Capital Malleability, Emission Leakage
and the Cost of Partial Climate Policies:
General Equilibrium Analysis
of the European Union Emission Trading System

Elisa Lanzi! Ian Sue Wing?
Environment Dept. Dept. of Earth & Environment
OECD Boston University

!Corresponding author. This paper has benefited from helpful comments by the editor and two anony-
mous referees. Without impugning, we also wish to thank Don Fullerton, seminar participants at UC
Riverside and U. Maryland, and participants at SURED 2008 and the 12" Annual Conference on Global
Economic Analysis in Santiago, Chile. All errors and omissions are our own.

2Support from US Dept. of Energy Office of Science (BER) grants DE-FG02-06ER64204 and DE-SC005171
is gratefully acknowledged.



Abstract

Computable general equilibrium (CGE) models are the premier analytical platform for assessing
the economic impacts of climate change mitigation. But these models tend to treat physical capital
as “malleable”, capable of reallocation among sectors over the time-period for which equilibrium
is solved. Because the extent to which capital adjustment costs might dampen reallocation is not
well understood, there is concern that CGE assessments understate the true costs of greenhouse
gas (GHG) reduction policies. This uses a multi-region, multi-sector CGE model to investigate
cap-and-trade schemes such as the European Union Emission Trading System (EU ETS) which
cover a subset of the economy, elucidating the effects of capital malleability on GHG abatement,
the potential for emission leakage from abating to non-abating sectors, and the impacts on welfare.
To simplify the complex interactions being simulated within the CGE model, the CGE analysis is
complemented with constructing and parametrizing an analytical model. A partial climate policy
result in negative internal carbon leakage, with emissions declining not only in capped sectors but
also in non-regulated ones. This result is stronger when capital is intersectorally mobile. Interest-
ingly, in partial climate policy settings capital malleability can amplify or attenuate welfare losses
depending on the attributes of the economy:.



1 Introduction

The first decade of the 21st century has seen a gradual shift away from the grand international
climate architecture envisioned by the Kyoto Protocol, with the world’s largest emitters of green-
house gases (GHGs) struggling to implement their own domestic mitigation policies. In contrast
to the comprehensive economy-wide cap-and-trade or GHG tax systems espoused and analyzed
since the beginning of the Kyoto process, emission reduction policies in virtually all abating coun-
tries cover only subsets of their economies. This feature, even in a successful multilateral scheme
such as the EU Emission Trading System (EU ETS), raises concerns about “internal” leakage of
GHG emissions from constrained to unconstrained sectors in the same economy, mirroring the
preoccupation of the climate policy literature with external leakage from Kyoto’s Annex I to non-
Annex I regions. In particular, in the advanced economies that are pursuing GHG abatement,
well-developed markets are likely to facilitate intersectoral mobility of both variable inputs and
polluting capital. What role such capital “malleability” might play in amplifying or attenuating
internal leakage is not known, and is the topic of this paper.

GHG emission reduction policies have been the subject of extensive numerical analysis, the
workhorse of which has been computable general equilibrium (CGE) models. One particular fea-
ture shared by the majority of CGE models in this arena (e.g., Klepper et al., 2003, Capros et al.,
1997, Burniaux and Truong, 2002) is that physical capital inputs to production are “malleable”,
capable of being shifted frictionlessly among different sectors over the short to medium run so as
to nullify marginal productivity differences. But it has long been known (e.g., Gapinski, 1985)
that such mobility arises from capital scrappage and retrofit which proceed only slowly and in the
short run can substantially dampen the elasticity of the economy’s response to policy shocks, am-
plifying the latter’s aggregate cost. A few climate-focused CGE models (e.g., MIT-EPPA— Paltsev
et al., 2005) incorporate this effect through a “putty-clay” investment scheme in which new capi-
tal is malleable but extant capital is sector-specific. The latter is segmented into different vintages
according to their year of investment and determines the (fixed) input proportions of production
associated with each vintage. The problem that arises is that the results of any individual model-
ing study tends to reflect either perfect malleability or partial capital mobility, limiting our ability

to infer capital mobility’s impact on emission leakage and climate policy costs by necessitating



comparisons among models with significant structural differences.

The crucial question is therefore how different assumptions about the degree of malleability
combine with the characteristics of abating economies within a given model to affect the impacts of
GHG abatement. Jacoby and Sue Wing (1999) and Sue Wing (2006) highlight the potential for the
welfare losses from climate mitigation policies to increase substantially with the sluggishness of
intersectoral capital reallocation. Given that capital is likely to be neither perfectly malleable nor
perfectly immobile, but somewhere in between, implications for real-world climate policy costs
turn on two key issues: the empirical question of how malleable capital is likely to be over the
time-frame that emission limits are anticipated to bind, and the theoretical question of the manner
in which various characteristics of abating economies influence the short-run adjustment costs to
which capital rigidities give rise.

Answers to the first question are elusive because climate mitigation policies are still in their
infancy. Nevertheless, despite the scant—and, at least for our purposes, inconclusive—evidence
on the macroeconomic effects of price-induced capital scrappage, retrofit and second-hand capi-
tal goods market impacts,! the existence of aggregate capital adjustment costs (e.g., Groth, 2008)
suggests that, all else equal, simulations which treat capital as perfectly mobile are likely to un-
derestimate the costs of CO; emission abatement. The second question is comparatively easy to
address, and is the focus of our investigation. Our approach is to bound the range of uncertainty
in leakage and welfare cost by undertaking a clean comparison of the extreme cases where capital
is either completely sector-specific or perfectly mobile.

Our policy application is Phase II of the EU ETS.2 We use a multi-region, multi-sector CGE
model to investigate the interactions between economies’ characteristics and the intersectoral mo-
bility of capital, focusing in particular on domestic emission leakage and welfare costs. The model
distinguishes between the covered and combustion sectors under the EU ETS’ jurisdiction, as

well as non-trading sectors outside the scope of the program. Then, to simplify the complex in-

1e.g., Dixit (1989), Goolsbee and Gross (1997), Goolsbee (1998), Ramey and Shapiro (1998, 2001), Cooper and Halti-
wanger (2006), Eisfeldt and Rampini (2006).

2The EU ETS is a cap and trade program for limiting GHG emissions implemented in into two phases. The first,
lasting from 2004-2007, was designed to allow regulators, emitters and holders of allowances to gain experience with
CO, abatement and gain experience with emission trading—accordingly, emission limits for participating countries
were set close to their expected baseline levels. In Phase II (2008-2012) the emission ceilings are tightened and all 27 EU
Member States are included in the system. Although the EU ETS is the subject of a large literature (ably reviewed by
Convery, 2009), most of these studies perform either prospective or retrospective analysis of Phase I.



teractions being simulated and put the mechanisms at work into sharper relief, we construct an
analytical general equilibrium model of a simple one-household, two-sector economy, extending
the work of Fullerton and Metcalf (2002), Fullerton and Heutel (2007), and particularly Fullerton
et al. (2011). The household derives utility from clean and dirty substitute goods, both of which
are produced from capital and pollution with different input intensities. The EU ETS is repre-
sented by a tax on pollution in the dirty industry. Our analysis contrasts the impacts of the tax on
the equilibrium of the economy in the case where capital moves between sectors versus where it
is fixed in place. Finally, we quantify the implications of our analytical results by numerically pa-
rameterizing them using the CGE model’s calibration dataset, treating fossil fuel CO, precursors
as the polluting input and the EU ETS covered and combustion sectors as the dirty industry.

We find that capital malleability results in more CO, abatement and in a higher negative leak-
age rate. When capital is sector-specific, the marginal productivity of fossil fuel commodities
is generally lower and thus leads to lower equilibrium prices and demand within the EU. The
welfare consequences of the climate policy depend on the malleability of capital as well as the
characteristics of the economies. A decomposition analysis is used to identify the main drivers of
the welfare results, which depend on the size of a negative abatement effect, a capital reallocation
effect likely to exacerbate welfare losses, and a leakage effect likely to mitigate declines in utility.
A numerical analysis is used to show the dependence of the CGE model results on key economic
parameters in the EU ETS regions. The results indicate that the higher the share of covered indus-
tries” outputs in households expenditure, the more negative the welfare impact, while the ability
to sell allowances is the key offsetting driver. This underlines the crucial importance of allowance
allocation for welfare outcomes.

