootstrap 500 times from our parameter estimates reported in columns
(1) and (3) of table 3 alongside with the corresponding variance-covariance
matrix obtained in the estimation. We then solve the model in the base case
and the counterfactual for each of the 500 bootstraps. We report the obtained
standard errors in paranthesis below the corresponding point estimates in table
4 in Appendix C. All confidence intervals reported for counterfactual values
are also obtained using this bootstrapping procedure.

The way in which the carbon tariffs are calculated implies that for each

country pair the country with the higher implicit carbon tax imposes a tariff
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on imported goods from the other country. In order to give an overview which
countries are imposing tariffs in most cases and which countries more often
have to pay them, figure 1 presents the national implicit carbon taxes in all
128 countries.!” The larger the difference between two countries’ carbon taxes,
the higher is the carbon tariff imposed by the high-price country. Additionally,
due to the higher carbon intensity in the dirty sector, the percentage carbon
tariffs in the dirty sector are obviously higher than in the clean sector. The
implicit national carbon taxes (\) vary between -14 US-$ in Malaysia (i.e. an
implicit carbon subsidy) and 171 US-$ in Sweden. Generally, carbon taxes tend
to be very high in European countries and very low for large parts of Africa,
Asia and Oceania. It follows that European countries most often impose tariffs,
while African, Asian and Oceanic countries in many cases have to pay tariffs.
Further, many North and South American countries have to pay tariffs when
exporting to Europe and impose tariffs in most other cases.

Figures 2 to 4 show the most important results of the counterfactual in-
troduction of carbon tariffs. As carbon tariffs are a (climate-policy related)
trade-policy instrument, a plausible starting point for the evaluation of its ef-
fects is to look at the changes in trade flows. These are given in figure 2. It is
apparent that trade flows are reduced for most countries, but there are consid-
erable differences in the effects for different countries. The percentage changes
vary between a 3.39 percent reduction for Vietnam and a 1.03 percent increase
for Chile. Comparing the figure with the representation of the carbon taxes
given by figure 1, one can state a distinct relation between a country’s carbon
tax and the trade effects of carbon tariffs: those countries with low carbon
taxes (which hence have to pay most and highest carbon tariffs) undergo the
strongest negative effects in the counterfactual scenario. While most European
countries (except a few Eastern European ones with low carbon taxes) actually
experience a slight increase in their trade flows and most American countries

face moderate (positive or negative) effects, many African and Asian countries

"For the exact values of the carbon prices, see table 4 in Appendix C.

23



"SOLIJUNOD URISY PUR JIqRIY
M9J ® UL SAIPISqNS UO(IRD J0I[dUIl 0} NP oIR 0I9Z MO[Pq SON[RA °,X JO sonfeA Y3iy sjuesoidol Us9IS o[IYM ‘SOXR) UOGIRd MO[ sjuesaidor pay ‘uopomg
ur ¢-§N TLT pu® ®IsARTRI\ UL -G FT- Ue0M)Dq 93URI son[ea o], "POM 93} PUnoIe (,Y) seXej uoqren jOIAWI [RUOHRU SMOYS 9INSY SIYJ, :S2ION

sszi< [l

sszhorsool [
so0L ovss2 [
$5L01505 [
sosors0e [
socov 50z [
sozorsst ]
ssLovs0l [
s0L o155 [
ssors0 [

" HEN |

soxe], uoqre)) yoidwy T 2Indiyg

24



"osea100p JuedIad L()0’( B SI SMOJ} opel) plIom Ul 9FUueyD
Surpuodse1100 oY T, o[y 10 yuadIed ('] pue weujst\ I10] yuadiod gg ¢- Usamlaq auel sonfea oY, "UOIIONPal & sjussa1dol pal o[iym ‘Opel) s,A13UNod e
UT 95BaIOUT UR Sjuaseldal Uselr) 'SHIIe) U0GIed JO UOIIONPOIJUL [RTLJORJISIUNOD 9} 0} 9NP SMOJ opel) Ul saSuerd afejusdtod a1} smoys oy sIy ], :S9J0N

%l <

%4 01 %570 [
%570 03 %0 []
%570~ 03 %0 []
%101 %50 [
%z- 01 %4~ [
we- 01 %z [l

%e-> [l

SMOT,] OPRI], Ul SOSURY) 98RIUIId] 7 9INSI]

25



‘snid£)) 10} quedied [§°() pue emqequily, 10j Juediod ¢z 'g- Usem)oq oFUeRl SoN[eA 9], ‘UOIINPAI B SJuesoldol pal o[Iym ‘DUIOdUl [eal S, AIJUnod & ul
aseaIoul e syuesaldol Us0IY) "SHLIR) UOQIRD JO UOIPINPOIIUL [RNIIBJISIUNOD ST} O} SNP SWOOUL [eal Ul sofued aSejusotad o) SMOYS aINSJ1J SIY ], :S9ION]

%= ]
%00 %50- []
%50-01%1- [
%l- 01 %51~ [
%5'1- 01 %z~ [l

%z-> [l

WOOU] [€9Y UI S98URY)) 9FRIUIIIOJ ¢ OIN3Iq

26



-oseaIoul Juedtad G © SI SUOISSTD UO(Ied Pirom ur aguetd Surpuodsaliod 9y, “o[y)
107 yu0dIed {9 pue urelyeq Ioj JuedIod ¢ GT- UsoM)O( dFURI SON[RA O, "UOIIONPaI & $juasordor Uoo1d oIym ‘[9A9] UOISSTIUD S, AIIUNO0D € Ul 9SedIIUT
ue sjueseldel poy ‘SHLIR} UOQIED JO UOIIONPOIIUI [BNIDRJISIUNOD 9} 0} SNp SUOISSIWL U0qIed Ul sefueyo ofejusorod o) smoys a2Indy SIYJ, :S9ION

%6-> [l

%6- 01 %9~ [l
% 901 %e- [
%E- 01 %5 L[]
%5 k- 01 %0 [
%G1 %0 []
%E 0%} [
%9 01 %¢
%6 01 %0 [l

%6 < [l

SUOTISSTW/ UO(IR) Ul S9SURY) 98RJUIIII] :F oINSI

27



with very low carbon taxes are subject to a comparatively strong reduction of
their trade flows. Overall, aggregate world trade flows remain almost stable.
This is explained by the high trade shares of many European countries which
tend to have increased trade flows after introduction of the tariff.

