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ESSAYS ON ENVIRONMENTAL ECONOMICS

Abstract

by Haowei Yu, Ph.D.
Washington State University
December 2017
Chair: Gregmar I. Galinato
This dissertation applies theoretical and empirical methods to investigate policies and political issues that are related to environmental degradation and regulation. Chapter one analyzes
effects of the nominal exchange rate on pollution emissions. The overall effect is decomposed
into scale, composition and technique effects, which reflects the size, structure and abatement
technology of the economy, respectively. The overall and composition effects are found to be
positive and significant for countries with fixed exchange rate regimes, while countries with
floating regimes experience a positive but less significant scale effect and an insignificant overall effect. Chapter two examines welfare implications of two environmental taxes that result in
a fixed aggregate tax revenue: the double-dividend and the integrated tax-subsidy. The former
alters existing distortionary taxes (e.g., labor tax), while the latter changes the pollution tax of
relatively clean goods based on an adjustment of the pollution tax on more pollution intensive
goods. Results show that the double-dividend policy dominates in revenue-recycling effect
and tax-interaction effect and results in higher social welfare. Chapter three explores effects of
bureaucratic quality on firm productivity and social welfare, given the existence of with-sector
product substitutability. Bureaucratic quality is defined as how the government cares about social welfare relative to other incomes; within-sector product substitutability is denoted by the
perceived differentiation of firms’ products in a sector. A lower bureaucratic quality is found to
lead to higher average and cutoff firm productivity within a sector. However, the social welfare
is negatively affected when the bureaucratic quality decreases. Product substitutability has a
positive effect on firm productivity, but it does not affect firm’s lobbying behavior.
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CHAPTER ONE:
ARE POLLUTION EMISSIONS AFFECTED BY NOMINAL EXCHANGE RATE?
THEORY AND EVIDENCE

1.

INTRODUCTION

The nominal exchange rate plays a key role in international trade since it directly affects the
prices of commodities and services. The nominal exchange rate is defined as the number of
units of the domestic currency that can purchase one unit of a given foreign currency1 . For
any open economy, if the domestic price of exported goods remains constant in the short run, a
decrease in the nominal exchange rate leads to a higher price in terms of the importing country’s
currency, which in turn decreases the foreign demand. Therefore, the nominal exchange rate is
an important factor affecting trade flows in the short run. The role of the nominal exchange rate
in international trade is more important considering the fact that trade openness is proliferating.
With more countries joining in the World Trade Organization and an increasing number of
free trade treaties and agreements signed between countries and districts, international trade is
becoming a larger part of the economy for most countries, and the share of trade in world GDP
has roughly risen from 25 percent in 1960 to 60 percent in 2015 (Figure 1.1).

For many countries, increased international trade means increased international demand on
domestically produced commodities for the exporting sector, which in turn may lead to more
domestic production. Furthermore, more domestic production gives rise to more pollution
emissions since in most cases abatement technologies take a relatively longer time to advance.
Therefore, given that the nominal exchange rate affects international trade flows, it is highly
1

See, for example, the definition given by Czech National Bank on their official online pages. We examine the
environmental effects of the nominal exchange rate rather than the real exchange rate, since on the one hand
there are already a large body of studies investing the impacts of the real exchange rate on the environment (e.g.,
Arcand et al. 2008 and Bhattarai and Hammig 2001), and on the other hand while the nominal exchange rate is
also very important for exporters and importers’ decision making in the short run (e.g., Auboin and Ruta 2013)
or even in the medium term (e.g., Breuer and Klose 2015), its environmental effects are largely overlooked by
the literature.
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Figure 1.1: World Trade (% of World GDP)
reasonable to connect pollution emissions with the nominal exchange rate and analyze how
they interact with each other. This, however, has rarely been taken into complete consideration
in previous studies.
The mechanism through which the nominal exchange rate affects pollution emissions is
actually more complicated than we just introduced. According to the trade literature (e.g.,
Grossman and Krueger 1991 and Antweiler et al. 2001), free trade tends to affect pollution
emissions in at least three ways, holding all else equal: (1) Free trade has an influence on the
size of the economy, which is the scale effect; (2) Free trade reallocates resources between
polluting and non-polluting sectors, which is the composition effect; (3) Free trade also affects
the adoption of abatement technology, which is the technique effect. In a parallel fashion,
instead of simply treating the mechanism of how the nominal exchange rate affects pollution
emissions as a black box, we can introduce this taxonomy from the trade literature into our
analysis and decompose the overall effect into different channels. Particularly, the mechanism
we previously mentioned falls into the scale effect, i.e., the nominal exchange rate affects the
scale of the economy by changing the relative price of exporting goods on the foreign market
in the short run, which in turn shifts the foreign demand. However, in correspondence with the
trade literature, we may also expect the nominal exchange rate to influence the composition of
the economy and the technique of abatement, even when the economic scale is held constant.
Therefore, it is necessary and helpful to decompose the overall effect of the nominal exchange
2

rate into different sub-effects, and any conclusion without considering the composition and
technique effect could be insufficient or even biased. However, a thorough investigation of
these effects of the nominal exchange rate has not been found in the literature.
The objective of this chapter is to investigate the effect of the nominal exchange rate, including the potential role of exchange rate regimes, on pollution emissions. To do so we
theoretically decompose the overall effect into scale, composition, and technique effects, and
furthermore, we empirically measure the overall effect and each sub-effect using country level
panel data. We first construct a general equilibrium framework with the nominal exchange
rate, international trade and pollution, partly following the work of Antweiler et al. (2001) and
Copeland and Taylor (2013). This framework allows us to theoretically derive the method of
decomposition and lay out channels through which the nominal exchange rate works. We then
build an empirical model and combine country level panel data to quantify the magnitude of
each effect.
Ever since Grossman and Krueger (1991) bring forward the notion of scale, composition
and technique effects in their renowned study, Antweiler et al. (2001) is the first to formally
model these effects in a systematic way, and they find that free trade appears to benefit the
environment due to the negative technique effect. The method of environmental effect decomposition has since then become a general guide for studies of various policies, and similar
results are obtained by for example Copeland and Taylor (2013) and Grether et al. (2009), i.e.,
in these cases the magnitude of technique effect is significant enough to offset the positive scale
and composition effect, leading to an environmental friendly negative net effect. Other studies,
for example Tsurumi and Managi (2010) and Zhang (2012), also find negative technique effect,
but the magnitude is not large enough to cover the positive scale and composition effect combined, creating a positive net effect and more pollution emissions. Nonetheless, the scale and
composition effect are normally found to be positive, implying that induced increment in the
scale of the economy and the magnitude of polluting sector production result in more pollution
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emissions, while the technique effect is normally negative, indicating that profit maximization
itself can lead to adoption of cleaner technologies and relatively less pollution emissions during
the expansion of production.
Although impacts of free trade on environmental quality have been discussed intensively,
only a few studies directly analyze the relationship between exchange rate and environmental
quality. Arcand et al. (2008) construct a model of deforestation in which agents are initially endowed with forest lands and live infinitely. They use exchange rate as a measurement of relative
prices and find in their reduced-form empirical model that a depreciation in the real exchange
rate increases deforestation in developing countries while the opposite happens in developed
countries. Bhattarai and Hammig (2001) incorporate black market foreign exchange premium
in their empirical model for analyzing the impact of institutional and macroeconomic factors
on deforestation. Since a high black market foreign exchange premium reflects overvaluation
of the local currency, they conclude from their positive coefficient of black market premium
on annual deforestation that open trade policy and prudent exchange rate management is synergetic with managing natural resources and reduction of deforestation. The above mentioned
studies consider exchange rate in various ways, however, none of them clearly focuses on the
nominal exchange rate or further decomposes the effect into more details. Generally speaking,
the relationship between the nominal exchange rate and environmental quality has rarely been
discussed. Our study fills the gap by focusing on the effect of the nominal exchange rate on
pollution emissions and introducing the decomposition of scale, composition and technique
effects, all of which are measured with historic data.
This chapter has the following contributions to the literature. First, we contribute to the
trade literature by theoretically and numerically investigating environmental effects of the nominal exchange rate under different type of exchange rate regimes. To our knowledge, the effect
of the nominal exchange rate on pollution emissions has not been examined. In addition, although studies have explored the environmental effects of the real exchange rate (e.g., Arcand
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et al. 2008) and the black market exchange rate (e.g., Bhattarai and Hammig 2001), the potential role of exchange rate regimes has not been mentioned. Our study is the first to conduct
these analysis.
Second, we contribute to the literature on explaining how the nominal exchange rate affects
pollution emissions by decomposing the overall effect into scale, composition and technique
effects, and we measure each effect using historical data. This study is not only the first to investigate the environmental effect of the nominal exchange rate, but also the first to decompose
the effect into different component following the trade literature. By doing so we are able to
further explore why the effect varies for different exchange rate regimes.
Third, we also partly contribute to the pollution haven literature by showing that the nominal exchange rate has a significant and positive overall effect on pollution emissions under fixed
exchange regime, which implies that investors face less risks and therefore are more likely to
expand production under fixed exchange rate regime and generate more pollution emissions.
The pollution haven hypothesis (e.g., Eskeland and Harrison 2003) states that strict environmental regulations incentivize polluting firms to relocate to jurisdictions with less stringent
environmental regulations. Our study supports this hypothesis by illustrate the potential effect
of exchange rate regimes on pollution emission.
Our study differs from Antweiler et al. (2001) and Copeland and Taylor (2013) in at least
the following aspects. First, instead of perfect competition in all sectors we assume imperfect
competition for some sectors. Second, we introduce the nominal exchange rate to the economic
system, which is a key step in exploring the environmental effects of the nominal exchange rate.
We also discussed the potential effect of exchange rate regime. Third, we decompose each of
the three aforementioned effects into more basic economic parameters in a straightforward
manner, which on the one hand helps locate key factors driving pollution emissions up, and on
the other hand facilitates identifying different effects of these factors.
The remainder of this chapter is as follows: The next section introduces our theoretical
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framework that incorporates the nominal exchange rate, international trade and pollution emissions into a general equilibrium framework and investigates how the nominal exchange rate
affects pollution emissions through different channels. The third section constructs an econometric modeling method using panel data to measure these effects, and results are further discussed in the section following it. The last section concludes this study.

2.

THEORETICAL MODEL

In this section we introduce a general equilibrium model to investigate the impact of the nominal exchange rate on pollution emissions. The basic setup of our theoretical framework partly
follows Antweiler et al. (2001) and Copeland and Taylor (2013). In order to focus on the
environmental effects of the nominal exchange rate we assume that the polluting sector faces
imperfect competition on the output market. Basic macroeconomics indicates that in the long
run only the real exchange rate matters and the nominal exchange rate is neutral since it is just a
nominal price, which does not affect the real economy. However, in the short run if prices take
time to adjust (i.e., are ‘sticky’) due to imperfect competition or nominal rigidities (e.g., Gali
and Monacelli 2005, De Paoli 2009 and Schmitt-Grohé and Uribe 2004), movements in the
nominal exchange rate can alter prices and affect both the allocation of resources between nontradable and tradable sectors and international trade flows (Auboin and Ruta, 2013). Recall that
by definition the real exchange rate is the ratio of the price level abroad and the domestic price
level, where the foreign price level is converted into domestic currency units via the current
the nominal exchange rate2 . In the short run, a change in the nominal exchange rate affects
the real exchange rate if abroad or domestic prices or both does not adjust or still has not fully
adjusted. Therefore, in order to analyze the real effects of changes in the nominal exchange
rate, we assume sticky commodity prices throughout our model and all our results are based
on short run analysis when prices have not completely adjusted.
2

See footnote 1.
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2.1

Basic Setup

Consider an open economy that consists of a clean sector and a polluting sector, each with
a representative firm. The polluting firm produces a tradable goods X and the clean firm
produces a non-tradable goods Y , where for simplicity we assume that X is only sold on
the foreign market and Y is only sold on the domestic market3 . The domestic market of the
clean sector is perfectly competitive, while the international market of the polluting goods
features imperfect competition. Both sectors demand labor L and capital K as inputs and are
characterized by constant return to scale technology. Production function for X and Y are
respectively f X (LX , K X ) and f Y (LY , K Y ), where for example LX is labor resource allocated
to producing X. Domestic price of Y (measured in local currency) is constant at q. The world
price of X (measured in foreign currency), p, decreases in the polluting firm’s output, i.e.,

p = a − bX,

(1.1)

where a and b are parameters. Production of X generates pollutant Z as a by-product, and production of Y is pollution-free. Similar to traditional trade models, we assume that there exists
an iceberg transport cost such that for each unit of goods X shipped out from the domestic
country, only β < 1 unit arrive at the destination country. To focus on the nominal exchange
rate we assume that there is no other trade friction.

2.2

Pollution Demand

Suppose that the government levies a pollution tax τ on each unit of pollution emissions. Following Antweiler et al. (2001) we assume that firm X uses a proportion of its output as the
input to pollution abatement. We denote this proportion as 0 ≤ θ < 1. Pollution emissions are
3

This assumption simplifies our theoretical analysis but should not affect the main conclusions. When goods X
is also sold on the domestic market, the exporting firm needs to determine the optimal proportion of its output
that is to be exported. This process, however, is not likely to affect the key finding of our theoretical model.
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generated so that Z = z(θ)X, where z(θ) measures the emission intensity and it is decreasing
in θ.
The nominal exchange rate is e, so that the gross price of goods X is simply ep in domestic
currency. The net domestic price of X is

pN = (1 − θ)βep − τ z(θ).