The paper is organized as follows. Section 2 outlines the CGE model and its application to
the EU ETS and summarizes the results of our structural sensitivity analysis. Section 3 develops
the analytical model, describes its theoretical predictions and illustrates its numerical application,

and draws implications for policy and modeling practice. Section 4 concludes.



2 CGE Simulations of the EU ETS

CGE models” multi-regional, multi-sectoral architecture offers the possibility to incorporate in a
consistent fashion the different interacting effects of economic activities on the baseline and coun-
terfactual equilibria of regional economies. This makes them the analytical platform of choice to
assess the impact of capital malleability on the macroeconomic costs of the EU ETS. However, the
dark side of this all-inclusive character is the particular difficulty of disentangling the relative im-
portance of the forces driving models’ results, which sets up a tension between real-world policy

assessment and clear accounting.

2.1 Model Structure

Our numerical simulations are based on the straightforward static multiregional CGE model of
Harrison et al. (1997a,b), as elaborated in Rutherford (2005). As summarized in Table 1, the model
divides the world into 24 regional groupings (identified by the index r), with households in each
region modeled as a representative agent, and firms aggregated into 14 industry groupings (in-
dexed by j). The output supplied by each industry in a given region satisfies sectors” domestic
intermediate inputs demands (indexed by i), the representative agent’s domestic final demand
and other regions” demands for imports. Government is also represented, but it plays a passive
role, collecting taxes and using the resulting revenues to purchases commodities which form the
inputs to the production of an aggregate government good. Regional economies are linked by
bilateral trade in commodities which is modeled according to the Armington (1969) specification
that represents the use of each commodity as a constant elasticity of substitution (CES) composite
of domestically-produced and imported varieties of that good, and models aggregate imports in
turn as a constant elasticity of substitution (CES) composite of flows from individual trade part-
ners.

The agent in each region is endowed with three factors of production: labor, capital, and en-
ergy resources (all internationally immobile), which are rented to domestic industries in return
for factor remuneration. Sectors’ outputs are demanded by other sectors for use as intermediate
inputs and by the representative agent for the purposes of consumption and saving. Each repre-

sentative agent is modeled as an expenditure-minimizing individual with Cobb-Douglas prefer-



Table 1: CGE Model Regions and Sectors

A. Regional Aggregation

EU ETS Regions (s) Other Regions
Austria Ireland European Free-Trade Area (EFTA)?
Belgium Italy Rest of Europe
Czech Republic  Netherlands | North-American Free-Trade Area (NAFTA)"
Denmark Poland Russia
Finland Portugal Other fmr. Soviet Union
France Spain Rest of the World
Germany Sweden
Greece UK
Hungary Rest of EU?

? Cyprus, Estonia, Latvia, Lithuania, Luxembourg, Malta, Slovenia, Slovakia
b Norway, Switzerland and Iceland
¢ USA, Canada, Mexico

B. Sectoral Aggregation

Abating Sectors (h) Non-Abating
EU ETS Covered Sectors (c) Combustion Sectors (I) Sectors

Refined petroleum/coal* Coal Mining* Transportation
Pulp and paper Crude oil/gas mining* Rest of Economy aggregate
Electric power Gas production/distribution*
Non-metallic mineral products | Non-ferrous metals
Iron and steel Chemicals, rubber & misc. plastics

Durable manufactures

Non-durable manufactures

* CO, emission precursor

ences and a constant marginal propensity to save out of income, while each industry is modeled
as cost-minimizing representative firm with nested CES production technology.?

The structure of production in the model is designed to reflect the difficulty of substituting
material inputs for energy and, to a lesser extent, low-carbon energy inputs such as natural gas
for carbon-intensive fuels such as coal in the short run. Although it is structurally identical across
different industries, its parametrization varies with sectors’ input-output coefficients. The nesting
hierarchy is shown in Figure 1, with output (Yj,) at the top level produced from a CES aggrega-
tion of “fixed-factor” energy resource inputs (FF;,) and a composite of capital, labor, energy and

materials (KLEM) (YY), with an elasticity of substitution (T]F . This portion of the hierarchy is

3 Although savings-investment closure rules are most critical for dynamic analysis of the effects of a contempora-
neous policy shock on the capital stock and welfare in subsequent periods, they still matter for static analysis because
of the interdependence between household savings and expenditure. If savings are modeled as perfectly inelastic the
burden of household adjustment falls entirely on consumption, with concomitant amplification of contemporaneous
welfare losses. Our formulation is a simple and transparent way of dividing the burden of CO, abatement-driven
reductions in factor remuneration between consumption and saving.



only present in primary energy sectors which use energy resources as a non-reproducible input
(coal, crude oil & gas, natural gas, electricity). In turn, we specify the KLEM composite as a CES
function of value-added (VA;,), energy (E;,) and non-energy materials (N;,), with an elasticity of
substitution O'J-Y.

Moving down one level, value-added is a Cobb-Douglas aggregate of capital and labor inputs
(Kj, and L;,) while energy and materials are modeled separately as composites of intermediate
energy and materials commodities (Q,j, and Q,,,, respectively, where e and n are indices of en-
ergy and non-energy goods), with the substitutability of commodities within each nest governed
by the elasticities cT]E and (T]N . The lowest levels of the hierarchy represent the Armington ag-
gregation of intermediate input. Sector j’s use of the i" intermediate input is a CES composite of
domestically-produced and imported varieties (ql’.?j,r and quJI ) whose substitutability is determined
by the elasticity ¢”M. In turn, imports are a CES composite of exports of good i from regions of
origin o # 7 (xj,,). These are imperfect substitutes whose demands respond to relative prices
across exporting countries according to the elasticity oM.

We simulate the operation of the EU ETS by requiring sectors” use of each type of fuel to be
covered by emissions allowances in the amount of the fuel’s CO, content. The key feature of the
EU ETS is that it restricts emissions in a subset of regions (indexed by s) and sectors (indexed
by h), across which the coverage of the program varies. The latter are made up of “covered”
sectors (indexed by c in Table 1) and large combustion plants (LCPs) within “combustion” sectors
(indexed by I). Producers in these sectors are therefore obliged to cover their emissions from fuel
use by holding allowances A, s = €c1,sWen,sQens, Where €., denotes fuel- and sector-specific
stoichiometric emission factors and w, j, ¢ is the fraction of the sector covered by the EU ETS. In
covered industries w,.s = 1, while in combustion sectors where LCPs account for less than the

total quantity of energy use and emissions w,;s; < 1. The aggregate EU ETS emission cap is

implemented via the constraint:

YN ) Aens <) A 1 TCo,
e h s B

where 4; is the quantity of allowances allocated to each region. The expression above is intro-

duced as an additional equation in the CGE model’s pseudo-excess demand correspondence,



where (as indicated by the short-hand notation “_L”) it exhibits complementary slackness with re-
spect to the system-wide market clearing price of allowances (7co,). Symmetrically, the allowance
price reduces fossil fuel use by raising the consumer price of the covered amount of each fuel
through a markup proportional to its CO, content: ¢, sTco,-

Figure 1 illustrates how this scheme is operationalized. We specify each input to the energy
sub-nest (@e,]-,r) as a CES composite of uncovered physical fuel ((1 — wy, ) Q. 1 s, in combustion sec-
tors only) and the quantity of covered fuel and associated permits (QA, s), whose constituents
exhibit a fixed stoichiometric relationship with each another. Substitution of uncovered for cov-
ered fuel is determined by the elasticity o . There is little information to guide the choice of values
for this parameter. While it seems logical that uncovered fuel should easily substitute for covered
fuel, it seems plausible to assume that LCPs will continue to be a necessary technology in the
production of combustion sectors” outputs for the foreseeable future, with plant-level economies
of scale increasing the opportunity cost of non-LCP substitutes. In an attempt to reconcile these
divergent views we set o~ = 0.5. Data are not available on the specific energy conversion technolo-
gies employed by covered sector firms and LCPs in non-abating industries, but it seems doubtful
that many of these sources possess fuel-switching capability—with the exception of electric power
generation (e.g., Soderholm, 2001). Accordingly, we set the value of the key interfuel substitution
elasticity parameter (O’JE) to be low in non-electric industries and high in the electric power sector.