Figure 3 shows the percentage changes in real income. First of all, welfare
effects in terms of real income are negative for most countries, the largest being
a -2.23 percent effect for Zimbabwe. There are exceptions with very modest
positive effects (the largest being a 0.41 percent increase for Cyprus). Over-
all, the relative picture of the different effects for different countries given by
figure 3 is strongly linked to the respective image obtained for the trade flows:
those countries which experience strong reductions in trade flows also tend to
experience strong welfare losses. As most of these countries are developing
countries in Africa and Asia, the counterfactual scenario would most strongly
decrease the welfare of already relatively poor countries.

Figure 4 shows the percentage changes of carbon emissions around the
world. The effects vary tremendously between countries. The most two ex-
treme cases are Bahrain, where carbon emissions are reduced by 15.37 percent
and Chile, where emissions are increased by 16.41 percent. Comparing figure
4 to figure 1, one can see that emissions are massively shifted from countries
with low carbon taxes to countries with high carbon taxes. If we see carbon
tax differences as a cause for carbon leakage, carbon tariffs strongly reduce
this effect.

But as COs is a global pollutant, a very important question remains: how
do world carbon emissions change? The answer is remarkable: global carbon
emissions increase by 0.49 percent, with a bootstrapped 95% confidence in-
terval of [0.44, 0.55]. How can this happen? The answer is that the relative
carbon intensity of the clean sector compared to the dirty sector is below av-
erage for many of the big economies which experience production increases
in the dirty sector in the counterfactual scenario (such as the USA, Japan,

Germany or the United Kingdom). Hence, their relative advantage in carbon
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intensity is stronger in the clean than in the dirty sector. Therefore, shifting
the dirty production to low carbon tax countries might very well be environ-
mentally efficient for the given state of technology. But carbon tariffs have
the effect of shifting dirty production back to the high-carbon-tax countries.'®
Intuitively, one might say that shifting dirty production to cleaner countries
reduces the overall level of emissions. But if, as is the case, many of the dirty
countries experience increases in the clean sector production'?, a higher ratio
of clean to dirty production carbon intensity in these countries can lead to
overall emission-increasing effects. This is an effect that can only be detected
in a model that includes a sectoral structure.

Before extending our model to incorporate energy production, we discuss
the robustness of our results with respect to the elasticity of substitution o,
the only parameter we did not directly obtain from our data. In our benchmark
results we set oo = op = 5. We now investigate the cases where oo = op =8
and oo = op = 10, respectively. For the sake of brevity, we restrict the
discussion to the changes in world carbon emissions. Details for trade flows,
welfare and carbon emissions at the country level are available upon request.
Our key finding that world carbon emissions increase after introducing carbon
tariffs is robust to changes in the elasticity of substitution. In fact, a higher
elasticity of substitution leads to a larger increase of world carbon emissions.
For 0, = 8 we find an increase of 0.91% (with bootstrapped 95 % confidence
interval [0.81, 1.04]), and for o; = 10 the increase amounts to 1.15% (with
bootstrapped 95 % confidence interval [1.02, 1.34]). The reason for the increase
is that higher o;’s lead to a higher responsiveness of trade flows with respect
to carbon tariffs. Hence, the production reallocation between low carbon tax
countries and high carbon tax countries becomes stronger. This increases the

effect driving up world carbon emissions.

18Gee Appendix C for the corresponding results and a graphical representation thereof.
19 Again see Appendix C for detailed results.
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7 Extension: Incorporating Energy Production

The model developed in section 3 did not allow for supply-side leakage effects.
But the introduction of carbon tariffs influences energy demand around the
world. Therefore, it would be a desirable feature for the model if the national
energy prices were not exogenous but would also be influenced by the price
of internationally tradable energy resources, such as oil. In this section, we
explore how our results of the benchmark model change if we augment the
model by an energy production function.

We extend the model by specifiying a production function of the following
form: F' =Y, Ef = Ai(L,)¢ (R)'¢, where R is an internationally tradable
input resource and the E subscript denotes the energy sector which is not
part of the [ sectors. The international character of the resource factor implies
that factor income associated with production in a certain country no longer
incurs only in that country. We therefore define total national income in terms
of factor incomes and tariff revenues. Additionally, we have to calculate two
additional parameters, a country’s resource endowment share and the resource
cost share in energy production, which are both based on data from the GTAP
8 database. For details on the model extension and the estimates of the two
additional parameters, please refer to Appendix A.4.

We conducted the same counterfactual experiment as described in section
6.2 again in the extended framework. Again, world carbon emissions increase.
But the effect is less strong, 0.17 percent (with bootstrapped 95 % confidence
interval [0.12, 0.30]) compared to 0.49 percent (with bootstrapped 95 % confi-
dence interval [0.44, 0.55]) in the base model. For most countries, results in the
two specifications are rather similar. We hence again see a reduction in car-
bon leakage and welfare losses for many poor countries with low carbon taxes.
Resource-rich countries are an exception. They profit from the introduction of
carbon tariffs in the model with energy production and tend to face increases

in trade and welfare in terms of real income. The reason is that the increase
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in energy demand (which is proportional to the increase in carbon emissions),
drives up the resource price making up a comparably large part of income in

resource-rich countries by definition.