(1.2)

Under the given the nominal exchange rate, world price and emission tax, for any level of
output the polluting firm’s best choice of θ is determined by βep = −τ z 0 (θ), which implies
that z 0 (θ) = −βep/τ and thus θ is a function of βep/τ . Therefore, we can rewrite pollution
intensity as z = z(β, e, τ, p), indicating that pollution intensity is determined by the iceberg
transport cost, the nominal exchange rate, pollution tax and the world price of X.
Utility of the owner of the polluting firm is v(π), where v 0 (π) > 0, π = pN X −c(w, r, X) is
the profit, c(·) is the cost function, and w and r are respectively prices of labor and capital (both
measured in units of domestic currency). Decisions are made before realization of the nominal
exchange rate; therefore, the polluting firm owner chooses the optimal labor and capital inputs
to maximize the expected utility of profit, i.e., maxLX ,K X Ev(π). Combining pN in equation
(1.2) and X = f X (LX , K X ), the first order condition with respect to LX is





βebf X θf X + 2(1 − θ)βeb − (βea + τ zθ )θf X f X fLX + (1 − θ)βea − τ z(θ) fLX = cX fLX ,

where a subscript means a partial derivative (the same hereafter). A similar condition can also
be derived for K X .
Assuming that the owner of the clean firm is simply a profit maximizer, the first order
conditions for Y are qfLY = w and qfKY = r. The fixed total supply of labor and capital
are respectively L̄ and K̄. Therefore, the equilibrium input quantities and prices are jointly
8

determined by first order conditions for X and Y , as well as the market clearing conditions for
labor and capital. Therefore, for i ∈ {X, Y } we have

Li = Li (β, e, τ, k), K i = K i (β, e, τ, k),

(1.3)

with k = K̄/L̄ being the capital-labor ratio. Note that parameters a and b, as well as price of
the clean goods, q are suppressed since they are constant.
Define a country’s aggregate output as g = p0x X +p0y Y , where p0x and p0y are base year prices
of X and Y , respectively. Choosing units so that the base year prices are unity, we can rewrite
pollution emission as Z = zsg, where s is the share of X in g. Equation (1.3) demonstrates
that the equilibrium level of factor distribution is determined by the iceberg transport cost β,
the nominal exchange rate e, pollution tax rate τ and the capital-labor ratio k. Since output
of X and Y are determined by allocation of inputs, we can draw several conclusions in terms
of pollution emissions. First, since price of X, p, is determined by the output of X, which
is further determined by factor allocation, we can replace p with β, e, τ and k and rewrite
pollution intensity z as z = z(β, e, τ, k). Second, since the share of X in g is s = X/(X +
Y ), and both X and Y are determined by factor allocation in equation (1.3), we have s =
s(β, e, τ, k). Third, similar reasoning also applies to the aggregate output g, which implies that
g = g(β, e, τ, k). The three equations can be represented in a concise matrix form

M = ΓF ,

(1.4)

where M3×1 = [g s z]0 , F4×1 = [β e τ k]0 are column vectors containing the dependent and
independent variables, respectively. Γ3×4 is a matrix comprises of unknown coefficients for
the g, s and z equation, respectively.
Equations in (1.4) imply that price of pollution (i.e., pollution tax τ ) affects pollution demand (i.e., pollution emissions) through three different channels. First, τ influences the overall
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scale of the economy. For example, an increase in τ increases the cost of the polluting firm,
which in turn invests more in abatement in order to maximize profit. Production in the clean
sector is also negatively affected since the polluting sector demands relatively more inputs.
Therefore, the overall effect of this pollution tax increment is a reduced scale of the whole
economy. Second, τ leads to changes in composition of the economy. An increase in the pollution tax, for example, results in an economy in which the clean sector takes a greater share.
This is because when the polluting firm faces a higher pollution tax it lowers pollution emissions, which in turn implies a decrease in output of the polluting sector. Third, τ also has an
impact on the abatement technique. When faced with a higher pollution tax, the polluting firm
devotes more of its output into abatement and developing cleaner production technique in order
to maximize profit. The result of more investments in abatement is an improved and cleaner
production, and relatively less pollution emissions. These effects suggest a pollution demand
curve (Figure 1.2).

Figure 1.2: Pollution Demand Curve

2.3

Pollution Supply

A representative consumer who owns both the labor and the capital receives all the emission
tax from the government as a compensation for her utility loss that is caused by the pollution.
10

Following Galinato and Yoder (2010), we assume that the consumer’s indirect utility function
is of the form V (w, r, τ, Z) = u(I) − δZ, where I = wL̄ + rK̄ + τ Z is her total income and
δ is her marginal disutility of pollution. Define R(pN , K̄, L̄) as the private sector revenue net
of tax, abatement cost, and trade barrier cost, i.e., R(pN , K̄, L̄) = pN X + qY , the following
identity holds under a competitive framework: R(pN , K̄, L̄) = wL̄ + rK̄. We then rewrite the
consumer’s indirect utility function as


V (w, r, τ, Z) = u R(pN , K̄, L̄) + τ Z − δZ.

The government chooses τ to maximize the consumer’s overall utility, and the first order
condition yields
0



u (I) ·
By the chain rule we have

dR
dτ

=

∂R
∂pN

dR
+ Z + τ Zτ
dτ

·

∂pN
,
∂τ


= δZτ .

where ∂R/∂pN = X by the Envelope Theorem

and ∂pN /∂τ = −z(θ), and thus dR/dτ and Z cancel out. Assume Zτ 6= 0, we rearrange to
get the Pigouvian tax τ =

δ
,
u0 (I)

which implies that determinants of the optimal emission tax

are consumer’s marginal disutility of pollution δ and her total income I, i.e.,


τ = τ δ, I .

(1.5)

Equation (1.5) implies that, the price of pollution (i.e., τ ), is determined by consumer’s
income and preference over pollution. We assume that the consumer does not change her
preference (i.e., δ is constant), and that she has a decreasing marginal utility of income, i.e.,
u00 (I) < 0. An increment in consumer’s income results in a higher pollution tax since τ =
Therefore, we obtain the following pollution supply curve.
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δ
.
u0 (I)

Figure 1.3: Pollution Supply Curve

2.4

Market Equilibrium

Equations in (1.4) and (1.5) separately depict the demand and supply side of pollution emissions. After substituting τ in equation (1.4) with (1.5) we derive the system of equations that
describes the market equilibrium of pollution emissions

M = ΓH,

(1.6)

where H4×1 = [β e I k]0 is different from F in equation (1.4) in terms of the third element,
i.e., pollution tax τ is replaced with the consumer’s income I. Note that the marginal disutility
δ in equation (1.5) is dropped since it is a constant.
Equations in (1.6) not only identify key variables determining pollution emissions in equilibrium, but also systematically decompose effects of those variables into scale, composition
and technique effects, conditional on type of exchange rate regime. Particularly, g, s and z
captures the scale, composition and technique effects of those variables on pollution emissions,
respectively.
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2.5

Effects of The Nominal Exchange Rate and Exchange Rate Regimes

The Nominal Exchange Rate
In this chapter we are mainly interested in how the nominal exchange rate affects pollution
emissions, and we find according to equation (1.6) that it may have all three effects in theoretical aspects. Specifically, the nominal exchange rate mainly affects pollution emissions through
the demand side, and the impacts are similar to those of the pollution tax in terms of channels
through which the nominal exchange rate takes effect. First, the nominal exchange rate could
impact the overall scale of the economy. An increment in the nominal exchange rate increases
domestic price of the polluting goods and brings positive profit to the polluting firm in the short
run. In turn, the polluting firm expands the scale of production, which changes the scale of the
whole economy and leads to more pollution emissions. Second, the nominal exchange rate may
lead to changes in the composition of the economy. An increased domestic price of polluting
goods caused by the nominal exchange rate results in an expanded polluting sector, which in
turn takes a relatively greater share in the whole economy. Third, the nominal exchange rate
may also affect the abatement technique. Expanded production in the polluting sector causes
more pollution emissions, which also brings higher cost for the polluting firm, especially when
unit pollution tax is increasing with the level of total emissions. In turn, the polluting firm has
an incentive to develop cleaner techniques to save cost and maximize profit. The result of more
investments in abatement is a cleaner production, and relatively less pollution emissions. In
sum, we are expecting that the scale and composition effect of the nominal exchange rate on
pollution emissions to be positive, while the technique effect to be negative.

Potential Effects of Exchange Rate Regimes
Since the nominal exchange rate is generally considered to be affected by the type of exchange rate regimes, we are expecting that exchange rate regime type also plays an important
role in how the nominal exchange rate affects pollution emissions. To explore the potential
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effects of exchange rate regimes, we combine the pollution demand curve and the pollution
supply curve and assume that consumer’s income is fixed at a certain level. The result is given
by Figure 1.4, where D0 is the realized pollution demand, while Dxi and Dli , i = {1, 2} are the
possible boundaries of expected pollution demands under a fixed and a floating exchange rate
regime, respectively.

Figure 1.4: Effects of Exchange Rate Regimes
One of the main differences between a fixed exchange rate regime and a floating regime,
for example, is the volatility of the nominal exchange rate. Studies in international economics
argue that exchange rate volatility is greater under flexible exchange rate regimes than under
fixed exchange rate regimes (Kimbrough, 1995), and that exchange rate volatility would affect
the volume of international trade (e.g., Nicita 2013 and Égert and Morales-Zumaquero 2008),
which in turn largely determines pollution emissions. Therefore, in Figure 1.4, the pollution
demand curve shifts within a narrower range from the realized demand under a fixed exchange
rate regime, while under a floating exchange rate regime it has a greater fluctuation. That is,
the expected equilibrium level pollution emissions under a fixed exchange rate regime falls
between B and C, while it is between A and D under a floating exchange rate regime. This
result, however, does not reveal enough information on the potential effects of exchange rate
regimes, since it only indicates that pollution emissions under a fixed exchange rate regime are
more likely to be closer to the realized level, i.e., Z ∗ in the figure. The figure does not illustrate
which type of exchange rate regime generally leads to more pollution emissions.
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To thoroughly investigate the potential role of exchange rate volatility (which is a key difference between exchange rate regimes), we need to examine the exporting firm’s risk attitude.
Following De Grauwe (1988), we assume that firm X’s utility function, v(π), is separable4 .
For now, we assume that the exporting firm chooses how much X to produce to maximize
expected utility from profit, Ev(π), before the nominal exchange rate is realized5 . The FOC
with respect to X yields

0

E(v e) = v

0




τ z(θ) + cX (w, r, X ∗ )
,
β(1 − θ)(a − 2bX ∗ )

where X ∗ is the equilibrium level of X.
The volatility of the nominal exchange rate negatively affects X ∗ if v 0 e is concave, since a
mean-preserving spread of e (i.e., an increase in the nominal exchange rate volatility) would
lead to a lower expected marginal utility E(v 0 e) (Figure 1.5), which in turn results in less
production of X if the utility function v(π) is monotonic in profit π. Therefore, we can measure
the effect of the nominal exchange rate volatility by checking the concavity/convexity of v 0 e.
Differentiating v 0 e with respect to e twice and rearranging a little bit, we obtain (Appendix A.)



2
d2 (v 0 e)
0 πe πe
2
=ve
(R + R ) − R ,
de2
π π
e
00

where R = − vv0π is the Arrow-Pratt relative risk-aversion that measures firms X’s attitude
toward risks from the exchange rate market, and it is assumed to be constant so that R0 = 0.
Since v 0 > 0 and πe is generally positive6 , we conclude that the functions v 0 e is concave
(convex) if R < (>)

2 π
e πe

− 1. That is, v 0 e is concave (convex) if the relative risk-aversion of

the exporting firm is not too large (small).
4
5

6

For example, v(π1 + π2 ) = v(π1 ) + v(π2 ), where π1 and π2 are different components of the firm’s profit.
We focus on the level of output rather than inputs when analyzing the potential effects of exchange rate regimes,
since output is the key connection between exchange rate volatility and pollution emissions.
An increase in e implies depreciation in domestic currency, which in turn should result in a higher profit for the
exporting firm; thus, πe > 0.
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Figure 1.5: The Nominal Exchange Rate Volatility and Concave Firm Utility
A concave v 0 e means that an increase in the nominal exchange rate volatility would lead
to a lower marginal utility, which in turn results in relatively less X production. Moreover,
shrinkage in sector X would negatively affect the scale and composition effect of the nominal exchange rate, while the technique effect could be positively affected, following the same
reasoning as discussed before. Therefore, when the exporting firm is not very risk-averse (i.e.,
R <

2 π
e πe

− 1), the nominal exchange rate volatility negatively affects the scale effect and

the composition effect of the nominal exchange rate on pollution emissions, while positively
affects the technique effect. Furthermore, since a fixed exchange rate regime features lower
exchange rate volatility than a floating one, we are expecting that the scale, composition and
technique effects to be more significant (in absolute values) under a fixed exchange regime,
when the exporting firm is not very risk-averse.
Our result on the effect of exchange rate volatility on international trade is consistent with
De Grauwe (1988) and Broll and Eckwert (1999). As discussed by these studies, the seemingly
counter-intuitive conclusion can be supported by the following reasoning. Very risk-averse
firms increase export to avoid possibility of a drastic decline in their revenues when faced with
a greater exchange rate volatility. Less risk-averse firms are not as concerned with extreme
outcomes and tend not to increase export as much given increases in exchange rate volatility.
This is mainly caused by the income effect of an increase in risk, i.e., the expected utility of
export revenue declines when risk increases. This drop in expected utility can be offset by
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increasing resources in the exporting sector. Therefore, if the income effect is large enough,
higher risk would lead to more exports, which in turn amplifies the scale, composition and
technique effects in our model.

3.

EMPIRICAL METHOD AND DATA DESCRIPTION

In this section, we measure the effects of the nominal exchange rate, as well as exchange rate
regimes, on pollution emissions. We first measure the overall effect to obtain a general idea
of how the nominal exchange rate could affect pollution emission, then we measure each of
the scale, composition and technique effects to further examine channels through which the
effect of the nominal exchange rate takes place. To measure the potential role of exchange rate
regimes, we divide our samples into two groups, one with countries that adopt fixed exchange
rate regimes and the other with floating exchange rate regimes.