The EU ETS’ short time horizon suggests that the near-term outputs of an alternative intertem-
poral CGE model will be fundamentally similar to the contemporaneous we present below. How-
ever, over longer policy horizons the paths of capital accumulation in the covered, combustion
and non-covered sectors will likely differ markedly. In such a setting, whereas with capital mal-
leability capital would be gradually reallocated to clean sectors, with sector-specific capital the
investments in the clean sectors would take place mostly as the dirty capital becomes old and less

productive.

2.2 Numerical Calibration and Parametrization

The CGE model is a numerical simulation of Arrow-Debreu equilibrium in a complementarity

format. Cost minimization by industries and expenditure minimization by the representative



Figure 1: Sectoral Nesting Structure
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agent in each region yield vectors of cost and expenditure functions, and commodity and fac-
tor demands. These equations are functions of domestic factor prices, domestic and international
commodity prices, domestic industries’ activity levels, and the income levels of the regional repre-
sentative agents. They are substituted into the general equilibrium conditions of market clearance,
zero profit and income balance to yield to a square system of non-linear inequalities that forms the
pseudo-excess demand correspondence of the world economy (for details, see Sue Wing, 2009).

This algebraic structure is numerically calibrated using version 7 of the Global Trade Analysis
Project (GTAP) database (Narayanan and Walmsley, 2008), which records data on bilateral trade
flows, transport margins and tariffs in conjunction with individual country social accounting ma-
trices for 57 industry groupings across 113 countries and world regions for the year 2004. These
data are aggregated to match the regions and sectors in Table 1. The key calibration parameters
are the elasticities of substitution, which are assumed to be identical across regions but vary by
sector. The resulting numerical scheme is expressed as a mixed complementarity problem using
the Mathematical Programming System for General Equilibrium analysis (MPSGE) (Rutherford,
1999) for the General Algebraic Modeling System (GAMS) numerical modeling language (Brooke
et al., 1998), and is solved with the PATH solver (Dirske and Ferris, 1995, Ferris and Munson,
2000).

We prepared a baseline projection of economic activity in 2012 by scaling the endowments
in each region according to the historical growth rates of GDP from 2004 to 2010, and forecasts
of GDP growth for the period 2010-2012 from the 2011 International Monetary Fund (IMF) World
Economic Outlook. To construct the corresponding baseline projection of CO, we calculated emis-
sion factors based on the GTAP 7 satellite database on combustion-based CO, emissions (Lee,
2008), following the procedures outlined in Lee (2002). We assume that these values remain con-
stant throughout the intervening period of economic growth, which is equivalent to assuming an
absence of autonomous energy efficiency improvement.

Our emission ceilings correspond the quantities of allowances established by participating
countries’ National Allocation Plans (NAPs).* To implement the EU ETS cap within the model

it was necessary to estimate the shares of combustion sector CO, emissions attributable to LCPs.

“Directive 2009/29/EC of the European Parliament and of the Council of 23 April 2009 amending Directive
2003/87/EC so as to improve and extend the greenhouse gas emission allowance trading scheme of the Community.



Relevant data that are readily available are the 2004 International energy Agency (IEA) energy
statistics on countries” emissions from “unallocated producers” (generators of electricity or heat
for own consumption, as opposed to for sale) whose fossil fuel use and emissions are not ap-
portioned between industrial and non-industrial sectors. We treated unallocated producers as
representative of LCP emissions across all of the combustion sectors in each country by calculat-
ing the average proportion of aggregate use of each fuel and assigning the amount of emissions
from unallocated producers. While this procedure has its limitations, data constraints effectively

preclude capturing sectoral heterogeneity in LCP shares.

2.3 Simulation Results

We simulate Phase II of the EU ETS, focusing on the year 2012. Our reference scenario is a no-
policy business-as-usual (BAU) baseline against which we compare the economic impacts of the
EU ETS cap when capital is intersectorally mobile and when it is sector-specific. Table 2 summa-
rizes the results of the BAU scenario, while Table 3 compares outcomes of the EU ETS counter-
factual scenario with and without intersectoral capital mobility. Our counterfactual 2012 emis-
sions are quite a bit higher than the observed trend (cf Olivier et al., 2012), but our results are in
line with earlier studies (e.g., Reilly and Paltsev, 2006). We find that the aggregate emission cap
binds lightly on EU economies, requiring them to abate 236 MTCO,, or 5% of business as usual
(BAU) emissions in 2012. The net volume of interregional allowance trade is a mere 130 MT, or
6% of the cap, which suggests that Member States” allocations are fairly close to their ultimate
post-abatement emissions. Italy, UK and the Netherlands are large net buyers of permits, while
Germany, Belgium, Greece and the conglomeration of small Member States are large net sellers.
Capital immobility has the expected effect of making abatement more costly at the margin. The
CO; permit price is around 8% higher in the sector-specific scenario compared with the malleable
scenario, 2010 €8.31 as opposed to €7.69.

Across EU ETS regions CO; from covered sectors declines substantially, combustion sector
emissions fall by a smaller amount. Non-trading sectors emissions also exhibit very slight reduc-
tions. Emissions from non-EU regions increase significantly. This is one of the paper’s key result:

while external leakage from the EU ETS is substantial and positive, internal leakage is small and
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Table 2: CGE Model Results: Business as Usual Scenario (MTCO»)

Covered Comb- Non- Total EU ETS Warr-

Emiss. ustion Trading Emiss. Caps  anted
Emiss.  Emiss. Abate-
ment
EU ETS Regions
Austria 32 7 55 95 31 9
Belgium 32 6 66 104 59 21
Czech Rep. 85 13 30 127 87 11
Denmark 28 5 34 66 25 8
Finland 44 5 33 81 38 11
France 82 59 385 526 133 8
Germany 409 54 368 831 453 10
Greece 49 4 41 94 69 -16
Hungary 26 3 29 58 27 2
Ireland 17 5 29 51 22 0
Italy 212 44 256 513 196 61
Netherlands 91 22 102 215 86 27
Poland 234 28 91 353 209 54
Portugal 27 4 41 72 35 -4
Spain 132 30 216 379 152 10
Sweden 16 6 43 65 23 0
UK 250 72 447 768 246 75
Rest of EU 152 33 79 264 194 -9
Other regions
EFTA 29 25 98 152 - -
Rest of Europe 116 14 46 175 - -
NAFTA 3561 581 2565 6706 - -
Russia 1443 118 373 1933 - -
Fmr. USSR 471 66 204 742 - -
Rest of World 9566 2064 3787 15418 - -
Total
EU 1919 400 2345 4664 2083 236
Non-EU 15186 2868 7072 25126 - -
World 17105 3268 9417 29790 - -

almost without exception negative. Leakage rates are larger (less negative) when capital is sector-
specific than when it is mobile: internally, -1.4 % versus -2.4% for the EU as a whole, and externally
31% versus 20%. Except for a handful of cases, the marginal productivity of all of the fossil fuel
commodities is lower when capital is sector-specific, leading to lower equilibrium prices and de-
mand within the EU. In particular, the prices of coal and natural gas in the major energy exporting
regions of Russia and the Rest of the World region decline by much larger amounts than in the
malleable capital scenario, inducing a bigger expansion in non-EU fuel use and emissions.

Our measure of the welfare impact of the EU ETS is equivalent variation, expressed as the

percentage change in real expenditure of the representative agent in each region. The welfare con-
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sequences of the EU ETS are uniformly small and can be positive or negative, with both scenarios
showing the largest losses in Denmark, the Netherlands and Poland and the largest gains in Bel-
gium and the Rest of EU. When capital is sector-specific regions” impacts are almost always of the
same sign (with the exception of Portugal), and are generally less negative (or more positive), ex-
cept for Poland and Sweden, whose welfare losses are amplified. The magnitude of these results
indicates how small the abatement burden is relative to the possibilities to substitute other inputs
for fossil-fuels. The distribution of changes in welfare is significantly correlated with net sales of
allowances (0.67 and 0.69 in the malleable and sector-specific scenarios, respectively), which sug-
gests the importance of income effects associated with the initial allocation of permits under the
NAPs.