& Conclusions

An effective international solution for CO, emission reductions is not in sight.
Hence we are most likely to see a mixture of national and regional efforts
to reduce carbon emissions, at least in the short to medium term. But the
global effectiveness of unilateral measures is undermined by carbon leakage, if
carbon emissions are shifted via international trade. One policy measure that
may tackle this problem and that is heavily discussed in this context is the
introduction of carbon tariffs.

Using a multi-sector, two-factor Anderson and van Wincoop (2003)-type
structural gravity model, we counterfactually introduce carbon tariffs to in-
vestigate the trade, welfare and emission effects. The results found cast a
damning light on carbon tariffs: trade is reduced, welfare (in terms of real
income) is reduced in most countries (and most strongly in the developing
world) and while carbon emissions are shifted as expected from countries with
low carbon taxes to country with high carbon taxes (i.e. carbon leakage is re-
duced), world carbon emissions increase by 0.5 percent. Hence, based on our
model, we find that carbon tariffs lead to the expected (and desired) reduction
of carbon leakage, but imply mostly undesirable effects otherwise.

There are several issues in the given model framework which ask for fur-
ther research. For example, the quality of the results might be increased by
using a more disaggregated sectoral structure than the bisectoral one used in
this paper. Further, there are no dynamic effects and technology is fixed (in
the sense that the parameters of the production function do not change). The
countries whose emissions increase due to the tariffs tend to be countries with

high carbon taxes. This may very well imply that these countries are the ones
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which are more willing to invest in reducing their emissions. The increase
they face might therefore lead to intensified efforts of these countries, while
the tariffs at the same time already directly reduced emissions in countries
that might otherwise not have carbon emission reduction as one of their first
policy priorities. Nevertheless, this paper contributes to the literature by pro-
viding a framework with a sectoral structure in which counterfactual analyses
of exogenous changes in trade costs, carbon taxes and carbon tariffs can be

conducted.
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Appendix

A  Detailed Model Derivations

A.1 Production Structure

With the production structure given by equation (9), the cost function can be

derived as (see for example Mas-Colell, Whinston, and Green, 1995, p. 142)

i\ 1o i\ ™
o o iNad( iNl—al i o5

Dividing by the output ¢/ and rearranging gives the unit costs:

Cl(eawa%)zz
l

(o)™l (1 = af)ei =] (el ), (26)

7
e w') =
l

A
Under the assumption of perfect competition, the price in country ¢ equals

minimal costs and, again rearranging slightly, is hence given by

1 e\ Wi T
8 A%(@%) (1—a;> 0

According to Shepard’s lemma, the conditional demand for the input factor

energy in sector [ is given by the partial derivative of the cost function (25):

7

o ot .
Pl = —LY/. (28)

de(e’,w' qf) — af
% et

rhplel ' gf) = A 8
Additionally, factor market clearing ensures that the following expression holds:
E'=) (29)
l
From equations (28) and (29), the equilibrium amount of energy can be derived:

B — Zl sz L (30)

o -
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For labor, the amount is given and the price is flexible and hence an expression
for the equilibrium wage is of interest. Following the same procedure as for
emissions, but solving for the factor price w’ instead of the factor endowment

L, yields
, 1—ah)y;
w' = M_ (31)

A.2 Counterfactual Change in GDP

Using the production structure given by equation (9), inserting E/ = aiY}'/¢’
into (9) and adding the counterfactual subscript, we obtain the following ex-

pression for sectoral GDP:

c

iy \ “
Vi — i Al (O‘lyz,c> (Li )1701;' (32)
l,c _pl,c l Gi l,c :

This again represents a system of £N equations, but at the same time adds
the 3€N unknowns p; ., Aj and Lj .

In order to obtain a different expression for Lj ., we make use of the fact
that the equation for the wage given by (31) also has to hold on the sectoral
level: o

, 1—a)y)
wi = L= aDY L;Q L. (33)

Solving for L} and substituting equation (31) for w’ gives

(- ahvir
L = . —. 34
Bl SRR 23 (34

Now the expression for (counterfactual) sectoral GDP can be restated as

Vi i A ajYi " (1 — oYL o 35
A\ )\ S )

As in Aichele (2013), rewriting (35) as the counterfactual change in sectoral
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GDP will turn out to be of use:
Vi (o) (Ve \" (Y Za -y, ) " (36)
Ylfb pf,b YZbez Y?b Dol = O%)Y%,c .

This equation can be restated using scaled equilibrium prices:

. . ﬁ ol i i i 1—at
YZC _ wac : lceb l }/l,c Zm(l - am) m,b l (37)
Y Uiy Vel Vi Do (L= )Y

)

This is equation (15) in the main text.

A.3 Details to the calculation of

To see why expenditure shares can be calculated using expressions for income,

first sum the market clearing condition Y}’ = Z;VZI X}7 over all countries i:

2V =
i=1 i=1 j=1
YW= xWV. (38)

Now sum equation (5) over all importer and exporter countries:

N N
ZZXZU = ZZ%{ sinT, T ”)1 UZ(P])UZ g

i=1 j=1 i=1 j=1
XY= Y xB) Y B )
j=1 i=1
X" = x", (39)

where the definition for the price index given by equation (4) was used in
the last step. Tt follows that ¥} = X}V and that 7; can therefore indeed be

calculated from production data as stated above.
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A.4 Incorporating Energy Production

The general production function stays the same in the extended model:
= A () (Ly)' e, (40)

As before, factor market clearing for energy holds and ensures that the follow-

ing expression holds:

E = ZILU‘ (41)

e’b

What is new in the extended framework is a production function for energy:
Z El = AL (L) (RH'E, (42)

where R is an internationally tradable input resource and the E subscript
denotes the energy sector which is not part of the [ sectors. It follows from
the Cobb-Douglas production structure that 1 — £ is the resource cost share
in energy production.