3.1

Empirical Model

Our conceptual framework points out the existence and directions of the scale, composition
and technique effects that the nominal exchange rate has on pollution emissions, as well as
the potential impacts of the type of exchange rate regimes. Based on equations in (1.6), the
following equations can serve as our empirical model

Mit = ΓH + ui + εit ,

(1.7)

where i is individual identifier and t is time indicator. u contains unobserved time-invariant
individual effects and ε is the error term vector. The coefficient matrix Γ is to be estimated.
Aside from the 3 equations in (1.7), which contain the g, s and z equation exploring the
scale, composition and technique effects of the nominal exchange rate, respectively, we also
estimate another equation to measure the overall effect of the nominal exchange rate on pol17

lution emissions. The right hand side (RHS) variables are the same as (1.7) and the left hand
side (LHS) variable is industrial CO2 emissions per capita. This equation (the ‘Z equation’
hereafter) gives us a whole picture over how the nominal exchange rate works on pollution
emissions, while the other 3 equations in (1.7) measure each of the scale, composition and
technique effects. The above four equations form Model A in our estimations.

3.2

Econometric Issues

Our empirical model uses an unbalanced panel data set. We deal with the econometric issues
that are related to our theoretical model and the use of panel data.

Misspecification
Model A closely follows our theoretical framework and contains only the key variables
identified by it. However, one potential issue with model A is misspecification, since there
could be some variables outside of our simplified theoretical framework that play important
roles in affecting any of the dependent variables. In order to obtain unbiased and consistent
estimates of the effects of the nominal exchange rate, and at the same time for the purpose of
a robust check, we add in some important variables that are not considered by our theoretical
framework. The full empirical model is as follows

Mit = ΓHit + BWit + ui + εit ,

(1.8)

where B is the coefficient matrix for additional regressors, and W is a column vector consists of all the additional regressors, including the squared per capita income, index of human
capital, population density, index of democracy, trade intensity, the product of the nominal
exchange rate and trade intensity, as well as year dummies. The squared per capita income
is included to capture the potential nonlinear impact of per capita income on pollution emissions, which is enlightened by the environmental Kuznets curve literature (e.g., Stern 2004).
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Measures of democracy, human capital and population density are incorporated to reflect key
institutional and demographic characteristics. To explore whether the degree of involvement in
international trade has any effect on pollution emissions, we also include trade intensity in our
model. We further interact trade intensity with the nominal exchange rate to inquire any effect
of the nominal exchange rate that is conditional on trade intensity. Year dummies are added to
capture any potential time trends.
These additional regressors in equation (1.8) are also added to the Z equation. The four
extended equations based on model A is our Model B in estimations. That is to say, model
A estimates 4 equations with the RHS variables including only the 4 basic variables identified by our theoretical framework, while model B further incorporates all other RHS variables
mentioned above.

Unobserved Effects
The use of panel data facilitates controlling for individual effects and heteroscedasticity
across panels, but it also introduces some specific problems with it. The most common question facing all panel data users is whether to assume random individual effects (RE) or fixed
individual effects (FE). Wooldridge (2010) indicates that the key consideration in choosing between RE and FE approach is whether the individual effects and the time-variant independent
variables are correlated. FE estimator is consistent when they are correlated but RE estimator
is not. Since for our particular model it is vague whether some individual effects are correlated
with the time-variant independent variables or not, we adopt the idea of Wooldridge (2010) and
treat the unobserved individual effects as fixed.

Identification
Our equations contain g as a dependent variable and I as an independent variable. Our theoretic model indicates that g affects the demand side of pollution emissions, while I determines
pollution supply. As is pointed out by Antweiler et al. (2001), the problem is that most mea-
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sures for the scale of economy that shifts the pollution demand must be highly (if not perfectly)
correlated with measures of per capita income that shifts the pollution supply. To address this
issue we use the one period lagged, weighted three year moving average gross national income
per capita in stead of the current year single period GDP per capita. The weights are 1/2 for
the current year, 1/3 for the previous year and 1/6 for the year next before it. This method
relies on the reasoning that the impact of economic scale on pollution emissions is more likely
to be contemporaneous, while per capita income tends to have a lagged, lasting and gradually
decreasing effect.

Autocorrelation
Autocorrelation is a common issue that widely exists in models with time series and panel
data, and any possible omitted variable or measurement error could cause this problem to occur, which leads to inconsistent covariance of estimators. Since potential variables affecting the
LHS variables, especially the scale of economy g and the structure of economy s, are possibly
large in numbers and cannot be fully observed, our model is not immune from this issue. We
address this problem by applying the heteroscedasticity and autocorrelation consistent covariance developed by Newey and West (1987).

Endogeneity
The first two equations use GDP per capita and the share of industrial GDP in overall GDP
as the LHS variables, respectively. This specification causes endogeneity issue for several of
the RHS variables, such as the nominal exchange rate, capital-labor ratio, index of human
capital and trade intensity in the two equations, because the impact of GDP and economic
structure is pervasive. A standard solution to endogeneity issue would be implementing an
instrumental variable approach. However, as Mankiw et al. (1990) points out that, finding
instrumental variables for such growth models would be a ‘formidable task’, again because of
the pervasive impact of economic growth. Our solution to this difficulty is simply using one-

20

period lags of the endogenous variables in the equations as their own proxies since the lagged
values are correlated with their current year counterparts but are strictly exogenous.
To further address the endogeneity issue of the nominal exchange rate, as well as its interaction with trade intensity, we use their corresponding one period lags as their own instrumental
variables in all our equations. These instrumental variables are applied to all equations since
the nominal exchange rate has a wide range of determinants, which implies it is highly possible
that there could be some variables outside of our model affecting both the RHS variable (the
nominal exchange rate) and the LHS variables in those equations.

3.3

Data Description

We use an unbalanced panel data set that consists of 88 countries, ranging from 1999 to 2011.
Main sources of our data are Penn World Tables (PWT) and World Bank’s World Development
Indicators (WDI). We also use the index of democracy provided by the Polity IV Project to
capture potential influences of some institutional arrangements. Aside from the above sources,
data on exchange rate regimes from IMF’s Annual Report on Exchange Rate Arrangements and
Exchange Restrictions (AREAER) is collected to facilitate dividing our data set into different
groups according to the type of exchange rate regime.
CO2 emissions from all production sectors are aggregated for each country-year observation as an indicator for industrial pollution emissions7 . We choose CO2 over other candidates
of pollutants because we can separate industrial emissions from other sources, which is a key
requirement by our model. Other pollutants do not have the advantage of accurate source
identification in any available data sets, although some of them are also partly generated by
anthropogenic activities.
The AREAER database offers a detailed taxonomy of all member countries’ exchange rate
7

Specifically, annual CO2 emissions from the electricity and heat production, manufacturing industries and
construction, transport and other sectors, excluding residential buildings and commercial and public services,
are aggregated as a proxy for the overall general industrial CO2 emissions.
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regimes, which are classified into 12 different types. We treat a country’s exchange rate regime
as fixed if it is one of the following: currency board, conventional peg, stabilized arrangements, crawling peg, and crawl-like peg. On the contrary, a floating exchange rate regime is
assumed if a country’s exchange rate is classified in AREAER as managed floating, independently floating, floating, or free floating. All other types of exchange rate regimes beyond the
aforementioned ones are classified as “the rest” and dropped from our data set, which includes
those that have no legal tender and other types that do not fit any of the above classifications.
We use the indicator of exchange rate regime type to divide our data set into two groups, one
group contains observations of fixed exchange rate regime and the other consists of floating
regime only.
The iceberg transport cost, however, cannot be directly measured, and the commonly used
proxies include CIF/FOB ratio, distance between trading partners, geographical locations, and
perhaps per capita income since it partly reflects the technology level of the transportation
sector (Irarrazabal et al., 2015). The CIF/FOB ratio is an important proxy for trade cost since
it measures the ad valorem equivalent to transportation and insurance costs (Finger and Yeats,
1976). However, CIF/FOB is more suitable for gravity models in which each partner country
with the involved country is specified as a trade partner pair. Since our model does not have
such a structure, we cannot use the CIF/FOB ratio and instead we need to construct another
valid proxy. For the same reason, we cannot use distance as a proxy for iceberg transport
cost as well since an aggregated distance of all trade partners does not make too much sense.
The WDI provides time series data on share of ores and metals in merchandise exports for
most countries, which can serve as a good proxy for the iceberg transport cost. The reasoning
behind this method is that, since ores and metals are generally heavier than other merchandise
such as cotton or even cars for the same volume unit, the larger the share of ores and metals in
a country’s exports, the higher transport cost the country has to pay, which makes it an ideal
general proxy for our model.
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Other main variables, such as GDP per capita, GNP per capita, pollution intensity, nominal
exchange rates, capital-labor ratio and trade intensity, are either readily available from the
above sources or can be easily derived from them. A detailed description of all variables and
data sources are given by Table 1.1.
Table 1.1: Description of Variables

Variable
Z
g
s
z
e
k
I
I2
omt
pop d
hc
TI
p2
e fx

4.

Description

Source

Metric Ton industrial CO2 emissions per capita
WDI
GDP per capita (thousand 2005 USD)
PWT
Share of industrial GDP in total GDP, percentage
PWT
Thousand Ton CO2 per billion 2005 USD industry GDP
—
The nominal exchange rate, national currency/USD, divided by 10
PWT
Capital-labor ratio (thousand 2005 USD per aged 15-64)
PWT
Weighted 3-year moving average GNI/person (thousand 2005 USD)
WDI
Squared per capita income
—
Ores and metals exports (% of merchandise exports)
WDI
Population density (people per sq. km of land area)
PWT
Index of human capital per person
PWT
Trade intensity, (export+import)/GDP
WDI
Index of democracy, ranging between -10 and 10
Polity IV
=1 if fixed exchange rate regime, =0 if floating
AREAER

EMPIRICAL RESULTS AND ANALYSIS

In this section we conduct a series of estimations to fully test the effects of the nominal exchange rate on pollution emissions. We first estimate the overall effect of the nominal exchange rate, followed by estimations on each of the scale, composition, and technique effects.
To reflect the possible effect of exchange rate regime types that is considered by our theoretical
model, we divide our observations into two groups, one with fixed exchange rate regime and
the other with floating exchange rate regime. Model A with only the 4 basic RHS variables
identified in our theoretic framework and model B with all the RHS variables are separately
estimated for each group.
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4.1

Overall Effect of The Nominal Exchange Rate

Our theoretical analysis reveals that the nominal exchange rate affects pollution emissions
through different channels, potentially conditional on the type of exchange rate regimes. However, before we move on to estimations of each effect, it is important for us to understand the
overall effect of the nominal exchange rate first. Therefore, we conduct estimations to measure
the overall effect of the nominal exchange rate on pollution emissions. The overall effect is estimated with both model A and model B, and for the ease of comparison results of both models
are tabulated in Table 1.2. In moving from model A to model B we find that the former does
omit some important variables, such as index of human capital and population density, that
result in biased estimates if dropped. Therefore, all our results are based on model B hereafter,
and model A mainly serves as a comparison when needed.
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0.005
0.037∗∗
−0.010
−0.119∗

0.000
0.018
−0.002
−0.107∗∗

Model A
Fixed
Floating

0.595
122/23
18.48
7.03

0.191
336/50
8.12
7.03

0.003
0.025∗
−0.003
0.089
−0.003∗∗
4.229∗∗∗
−0.001
0.007
0.175
−0.003

Model B
Fixed
Floating
0.032∗∗∗
0.074∗∗∗
0.011
−0.393∗
0.013
7.434∗∗∗
−0.006∗∗
−0.023∗∗
0.173
−0.000

Centered R-square
0.401
0.082
No. of observations/groups
162/29
346/53
Kleibergen-Papp rk Wald F statistic
28.04
9.21
Stock-Yogo weak ID test (10%)
16.38
16.38
∗∗∗
∗∗
∗
Note: (1)
significant at 1%; significant at 5%; significant at 10%
(2) Year dummies are not presented in the table

The nominal exchange rate
Capital-labor ratio
Ores/metals export share
Per capita income
(Per capita income)2
Index of human capital
Population density
Index of democracy
Trade intensity (TI)
TI×The nominal exchange rate

Metric Ton industrial CO2
emissions per capita

Table 1.2: Overall Effect of The Nominal Exchange Rate on Per Capita Industrial CO2 Emissions
(Instrumental variable approach, fixed effect)

Table 1.2 shows that the overall effect of the nominal exchange rate on pollution emissions
depends on the type of exchange rate regimes, i.e., the overall effect is significant and positive
for countries with fixed exchange rate regimes, but it is relatively smaller and statistically
insignificant for floating exchange rate regimes. The difference between the effects of the
nominal exchange rate on pollution emissions for countries with fixed exchange rate regime
and those with floating exchange rate regime is interesting, since it implies that although the
nominal exchange rate is predicted to have three different effects on pollution emissions, the
magnitude and significance of each effect could be very different depending on the type of
exchange rate regimes.
Our estimations of the overall effect of the nominal exchange rate on pollution emissions imply that the mechanism could be different between countries with fixed exchange rate
regimes and countries with floating exchange rate regimes. To further explore the mechanism
of how the nominal exchange rate affects pollution emissions between countries with different
exchange rate regimes, we estimate the scale, composition, and technique effects in the next
section.