Welfare outside of the EU is also adversely impacted by the emission limit, an effect which
is exacerbated by capital immobility. CO, abatement induces movements in the terms of trade
against the EU’s major trade partners (see, e.g., Bohringer et al., 2010), particularly in regions that
import manufactured goods from, and export fossil fuels to, Europe. A prime example is Russia,
which sees the international prices of the former goods rise and those of the latter—which account
for a substantial fraction of its export revenue—fall. The previously-noted exacerbating effect of
sectoral capital specificity on the declines in coal and gas prices serves to amplify the contraction
in Russian gas production, and the factor returns from its energy sector.

As shown in Table 4, negative leakage is associated with output reductions in most sectors.
This result might initially appear to be consistent with the “abatement resource effect” identified
by Fullerton et al. (2011), which posits that when households possess fewer substitution options
than the polluting sector, the latter industry is the recipient of clean inputs released by non-abating
sectors, a process which facilitates pollution reductions. However, several pieces of evidence cast
doubt on this mechanism. First, Figure 1’s summary of the elasticities indicates that covered sec-
tors are less capable of substituting material and factor inputs for CO, precursors than households
are able to substitute non-trading sectors’ commodity outputs for covered and combustion sectors’
COs-intensive products. Second, Table 4 indicates that output declines persist even when capital
is immobile. Third, in the malleable scenario capital is displaced from covered and combustion
sectors to non-trading sectors—not the reverse, a pattern which is also exhibited by labor inputs

(which we do not show to save space). The corollary is that in the sector-specific capital scenario

12



- 1'TE 9°0- 00 L0~ 60- - - 0t 9°0- 00 8°0- 01- - PI*OM
- - €0 10 €0 70 - - - 0 10 z0 €0 - NH-UON
- ¥1- 1's- 1°0- Ll L0T- - - v e T0- 9°- £01- - na
w191,
000 - €0 10 €0 ¥0 - 000 - 0 10 z0 T0 - PIFOM JO 1S9
000 - 20 €0 90 60 - 000 - 90 T0 70 80 - ASSN Ty
L1°0- - G0 10 90 G0 - Gr0- - 70 10 90 G0 - eIssIy
000 - T0 10 0 z0 - 000 - 10 10 z0 10 - VIAVN
10°0- - G0 00 10 L0 - €0°0- - 90 00 z0 60 - adomyq jo 39y
90°0- - T0 10 0 80 - ¥0°0- - 4 10 10 80 - V144
Suo1SaL 412130
800 G0- L- 1°0- L- 01- Yid G500 01- L- T0- L- 01- LT N4 30 3159y
S0°0- g¢- G- €0- GI- 01- ¥ 90°0- Th- G- €0- a5 6 i N
10°0- L1 - 00 z 9- z 10°0- 70 - 00 - 9- I usIpamg
10°0- 971- ¥ 1°0- G- 6 € 10°0- e - T0- G- 6 € uredg
100 €T ¥ z0- i 01- Vi 000 e ¥ 0- i 01- L TeSniiog
61°0- 6°0- €1- ¥0- 4% 81- 01- 81°0- L1- €l- 6'0- - 81- 6 pueiog
01°0- 9%- ¥ ¥0- i 8- 81- zro- 8'c- - go- G- 8- 81- Spue[IoyIaN
80°0- 6'C- € 20- ¥ /- - 60°0- Y- € €0- i /- - Ao
€00 1%- ¥ z0- 9- 8- z 200 foles - €0- /- 8- z pueaI]
¥0°0- 9¢- G- €0- G- 6 0 G0'0- TG G- G0- G- 6 0 Are3unyg
900 ¥I- /- z0- 9- - 144 $0°0 €T /- ¥0- /- €1- € 929315
200 €0- G- 00 G- 01- i 200 T1- c- 1°0- G- 01- Ge Aueurren
10°0- 90- - 00 i 8- 0 10°0- Ve - 1°0- 7 /- 0 duel]
G0'0- 6'0- 9- 10 9- 01- 9- G0'0- L1- 9- 0- 9- 01- 9- puerur{
01°0- 90- 9- 10 ve- I1- i Zro- €1- 9- T0- ve- 11- ¥ rewusq
20°0- 70 ¥1- z0 €l- 61- Vi €0°0- G0- vI- €0- €l- 0¢z- / “doy yooz)
200 ql- €- 10 G- /- €T 900 0€- - 1°0- 7 /- € wnis[eg
G0'0- 0 ¥ 10 9- 6 G- 90°0- 9%- - €0- 9- 6 G- ersny
suor8air S19 N9
(%) (%) (%) (%)
(%) (%) (%) sstuy  ocsstwy (%) (W) (%) (%) (%) sstyg  csstway (%) (I
owﬁmﬂU CIN | ‘SSTUWI wﬁﬁ@m.ﬁrﬁ uornsn ‘SSTUIH mmﬁmm WMGGLU )y ‘SSTUI wdﬂﬁﬁ.ﬁ—[ uorsn ‘SSTUI wmﬁﬂm
ohﬂﬁm\/\w m@m&w@u ﬁmaou.. -UON |n—EOU ﬁwh_m\wou UL mhmﬁm\ﬁ mW&Mwwd ﬁmu_OH -UON AU—EOU Um.ﬂm\wOU Lo
Mﬂﬁnm&mv uﬂﬁummmuhou—uom q MSLQGU oﬁn—ﬂwz.mz <

(orTeUadG TeNS() S ssaursng woiy 93uey))) OLIeUddS 1 NF SHNSIY [PPOIN AOD :€ d[qel.

13



200~ G0°0- qaro gco y1I°o- a1 H JO 1s9Y

60°0- o 78°0- Gq0'0 60°0- 79°0- N
80°0- ¥Co- 68°0- €0°0- 100 610 Uapamg
¢90- T €e'C [(0N0] 80°0- cvo- uredg
8T1°0- 670~ ¥6°0- 80°0 200- 09°0- [edniog
0C0- L1°0- 96'0- aco ¥C0- ST'1- pueoq
90°0- 200 €9°0- 800 0 v o- SpUelIsyiaN
a1 o- 9C0- 1€1- 200 G00 qqo- Aoy
100 S0- 0¢'C 60°0- r[4N0) ¢80 pueraig
90°0- ££0- £90- 80°0 100 280 Are3uny
200- 11°0- 100000~ 1o 6<0- 66'1- 90391
91°0- 120- 89°0- [(0N0] L1°0- ¥e0- Aueurian
<1 o- 91°0- 8C'1- 000 €0°0- €10 ouery
ral i L0 ¥9°¢C- 900 600 9% 0- puerury
20°0- 11°0- 9C0- Q00 010 6°0- Jrewruaq
11°0- y1°0- 6£0- €0 600 98'1- -doy yoazD
921000 €2000°0 010 €00 90°0- 60°0- wnid[eg
19€00°0- 20°0- 810 200 10°0- 61°0- ergsny
SurpenjuoN  uUOHSNqWIOD)  PAIBA0D) SuipenjuoN  uUOLSNqWIOD)  PAISA0D)
(oyadg-10309g) sayey [eyuady 3ay (a1qearreN) mdug rexded