This extended production structure changes the labor market clearing con-

dition to

=Ly+ ) L (43)
1
It also leads to a new expression for the equilibrium wage:

' 1 — oi\Yi 4 ¢ifigi 1— o 4+ EaiYi
W — > O‘z)Liz + ' Ee _ > &lefal) L (44)

We can furthermore add an international resource factor market clearing con-

dition:
N —_—
> R'=R7, (45)
=1

assuming the world resource endowment R" and the use of it to be constant.

The expression for the energy price that is implied by the general produc-
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tion function (40) stays the same as in the benchmark model:

¢l = % (46)

From (42), we can then derive a country’s resource use as follows:

r

1= o1& o
7 — ZEII — ZYZ. 4
R e . % oY, (47)

Summing both sides over all countries and solving for r yields the international

resource price:
1 & o
= :W Z Z Oél lz. (48)
i=1 !

The international character of the resource factor implies that factor income
associated with production in a certain country no longer incurs only in that
country. Hence, total national income has to be newly defined in terms of

factor incomes and tariff revenues:
N
Y'=Liw' +w'rRV + Y > 7' XY, (49)
j=1 1

. . N .
where ' is the ressource endowment share of country ¢ (and hence ) ;" w* =

1).
Using (44) and (48), (49) can be rewritten as

N N
V=3l -ai+ a4ty (1-) 3 ol + 303 XY
Jj=1 l J=1 1

l

where

g Yivi/ 749 \'""or
XZJ — l ( -l ) 7_@] 1 .

Substituting (50) for (12), equations (11) to (14) can still be used to solve

for the counterfactuals. The fifth equation needed is an analogue for equation
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(15). It evolves from the expression for sectoral GDP:

et

) .ty o L
v =iy (“50) iy (51)
We again need an expression for the sectoral labor force, L!. It still has to
hold that
_ -V
b= 52
w I (52)

Solving for L} and substituting (44) for w’ gives

L -y
'S af gy

(53)

Using this expression and—as in the benchmark model—considering the coun-

terfactual change in sectoral GDP yields:
. . 1 . . ai . . L. . l—ai
Vo ()T (Y (Y0 al Cav, \ T
Y Ui Vel Vi 2l —ag, +&al)Y ‘

Equations (11), (13), (14), (50) and (54) can hence be jointly solved in the

counterfactual analyses. We only have to additionally obtain values for £ and
Wt
To obtain these values, we again use the GTAP 8 database. In order to
compute the resource endowment shares, GTAP data on factor incomes can
be used. Factor income is divided into five factors, one of them being natural
resources. If we denote a country’s factor income from natural resources by
RE*, we can simply calculate a country’s resource endowment share as
wim TE (55)
> j—1 REY
The factor natural resources is only used in five of the 57 GTAP sectors.

The resource cost share in energy production is calculated by first obtaining the

factor cost share of natural resources for an aggregated sector comprising all
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sectors using the factor natural resources. Secondly, the intermediate share of
this aggreagated sector in the production in three energy sectors (“Petroleum,
coal products”, “Electricity”, and “Gas manufacture, distribution”) is obtained.
And finally, these two shares are multiplied for each country to give 1 —&°, the

resource cost share in energy production.

B Data

This Appendix gives some further details on the data used in this paper. First,
the 128 regions and the countries which are aggregated to one region are given.
Afterwards, the grouping of the sectors of the GTAP 8 database into one clean

and one dirty sector is presented.

B.1 Regions

The 128 regions are:?°

Albania, Argentina, Armenia, Australia, Austria, Azerbaijan, Bahrain,
Bangladesh, Belarus, Belgium, Bolivia, Botswana, Brazil, Bulgaria,
Cambodia, Cameroon, Canada, Caribbean (Aruba, Anguilla, Nether-
land Antilles, Antigua and Barbuda, Bahamas, Barbados, Cuba, Cayman Is-
lands, Dominica, Dominican Republic, Grenada, Haiti, Jamaica, Saint Kitts
and Nevis, Saint Lucia, Montserrat, Puerto Rico, Turks and Caicos Islands,
Trinidad and Tobago, Saint Vincent and the Grenadines, Virgin Islands British,
Virgin Islands U.S.), Central Africa (Central African Republic, Congo, Gabon,
Equatorial Guinea, Sao Tome and Principe, Chad), Chile, China, Colom-
bia, Costa Rica, Cote d’Ivoire, Croatia, Cyprus, Czech Republic,
Denmark, Ecuador, Egypt, El Salvador, Estonia, Ethiopia, Finland,
France, Georgia, Germany, Ghana, Greece, Guatemala, Honduras,

Hong Kong, Hungary, India, Indonesia, Iran, Ireland, Israel, Italy,

20Tn parentheses, we indicate which countries are aggregated to give the respective region.
The aggregated countries and regions finally used in the analysis are bold.
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Japan, Kazakhstan, Kenya, Kuwait, Kyrgyzstan, Lao People’s Demo-
cratic Republic, Latvia, Lithuania, Luxembourg, Madagascar, Malawi,
Malaysia, Malta, Mauritius, Mexico, Mongolia, Morocco, Mozam-
bique, Namibia, Nepal, Netherlands, New Zealand, Nicaragua, Nige-
ria, Norway, Oman, Pakistan, Panama, Paraguay, Peru, Phillipines,
Poland, Portugal, Qatar, Rest of Central America (Belize), Rest of
East Asia (Macao, Democratic People’s Republic of Korea), Rest of East-
ern Africa (Burundi, Comoros, Djibouti, Eritrea, Mayotte, Rwanda, Sudan,
Somalia, Seychelles), Rest of Eastern Europe (Moldova), Rest of EFTA
(Iceland, Lichtenstein), Rest of Europe (Andorra, Bosnia and Herzegovina,
Faroe Islands, Gibraltar, Monaco, Macedonia, San Marino, Serbia, Guernsey,
Isle of Man, Jersey, Montenegro, Vatican), Rest of Former Soviet Union
(Tajikistan, Turkmenistan, Uzbekistan), Rest of North Africa (Algeria,
Lybia, Western Sahara), Rest of North America (Bermuda, Greenland,
Saint Pierre and Miquelon), Rest of Oceania (American Samoa, Cook Is-
lands, Fiji, Federated States of Micronesia, Guam, Kiribati, Marshall Islands,
Northern Mariana Islands, New Caledonia, Niue, Nauru, Palau, Papua New
Guinea, French Polynesia, Solomon Islands, Tokelau, Tonga, Tuvalu, Vanu-
atu, Wallis and Futuna, Samoa, Pitcairn, United States Minor Outlying Is-
lands), Rest of South African Customs Union (Lesotho, Swaziland),
Rest of South America (Falkland Islands, French Guiana, Guyana, Suri-
name, South Georgia and the South Sandwich Islands), Rest of Southeast
Asia (Brunei Darussalam, Myanmar, Timor Leste), Rest of South Asia
(Afghanistan, Bhutan, Maldives), Rest of Western Africa (Benin, Burkina
Faso, Cape Verde, Guinea, Gambia, Guinea-Bissau, Liberia, Mali, Mauritania,
Niger, Saint Helena, Sierra Leone, Togo), Rest of Western Asia (Iraq, Jor-
dan, Lebanon, Palestine, Syria, Yemen), Romania, Russia, Saudi Arabia,
Senegal, Singapore, Slovakia, Slovenia, South Afrcica, South Cen-
tral Africa (Angola, Congo Democratic Republic)South Korea, Spain, Sri