4.2

Scale, Composition and Technique Effects

To measure the scale, composition, and technique effects conditional on the type of exchange
rate regimes, we design two groups of estimations. The first group of estimations are based
on samples with fixed exchange rate regimes only, and the second group uses only sample
countries with floating exchange rate regimes. Results of the first group is given by Table 1.3.
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−0.018
0.056∗∗∗
0.003
0.660∗∗∗
0.002
0.023∗
0.007
0.828∗∗∗
−0.021∗∗
3.316∗
−0.000
0.009
0.843∗∗
−0.000

0.231
162/29
28.04
16.38

0.315
122/23
18.48
7.03

−0.022
−0.178∗∗
0.013
−0.793
0.057
−1.816
0.019
−0.051
5.876∗
0.001
0.074
−0.475∗
0.250∗∗
2.053∗∗

0.191∗∗
0.070
0.294∗∗∗
−1.261
0.027
45.753∗∗∗
−0.047∗∗∗
−0.003
4.117∗
0.000
0.147
−0.17
0.186∗∗∗
0.022

Technique
Model A
Model B

Composition
Model A
Model B

Centered R-square
0.859
0.763
0.218
0.443
No. of observations/groups
162/29
122/23
162/29
122/23
Kleibergen-Papp rk Wald F statistic
28.15
17.37
28.15
17.37
Stock-Yogo weak ID test (10%)
16.38
7.03
16.38
7.03
∗∗∗
∗∗
∗
Note: (1)
significant at 1%; significant at 5%; significant at 10%
(2) Year dummies are included as regressors for all equations but not presented in the table

The nominal exchange rate
Capital-labor ratio
Ores/metals export share
Per capita income
(Per capita income)2
Index of human capital
Population density
Index of democracy
Trade intensity (TI)
TI×The nominal exchange rate

Scale
Model A
Model B

Table 1.3: Scale, Composition and Technique Effect of The Nominal Exchange Rate on Industrial CO2 Emissions
(Instrumental variable approach, fixed effect, fixed exchange rate regime)

Table 1.3 shows that for countries implementing a fixed exchange rate regime, there is a
significant positive composition effect, i.e., for those countries a unit increase in the the nominal
exchange rate results in a 0.019% increase in the share of industrial GDP in the economy8 . The
positive composition effect occurs because when the nominal exchange rate increases (which
is equivalent to a depreciation of the domestic currency), the industry sector that exports faces
a growing demand from the foreign market since the price of exporting goods on the foreign
market goes down. Increased demand on the exporting goods brings more profit to the industry
sector, and therefore there are more firms from non-industry sectors joining in. Holding all else
equal, the expansion of the industry sector in the economy leads to more pollution emissions.
Our results also show that the nominal exchange rate could have a positive scale effect and
a negative technique effect for countries of fixed exchange rate regimes, although they are not
statistically significant. Reasoning behind the positive scale effect is similar to the composition
effect, that is, depreciated domestic currency shifts foreign demand up and results in a higher
level of production in equilibrium. The negative sign of the technique effect is consistent with
most similar studies previously mentioned, and it implies that a depreciation of domestic currency may not be harmful to the environment by all measures, i.e., although it causes the scale
and structure of the economy to evolve toward more pollution emissions, it also induces firms
to adopt a cleaner production technology that has a lower pollution intensity. One possible
explanation for the negative technique effect is that, when depreciation of domestic currency
induces firms to expand production in scale and composition, there are more pollution emissions generated proportionally if they stick to the same abatement technology, which tends to
trigger a higher unit pollution tax in many cases. Therefore, for the purpose of profit maximization firms may find it profitable to adopt cleaner technologies.
The results are significantly different when we turn to countries that implement floating
exchange rate regimes (Table 1.4). Specifically, there are two main differences in terms of the
effect of the nominal exchange rate: (1) When a floating exchange rate regime is implemented
8

Note that in our data we divide the value of the nominal exchange rate by 10.
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the nominal exchange rate mainly affects pollution emissions through the scale effect, but it is
relatively smaller compared to the composition effect for countries with a fixed exchange rate
regime. The composition and technique effects are insignificant in this case; (2) Compared
with the fixed exchange rate regime case where the nominal exchange rate has none of the
scale, composition or technique effect when conditioned on trade intensities, here the sign of
the three effects are all negative when the nominal exchange rate interacts with trade intensities,
and both the conditional scale effect and the conditional composition effect are significant; (3)
These differences further imply that for the fixed exchange rate regime case the overall effect
should also be positive, while for the floating exchange rate regime case we are not sure about
the sign of the overall effect.
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−0.003
0.007
−0.003
0.691∗∗∗

0.007∗
0.018
−0.007
0.868∗∗∗
−0.004∗∗∗
1.996∗
0.000
0.025
1.553∗∗
−0.012∗∗∗
−0.008
0.041
0.056
−0.185
0.014
−0.012
0.049
−0.271
0.007∗∗
2.166
−0.008∗∗∗
−0.104
2.610∗∗
−0.035∗∗

Composition
Model A
Model B

Centered R-square
0.768
0.802
0.109
0.168
No. of observations/groups
346/53
336/50
346/53
336/50
Kleibergen-Papp rk Wald F statistic
9.21
7.92
9.21
7.92
Stock-Yogo weak ID test (10%)
16.38
7.03
16.38
7.03
∗∗∗
∗∗
∗
Note: (1)
significant at 1%; significant at 5%; significant at 10%
(2) Year dummies are included as regressors for all equations but not presented in the table

The nominal exchange rate
Capital-labor ratio
Ores/metals export share
Per capita income
(Per capita income)2
Index of human capital
Population density
Index of democracy
Trade intensity (TI)
TI×The nominal exchange rate

Scale
Model A
Model B

0.181
346/53
9.21
16.38

0.003
0.079∗
−0.078
−0.381∗∗

0.230
336/50
8.12
7.03

0.013
0.117∗∗
−0.080
−0.638∗∗
0.004
19.096∗∗
0.003∗∗
0.098∗∗
−0.634
−0.013

Technique
Model A
Model B

Table 1.4: Scale, Composition and Technique Effect of The Nominal Exchange Rate on Industrial CO2 Emissions
(Instrumental variable approach, fixed effect, floating exchange rate regime)

Comparing our results on the magnitude and significance of the scale, composition and
technique effects with the estimations of the overall effect, we find that they are largely consistent with each other, and they can also serve as supports for one another. Also, results of
all estimations are consistent with the prediction of our theoretical framework. In turn, the
consistency between estimations of overall effect and each effect, and the consistency between
the empirical results and the theoretical predictions demonstrate reliability of our theoretical
and empirical models.

5.

CONCLUSIONS

In this chapter, we first construct a theoretical framework to identify the effect of the nominal
exchange rate, including exchange rate regime types, on pollution emissions and decompose
the overall effect into scale, composition and technique effects, and then we implement a series
of estimations to measure each effect and the overall effect. Our empirical models point to
the conclusion that the nominal exchange rate has a higher and significant positive overall
effect on pollution emissions for countries implementing fixed exchange rate regimes, while
for those with floating exchange rate regimes the effect is relatively small and statistically
insignificant. Also, results of our empirical models on the scale, composition and technique
effects of different exchange rate regime types are basically consistent with our theoretical
analysis. Particularly, the empirical impacts of exchange regime types are largely consistent
with our theoretical analysis where the exporting firm is not very risk-averse, i.e., in this case
the scale, composition and technique effects tend to be more salient (in absolute values) under
fixed exchange regimes.
Our findings implies that a floating exchange rate regime may behave environmentally better than a fixed one in terms of the effect the nominal exchange rate has on pollution emissions.
Therefore, policy makers may need to be aware of this environmental effect for exchange rate
policies, and counter-measure policies may need to be in position when fixed exchange rate
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regimes are adopted. This is because when the nominal exchange rate is largely determined
by the market power, firms face relatively higher risks on the foreign exchange market. When
firms are not very risk-averse and they do not value the decline in export revenue too much,
they tend not to expand exports as much as those under fixed exchange rate regimes. A fixed
exchange rate regime, on the contrary, ‘encourages’ firms to over-produce in the industry sector
and therefore generate more pollution emissions.
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CHAPTER TWO:
WELFARE IMPLICATIONS OF REVENUE-NEUTRAL ENVIRONMENTAL
TAXATION: INTEGRATED TAX-SUBSIDY VERSUS DOUBLE-DIVIDEND

1.

INTRODUCTION

As the potential hazards of global warming and climate change accumulate, many countries
are taking actions to reduce greenhouse gas (GHG) emissions. For example, to fulfill their
part in the Paris Agreement, the federal government of Canada announced the pan-Canadian
framework on clean growth and climate change in October 2016, which includes a carbon tax
proposal. The carbon tax would start at a minimum of 10 Canadian dollars (CAD) per tonne
in 2018 and rises by 10 CAD per year to 50 CAD per tonne in 2022. Furthermore, the carbon
tax would be revenue-neutral so that it yields a fixed aggregate tax revenue. Any revenues
generated under the system stay in the province or territory where they are generated.
Revenue-neutral environmental taxation are tax policies that aim at regulating environmental degradation (e.g., pollution tax) and that hold the aggregate tax revenue constant. It
has been argued in some studies that, compared to other grandfathered instruments such as
emission quotas and permits that are given free, the revenue-neutral tax policies have an extra
positive welfare effect that can partly offset the welfare loss of labor market distortion caused
by the taxes (e.g., Goulder et al. 1997, Parry 1995 and Galinato and Skolrud 2015).
There are at least two strands of revenue-neutral tax policies that are widely discussed
in literature. The first uses the extra tax revenue from the more pollution intensive goods to
cut pollution tax rates of the less pollution intensive ones. The second uses the additional
tax revenue to offset other distortionary taxes, such as labor tax and income tax. The former
is termed the integrated tax-subsidy policy by Galinato and Yoder (2010), while the latter is
known as the double-dividend policy since it simultaneously reduces pollution emissions and
restores market efficiency by cutting existing distortionary taxes (e.g., Pearce 1991).
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The two types of revenue-neutral taxes are similar since they have at least three different
marginal effects on social welfare, the Pigouvian effect, the revenue-recycling effect, and the
tax-interaction effect (Goulder et al., 1997). The Pigouvian effect is the welfare gain from
cutting pollution emissions. The revenue-recycling effect is the efficiency change from using
tax revenues to cut other taxes. The tax-interaction effect is the impact of pollution tax on
welfare that is caused by interactions with the labor market. The double-dividend literature
finds that the Pigouvian effect and the revenue-recycling effect are generally positive, while the
tax-interaction effect is normally negative (e.g. Parry 1995, Goulder et al. 1997 and Goulder
et al. 1999). The magnitude of each effect, however, varies and depends on many factors.
For example, Goulder et al. (1997) argues that the benefit from the revenue-recycling effect is
generally a fraction of the cost of the tax-interaction effect, and Goulder et al. (1999) finds that
the cost of distortionary taxes is an increasing function of pre-existing tax rates. These marginal
welfare effects, however, have not been examined for the integrated tax-subsidy policy.
Although both the integrated tax-subsidy policy and the double-dividend policy are assessed individually in separate literatures, a systematic comparison between the two in a uniform framework has not been conducted. The double dividend literature normally assumes
that consumers value leisure, as is reflected by the appearance of leisure consumption in utility
function. However, the integrated tax-subsidy literature generally ignores leisure consumption,
as well as preexisting labor tax, and assumes a fixed labor supply. A question emerges as we
consider the two types of revenue-neutral policies in the same framework where leisure matters
and distortionary taxes preexist: how different can they be in terms of welfare implications?
This chapter theoretically and numerically examines welfare effects of the double-dividend
and the integrated tax-subsidy policies under the same settings. We take the 2016 Canadian
economy and their recent carbon tax proposal as examples in the simulations to test our theoretical results and measure and compare the welfare effects. Aside from commodity consumptions and disutility from pollution, we also assume that consumers value leisure and adjust
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labor supply to maximize aggregate utility. Inclusion of leisure consumption and a preexisting
labor tax in the analysis of both policies allows us to investigate interactions between environmental taxes and the labor market, which in turn largely affect welfare implications of these
policies. Existence of leisure consumption and labor tax in our model enables us to capture
more feedbacks between environmental policies and the labor market, which is particularly
important for analyzing the integrated tax-subsidy policy since it is largely ignored by previous
studies.
This chapter contributes to the literature in the following aspects. First, we theoretically
and numerically compare welfare effects of the double-dividend and the integrated tax-subsidy
policies under the same setup. Existing studies examine the double-dividend and the integrated
tax-subsidy policies separately and independently under different assumptions. Our study is
the first to analyze both policies with the same theoretical setup. A simple general equilibrium
framework is constructed to systematically investigate both policies, and simulations based
on the 2016 Canadian economy and their carbon tax proposal are conducted to compare the
welfare effects.
Second, we consider leisure consumption and preexisting labor tax in welfare analysis of
the integrated tax-subsidy policy, which adds to the integrated tax-subsidy literature. Previous study in the integrated tax-subsidy literature generally ignores preexisting distortionary
taxes and leisure consumption by the consumer. This study is the first to incorporate leisure
consumption and a labor tax as an example of distortionary taxes in the analysis for the integrated tax-subsidy policy, as well as the double-dividend policy, and finds that existence of
leisure consumption and labor tax in welfare analysis of environmental taxation could lead to
significantly different conclusions.
Third, our analysis indicates that marginal excess burden could be a key factor affecting
the sign and magnitude of revenue-recycling effect, which in turn affects the overall marginal
welfare effect of the two revenue-neutral policies. In comparing welfare effects of both po-
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lices, we find that the sign of the revenue-recycling effect is highly consistent with the sign of
the corresponding marginal excess burden. Therefore, our analysis implies that marginal excess burden could be a good indicator for comparison of the revenue-recycling effects of both
revenue-neutral policies. We further provide some insights into determining relative magnitude of marginal excess burdens, which can serve as a rough but helpful guide to comparing
the revenue-recycling effects.
Studies on the double-dividend policy argues that pollution tax has a superiority over grandfathered environmental policies, e.g., emission quotas and emission permits, since it generates
revenues that can be used to reduce other distortionary taxes, such as income tax and labor tax
(e.g., Parry and Williams 1999 and Parry et al. 1999). Many empirical studies further provide
supports for the existence of the “double-dividend” (e.g., Carraro et al. 1996, Parry and Bento
2000 and Bento and Jacobsen 2007). For example, Bento and Jacobsen (2007) incorporate a
fixed-factor in the production of polluting goods, and find that in this setting the welfare gain
from introducing a double-dividend environmental tax can be significantly higher than implied
by earlier studies. In addition, Liu (2013) points out that existence of the “tax evasion effect”,
which is the welfare loss caused by tax evasion, also plays an important role. They argue that
since environmental taxes, particularly taxes on gasoline or electricity, are more difficult to
evade than taxes on labor or income, the “tax evasion effect” can sharply reduce welfare cost
of controlling emissions9 . Therefore, when the tax base is shifted towards environmental taxes
in a revenue-neutral manner, the result is a net reduction in the amount of tax evasion and thus
a smaller cost of emission abatement.
Existing studies in the integrated tax-subsidy literature normally aim at measuring the total
welfare effect of a particular policy (e.g., Galinato and Yoder 2010 and Skolrud and Galinato
2017). However, the role of preexisting labor tax and leisure consumption, as well as the
marginal welfare effects of the integrated tax-subsidy policy, has not been fully taken into
9