(o) s3urdnoxg rexoyoas Aq sayex reyuar pue ndur reyrded ur sadueyd euorday g

600- 0€0 010 800 gr’o- 000 ¥00 q0°0- ¢ro- 900 w00 ¥0°0- Awouodq Jo 359y
yIo-  1¥0 €10 00 410 ¢00 <900 £0°0- 410 ¢I'0 800 90°0- uonyeyrodsuelry,
5403025 SUIpVIJUON
9¢0- 940 920 434 gco- 000 900 €ro- g¥'0- 020 910 60°0- SaInjoenueul s[qemnp-uoN
¢c0-  ¢L0  ST0 800 L0~ €00 Z00 ¥v1°0- ge0-  ¥Io Q1o €ro- Selnjoenueut s[qemq
g6'1- €90 890 0€0- 68°'1- 200 890 ¥9°0- LLC 90 60 69°0- sonserd / 1aqqnur/s[esrway
y0ol- €90 €€°¢€ 6L'1- g€9- 00 8871 9I'1- 1744 ST R VA e S[ejou SNOLILJ-UON
9g'0- 9% 01 8T°0 8¢'0- 600- ¥IO 1€0- 19'0-  200- 910 ve'0-  uonnquusip/uononpord sen
9¢0-  ZT0 110 €0°0- 6v'0-  <¢00- 110 11°0- LL0- €00 ZT0 €ro- Sururw sed /10 apna)
86'Gl- G¥'e- G9¢ 12°6- €Iel- 66'1- €67¢C ¥89- 1¢91-  ZT'e- 99¢ 0€6- Surunu [eo)
S407025 UO01SNQUIOD)
86'T- OT'T 980 8C°0- 94C¢- 090 460 96°0- ve- €80 LTT ¥0'1- [9931s 3 UoI]
16°0- 220 €€0 910 0cT- 600 0F0 19°0- 8¥'1- 0€0 090 09°0- S[eIouru OTffeloW-uoN
8C¥y- 090 I€1 09°1- ¢c9- 100~ 6Vl 0¥¢- 669- 1€0 L6'1 06'C- 1omod o133y
0¥0-  ¥£0 920 [48Y) £5°0- €00 4910 91°0- ¥80- 910 ¥CO0 qro- toded 3 ding
121- 61'0- 970 18°0- 6L 1-  CI'0- Z¥O0 L0 €0¢-  1¢0- 290 16°0- 120>/ wnajoxed pauyay

5401098 Paiano))

unn Xe]N  AdPIS  UedN unn Xe]N  A9PIS  UedN urnn Xe]N  A9PIS  UedN

(a1qearreN) mdug rexded (oymadg-10309g) Indinp (a1qearreN) Idimp

(9%) mdur reardes pue indino ur saGueyp Te10309g "y

93eyea JO SaIe[RII0)) [SINSAY [OPOIN DD :F el

14



the capital rental rate experiences the largest declines in covered industries, suggesting that, if mo-
bile, their capital will be displaced to unconstrained sectors. As well, under this scenario mobile
factors such as labor continue to exhibit a similar pattern of displacement.

To explore these issues further we reverse the sectoral pattern of values of the elasticities of
substitution at the top level of our production hierarchy in Figure 1, setting ¢¥ = 0.8 in energy
sectors and ¢’ = 0.4 in non-energy sectors. In this sensitivity test the pattern of elasticities ren-
ders energy supply sectors” demands for fossil fuels more elastic than those of households, which
seems less plausible than our base case. Nevertheless, the relative magnitudes of these parameters
remain a key uncertainty which can only be resolved by careful empirical analysis.

As summarized in Tables 5 and 6, our reparameterization generates a striking reversal in the
foregoing results. The EU’s net abatement is less than two-thirds of the CO; reduced in our base
case. The reason is that internal leakage rates are now large and positive, averaging 27% across EU
ETS regions and exceeding 100 % in Belgium, France and Sweden, an effect that is driven by an
increase in emissions in non-trading sectors. Internationally, the magnitude of leakage increases as
well, but does not flip sign, exceeding 200%, with the result that EU ETS” emission reductions are
swamped by the expansion of CO, emitted by non-abating regions (especially EFTA and Russia).
Positive internal and external leakage are both lower when capital is sector-specific.

There is evidence of the abatement resource effect, whose occurrence is predestined by the
relative magnitudes of the household and abating sector substitution elasticities. Factor inputs to
combustion sectors and the rest-of-economy aggregate decline as a consequence of displacement
of capital (and labor) to covered industries, which is now accompanied by an increase in the output
of unconstrained sectors as fossil-fuel precursor intermediate goods substitute for factors. As
before, the magnitude of this phenomenon is also reduced by capital immobility. The welfare
impacts of abatement continue to be small, with regions evenly split between gains and losses.
We see a reversal of the pattern of incidence from our base-case results: changes in welfare are less
negative in regions where losses were formerly concentrated, while regions which experienced
gains (Belgium, Czech Republic, Greece, Portugal, Spain and Rest of EU) tend to be less well
off. With the exception of Denmark, Ireland and the UK, capital immobility results in increased
welfare losses or reduced welfare gains.

This sensitivity analysis underlines the crucial role of the characteristics of the economies, as
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reflected in their elasticities and share parameters, in determining the results of the EU ETS. The
results show that negative leakage can occur without an abatement resource effect while positive
leakage can occur in presence of an abatement resource effect. The complexity of the interactions
being simulated by the CGE model makes it difficult to characterize a clear explanation of what
yields this result. To develop the necessary insights we need an analytical model, to which we

now turn.

3 Analytical GE Modeling: Capital Malleability and Partial Emission

Taxation

Analytical general equilibrium models are used to specify production functions and consumer be-
haviours into equations that can be converted into a simple linear system. The advantage of these
models is that, once the linear system is solved, they can clearly illustrate the impacts of a tax on
prices and quantities. Thus, while analytical models cannot realistically reproduce an emissions
trading scheme, they can be used to identify the key effects behind a tax-induced relative price

increase.

3.1 The Model

Our analytical test-bed is a two-sector tax incidence model in which capital is the only factor of
production. There are two industries, the dirty sector (D) which represents energy-intensive in-
dustries and the clean sector (C) which proxies for the Rest of the economy aggregate, indexed by
j = {C,D}. Each industry produces a single good from inputs of capital (K;) and pollution (Z)),
which represents the composite of fossil fuel CO, emission precursors. Sectors’ outputs (X;) are
sold at a competitively-determined market prices (P)) to a representative household, who derives
utility (U) from consuming them and suffers disutility from exposure to aggregate pollution gen-
erated by producers’ activity (Z = Z¢ + Zp). Apart from this externality, pollution is subject to a
competitively-determined aggregate opportunity cost, Pz, which we model through an upward-

sloping supply schedule.’ The household is endowed with a stock of capital (K), which she rents

5 An example might be expenditure on smokestacks to limit pollution’s adverse effects on production—but not the
larger environment.
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out to the sectors at competitively-determined market rates (p;).

The centerpiece of the model is a structural sensitivity analysis of the capital market. In the case
of malleable capital, the capital stock is capable of being reallocated between industries according
to the market clearing condition K = K¢ + Kp in order to equalize sectoral rates of return (oc =
pp = p). In the polar opposite case of perfectly immobile capital, industries” inputs of capital
are fixed but their rates of return are free to diverge. For each case we examine the effects of an
exogenous ad valorem tax (7) on the input of pollution to the dirty industry, which captures the

effect of the price of allowances on producers in the EU ETS covered sectors.

3.1.1 Households

The representative agent’s utility is increasing in consumption and decreasing in pollution, and
can be written as U = U(Xc, Xp, Z), with Ux_, Ux, > 0and Uz < 0. The impact of the tax
on households” welfare operates through two channels: the market effects of changes in goods
consumption and the non-market effect of mitigating the disutility of pollution, which, following
convention, we treat as separable (e.g., Bovenberg and de Mooij, 1994). We assume that pollution
negatively affects utility through damage to an environmental amenity, £, where £7 < 0. Letting
M denote aggregate income, the agent’s utility maximization problem is

max {U(Xc, Xp,E(Z)) |PcXc + PpXp < M}.
C,AD

The first order conditions equate the two goods” appropriately deflated marginal utilities of con-
sumption to the Lagrange multiplier (), whose natural interpretation is the marginal utility of

income: y = Ux./Pc = Uy, /Pp. Using this result, the total differential of U is

du = []/IPCdXC + ‘MPDdXD] + U747,

where the term in square braces is the market-mediated incidence of the pollution tax and the last

term is the environmental benefit. Dividing both sides by income in utility-equivalents yields the

19



utility differential in percentage terms:

dU  [PcXcdXc L PoXp dXp Zdz
uM | M Xc M Xp M Z

This expression is recast as eq. (1) in Table 7, in which a “hat” (A) over a variable indicates
its logarithmic differential (e.g., £ = dlogz = dz/z, Fullerton and Metcalf, 2002). The left-hand
side is a dimensionless index of the total welfare effect of the tax. On the right-hand side, ¢ is
the benchmark no-policy expenditure share of the dirty good, { = Z/M is the initial pollution
intensity of GDP, and é > 0 is the marginal disutility of environmental damage. In this simple
model the marginal utility of consumption is the reciprocal of the unit expenditure index (the
income necessary to generate one unit of utility). Optimum aggregate expenditure is therefore
U/u = PcXc + PpXp, which yields the logarithmic change in expenditure given by eq. (2). Lastly,
we assume that the substitutability between inputs to consumption are determined by elasticity
of substitution in the utility function, oy;, which yields the log-differential relationship between

the prices and quantities of clean and dirty goods given by eq. (3).