Lanka, Sweden, Switzerland, Taiwan, Tanzania, Thailand, Tunisia,
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Turkey, Uganda, Ukraine, United Arab Emirates, United Kingdom,
United States of America, Uruguay, Vietnam, Venezuela, Zambia,

Zimbabwe.

B.2 Sectors

The two sectors comprise the following GTAP 8 industries:

Clean sector: ctl (Cattle, sheep, goats, horses), oap (Animal products nec),
rmk (Raw milk), cmt (Meat: cattle, sheep, goats, horse), omt (Meat products
nec), vol (Vegetable oils and fats), mil (Dairy products), ofd (Food products
nec), b_t (Beverages and tobacco products), tex (Textiles), wap (Wearing
apparel), lea (Leather products), lum (Wood products), fmp (Metal products),
mvh (Motor vehicles and parts), otn (Transport equipment nec), ele (Electronic
equipment), ome (Machinery and equipment nec), omf (Manufactures nec),
cns (Contruction), trd (Trade), cmn (Communication), ofi (Financial Services
nec), isr (Insurance), obs (Business services nec), ros (Recreation and other
services), osg (PubAdmin/Defence/Health /Educat), dwe (Dwellings).

Dirty sector: pdr (Paddy rice), wht (Wheat), gro (Cereal grains nec), v_f
(Vegetables, fruit, nuts), osd (Oil seeds), ¢ b (Sugar cane, sugar beet), pfb
(Plant-based fibers), ocr (Crops nec), wol (Wool, silk-worn cocoons), frs (Forestry),
fsh (Fishing), coa (Coal), oil (Oil), gas (Gas), omn (Minerals nec), pcr (Pro-
cessed rice), sgr (Sugar), ppp (Paper products, publishing), p ¢ (Petroleum,
coal products), crp (Chemical, rubber, plastic prods), nmm (Minearl products
nec), i_s (Ferruous metals), nfm (Metals nec), ely (Electricity), gdt (Gas man-
ufacture, distribution), wtr (Water), otp (Transport nec), wtp (Sea transport),
atp (Air transport).
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C Further Results

This appendix gives some further results for the counterfactual introduction
of carbon tariffs. Additionally, the results presented graphically in section 6.2
are given in detail for all countries. Table 4 gives the implicit carbon tax (\%),
as well as the percentage changes in trade flows (AX"), real income (AR'),
emissions (AE?), production in the clean sector (AY() and production in the
dirty sector (AY}). Bootstrapped standard errors are given in parantheses.

Figures 5 and 6 represent graphically the values of AY/, and AY}.

Table 4: Detailed Results of Counterfactual Scenario

Country ANOAXY AR AET AYEL  AY)
Albania 8746  0.06 0.05 069 -0.24  0.89
(0.01) (0.02) (0.11) (0.04) (0.14)
Argentina 35.46 0.42 0.18 3.47  -0.20 4.99
(0.07) (0.01) (0.12) (0.08) (0.18)
Armenia 62.43 -0.03 0.14 096 -0.61 1.64
(0.03) (0.02) (0.12) (0.03) (0.19)
Australia 0.63 -048 -0.03 -1.02 -041 -1.07
(0.09) (0.00) (0.15) (0.08) (0.16)
Austria 126.87  0.31  0.15 241  -0.22 283
(0.06) (0.02) (0.32) (0.05) (0.38)
Azerbaijan -0.12  -247 -1.84 -14.45 298 -16.09
(0.12) (0.07) (0.51) (0.19) (0.57)
Bahrain -0.10  -2.26 -1.70 -15.37  0.92 -15.60
(0.15) (0.10) (0.92) (0.13) (0.94)
Bangladesh 694 -291 -1.68 -825 411 -873
(0.10) (0.04) (0.18) (0.45) (0.21)
Belarus 26.86 -0.99 -0.73 -3.8 0.78 -4.29
(0.06) (0.04) (0.22) (0.07) (0.24)
Belgium 111.96  0.32  0.10 1.61  -0.02 2.09
(0.06) (0.01) (0.20) (0.05) (0.26)
Bolivia 39.69 029 0.28 2.15  -077 251
(0.02) (0.02) (0.10) (0.05) (0.11)
Botswana 1.24 -0.82 -0.38 -7.61  0.58 -11.04
(0.10) (0.04) (0.96) (0.14) (1.41)
Brazil 2710 -0.18 -0.01 -0.14 -0.19 -0.14

(0.02) (0.00) (0.03) (0.02) (0.03)
Continued on next page
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Table 4 — continued from previous page