Computable general equilibrium model of this paper suggests that the impact of considering tax evasion can be
large: costs are lowered by 28% in the United States, 89% in China, and 97% in India.
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consideration. The preexistence of labor tax and leisure consumption could play a key role
in determining the total welfare effect of environmental taxes, and there could be different
marginal welfare implications between using the additional tax revenue to offset pollution tax
and to cut the distortionary labor tax. Actually, using tax revenues to cut pollution taxes could
lead to a greater dead weight loss, especially when the pollution taxes are lower than the actual
damages they caused. For example, Crago and Khanna (2014) analyzes the welfare effect of a
carbon tax on fuel consisting of gasoline and biofuel in the presence of a labor tax. They point
out that the tax interaction effect could be exacerbated by higher land rent and food prices,
especially if biofuel is subsidized, since biofuel production competes for land with agricultural
production.
In comparing welfare effects of the double-dividend and the integrated tax-subsidy policies,
we find that when leisure matters to consumers the former basically leads to the same results as
suggested by previous studies, i.e., positive Pigouvian effect and revenue-recycling effect and a
negative tax-interaction effect. However, the latter has different welfare implications compared
to the former. In contrast to previous studies in the integrated tax-subsidy literature where
consumers do not value leisure consumption, when leisure matters to consumers, the integrated
tax-subsidy policy tends to have a relatively lower revenue-recycling and tax-interaction effect,
and results in a lower total welfare.
Our study is developed partly based on Goulder et al. (1997) but differs from it in the
following aspects. First, we investigate both the double-dividend and the integrated tax-subsidy
policies in a uniform framework. Second, we have two polluting productions featuring different
pollution intensities, which facilitates exploring welfare effects of the integrated tax-subsidy
policy. Third, we extend the decomposition of marginal welfare effect into different sub-effects
by incorporating multiple pollution emissions. Fourth, we compare welfare effects of both
the double-dividend and the integrated tax-subsidy policies by focusing on the relationships
between the own price elasticity of commodity and leisure consumption.
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The remainder of this chapter is organized as follows. Section 2 introduces our theoretical
analysis of the two revenue-neutral policies. Section 3 provides basic setup of our simulations,
and results are discussed in Section 4. Section 5 summarizes main conclusions of this chapter.

2.

THE MODEL

We build a two-sector general equilibrium model to discuss welfare effects of different types
of revenue-neutral policies as follows. Consider a closed economy that is characterized by
a representative consumer, two polluting sectors and a government. Each polluting sector is
featured by a representative firm that faces perfect competition and generates pollution as a
by-product. One firm has a higher pollution intensity than the other10 .
The consumer offers labor to earn a wage rate that is normalized to 1. Utility function of
the consumer takes the form
U = u(X, Y, H) − v(E),
where u(X, Y, H) is a concave sub-utility from consumption of goods X and Y , and leisure
H; v(E) is disutility from pollution emissions E and it is convex. The consumer’s total time
endowment is T .
The firms use labor as the only input. For simplicity, we assume that the production functions are X = Lx and Y = Ly , where Lx and Ly are labor allocated to corresponding sectors.
Therefore, the resource constraint for this economy can be written as

T = X + Y + H.

Production of both goods generate pollution emissions aggregated as E = ex X + ey Y , where
ex and ey are respectively pollution intensities of X and Y , and ex > ey ≥ 0.
10

The lower pollution intensity could be as small as zero, implying a clean production. In this chapter, however, in
order to investigate the integrated tax-subsidy policy, we assume pollution intensities are both strictly positive.
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The government imposes a pollution tax τ x on firm X and τ y on firm Y , and a labor tax τ `
on the consumer. Therefore, the government’s balanced budget constraint is

τ x X + τ y Y + τ ` (T − H) = T R,

where T R is the aggregate tax revenue. For simplicity, we assume that the government transfers
all tax revenues to the consumer as a lump sum transfer.
Given the assumption of perfect competition, each firm’s output price equals the unity
wage rate plus the corresponding pollution tax, i.e., P x = 1 + τ x and P y = 1 + τ y . Thus, the
consumer’s budget constraint is

(1 + τ x )X + (1 + τ y )Y = (1 − τ ` )(T − H) + T R.

The consumer maximizes utility subject to her budget constraint. The first-order conditions
(FOCs) with respect to X, Y , and H are

uX = λ(1 + τ x ), uY = λ(1 + τ y ), and uH = λ(1 − τ ` ),

(2.1)

where a subscript means a partial differentiation, and λ is the Lagrange multiplier that measures
the change in utility that is caused by a change in consumer’s income.

2.1

Pigouvian Tax

In the first best case, the government maximizes the consumer’s utility by choosing a pollution tax for each firm and making a transfer to compensate the consumer for the disutility
from pollution. The optimal (unconstrained) pollution taxes are derived when the government
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maximizes consumer’s indirect utility by choosing a pollution tax for each firm, i.e.,

max u(I) − v(E),

τ x, τ y

where u(I) is consumer’s indirect utility of income and I is consumer’s income. The consumer’s income equals the gross domestic income, i.e., I = R + T R, where R = (P x −
τ x )X + (P y − τ y )Y is the total revenue.
For all i, j = {X, Y } and i 6= j, taking the FOCs with respect to the pollution taxes we get


dR
dv
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dT R
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i di
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u
=
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+
,
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= −i, we rewrite the FOCs as

uI τ i − vE ei
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τ
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e
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The FOCs imply that the optimal pollution tax for each sector is determined when the
marginal benefit from imposing the tax (i.e., improved utility from reduced pollution emission)
equals the marginal cost (i.e., decreased utility from less consumption on X and Y caused by
∗

relatively higher prices). From the FOCs we obtain the Pigouvian tax for each firm, τ i =

vE ei
.
uI

A higher pollution intensity or a lower marginal utility of income leads to a higher pollution
tax in first best case.

2.2

Revenue-neutral Taxes

Under revenue-neutral tax policies, the government chooses one pollution tax to maximize consumer’s utility and adjust other taxes to hold the aggregate tax revenue constant, i.e., subjects
to its balanced budget constraint. For expositional purpose throughout this chapter, we assume
that the government chooses τ x and adjusts other taxes. The optimal τ x is determined by the
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first-order condition,
i
1 dU
d h x
y
`
τ
X
+
τ
Y
+
τ
(T
−
H)
.
=
λ dτ x
dτ x
This is the fundamental optimality condition by Sandmo (1975), which implies that the optimal
pollution tax is obtained at the point where the marginal utility of increasing one unit of τ x is
equal to the marginal cost of adjusting taxes to keep a neutral aggregate tax revenue.
The fundamental optimality condition holds if τ x is endogenously chosen to maximize
social welfare. There are, however, other cases where the pollution tax may not be at the
optimal level but the aggregate tax revenue is still neutral. In such cases the fundamental
optimality condition does not necessarily hold. For example, the aforementioned Canadian
carbon tax proposal has a pollution tax predetermined for each year starting from 2018. Since
it is not very likely that the ex ante pollution tax rates exactly equal their actual optimal levels,
the fundamental optimality condition may not be satisfied in this case. Therefore, in analyzing
welfare effect of revenue-neutral tax policies, we mainly focus on how (optimal or arbitrary)
changes in τ x affect the social welfare, i.e., aggregate consumer utility in our model.
To explore the marginal welfare effect of a change in τ x under different revenue-neutral
policies, we totally differentiate consumer’s utility with respect to τ x to get

dU
dτ x

= (uX −

dH
dX
y dY
vE ex ) dτ
x + (uY − vE e ) dτ x + uH dτ x . Denote the marginal damage of goods i ∈ {X, Y } as
∗

Di , the Pigouvian tax should equal the marginal damage, that is, τ i = Di , and thus we can
replace vE ei with uI Di . For the ease of analysis, throughout this chapter we assume that under
revenue-neutral taxes τ x and τ y are smaller than their first-best case counterparts, and therefore
τ x < Dx and τ y < Dy hold.
By totally differentiating the resource constraint with respect to τ x , we obtain
dH
dτ x

dX
dτ x

+

dY
dτ x

+

= 0, which implies that the aggregate effect of τ x on X, Y , and H is 0. This is because

the consumer’s total endowments, T , is fixed. Further combining marginal utilities in equation
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(2.1) we rewrite

dU
dτ x

as





1 dU
dY
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y
y
` dH
x
x
+
(D
−
τ
)
−
−
τ
=
(D
−
τ
)
−
.
λ dτ x
dτ x
dτ x
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(2.2)

This indicates that the net marginal welfare effect of τ x is the sum of marginal welfare effects
on goods X and Y and leisure H.
Totally differentiating the government’s budget constraint with respect to τ x we get

X + τx

dX
dτ y
dτ `
y dY
` dH
+
τ
−
τ
+
Y
+
(T
−
H)
= 0.
dτ x
dτ x
dτ x
dτ x
dτ x

(2.3)

Equation (2.3) indicates that the aggregate effect of τ x on the government’s transfer to the
consumer, T R, is 0, since it is fixed under revenue-neutral polices.

Integrated Tax-subsidy
In the case of integrated tax-subsidy policy, the government changes pollution tax on one
goods and adjust tax rate on another goods so that the total tax revenue from pollution emissions
is fixed at T R. The labor tax τ ` is not affected, i.e.,
Combining equations (2.2), (2.3) and

dτ `
dτ x

dτ `
dτ x

= 0.

= 0 and slightly manipulating a little, we obtain

(Appendix B.)
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MT S =
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` ∂H
(Dy − τ y ) ∂τ
y + τ ∂τ y
.
∂Y
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Y + τ y ∂τ
y − τ ∂τ y
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(2.4)

Note that τ ` is constant in this case. The numerator of MT S is the partial equilibrium
net welfare loss from increasing an additional unit of τ y . The denominator can be seen as
∂(τ y Y − τ ` H)/∂τ y , which represents the partial equilibrium net tax revenue change caused by
a marginal increase in τ y . Therefore, MT S is the partial equilibrium efficiency cost of raising
an additional dollar of tax revenue by adjusting τ y to meet the government’s budget constraint,
or the marginal excess burden of adjusting the pollution tax on Y .
The magnitude and sign of the numerator of the marginal excess burden MT S depends on
the level of substitutability between goods Y and leisure H. If the response of leisure H to
changes in price of goods Y is not high enough relative to that of goods Y , i.e., leisure H
is a relatively weak substitute for goods Y , the numerator of the marginal excess burden is
negative, which implies a net marginal welfare loss from adjusting τ y . However, if leisure H is
a relatively strong substitute for goods Y , the numerator is positive and becomes a net marginal
welfare gain from adjusting τ y .
The denominator of the marginal excess burden is normally positive since the marginal
changes in tax revenue is generally smaller than the actual level of consumption, which means
that the change in net tax revenue from goods Y and labor by adjusting τ y is generally positive.
For similar reasons, the net welfare loss by adjusting τ y (i.e., the numerator of MT S ) should be
smaller than the change in tax revenue of Y and labor (i.e., the denominator); thus, the marginal
excess burden normally has an absolute value smaller than unity, i.e., |MT S | < 1.
The first item on the right hand side of equation (2.4) is the Pigouvian effect, which is the
welfare gain from pollution reduction. In general, we are expecting the Pigouvian effect to be
positive since an increase in pollution tax decreases the demand on normal goods, which in turn
reduces pollution emissions and improves welfare. Note that although an increased pollution
tax on X could increase the demand on Y (if X and Y are substitutes for each other), which
leads to more pollution emissions from producing relatively more of goods Y , the outcome is
generally still a net reduction in aggregate pollution emissions since X has a higher pollution

43

intensity than Y , i.e., ex > ey by our assumption.
The second item on the right hand side of equation (2.4) is the revenue-recycling effect,
which is the change in efficiency caused by increasing pollution tax on X while maintaining a
dX
y ∂Y
fixed total tax revenue. Since the marginal changes in pollution tax revenue (i.e., τ x dτ
x +τ ∂τ x )

dX
y ∂Y
should be smaller than the level of consumption on X, the item X + τ x dτ
on the
x + τ ∂τ x

right hand side of equation (2.4) should be positive in general11 . Therefore, the direction of the
revenue-recycling effect depends on the direction of the marginal excess burden MT S .
The third item on the right hand side of equation (2.4) is the tax-interaction effect, which is
the welfare loss caused by interaction of pollution tax with the labor market. Note that 1+MT S
is the marginal cost of public funds (Goulder et al., 1997). Since it is assumed that leisure H
and goods X are substitutes, an increased price of goods X (caused by an increase in τ x ) leads
to more leisure consumption and thus less labor tax income, and the outcome is a welfare loss
in the labor market in terms of the amplified (by the marginal cost of public funds) labor tax
income for this economy.