3.1.2 Producers

Turning to the supply side of the economy, each good is produced according to a homogeneous-of-
degree-one technology, X; = f;(Kj, Z;).® Free entry and competitive markets for inputs and output
require that each sectoral producer exhausts its revenue on input expenditures. We express this
using the zero-profit conditions PcX¢ = pcKc + PzZ¢ and PpXp = ppKp + (1 + 7)PzZp. Log-
differentiating the production functions and zero-profit conditions yields eqgs. (4), (5), (6) and (7),
in which 6c = PzZ¢/(PcXc) and 6p = (1+ 7)PzZp/(PpXp) indicate the shares of pollution in
the cost of clean and dirty production, with 6c < 0p. Explicit tracking of pollution inputs to both
sectors facilitates analysis of the extent to which abatement of polluting inputs in the sector subject
to the tax (D) induces increased pollution in the untaxed sector (C). This effect is measured by the
leakage rate, A = —dZc/dZp, given in log-differential form by eq. (8). Lastly, we assume that
the substitutability between inputs to production are determined by elasticities of substitution ¢j,

yielding the log-differential relationships in egs. (9) and (10).

6We assume the standard concavity properties, fx, fz > 0, fxk, fzz <O0.
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Table 7: Equations of the Analytical General Equilibrium Model

Household behavior:
Utility U=[(1-¢)Xc+¢Xp] -2 1)
Expenditure fi+U=(1-¢)(Pc+Xc)+¢(Pp+ Xp) )

Substitution in consumption

Clean production
Dirty production
Clean production cost

Dirty production cost
Emission leakage

Substitution in clean production

Xc —Xp = ou(Pp — Pc)
Producer behavior:
Xc =0cZc+ (1—06c)Kc
Xp =6pZp + (1 —6p)Kp
Pe+Xc =6c(Pz+ Zc) + (1—6c)(pc + Ke)
Pp+Xp =60p(t+Pz+Zp)+(1—0p)(pp +Kp)
ao ()&
Y Zp

KC — ZC = Uc(pz — ﬁc)

®)

(4)
©)
(6)
@)
®)

©)

Substitution in dirty production Kp —Zp = op(t + Pz — pp) (10)
Factor market closure:

Emissions supply 7 =nPy (11)

Emissions Z=972p+1—7)2Z¢c (12)

Capital supply-demand balance 0= AKp + (1 —A)Kc (13)

Variables: X¢, Xp output of the clean and dirty good; P¢, Pp price of the clean and dirty good; Pz, Z price and aggregate
quantity of pollution; Zc, Zp pollution inputs to clean and dirty production; K¢, Kp capital inputs to clean and dirty
production; pc, pp marginal product of capital in clean and dirty production; U household utility; A emission leakage
rate; Dy, Ds denominator in malleable and sector-specific capital scenarios.

Parameters: ¢, Op pollution share of production cost in clean and dirty sector; A, 7y dirty sector share of aggregate
capital and pollution; ¢ dirty good share of household expenditure; # elasticity of aggregate pollution supply; oc, op
elasticity of substitution between capital and pollution in clean and dirty sector; oy; elasticity of substitution between
clean and dirty good in household.

3.1.3 Factor Market Closure

Our model is closed through the markets for capital and pollution. Aggregate emissions are given
by the supply schedule, Z = P, where 7 > 0 is the elasticity of pollution supply, as shown in
eq. (11). The log-differential change in the supply-demand balance for pollution is then given
by eq. (12), in which v = Zp/Z is the dirty industry’s benchmark share of total pollution. The
specification of the capital market depends on the mobility assumption. Letting A = Kp/K de-
note the share of malleable capital in the dirty sector, we take the log-differential of the aggregate
supply-demand capital balance to obtain eq. (13).

Our model consists of eqgs. (1)-(13) along with the condition pc = pp = p in the malleable
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capital scenario and the condition condition Kc = Kp = 0 in the sector-specific case. This yields
a system of 13 equations in 14 unknowns (PC, bp, Py, i, Pc, Pp, XC, Xp, ZC, 7D, Kc, Kp, U, A).
To solve each system we first designate the marginal utility of income as the numeraire by setting
fi = 0, and then obtain algebraic solutions to the remaining variables as functions of an increase

in the pollution tax, t.

3.2 Analytical Results

The solutions to both models are straightforward but tedious to obtain. In general, the signs of
the log-changes in the variables depend on the values of the parameters, so additional structure
is necessary to interpret the algebraic results.” In the case of a stock externality such as climate
change, the reduction in environmental quality from the marginal unit of emissions is very small,
and with it pollution’s marginal disutility, 6 — 0 (cf Newell and Pizer, 2008). The fact that fossil
fuel CO; precursors are a small share of the cost of non-energy-intensive production allows us
to dramatically simplify the analytical results by focusing on the limiting case where 6c — 0. In
developed economies, dirty production generates a substantial share of aggregate emissions but
makes up a modest fraction of household expenditure and employs a small proportion of aggre-
gate capital, which suggests that ¢ > A and v > A. Finally, the direction of leakage depends on
whether households possess fewer substitution options than firms in the dirty sector (cy; 2 op,
following Fullerton et al., 2011), and on whether the dirty industry’s or the household’s substitu-
tion possibilities are bounded (o7, op 2 0* = n¢pbp /).

To save space, the algebraic details are consigned to the appendix (Table A.1). With the afore-
mentioned restrictions the emission tax increase has an unambiguous effect on the signs of key
variables in the economy. Irrespective of capital’s malleability, T reduces the dirty sector’s use
of pollution and increases the dirty good’s price, inducing a decline in both its production and
consumption that generates a welfare loss. The aggregate quantity and pre-tax price of pollution
both decline, along with the price of the clean good. Malleability facilitates capital displacement,
which is accompanied by a decline in the capital rental rate. In the case where o; > op this in-
duces movement of capital from the dirty to the clean sector and an expansion of clean output.

Clean sector emissions expand once op > ¢*. If capital is immobile the rental rate rises in the

"The complete algebraic results are available from the authors upon request.
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clean sector. The dirty sector’s rate of return only falls if oy; > (1 —¢)op, and then goes on to
induce an expansion of clean output and emissions if o7 > ™.

The intuition is straightforward. When op > oy households” commodity demands are rela-
tively inelastic, with consumption of the dirty good declining only slowly as its price increases, but
dirty production is easily maintained by substituting capital for pollution as the tax increases the
latter’s price. With sector-specific capital there is no such scope for input substitution, causing the
fall in the quantity of pollution to bid up the marginal product of capital. If capital is intersectorally
mobile, the ease of input substitution in the dirty sector will increase the demand for capital, which
ends up drawing capital away from the clean sector: Fullerton et al.’s (2011) abatement resource
effect. However, our more realistic model structure introduces an important qualification to its
implication for leakage, namely that pollution in the clean sector is only guaranteed to decline
if the elasticity of substitution in dirty production is sufficiently small relative to the elasticity of
pollution supply. Conversely, when oy; > ¢p household demands for commodities are relatively
elastic and the dirty sector’s input demands are relatively inelastic. The tax-induced increase in
the cost of pollution, combined with capital’s limited substitutability, increases the dirty sector’s
production cost relative to its conditional demand for capital. The price-sensitivity of households’
demand for the dirty good then induces a decline in its demands for pollution and capital, both
of which migrate to the clean sector, whose output expands to substitute for consumption of the
dirty good.