Country ANOAXY ARY AET AYEL  AY)
Bulgaria 4.42 -1.92 -1.58 -13.14 1.60 -14.24
(0.13) (0.10) (0.90) (0.15) (0.98)
Cambodia 23.14 -0.71  -0.21 -1.29 -0.42 -1.32
(0.08) (0.03) (0.24) (0.12) (0.25)
Cameroon 20.39  -0.75 -0.40 -2.75 048 -2.84
(0.07) (0.03) (0.26) (0.10) (0.27)
Canada 37.06 0.93 0.26 6.21 0.19 9.32
(0.09) (0.00) (0.10) (0.11) (0.18)
Caribbean 1594 -0.22 -0.06 -0.59 -0.12 -0.71
(0.04) (0.01) (0.11) (0.03) (0.13)
Central Africa 395 -096 -042 -5.46 0.97 -8.99
(0.10) (0.02) (0.36) (0.13) (0.59)
Chile 40.08 1.03 0.30 16.41 -0.65 23.89
(0.15) (0.01) (0.33) (0.17) (0.51)
China 4.65 -1.34 -0.20 -3.52 -0.78 -4.08
(0.17) (0.00) (0.10) (0.19) (0.09)
Colombia 39.49 0.00 0.03 0.78 -0.24 0.95
(0.02) (0.00) (0.05) (0.02) (0.05)
Costa Rica 24.32  -0.09 -0.04 0.45 -0.27 0.61
(0.03) (0.01) (0.08) (0.02) (0.10)
Cote d’Ivoire 2.96 -3.06 -2.12 -9.29 5.88 -12.97
(0.11) (0.04) (0.11) (0.37) (0.22)
Croatia 56.71 -0.70 -0.61 -3.18 0.85 -3.65
(0.04) (0.03) (0.19) (0.07) (0.22)
Cyprus 70.34 0.44 0.41 5.68 -0.71 5.95
(0.05) (0.05) (0.44) (0.04) (0.46)
Czech Republic 2073 -0.84 -0.60 -6.24 1.04 -6.74
(0.07) (0.05) (0.51) (0.11) (0.55)
Denmark 95.41 0.29 0.13 286 -0.21 3.10
(0.05) (0.01) (0.26) (0.04) (0.28)
Ecuador 16.03 -0.38 -0.19 -1.29 0.10 -1.48
(0.05) (0.02) (0.17) (0.04) (0.20)
Egypt -0.03 -2.34 -148 -11.26 1.78 -13.74
(0.16) (0.04) (0.29) (0.24) (0.36)
El Salvador 29.40 0.02 0.03 0.84 -0.45 1.00
(0.03) (0.01) (0.10) (0.01) (0.11)
Estonia 30.63 -0.40 -0.31 -2.84 0.32 -2.97
(0.06) (0.05) (0.60) (0.11) (0.64)
Ethiopia 794 -2.01 -1.20 -7.60 3.87 -8.94
(0.09) (0.03) (0.14) (0.28) (0.19)
Finland 58.80 0.06 0.05 1.23  -0.17 1.38
(0.01) (0.00) (0.07) (0.02) (0.08)

Continued on next page
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Table 4 — continued from previous page

Country ANOAXY ARY AET AYEL  AY)
France 147.72  0.61 0.15 3.00 0.13 3.89
(0.09) (0.01) (0.17) (0.09) (0.21)
Georgia 2479 -0.68 -0.41 -3.04 0.28 -3.28
(0.06) (0.04) (0.35) (0.09) (0.38)
Germany 77.54  0.09  0.00 0.14  0.07  0.15
(0.03) (0.00) (0.05) (0.03) (0.06)
Ghana 191 -295 -1.92 -11.75 551 -13.36
(0.12) (0.04) (0.18) (0.39) (0.23)
Greece 69.81 0.36  0.26 3.08 -0.16 3.20
(0.07) (0.03) (0.40) (0.03) (0.41)
Guatemala 38.93 0.05 0.07 171 -0.48 1.96
(0.02) (0.01) (0.09) (0.02) (0.10)
Honduras 10.18 -0.76 -0.54  -4.81 0.69 -5.86
(0.07) (0.03) (0.31) (0.07) (0.38)
Hong Kong -2.11 -1.66 -0.49 -9.05 0.61 -9.96
(0.18) (0.02) (0.26) (0.24) (0.29)
Hungary 73.21 0.02 0.02 0.32 -0.08 0.40
(0.01) (0.01) (0.07) (0.02) (0.08)
India 1840 -0.95 -0.27 -2.13 -0.27 -2.29
(0.08) (0.02) (0.17) (0.07) (0.19)
Indonesia 2.18 -2.05 -0.58 -6.73 -0.19 -8.21
(0.21) (0.01) (0.05) (0.29) (0.10)
[ran 949 -1.80 -0.89 -526 050 -7.62
(0.13) (0.02) (0.10) (0.21) (0.16)
Ireland 65.07  0.16  0.02 1.38  -0.06 1.68
(0.03) (0.01) (0.23) (0.05) (0.29)
Israel 31.06 -0.22 -0.02 0.15  -0.30 0.23
(0.03) (0.01) (0.14) (0.03) (0.16)
Italy 155.35 0.85  0.24 5.03  0.10 5.97
(0.13) (0.02) (0.31) (0.12) (0.36)
Japan 48.07 040  0.10 1.85  0.13 2.31
(0.06) (0.00) (0.02) (0.07) (0.02)
Kazakhstan 0.19 -1.35 -0.57 -4.21 0.83 -9.92
(0.14) (0.03) (0.22) (0.17) (0.51)
Kenya 459 -2.27 -1.34 -986  3.28 -11.16
(0.12) (0.03) (0.16) (0.29) (0.21)
Kuwait 0.03 -191 -1.10 -10.42 1.20 -12.28
(0.14) (0.04) (0.41) (0.18) (0.48)
Kyrgyzstan 13.65 -147 -1.07 -2.43 1.63 -6.16
(0.09) (0.06) (0.13) (0.16) (0.35)
Laos 13.80 -1.15 -0.59 -3.22 098 -4.89
(0.08) (0.03) (0.17) (0.17) (0.27)