Double Dividend
Instead of an integrated tax-subsidy policy, suppose now the government imposes both a
pollution tax on the more pollution intensive goods and a tax on labor income, and still fixes
the total tax revenue at T R. In this case, τ y is constant; thus
11

dτ y
dτ x

= 0.

dX
dX
x
In effect, the absolute value of τ x dτ
is generally smaller than unity and dτ
x should be smaller than X since τ
x
x
is the decrease in X that is caused by a unit increase in τ , which is always no greater than X, and therefore
dX
y ∂Y
−τ x dτ
x < X < X + τ ∂τ x .
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We combine equations (2.2), (2.3) and

dτ y
dτ x

= 0 to obtain (Appendix B.)
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(2.5)

Tax-interaction Effect

where
MDD =

∂Y
` ∂H
(Dy − τ y ) ∂τ
` + τ ∂τ `
,
∂Y
` ∂H
L + τ y ∂τ
` − τ ∂τ `

and for simplicity L = T − H = X + Y .
Since τ y is constant in this case, the numerator of MDD is the partial equilibrium net welfare

loss from increasing an additional unit of τ ` , while the denominator can be seen as ∂ τ y Y +

τ ` (T − H) /∂τ ` , which represents the partial equilibrium net tax revenue increase from a
marginal increase in τ ` . Therefore, MDD is the partial equilibrium efficiency cost of raising an
additional dollar of tax revenue by adjusting τ ` to meet the government’s budget constraint, or
the marginal excess burden of labor tax.
Discussions on the signs of the numerator and denominator of MDD , as well as the sign
of each welfare effect, are similar to that of the integrated tax-subsidy case. That is, we are
expecting the Pigouvian effect to be positive, the tax-interaction effect to be negative, and the
revenue-recycling effect to have the same sign with the corresponding marginal excess burden
MDD .

2.3

Comparison of Revenue-neutral Policies

Comparing equations (2.4) and (2.5) we find that the main difference is the marginal excess
burdens, MT S and MDD , which determine the direction of the revenue-recycling effect. Therefore, we compare MT S and MDD between the double-dividend and the integrated tax-subsidy
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policies.
Following the approach by Parry and Small (2005), we define

ηyy = −

∂Y 1 + τ y
∂H 1 − τ `
∂H 1 + τ y
∂Y 1 − τ `
,
η
=
,
η
=
and
η
=
−
.
``
`y
y`
∂τ y Y
∂τ ` L
∂τ y L
∂τ ` Y

Thus we can rewrite MT S and MDD as

MT S





− ηyy (Dy − τ y ) − αη`y τ `
− ηy` (Dy − τ y ) − αη`` τ `
=
and MDD =
,
(1 + τ y ) − ηyy τ y − αη`y τ `
α(1 − τ ` ) − ηy` τ y − αη`` τ `

where α = L/Y is the reciprocal of the share of labor use by firm Y in total labor supply.
We next assume the initial values of taxes are τ0x , τ0y , and τ0` and consider welfare effects of
the two revenue-neutral policies when τ0x increases to τ x .
Integrated Tax-subsidy
In this case we refer to MT S and only adjust τ y (a decrease to below τ0y ) to generate a
neutral aggregate tax revenue. Also, by definition we know that all elasticities are positive.
Therefore, there is a net welfare loss (gain) from adjusting τ y if ηyy > (<) ξ(τ0` )η`y , where
ξ(τ0` ) =

Lτ0`
Y (Dy −τ y )

is the ratio of total labor tax (valued at τ0` ) over total net damage of producing

Y , which for simplicity is taken as fixed (Appendix C.). This condition implies that the own
price elasticity of goods Y should be small enough relative to the cross price elasticity of leisure
on goods Y so that there is a partial equilibrium net welfare gain from increasing an additional
unit of τ y .
To meet the basic requirement of a positive change in tax revenue from goods Y and labor
(i.e., a positive denominator of MT S ), we require ηyy < θy − ϕ(τ0` )η`y , where θy =

1+τ y
τy
Lτ `

is

the ratio of the price of goods Y to the unit pollution tax on goods Y , and ϕ(τ0` ) = Y τ0y =

Dy
− 1 ξ(τ0` ) is the ratio of total labor tax (valued at τ0` ) over the total pollution tax on goods
τy
Y , both of which are taken as constant for simplicity (Appendix C.).
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Lemma 1. MT S < 0 if ξ(τ0` )η`y < ηyy < θy − ϕ(τ0` )η`y , and MT S > 0 if ηyy < ξ(τ0` )η`y .
Lemma 1 indicates that for the integrated tax-subsidy policy, the marginal excess burden
of adjusting pollution tax on goods Y is negative, implying a marginal welfare loss, if the own
price elasticity of goods Y falls within a certain range (relative to the cross price elasticity of
leisure H on τ y ). This is because, first, the own price elasticity of Y cannot increase infinitely
since the change in net tax revenue from goods Y and leisure H by adjusting τ y (i.e., the denominator of MT S ) is generally positive, as discussed before. Second, if goods Y is sufficiently
sensitive to the change in its own price, i.e., greater than ξ(τ0` )η`y , an increase in τ y on the one
hand leads to a higher reduction in consumption on goods Y , and on the other hand results
in a higher increase in leisure consumption, and the final outcome is a net marginal welfare
loss, i.e., MT S < 0. In contrast, if the own price elasticity of Y is small enough, i.e., smaller
than ξ(τ0` )η`y , a decrease in τ y does not affect consumption of goods Y too much but induces
relatively more leisure consumption, and the net outcome is a marginal welfare gain.

Double Dividend
In this case, we refer to MDD and only adjust τ ` (a decrease to below τ0` ) to keep the
aggregate tax revenue fixed. Similar to the integrated tax-subsidy case, there is a net welfare
gain (loss) from adjusting labor tax if η`` > (<)

ηy`
,
ξ(τ0y )

where ξ(τ0y ) =

Lτ `
Y (Dy −τ0y )

is still the

ratio of total labor tax over total net damage of producing Y (but now valued at τ0y ) and it is
taken as constant. To satisfy the basic requirement of a positive change in tax revenue on goods
η

`

Y and labor we need η`` < θ` − ϕ(τy`y ) , where θ` = 1−τ
is the ratio of net labor price to the unit
τ`
0


`
y
labor tax, and ϕ(τ0y ) = YLττ y = Dτ y − 1 ξ(τ0y ) is still the ratio of total labor tax over the total
0

0

pollution tax on Y (but valued at τ0y ). For simplicity we still take both θ` and ϕ(τ0y ) as constant
(Appendix C.).
Lemma 2. MDD > 0 if

ηy`
ξ(τ0y )

< η`` < θ` −

ηy`
,
ϕ(τ0y )

and MDD < 0 if η`` <

ηy`
.
ξ(τ0y )

Lemma 2 implies that the marginal excess burden of the labor tax is positive if the own
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price elasticity of labor, η`` , falls within a certain range (relative to the cross price elasticity of
Y on L). On the one hand, η`` should be sufficiently large so that there is a net welfare gain
and a positive change in tax revenue from goods Y and labor combined (i.e., the numerator
and the denominator in MDD are both positive). On the other hand, however, if η`` is relatively
too high, an increase in the labor tax causes the consumer to devote relatively more time to
leisure and to consume relatively less X and Y . Furthermore, with relatively less income that
is directly caused by the reduced working time she consumes additionally less goods X and Y
compared to the case where her income is not directly affected. The final outcome could be a
negative change in tax revenue on goods Y and labor combined, causing a negative marginal
excess burden MDD . This implies that when labor supply is overly sensitive to changes in net
wage rate, a minute increase in labor tax causes an increase in leisure that is large enough to
significantly decrease social welfare.

Relative Magnitude
The two lemmas can be combined to obtain some more insightful conclusions in terms of
the relative magnitude of the marginal excess burdens under different policies.
Proposition 1. If both Lemma 1 and Lemma 2 hold and MT S and MDD have the same sign, the
relationship between MT S and MDD depends on the relative magnitude of own price elasticity
of goods Y and leisure H. Specifically, MT S < (>) MDD if and only if ηyy > (<) a + b η`` ,
where for simplicity a and b are seen as constants.
Proof. See Appendix D.
The conclusion may seem counter-intuitive at first since we may expect that a higher own
price elasticity leads to a higher deadweight loss and therefore a lower marginal tax burden (i.e.,
a lower marginal welfare gain or a higher marginal welfare loss). To understand Proposition
1, we may mainly focus on the numerators of MT S and MDD , since the denominators are
generally positive. Note that MT S indicates a marginal welfare loss, i.e., the numerator is
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negative, if the own price elasticity of Y , ηyy , is greater than

αη`y τ `
.
Dy −τ y

Similarly, MDD indicates

a marginal welfare gain if the own price elasticity of labor, η`` , is greater than

ηy` (Dy −τ y )
.
ατ `

Therefore, MT S < MDD if ηyy is relatively larger than the certain linear combination of η`` that
is identified by Proposition 1. The linear combination of η`` , i.e., a + bη`` , reflects an internal
relationship between ηyy and η`` within the system since they are connected through the cross
price elasticities and one cannot freely change without affecting the other. If Proposition 1
holds, we can determine the relative magnitude of the marginal excess burdens immediately.
Figure 2.1 shows two possible cases of all combinations of this relationship.

(a)

(b)

Figure 2.1: Two Cases of Relationship between MT S and MDD
The only difference between Figures 2.1a and 2.1b is that a is relatively smaller in 2.1a, so
that the line ηyy = a+bη`` falls in the lower-right corner in the former case and in the upper-left
corner in the latter12 . For both sub-figures in Figure 2.1, c and d are the larger and the smaller
bound for ηyy defined by Lemma 1, respectively, and e and f are the smaller and larger bound of
η`` defined by Lemma 2, respectively. Taking Figure 2.1a as an example, the two lemmas and
12

Note that since the magnitude of a and b are indeterminant at this point, there could be other cases when a and
b are both negative, or when they have the opposite signs. Figures of other cases can be derived by the same
reasoning, i.e., area (1) at the lower-left corner and area (5) at the upper-right corner are not affected by the
line ηyy = a + bη`` , while areas in the lower-right corner and the upper-left corner indicate MT S < MDD if
they are above the line ηyy = a + bη`` and MT S > MDD if they are below it. For example, when a < 0 and
b < 0, all areas in the lower-right corner and the upper-left corner are both above the line ηyy = a + bη`` , and
therefore we have MT S < MDD in these areas.
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Proposition 1 jointly divide the whole area into 5 sub-areas. In areas (1) and (2) MT S > MDD ,
while MT S < MDD in areas (3) – (5). In short, with information on own price elasticities of
goods Y and leisure, Figure 2.1 is a helpful guide to quickly determine the relative magnitude
of marginal excess burdens between double-dividend and integrated tax-subsidy, which in turn
facilitate measuring their revenue-recycling effects. Furthermore, if differences in other effects
between double-dividend and integrated tax-subsidy are minute and the gap between revenuerecycling effects is dominating, Figure 2.1 can be used to roughly estimate the relationship
between total marginal welfare effects of the two revenue-neutral policies.

3.

FUNCTIONAL FORMS AND DATA

3.1

Functional Forms

Most of the functions in our model have explicit forms, except that the utility function is implicit. To obtain numerical results we need a specific form for the utility function, which should
satisfy basic assumptions of our model: (1) Goods X, Y and leisure H are normal goods and
satisfy law of demand. (2) Goods X and Y are substitutes for leisure H. We require goods
X and Y to be substitutes for leisure H consistent with our theoretical framework. If, for example, H is neutral to the price of X, i.e., ∂H/∂τ x = 0, the tax-interaction effect in both the
double-dividend and the integrated tax-subsidy cases are always zero according to equations
(2.4) and (2.5). (3) Goods X, Y and leisure H are featured by diminishing marginal utility so
that u(X, Y, H) is concave. (4) Pollution E has increasing marginal disutility so that v(E) is
convex.
The constant elasticity of substitution (CES) function is ideal for our purpose of simulation
since it allows simulation for various cases but does not require a large number of parameters
to calibrate. It also guarantees substitution between different components of consumption and
provides feedback on price changes of other commodities or leisure. We assume that the utility
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function takes the following two-tier CES from
i ρ1
h
u
U = su δu Qρu + (1 − δu )H ρu
− βE α ,

where Q is the consumption bundle of X and Y on the second tier
h
i ρ1
q
Q = sq δq X ρq + (1 − δq )Y ρq .

Here su and sq are scale parameters for the first and second tier CES function, and δu and δq
are the share parameters. ρu and ρq are elasticity of substitution factors, i.e.,

1
1−ρu

and

1
1−ρq

are

corresponding elasticity of substitution for CES function on the first and the second tier.
To meet the last requirement, we assume v(E) takes the form v(E) = βE α , where β > 0
and α > 1 are the scale and shape parameter of disutility, respectively. Details of all equations
used in the simulations are listed in Appendix E.