The impact of malleability on emission leakage can be elucidated by plugging the substitution
relations (9) and (10) into the definition of leakage (8):

A:<7_1>[AKC_"€(PZ_AP)A : 8)
Y Kp —oc(Pz+1t—p)

The action is in the quotient in square braces. We first consider the case where 0; > 0p > 0*. The
numerator is positive, the denominator is negative, and the leakage rate is positive. Ignoring for
the moment general equilibrium effects on prices, and recalling that Kc > 0 and Kp < 0, if we set
Ke = Kp = 0 the denominator increases and the numerator declines, with the former becoming
less negative and the latter less positive. Since for small A, | K¢|| < ||[Kp|| by eq. (13), the first effect

exceeds the second, amplifying leakage. Our CGE model results for the EU ETS are captured by
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the parametrization ¢* > op > oy, in which the leakage rate and the bracketed numerator and
denominator in (8’) are all negative. Now, Kec < 0and Kp > 0, so setting these variables to
zero induces a small increase (shrinkage) in the numerator and a large decrease (expansion) in the
denominator, rendering A less negative and attenuating negative leakage.

The impacts of malleability on welfare are less clear-cut. By substituting (4) and (5) into (1)
we decompose the change in utility into the adverse effect of abatement, the beneficial effect of

emission leakage and the equivocal impact of intersectoral capital reallocation:

U= ¢0pZp + (1 - 4))0CZC —l—(l)(l - QD)KD + (1 - (P)(l — Gc)KC (14)
~——
Abatement Leakage Capital reallocation
effect effect effect
- (£) ()

Using (13) to eliminate K¢ from this expression yields the condition for capital mobility to amelio-

rate the abatement-induced decline in welfare:

<1f¢> G:ZZ)Z&A if Kp=o. (15)

Crucially, our restrictions on the magnitudes of the parameters are insufficient to guarantee that

(15) holds generally. Moreover, the solutions in Table A.1 do not allow us to definitively sign the
change in U in moving from the malleable to sector-specific capital scenario. We therefore go on
to undertake a numerical analysis using the full analytical results (8¢ > 0) in the spirit of Fullerton
and Heutel (2007), and use the numerical outputs of this procedure to compare the magnitudes of

variables across capital mobility scenarios.

3.3 Numerical Analysis

The values of the share parameters ¢, 0p, A, ¢ and y in each region are given by the CGE model’s
calibration dataset. We treat the polluting input as an aggregate of the fossil fuel inputs in Table
1, and model the dirty industry as a composite of the EU ETS covered and combustion sectors,
aggregating the remaining sectors to form the clean industry. The heterogeneity of the individual
combustion sectors is problematic; in particular, durable and non-durable manufacturing make

up a substantial fraction of economies” value added but generate a small fraction of the EU ETS’
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total covered emissions. It seems reasonable to assume that in combustion sectors the intensity
of pollution use by LCPs is similar to that of energy supply sectors, the upshot being that they
account for a small fraction of manufacturing output and capital, but a disproportionate share
of manufacturing emissions. In the appendix we develop a procedure to divide the outputs of,
and the capital inputs to, durable and non-durable manufacturing between our stylized clean and
dirty sectors. Output, capital and emissions from the covered sectors and the polluting portion of
combustion sectors are allocated to the dirty sector, while output, capital and emissions from the
remainder of the combustion sectors are allocated to the clean sector, along with transportation
and the rest-of-economy aggregate.

Table A.3 illustrates that although both sectors use fossil fuels, these inputs make up less than
5% of the cost of clean industries” production in the EU. The dirty sector accounts for between
3% and 14% of regions’ aggregate capital, while the pollution’s share of dirty production ranges
from 13-49%. The share of dirty goods purchases in household expenditure ranges from 14-37%,
exceeding the dirty sector’s share of aggregate capital.® By eq. (15), the parameter values indicate
that capital malleability is incapable of ameliorating welfare losses. In the absence of clear empir-
ical guidance on elasticities we use the representative values oy = 0.2, oc = 0.6, op = 0.4 and
1 = 4.7 Finally, we adopt Newell and Pizer’s (2008) marginal environmental benefit of 9.2 x 1013
$/ton CO,, which makes ¢ essentially zero, as well as Fullerton and Heutel (2007)’s tax increase
of 10%.

Table 8 summarizes the numerical results, whose signs are in general agreement with our
analytical conclusions. On average, EU ETS regions reduce covered CO, emissions by about 2.5%
and total emissions by a little over 1%. The broad similarities among EU economies—at least with
respect to fossil fuels, CO»-intensive sectors, and the disposition of their product—means that

the results do not exhibit a great deal of dispersion, with percentage emission reductions being

8Cf Fullerton and Heutel (2007), who assume that in the U.S. labor and capital make up 80% of the clean industry’s
costs, and that pollution accounts for 25% of the dirty industry.

90ur demand side elasticity is based on energy/non-energy elasticity of substitution estimates for French and UK
households from Cremer et al. (2003) and Lecca et al. (2011). On the supply side, Koetse et al.’s (2008) meta-analysis
yields capital-energy substitution elasticities of 0.216 on average, and for Europe, zero in the short run and 0.79 in
the long run, while van der Werf (2008) estimates similar elasticities in the range 0.9-1 for energy-intensive industries.
Given our short-run focus, we select values for the dirty sector toward the lower end of this range. Our elasticity for
the clean sector reflects our assumption that its firms possess more opportunities to substitute capital for pollution.
Aggregate fossil fuel supply elasticities were not forthcoming; the value in the text is the upper end of the range used
by Boeters and Bollen (2012). The values of ¢* implied by these and other parameters in Table A.3 exceed the value of

0p.
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Figure 2: Analytical Model Sensitivity Analysis
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slightly larger for relatively pollution intensive regions (Poland and the Netherlands), and smaller
for regions with a small fraction of total emissions in dirty sectors (France and Sweden). Leakage
rates and welfare impacts are both negative and much larger than seen in the CGE model results.
The former are negatively correlated with the dirty expenditure share and negatively correlated
with the dirty industry’s pollution cost share, while the latter are positively correlated with the
pollution’s share of production cost in the dirty and—to a lesser extent—the clean sector, as well
as with the dirty good’s expenditure share.

Crucially, our model exhibits negative leakage without the abatement resource effect, which is
ruled out by the relative magnitudes of our elasticity parameters. Capital does not leave the clean
industry for the dirty industry; in fact, factor reallocation works in the opposite direction, resulting
in additional clean capital that substitutes for emissions. From our results in Table A.1, clean
emissions decline because op < ¢* and ||oc(yop — 1¢0p)|| > [|6p (A + (1 — A)yoc)(ou —op)||,
whose main driver is the combination of inelastic clean good demand and highly price-elastic
pollution supply.

This effect turns out to have only a small mitigating impact on welfare losses. The magnitudes
of the components of eq. (14) indicate that the primary abatement burden—and, to a lesser extent,
the intersectoral reallocation of capital—are big drivers of welfare loss, with the sign of the leakage
effect differing across regions while exerting a very slight impact. As predicted by our analytical
results, capital rigidity makes leakage rates more positive, and in the present setting is sufficient
to flip the sign of the clean sector emission response. The minor differences in the abatement
and leakage effects in moving from the malleable to the sector-specific scenario point to capital
reallocation as the source of the former’s larger welfare loss. The upshot is that when capital
is mobile the tax is more effective in reducing pollution, but at the cost of a substantially larger
reduction in welfare.

Given the dependence of our results on the values of the elascitities of substitution and pollu-
tion supply, we test the robustness of our conclusions through sensitivity analysis. Our strategy is
to perform 1,000 Monte Carlo simulations of the numerically calibrated analytical model with the
elasticities specified as random draws from independent uniform distributions. Specifically, we
choose o¢,0p,0p ~ % (0,1) and 7 ~ % (0,6). The results, shown in Figure 2, support our prior

findings. The abatement resource effect never arises, as capital moves from the dirty to the clean
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sector. Negative leakage does arise in every region and is strongly correlated with the pollution
supply elasticity, but under our parameter assumptions it is generally unlikely in all but a few key
economies (Belgium, Denmark, France, Ireland, Netherlands and Sweden). The implication for
welfare is that the leakage effect is much more likely to mitigate utility losses, but it can have an
exacerbating impact, especially in the regions identified above. Even so, this effect is an order of
magnitude smaller than the main impacts of abatement and capital reallocation, whose influence

is uniformly negative.