Continued on next page
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Table 4 — continued from previous page

Country ANOAXY ARY AET AYEL  AY)
Latvia 4821 -0.24 -0.15 -1.33  0.12 -1.52
(0.03) (0.03) (0.34) (0.07) (0.39)
Lithuania 34.77  -0.57 -0.43 -3.21 0.52  -3.80
(0.06) (0.05) (0.42) (0.10) (0.50)
Luxembourg 107.03 0.36 0.14 4.00 -0.40 4.17
(0.03) (0.01) (0.19) (0.06) (0.20)
Madagascar 1.99 -2.04 -1.27 -10.17 4.53 -12.92
(0.10) (0.04) (0.19) (0.25) (0.25)
Malawi 573 -1.90 -1.36 -838 428 -11.20
(0.08) (0.04) (0.19) (0.18) (0.26)
Malaysia -14.40  -2.49 -1.10 -12.09 0.68 -14.91
(0.25) (0.05) (0.54) (0.30) (0.66)
Malta 67.79 0.19 0.14 244 -0.37 2.45
(0.09) (0.09) (0.76) (0.08) (0.77)
Mauritius 836 -1.27 -0.78 -7.78 1.39 -8.88
(0.09) (0.04) (0.41) (0.14) (0.47)
Mexico -0.19 -1.14 -0.38 -6.03 0.02 -6.37
(0.18) (0.02) (0.29) (0.20) (0.30)
Mongolia 565 -0.73 -0.55 -5.12 -0.14 -10.03
(0.08) (0.05) (0.83) (0.08) (1.68)
Morocco 0.03 -224 -1.49 -14.21 3.20 -15.00
(0.13) (0.04) (0.32) (0.24) (0.34)
Mozambique 6.83 -1.84 -1.23 -6.71 3.01 -9.96
(0.09) (0.03) (0.15) (0.19) (0.24)
Namibia 3.36  -0.87 -047 -6.95 0.65 -10.06
(0.09) (0.04) (0.76) (0.13) (1.12)
Nepal 6.23 -18 -1.16 -743  3.26 -10.58
(0.09) (0.04) (0.19) (0.20) (0.28)
Netherlands 127.90 0.57 0.24 3.52  -0.07 4.29
(0.09) (0.03) (0.42) (0.07) (0.51)
New Zealand 091 -0.52 -0.09 -1.93 -0.29 -2.25
(0.09) (0.01) (0.39) (0.07) (0.47)
Nicaragua 51.56  0.40  0.39 2,76 -0.95 3.39
(0.02) (0.02) (0.10) (0.03) (0.12)
Nigeria 16.51 -1.01 -0.42 -2.80 0.93 -297
(0.07) (0.03) (0.18) (0.14) (0.19)
Norway 148.32 035 0.14 2.81 -0.27 3.07
(0.08) (0.02) (0.43) (0.06) (0.47)
Oman 1.06 -1.12 -047 -6.26 0.30 -9.65
(0.12) (0.04) (0.60) (0.13) (0.95)
Pakistan 41.24  -0.26  0.03 0.01 -0.42 0.05
(0.04) (0.02) (0.11) (0.03) (0.12)
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Table 4 — continued from previous page

Country ANOAXY ARY AET AYEL  AY)
Panama 3.60 -1.06 -0.82 -8.33 0.36  -8.98
(0.12) (0.07) (0.85) (0.08) (0.92)
Paraguay 42.19 0.02 0.06 1.79 -0.61 1.85
(0.02) (0.01) (0.08) (0.02) (0.08)
Peru 23.34  -0.19 -0.05 -0.37 -0.12 -0.44
(0.03) (0.01) (0.11) (0.02) (0.14)
Philippines 13.75  -089 -0.31 -3.02 -0.17 -3.18
(0.09) (0.02) (0.19) (0.10) (0.21)
Poland 28.79  -0.47 -0.26 -3.03 0.25 -3.38
(0.05) (0.02) (0.28) (0.05) (0.31)
Portugal 91.63 0.43 0.22 3.83  -0.22 4.43
(0.06) (0.02) (0.28) (0.05) (0.32)
Qatar -0.05 -0.84 -0.20 -5.08 -0.24 -7.29
(0.10) (0.03) (0.84) (0.10) (1.24)
R.o. Central America 2096 -0.19 -0.10 0.50 -0.46 0.58
(0.05) (0.04) (0.22) (0.07) (0.24)
R.o. EFTA 23.22  -0.28 -0.20 -2.02 0.10 -2.38
(0.04) (0.03) (0.54) (0.07) (0.64)
R.o. East Asia 1.40 -1.22 -0.67 -5.19 0.79 -11.51
(0.11) (0.05) (0.42) (0.14) (0.97)
R.o. Eastern Africa 1.92 -2.19 -1.16 -10.16 2.06 -12.00
(0.15) (0.02) (0.16) (0.28) (0.22)
R.o. Eastern Europe 13.01 -2.04 -1.78 -8.59 2.25 -10.36
(0.09) (0.08) (0.38) (0.13) (0.46)
R.o. Europe 33.62 -0.50 -0.33 -2.52 0.27 -2.85
(0.03) (0.01) (0.11) (0.03) (0.12)
R.o. Former S. U. 2.30  -2.96 -2.11 -4.31 3.61 -13.54
(0.14) (0.03) (0.12) (0.31) (0.22)
R.o. North Africa 0.04 -196 -1.05 -10.16 1.96 -13.08
(0.16) (0.03) (0.22) (0.24) (0.30)
R.o. North America 54.27 0.26 0.23 7.75  -0.39 9.94
(0.04) (0.03) (0.69) (0.02) (0.88)
R.o. Oceania 1034  -0.36 -0.06 -0.75 -0.29 -1.12
(0.06) (0.01) (0.28) (0.04) (0.50)
R.o. S. A. Cust. Union 552 -1.22 -0.80 -7.97 2.07 -11.60
(0.08) (0.04) (0.40) (0.15) (0.59)
R.o. South America 27.42 -0.24 -0.08 0.13 -0.33 0.38
(0.03) (0.02) (0.16) (0.03) (0.26)
R.o. South Asia 21.92 -0.64 -0.24 -1.63 0.02 -2.12
(0.06) (0.02) (0.20) (0.10) (0.28)
R.o. Southeast Asia 19.99 -0.51 -0.09 -0.67 -0.39 -0.93
(0.06) (0.01) (0.10) (0.06) (0.19)
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Table 4 — continued from previous page