3.2

Data and Parameters

The Canadian economy is used as the basis for our simulations. In our simulations, the Canadian economy is divided into two production sectors, sector X and sector Y . Sector X contains
the industry of electric power generation, transmission and distribution, which has been one of
the most pollution intensive industries in Canada. For example, in 2016, it discharges approximately 12% of all production side GHG emissions13 . Sector Y contains all other industries in
the Canadian economy.
We design two groups of simulations, the first group is based on the real 2016 Canadian
economy, and the second group simulates Canada’s carbon tax proposal in 2018 – 2022 based
on projected data. All simulations follow our theoretical framework and only consider pollution
13

Industry of electric power generation, transmission and distribution emits 85.5 million tonne GHG in 2016,
while the whole production sector emits 706 tonne.
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emissions from the production side. Pollution discharges are represented by GHG emissions,
which is measured by CO2 equivalent. Historic data on GDP, exchange rate, and population
are obtained from World Bank’s World Development Indicators (WDI), while data for the
industry of electric power generation, transmission and distribution are obtained from Statistics
Canada. All the numbers are adjusted based on a constant 2010 price level. For both groups
of simulations, we assume that the aggregate tax revenue of each year is fixed at target levels
and equals the product of GDP of the corresponding year and the initial labor tax rate, which
is 18%.

The 2016 Canadian Economy
In this group of simulations the government endogenously chooses pollution tax τ x to maximize consumer’s utility, while the aggregate tax revenue is fixed at its initial level by adjusting
τ y in the integrated tax-subsidy case or by changing τ ` in the double-dividend case. All the
initial transaction flows are given in Table 2.1. Each row in Table 2.1 represents income of
the corresponding account, while the column represents expenditure of that account. Unit for
the “Pollution” account in Table 2.1 is million tonne GHG emissions, while for all the other
accounts it is billion CAD in constant 2010 price. For example, the “consumer” on the 5th
row gets 1980.4 billion CAD from labor income and 434.7 billion CAD from governmental
transfer, while on the 5th column, she spends 39.8 and 2375.3 billion CAD on consumption of
goods X and Y , respectively. One important underlying assumption of Table 2.1 is that income
always equals expenditure for each account, and thus there are no debt or savings.

Aside from the income and expenditure of all agents in the economy, Table 2.1 also contains information on initial tax rates and commodity prices of all transactions since all the
economic flows, except pollution emissions, are denoted as the value, instead of volume, of
these economic activities. For example, the government collects 434.7 billion CAD of labor
tax from the consumer, who actually offers total labor supply worth of 2415.1 billion CAD
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Table 2.1: Transaction Flows of The 2016 Canadian Economy
Sector X
Sector X
Sector Y
Labor
Consumer
Government
Total
Pollution

Sector Y

Labor Consumer Government
39.8
2375.3

39.8

39.8

2375.3

2375.3

1980.4
434.7
2415.1

2415.1
617.5

Total Pollution

39.8
2375.3
2415.1
434.7 2415.1
434.7
434.7

85.5
532.0

Units: Million ton GHG emissions for the “Pollution” account, billion constant 2010 CAD for other accounts.
Units are the same for Tables G.1 – G.5 in Appendix G.

(39.8 billion for sector X plus 2375.3 billion for sector Y ); therefore, the initial labor tax is
τ0` ≈ 18%, which equals Canada’s average labor tax rate in 2016. Also, Table 2.1 implies that
both sectors do not pay any cost for pollution discharges, therefore the initial pollution taxes
are τ0x = τ0Y = 0, and thus prices for X and Y equal 1, since wage rate is normalized to unity.
The “pollution” account on the last row in Table 2.1 measures how much aggregate pollution is taken by the consumer, while the last column measures pollution emissions of each
sector. Note that unlike other accounts, the pollution account does not contain any price information since pollution activities are only related to the quantities of production, not the values.
Pollution intensity is derived via dividing pollution emissions by value of output. For example,
sector X discharges 85.5 million tonne GHG emissions and has an output of 39.8 billion CAD
(in constant 2010 price) in 2016; thus, the pollution intensity is 85.5/39.8 ≈ 2.15 tonne GHG
emissions per thousand 2010 CAD. Pollution intensity for sector Y is approximately 0.3 tonne
GHG emissions per thousand 2010 CAD.
In addition to the initial values of transaction flows, another important part of the simulation
is the calibration of basic parameters in the consumer’s utility function. For simplicity we
assume su = sq = 1. To ensure that goods X, Y and leisure H are normal “goods”, as well
as that goods X and Y are substitutes for leisure H, we assume ρu = 0.45 and ρq = 0.05.
The commodity bundle containing X and Y is assumed to account for 75% in the consumer’s
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overall utility, i.e., δu = 0.75, and X is assumed to account for 1.6% in the commodity bundle,
i.e., δq = 0.016. To ensure that the disutility function v(E) is fairly convex we assume α = 1.2,
and we assume β = 0.01 in the baseline model so that disutility from pollution matters to the
consumer but does not matter as much as consumption on goods and leisure. Also, we assume
that the consumer’s total time endowment, T , in 2016 is 3000 (measured by billion CAD), so
she can have positive leisure consumption beyond offering sufficient labor supply. Overall,
parameters are chosen to meet all the basic requirements in our theoretical framework.
The above parametric setup is our baseline model in this group of simulations. Since the
scale parameter of marginal disutility, β (for simplicity termed marginal disutility hereafter),
is one of the most important factors that directly determine the level of tax rates and marginal
welfare effects, we further perform a series of tests by changing β by −50%, +25%, +50%
and +100% to explore how welfare effects vary with marginal disutility.

The 2018 – 2022 Canadian Economy
We assume that the wage rate does not change over time. All the basic parameters, except
consumer’s total time endowment T , are the same as those in the baseline model of the 2016
Canadian economy. Data on the 2018 – 2022 Canadian economy, including the overall GDP,
output of the electric power generation, transmission and distribution industry (sector X in our
model), exchange rate that converts currency unit from U.S. dollar (USD) to CAD, as well as
time endowments, are assumed to grow over time and are projected using historic data. For
simplicity we assume that consumer’s yearly working hours are constant over time, so that
growth rate of her time endowment in our model can be roughly seen as the same as Canada’s
population growth rate. Therefore, we can project the level of consumer’s time endowment in
2018 – 2022 using growth rates calibrated from the population data.
Using WDI’s 1960 – 2016 GDP data of the Canadian economy (at constant 2010 price), we
perform a simple regression of the GDP growth rate with respect to time. The result enables
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us to project the GDP growth rate of Canada in 2018 – 2022. Furthermore, with the historic
GDP data and the projected GDP growth rates, we obtain the estimated Canada’s GDP for
the year 2018 - 2022. Projected data for exchange rate and population growth are derived
in the same way. We project growth rate of the electric power generation, transmission and
distribution industry using yearly growth rate data from 1998 to 2016 provided by Statistics
Canada. Further combining historic data on output of this industry, we derive the estimated
output of sector X in 2018 – 2022. The actual and projected growth rates of GDP, exchange
rate, population, and output of the electric power generation, transmission and distribution
industry are given in Figure F.1 (Appendix F.).
We assume that rate of labor tax does not change over time and is constant at the 18% level.
Similarly, we assume pollution intensity for each sector is the same across these years, staying
at the 2016 baseline level as in the first group of simulations. That is, for the year 2018 – 2022
sector X discharges 2.15 tonne GHG emissions per thousand 2010 CAD output, and sector Y
emits 0.3 tonne per thousand 2010 CAD output. The aggregate tax revenue, T R in our model,
for each year in 2018 – 2022 is assumed to equal the initial labor tax revenue of each year.
Note that since initial labor tax rate is the same for all years but the GDP and output of each
sector grow over time, the aggregate tax revenue also increases from year to year. Transaction
flows for the 2018 – 2022 Canadian economy are presented by Tables G.1 – G.5 (Appendix
G.), respectively.

4.

SIMULATION RESULTS AND DISCUSSIONS

To measure the Pigouvian, revenue-recycling and tax-interaction effect of the double-dividend
and the integrated tax-subsidy policies, and to compare these marginal welfare effects and the
aggregate welfare effect of both policies, we perform two groups of simulations. The first group
investigates welfare effects of the two revenue-neutral policies when taxes are endogenously
obtained at their optimal values, based on the 2016 Canadian economy. The second group
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compares the welfare effects when tax rates are fixed at the proposed levels by the Canadian
government, based on projected data from 2018 to 2022. The first group of simulations facilitates determining the optimal tax rates of the two revenue-neutral tax policies and the resulting
welfare effects, which provides better understanding in situations where revenue-neutral taxes
are endogenously determined. The second group focuses on evaluating welfare effects of the
two revenue-neutral policies when taxes are predetermined at the proposed levels by the Canadian government, which in turn supports decision making on which policy to choose for certain
target pollution tax rates.

4.1

First Group: Optimal Tax Rates

Table 2.2 summarizes results of our baseline model in this group of simulations when tax rates
are optimally chosen. The initial tax rates are τ0x = τ0y = 0 and τ0` = 18%, as calibrated from
Table 2.1. The Pigouvian taxes are obtained by the government’s maximizing consumer’s
utility without any constraint on tax revenues, except that the labor tax is fixed at its initial
level. As shown in Table 2.2, in our baseline setting, the Pigouvian tax is about 74 CAD per
tonne of GHG emissions for both sectors.

Revenue-neutral tax rates are lower than the unconstrained Pigouvian tax levels when the
total tax revenue is constrained to be neutral, in this case, it is constant at 434.7 billion 2010
CAD. In the double-dividend case, for example, when the government decides to place a pollution tax on goods X and keep the aggregate tax revenue fixed, τ x goes up from its initial value
0 to approximately 69 CAD per tonne of GHG emissions, while the labor tax drops down from
18% to 17.3%. In the case of an integrated tax-subsidy policy, τ x goes up from 0 to roughly 60
CAD per tonne of GHG emissions, while pollution tax on goods Y drops down from 0 in the
benchmark model to about negative 31 CAD per tonne of GHG emissions, implying that for
each tonne of GHG discharged by sector Y the government should subsidize it by 31 CAD.
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Table 2.2: Taxes and Welfare Effects (Baseline Model)
Item

Tax Rates†

Double-Dividend
τ x∗
Pigouvian
τ y∗
τ`
τx
Revenue-Neutral τ y
τ`

Pigouvian
Revenue-Recycling
Marginal Welfare Effects
Tax-Interaction
Total
Marginal Excess Burdens
Aggregate Social Welfare

74.089
74.089
0.180∗
68.860
0.000∗
0.173

Tax-Subsidy
74.089
74.089
0.180∗
60.444
−30.945
0.180∗

0.314
0.427
−0.701
0.040

0.811
−0.013
−0.730
0.069

0.018
1701.430

−0.001
1701.317

Note: (1) † Unit for pollution tax is CAD per tonne of GHG emissions at 2010 price level.
(2) ∗ Fixed at initial values.

In accordance with the double-dividend literature, we find in our baseline model that the
double-dividend policy has a positive Pigouvian effect and a positive revenue-recycling effect
on the social welfare, while the tax-interaction effect is negative. Also, the revenue-recycling
effect is a fraction of the tax-interaction effect (in absolute values), which is also consistent
with the basic conclusions of the double-dividend literature.
When it comes to the integrated tax-subsidy policy, however, we have some more interesting results that have not been previously discussed. Particularly, since our model incorporates a
preexisting labor tax and allows the consumer to choose between leisure and work, we find that
the revenue-recycling effect is actually negative in our baseline model, as opposed to that of the
double-dividend policy. Table 2.2 shows that integrated tax-subsidy has a negative marginal
excess burden in the baseline model, which is the main cause of the negative revenue-recycling
effect according to equation (2.4). Comparison with previous studies shows that the inclusion
of labor tax and leisure consumption is a very important component if we want to investigate
welfare impacts of environmental taxes, since they interact with the labor market and create
distortions on commodity prices and real income.
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Results of our baseline model show that the marginal excess burden and the revenuerecycling effect are both positive for the double-dividend policy but negative for the integrated
tax-subsidy policy. Our theory indicates that the marginal excess burden is determinant for the
revenue-recycling effect. Furthermore, Figure 2.1 implies that the marginal excess burdens are
highly related to the own price elasticities of goods Y and leisure H, i.e., ηyy and η`` . Therefore, in the case of our baseline model, the relationship between MT S and MDD falls into area
(5) of either sub-figure in Figure 2.1, regardless of the position of the line ηyy = a + bη`` . Since
area (5) indicates that the own price elasticities of goods Y and leisure H are relatively higher,
simulation result of our baseline model implies that the revenue-recycling effect is positive for
the double-dividend policy and negative for the integrated tax-subsidy policy, when goods Y
and leisure H are relatively sensitive to changes in their own prices.
We further alter marginal disutility β by −50%, +25%, +50% and +100% based on our
baseline model to explore how marginal welfare effects vary with different levels of marginal
disutility. Results are presented in Figure 2.2. We have the following numerical results in terms
of marginal welfare effects of the optimal double-dividend and integrated tax-subsidy taxes at
different levels of marginal disutility: (1) For both revenue-neutral policies, the Pigouvian effect is always positive and the tax-interaction effect is always negative, while direction of the
revenue-recycling effect varies across different levels of marginal disutility. The final result,
however, is a positive total marginal effect for both policies. (2) Revenue-recycling effect is
negatively affected by marginal disutility, while the Pigouvian effect and the tax-interaction
effect are increasing with the growth of marginal disutility. The net outcome is that the total
marginal welfare effect of both revenue-neutral policies are positively related to marginal disutility. (3) Compared with the integrated tax-subsidy policy, the double-dividend policy tends to
have a lower Pigouvian effect, but the revenue-recycling and tax-interaction effect are higher
than integrated tax-subsidy, and the net result in Figure 2.2d is a relatively lower marginal
welfare effect for the double-dividend policy since the Pigouvian effect dominates.
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(a)

(b)

(c)

(d)

Note: results of the baseline model where marginal disutility equals 0.01 are marked with “•”.