4 Conclusions

This paper has analyzed the role that capital malleability plays in the implementation of partial
carbon pricing, taking as policy application Phase II of the European Union Emissions Trading
Scheme (EU ETS). An analysis with a multi-region, multi-sector Computable General Equilib-
rium (CGE) model was complemented by constructing and numerically parametrizing a simple
two-sector analytical general equilibrium model in order to simplify the complex interactions sim-
ulated within the CGE model.

The analysis has shown that a partial policy, such as the EU ETS, can result in a negative
internal carbon leakage rate, with emissions declining not only in capped sectors but also in non-
regulated ones. While negative leakage may be thought to follow from a resource abatement effect,
a sensitivity analysis on the values of the elasticities disproves this hypothesis. The decline in
emissions from cleaner sectors results from the combination of inelastic demand for the clean good
and a highly price-elastic pollution supply. This negative leakage effect is stronger with malleable
capital. When capital is sector-specific, the marginal productivity of fossil fuel commodities is
generally lower and thus leads to lower equilibrium prices and demand within the EU.

The welfare consequences of the EU ETS are found to be positive in some countries and neg-
ative in others. They are generally small but larger when capital is malleable. A decomposition
analysis within the analytical model is used to show that the sign and magnitude of the welfare
impacts are determined by a combination of an unambiguously negative abatement effect, a cap-
ital reallocation effect likely to exacerbate welfare losses, and a leakage effect likely to mitigate

declines in utility. This explains why capital malleability results in larger reductions or lower in-
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creases in welfare. The robustness of these results is verified with the sensitivity analysis on the
elasticities of substitution.

The results of the paper have demonstrated the relevance of the consideration of capital mal-
leability in the study of the costs and effectiveness of short-term climate regulations. The paper
has also shown the sensitivity of results to the values of the substitution and demand elasticities.
Abstracting from the analytical frameworks used, this illustrates the importance of considering
the possibilities of substitution across inputs in production and the responsiveness of individuals
in replacing the dirty taxed goods with the clean ones when evaluating the costs of climate policy.

From a policy perspective, the findings on the negative leakage show that a partial climate
policy is likely to have co-benefit in reduced emissions in non-regulated sectors. Disregarding
bureaucratic costs of implementation, this also suggests that extending the policy to all sectors
may not incur in large additional economic costs. Finally, the results from the CGE model analysis
show that welfare changes are significantly correlated with the net sales of allowances, which

underlines the importance of income effects associated with the initial allowance allocation.
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Appendix

There are four steps to the calibration:

1. From the CGE model calibration we know the distribution of the benchmark value of fossil
fuel intermediate inputs between covered (dirty) and nontrading (clean) sectors, and within
combustion sectors between the uses of fossil fuels that correspond to those covered by the
EU ETS (dirty) and those outside the program (clean). These quantities (Zg‘,’,‘”, Zg‘r’“"rad',
ng’rmb' and Zg";mb', respectively) are calculated in eqgs. (A.1)-(A.4). As emphasized in the
text, we do not observe how the combustion sectors” output, capital or disposition of their
product to final consumption are distributed between the clean and dirty industries, with

the challenge being to develop a method for apportioning these variables.

2. Our approach assumes that covered emissions in combustion sectors are generated by large
combustion plants. We select archetypical energy supply sectors within the CGE model for
which LCPs make up a large fraction of output (2 = {Electric power, Refined petroleum/
coal, Gas production/distribution}), and use GTAP benchmark input-output data for these
sectors to calculate region-specific average ratios of output to covered fossil fuels (&)%) and

capital to covered fossil fuels (¢X?), as shown in (A.5)-(A.6).

3. These coefficients are combined with GTAP benchmark data to disaggregate combustion
sectors” output and capital input into clean and dirty components (ng’ymb', Xg/‘;mb', Kgf’rmb'
and Kgf;mb'). As well, we assign output and capital of the EU ETS covered sectors to the dirty
industry (ng’r"', K§), and output and capital of nontrading sectors to the clean industry

pa

(Xgﬁmrad', Kgf)rmrad'). The details are given in (A.7)-(A.14).

4. The results of steps 1 and 3 facilitate straightforward computation of 0p, 6c and A, (A.15)-
(A.17), while v is computed from the CGE model’s emission accounts (A.18). Finally, we
divide the aggregate value of consumption into clean and dirty components. Imports com-
plicate this calculation. We can assume that households” use of their own region’s covered
(nontrading) sectors” product represents domestic dirty (clean) consumption, and their use
of combustion sectors’ product is split between domestic dirty and clean consumption in the

same proportion as output (Cg,r), given by (A.19). But this method founders on our inability
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to distinguish between clean and dirty production in non EU ETS regions” combustion sec-
tors. Our simple solution is to adopt a worst-case designation of all consumption of imports

from covered and combustion sectors as dirty, which enables us to calculate ¢ as in (A.20).
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Table A.2: Numerical Calibration of the Analytical General Equilibrium Model

Z5y —ZZ((HTM qecs+(1+ncs)q”s) (A1)
ZEomb. — ;Zwe,l,s (1 +=XR)a0, + (1 +=Xha, ) (A2)
ZET = L0 = woe) (1 + 70 + 1+ T (A3)

ZNontsad. _ Z% ( (1+7XP)a0 + (1 + ?ﬁf)qﬁgﬁ) (A.4)
]

;(Z - Zya,s/
a

£<Z = Z(l +?§,a,s)51<,a,s / [;;wﬁrars ((1 + Teas)%as (1 + Teus)qeas):| (A-6)

Zzwf-’/ﬂls ((1 +Teas)qeas (1 +T§é\g)‘1£\fx,§>} (AS)
e a

XCOV _ Z?c,s (A7)
c
ng)smb. _ }/Zzg%mb. (AS)
XEomb- = Y7y — Xpomb (A9)
jel
Xg]/(s)ntrad. _ Z?j/s (AlO)
j\h
KB = Y (14 Th o) ke (A11)
c
KComb. — gKZZComb. (A.lZ)
KComb _ Z 1 + TK] S)UK] s KComb (A.13)
j€l
Klellcs)ntrad. _ Z(l + ?E,j,s)ﬁK,]}S (A.14)
j\h
9D,s _ (ZS?V + ZComb)/ (ng)v + XComb) (A15)
9C,s _ (Zggmb. _,’_Z(l}llcs)ntrad.)/ (X((:ngb. + X(I}Tc;ntrad.) (A16)
)\r _ (Kg(,)sv. _'_Kgc,)smb.)/ (KCOV +KComb _'_Kgc;mb. +KIC\I,(S)ntrad.> (A.17)
_ —D —M
Yr = Z ;Se,h,swe,h,s (qe,h,s + %,h,s) / ZEC’] J (Z (qe‘] s T4, e, s) +38 gC e,5 +38 gC e s) (A.18)
e
1 i € ¢ (Covered)
YZ
%E,r = ;ir Zwe,i,s < (1+ Tffz)qms +(01+7 Tels )qezs> i € | Combustion (A.19)
e
0 Otherwise

(Pr:Z
h

/N

g (1+Ths)gChs (1+Ths )gChs /Z (1+T )ngs (1+T )ngs) (AZO)

GTAP data arr Xys Y value of sectoral output; 77, g™ value of domestic and imported intermediate energy inputs to
sectors; TX M tax rates on domestic and 1mp0rted intermediate energy inputs to sectors; Ug value of capital input
to sectors; TK tax rate on capital input to sectors; g2, g value of domestic and imported household final commodity

demands; 7D , TM tax rates on domestic and imported household final commodity demands.
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Table A.3: Calibrated Analytical Model Coefficients

A 6c  Op Y ¢
Austria 006 001 013 031 0.25
Belgium 0.07 002 029 028 037
Czech Rep. 0.11 0.02 017 0.67 0.29
Denmark 006 001 016 047 0.33

Finland 014 001 013 059 023
France 004 002 016 019 021
Germany 005 002 021 048 022
Greece 003 002 040 051 017
Hungary 006 002 023 042 025
Ireland 003 001 020 035 029
Italy 004 001 020 041 017
Netherlands 0.07 0.04 049 044 0.28
Poland 009 002 022 065 022
Portugal 009 002 022 044 023
Spain 006 002 021 043 0.14
Sweden 011 002 016 024 028
UK 004 002 021 041 020

Rest of EU 010 0.02 027 052 028
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