Country ANOAXY ARY AET AYEL  AY)
R.o. Western Africa 2.89 -2.01 -0.97 -9.22 3.04 -11.74
(0.14) (0.02) (0.14) (0.31) (0.22)
R.o. Western Asia 1.77  -3.01 -1.97 -10.27 1.93 -13.84
(0.17) (0.03) (0.15) (0.31) (0.24)
Romania 529 -1.39 -0.84 -8.53 1.14 -10.35
(0.11) (0.04) (0.44) (0.14) (0.53)
Russia 25.06 -0.45 -0.12 -1.26 -0.23 -1.38
(0.04) (0.01) (0.08) (0.04) (0.08)
Saudi Arabia -0.04 -1.48 -0.56 -5.84 0.13 -8.24
(0.15) (0.02) (0.21) (0.17) (0.29)
Senegal 12.07  -1.36 -0.99 -6.90 1.67 -7.22
(0.08) (0.04) (0.34) (0.13) (0.36)
Singapore 533 -2.76 -1.46 -9.67 1.00  -9.71
(0.16) (0.03) (0.19) (0.34) (0.19)
Slovakia, 49.15 -0.34 -0.24 -2.09 0.34 -2.66
(0.03) (0.02) (0.25) (0.06) (0.32)
Slovenia 63.66 -0.12 -0.14 -1.36 0.21 -1.56
(0.02) (0.02) (0.38) (0.07) (0.44)
South Africa 9.14 -0.31 -0.03 -0.54 -0.27 -0.57
(0.05) (0.01) (0.25) (0.04) (0.28)
South Central Africa 2.55 -0.58 -0.15 -1.27 0.08 -5.34
(0.08) (0.02) (0.18) (0.09) (0.86)
South Korea 19.796 -0.54 -0.11 -1.19 -0.38 -1.31
(0.06) (0.01) (0.07) (0.06) (0.08)
Spain 63.81 0.43 0.14 3.38 0.00 3.80
(0.06) (0.00) (0.09) (0.07) (0.10)
Sri Lanka -1.04 -3.14 -1.94 -13.14 3.53 -14.76
(0.16) (0.04) (0.21) (0.37) (0.26)
Sweden 170.58 0.30 0.13 2.24  -0.18 2.52
(0.06) (0.02) (0.33) (0.05) (0.37)
Switzerland 120.30 0.30 0.09 2.19  -0.09 3.72
(0.04) (0.00) (0.03) (0.05) (0.08)
Taiwan 13.81 -048 -0.06 -0.74 -0.43 -0.77
(0.06) (0.01) (0.12) (0.06) (0.13)
Tanzania 239 -2.14 -1.25 -11.15 4.10 -12.42
(0.11) (0.03) (0.18) (0.28) (0.22)
Thailand 14.51 -092 -0.29 -2.74 -0.36 -2.93
(0.09) (0.01) (0.11) (0.10) (0.12)
Tunisia 1.15 -2.35 -1.82 -12.73 4.38 -16.91
(0.10) (0.07) (0.40) (0.21) (0.54)
Turkey 109.21 0.23 0.12 0.78 -0.04 0.91
(0.02) (0.01) (0.04) (0.04) (0.05)
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Country ANOAXY ARY AET AYEL  AY)
U.S.A. 17.03 0.37 0.10 1.95 0.21 2.27
(0.02) (0.00) (0.08) (0.02) (0.09)
Uganda 38.36  -0.36 -0.05 -0.28 -0.42 -0.24
(0.05) (0.02) (0.14) (0.07) (0.20)
Ukraine 18.66 -1.37 -0.92 -4.66 0.44  -5.03

(0.09) (0.05) (0.25) (0.10) (0.27)
United Arab Emirates ~ -0.19  -2.00 -0.74 -10.22  0.86 -10.50
(0.17) (0.01) (0.14) (0.27) (0.15)

United Kingdom 11850  0.68 0.18 394 013 457
(0.10) (0.01) (0.15) (0.11) (0.17)
Uruguay 39.24  0.03 007 161 -0.34  2.02
(0.01) (0.01) (0.11) (0.02) (0.13)
Venezuela 789 -045 -0.15 -2.26 -0.05 -2.74
(0.07) (0.02) (0.32) (0.05) (0.40)
Vietnam 490 -339 -1.78 -1243 317 -15.74
(0.22) (0.03) (0.15) (0.48) (0.28)
Zambia 306 -1.88 -1.20 -8.07 321 -12.40
(0.10) (0.04) (0.20) (0.20) (0.32)
Zimbabwe 025 -277 -223 -1239  3.61 -16.64

(0.12) (0.07) (0.41) (0.19) (0.55)

Notes: \* denotes the carbon tax, AX? denotes the percentage changes in trade flows, AR’ the
percentage changes in real income, AE’ the percentage changes in carbon emissions, AYé the
percentage changes in the production in the clean sector and AYE, the percentage changes in the
production in the dirty sector. The numbers in parantheses below the reported values give the
corresponding bootstrapped standard errors.
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