Figure 2.2: Marginal Welfare Effects and Marginal Disutility
When tax rates are determined through optimization, one of the most important conclusions
between the double-dividend policy and the integrated tax-subsidy policy is that the latter has
a higher total marginal welfare effect (Figure 2.2d). This is because the integrated tax-subsidy
policy results in a much higher Pigouvian effect than the double-dividend policy, although
its revenue-recycling effect and tax-interaction effect are both lower (Figures 2.2a – 2.2c).
To further explore differences between the Pigouvian, revenue-recycling and tax-interaction
effects, we need to look at the level of the revenue-neutral taxes, and more importantly, the
level of the marginal excess burdens, both of which are given in Figure 2.3.

Figure 2.3a shows that the optimal tax rate of the double-dividend policy is always slightly
higher than that of the integrated tax-subsidy policy, while both are smaller than the marginal
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(a)

(b)

Note: results of the baseline model where marginal disutility equals 0.01 are marked with “•”.

Figure 2.3: Tax Rates, Marginal Excess Burdens, and Marginal Disutility
damage that equals the Pigouvian tax rate. Recall that the Pigouvian effect is the gain in
social welfare through pollution abatement, or equivalently speaking, it can also be seen as the
reduction in net social damage when emissions are lowered. Therefore, by equations (2.4) and
(2.5), given the same marginal damage and if we hold

dX
dτ x

and

∂Y
∂τ x

constant, a higher revenue-

neutral tax corresponds to a lower Pigouvian effect14 . Differences in the optimal tax rates is
the main causation of difference in the Pigouvian effect, which in turn leads to distinct total
marginal welfare effects for both revenue-neutral policies.
Figures 2.2b and 2.3b jointly show that movements of the revenue-recycling effects and
the marginal excess burdens are highly consistent with each other for both revenue-neutral
policies. Specifically, the marginal excess burden and revenue-recycling effect of the doubledividend policy are always higher than the integrated tax-subsidy policy, and for both policies
when the marginal excess burden decreases to below zero the revenue-recycling effect also
turns negative. Our numerical results on the revenue-recycling effect and the marginal excess
burden follow our theoretical predictions, which explain why the double-dividend policy has a
greater revenue-recycling effect across all tax levels. Intuitively, given that revenue-recycling
effect represents efficiency change caused by the tax policy, the double-dividend policy should
14

Actually, according to our simulations, the value of these first order derivatives are relatively stable compared
to the value of tax rates. If interested, please contact the author for these particular numbers.
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have higher efficiency than the integrated tax-subsidy since the former cuts the distortionary
labor tax and reduces market distortion, while the latter subsidizes polluting productions and
leads to a large distortion.
The difference in the tax-interaction effect is mainly determined by the difference in labor
tax. Equations (2.4) and (2.5) imply that a higher labor tax results in a smaller tax-interaction
effect, with the other conditions being equal. Since the double-dividend policy uses the raised
pollution tax revenue to cut labor tax, it always generates a relatively lower labor tax, which
increases the tax-interaction effect. In contrast, the marginal excess burden has a negative effect
on the tax-interaction effect. However, the effect of labor tax is dominant and thus the doubledividend policy still has a greater tax-interaction effect. Intuitively, this is because when the
government uses pollution tax to offset labor tax, it partly mitigates the negative effect of the
pollution tax on the labor market; therefore, the double-dividend policy should have a higher
tax-interaction effect.
Since the revenue-recycling effect and the tax-interaction effect partly offset each other,
especially for the double-dividend policy when marginal disutility is not too large, the total
marginal effect is largely determined by the Pigouvian effect. Therefore, the integrated taxsubsidy policy has a larger total marginal effect than the double-dividend policy. This can also
be explained by the diminishing marginal benefit of taxing, that is, the marginal benefit from
taxing pollution emissions decreases as tax rate increases, regardless of the type of pollution
taxation. Since tax under the double-dividend policy is always higher, its marginal benefit, i.e.,
marginal welfare effect, is always lower.
However, a higher marginal welfare effect does not necessarily mean a greater total welfare,
since less pollution emissions result in less disutility for the consumer. Actually, we find that
in this group of simulations, the double-dividend policy results in a smaller amount of total
emissions and leads to a relatively higher aggregate social welfare compared to the integrated
tax-subsidy policy (Table 2.2).
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4.2

Second Group: Canada’s Carbon Tax Proposal

Per Canada’s new carbon tax proposal mentioned earlier, the revenue-neutral tax rate of each
year starting from 2018 is predetermined by the federal government. However, they did not
specify any further details about revenue-neutral policies and leave it to each jurisdiction’s
discretion in choosing which particular policy to implement. Therefore, it is important to
compare welfare effects of the double-dividend and the integrated tax-subsidy policies, given
that tax rates are fixed at proposed levels.
Our simulations in this group are built on the same parametric setup as our baseline model
in the first group of simulations, except that consumer’s time endowment is growing over time
at projected rates. We simulate Canada’s carbon tax proposal in the pan-Canadian Framework
on Clean Growth and Climate Change, in which pollution tax is set at 10 CAD per tonne of
GHG emissions in the year 2018, and rises by 10 CAD per year to 50 CAD per tonne in 2022.
Simulation results are given in Figure 2.4.

As we move to fixed tax rates for both revenue-neutral policies, we find that in many aspects, marginal welfare effects differ from situations in which tax rates are endogenously determined. Particularly, given the same basic parameters, including marginal disutility, for any
of the proposed tax levels, we find the following: (1) For both revenue-neutral policies, the
Pigouvian effect is positive and the tax-interaction effect is negative, but the revenue-recycling
effect is positive for the double-dividend policy and negative for the integrated tax-subsidy
policy. The final outcome is a positive total marginal welfare effect for both policies. (2) The
Pigouvian effect decreases as tax rate increases. The revenue-recycling effect is basically constant over different tax rates, especially for the double-dividend policy. The tax-interaction
effect is an increasing function of the pollution tax rate. Adding the three effects together, we
obtain a total marginal welfare effect that decreases as tax rate increases. (3) Differences in
the revenue-recycling effect and the tax-interaction effect between the double-dividend policy
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Figure 2.4: Marginal Welfare Effects and Proposed Tax Rates
and the integrated tax-subsidy are relatively significant. However, the Pigouvian effect of the
two policies is basically identical across all proposed tax rates. The aggregate trend is that the
double-dividend policy always leads to a relatively higher total marginal welfare effect than
the integrated tax-subsidy policy, as shown in Figure 2.4d.
Compared to the first group of simulations, the most distinct conclusion when the revenueneutral tax rates are fixed at proposed levels is that the double-dividend policy has a higher
total marginal welfare effect than the integrated tax-subsidy policy. This is because although
the former has roughly the same Pigouvian effect with the latter, its revenue-recycling and taxinteraction effect are significantly higher. We investigate each effect and the marginal excess
burdens (Figure 2.5) to determine why the differences exist.

Although the Pigouvian effect is slightly higher under the integrated tax-subsidy policy
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(a)

(b)

Figure 2.5: Pigouvian Effect Difference and Marginal Excess Burdens
than under the double-dividend policy, the difference decreases as the pollution tax increases
(Figure 2.5a), and the Pigouvian effect is basically the same for both policies since tax rates
for the more pollution intensive sector (sector X) are set at the same level. The difference
in total marginal welfare effect in this case is mainly caused by the distinct revenue-recycling
effect (Figure 2.4b) and tax-interaction effect (Figure 2.4c) of both policies, which in turn are
largely affected by the marginal excess burden (Figure 2.5b). The reasoning on why the doubledividend policy has a higher marginal excess burden than the integrated tax-subsidy is basically
the same as in the first group of simulations when taxes are optimally chosen. Also, causations
of a higher revenue-recycling effect and tax-interaction effect for the double-dividend policy is
similar to the analysis in the first group of simulations.
A higher total marginal welfare effect for the double-dividend policy implies that there is a
greater welfare gain from each unit of pollution tax collected. Moreover, in the case of taxing
50 CAD per tonne of GHG emissions, for example, although there is slightly more pollution emissions generated under the double-dividend policy since the consumer has a relatively
higher purchasing power with the reduction in labor tax and thus demands more on consumptions, the aggregate social welfare (measured by consumer’s utility) under double-dividend is
still higher than that of the integrated tax-subsidy15 . All these results imply that the double15

Aggregate GHG emissions and utility under the double-dividend policy are 832.31 million tonne and 1770.52,
while under the integrated tax-subsidy policy they are 831.97 million tonne and 1770.47, respectively.
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dividend policy dominates the integrated tax-subsidy policy in terms of marginal and aggregate
social welfare in the case of Canada’s carbon tax proposal.

4.3

A Cross-group Comparison

Since the second group of simulations are based on the same parametric setup as the baseline
model in the first group, it could be interesting to compare the resulting aggregate social welfare
of both revenue-neutral policies under different simulation groups. We compare results of the
50 CAD per tonne of GHG emissions case in the second group with our baseline model in the
first group. The 50 CAD case is chosen, since the tax rate is steady at this level after year 2022
and therefore it can be seen as the steady state tax rate for Canada’s carbon tax proposal. We
find that
U |(G1,DD) > U |(G1,T S) > U |(G2,DD) > U |(G2,T S) ,
where G1 and G2 represents the first and the second simulation group, and DD and T S denotes
the double-dividend policy and the integrated tax-subsidy policy, respectively.
The cross-group comparison indicates that the aggregate social welfare is higher for both
polices when it is endogenously determined in the first group than when it is predetermined
at fixed 50 CAD per tonne of GHG emissions in the second group16 . Furthermore, our previous results show that the double-dividend policy always results in a relatively higher aggregate social welfare than the integrated tax-subsidy policy within the same simulation group.
Therefore, we conclude that for revenue-neutral environmental taxation, endogenously choosing pollution tax is better than predetermining it, and the double-dividend policy dominates the
integrated tax-subsidy policy within the same simulation group.
16

Please see Table 2.2 and Footnote 15 for specific levels of social welfare in these cases.

65

5.

CONCLUSION

We build a two-sector general equilibrium model to theoretically illustrate welfare implications
of the double-dividend and the integrated tax-subsidy policies that regulate pollution emissions
in a revenue-neutral manner. The welfare effect is decomposed into three different sub-effects:
the Pigouvian effect, the revenue-recycling effect and the tax-interaction effect. We also numerically measure welfare effects of both policies based on the 2016 Canadian economy in the
first case and their recent carbon tax proposal in 2018 – 2022 in the second case. Pollution
tax is endogenously determined in the first case, and the integrated tax-subsidy policy leads to
a higher total marginal welfare effect. Pollution tax is predetermined in the second case, and
the double-dividend policy dominates in total marginal welfare effect. In both cases, however,
the double-dividend policy always generates significantly higher revenue-recycling effect and
tax-interaction effect than the integrated tax-subsidy policy. Our simulations also imply that
the double-dividend policy results in a higher aggregate social welfare than the integrated taxsubsidy policy in both cases. Moreover, the aggregate social welfare tends to be greater when
pollution tax is endogenously determined than when it is predetermined, regardless of which
revenue-neutral policy is implemented.
Although this chapter implies that the double-dividend policy could dominate the integrated
tax-subsidy policy in terms of general welfare effects, it does not indicate that the former is
always a better choice in most cases. For example, when the priority for the government is
to reduce pollution emissions and promote use of cleaner energy, the integrated tax-subsidy
policy might be a more suitable policy tool. This concern is possibly one of the reasons why
the Initiative 732, which aims at taxing fossil fuels following a revenue-neural manner, failed in
Washington State of the United States of America, because voters may worry that this initiative
does not provide enough support to promotion of clean energy.

66

CHAPTER THREE:
BUREAUCRATIC QUALITY, PRODUCT SUBSTITUTABILITY, AND POLLUTION

1.

INTRODUCTION

In many cases, environmental degradation coexists with political issues, for example low bureaucratic quality, which in turn is often considered as one of the major causes for environmental deterioration in relevant literatures17 (Wilson and Damania, 2005). In this chapter,
bureaucratic quality is defined as how the government cares about the social welfare compared
to other governmental incomes that are not accounted as a part of the social welfare. We assume that the government always fully weigh the income that is beyond the social welfare, for
instance, the income of political contribution that is offered by lobbying groups. Bureaucratic
quality is the weighting factor that the government attaches to the social welfare, which varies
from as low as 0 to the largest possible value of 1. Therefore, a low bureaucratic quality implies that the government cares less about the social welfare compared to the non-social welfare
income. In this case we say that the government is more self-interested.
The environmental degradation caused by low bureaucratic quality could mainly be led to
by two channels when firms use part of their resources to lobby the self-interested government
and seek for laxer environmental regulations. (1) When the government lowers the standard
of environmental regulations, firms discharge more pollution emissions into the environment
without having to pay extra cost of abatement or compensation to victims of pollution. (2)
The resources devoted into lobbying could have been otherwise invested in developing cleaner
technologies, which result in fewer pollution emissions. Alternatively, the monetary cost involved in the payment of lobbying, which is often termed political contribution in many studies
(e.g., Grossman and Helpman 1994), may simply limit the amount of resources available to ex17

Note that in terms of methods and main conclusions, studies in the lobbying literature and the corruption
literature are largely consistent with each other – in many studies they are not clearly distinguished (e.g.,
Fredriksson et al. 2003, López and Mitra 2000 and Damania et al. 2003). Therefore, we refer to studies in both
literatures.
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pand productive capacity via investment (Alesina et al., 2005). This is the distorted resource
allocation, as is pointed out by Baumol (1990) and Murphy et al. (1991).
Bureaucratic quality could also impact firm productivity. There are mainly two strands of
viewpoint on this impact in existing empirical studies. The first group shows that existence
of low bureaucratic quality lowers firm productivity. For example, Faruq et al. (2013) finds
that both poor bureaucratic quality and lobbying reduce firm productivity. Similarly, De Rosa
et al. (2010) finds that lobby cost appears to have a negative impact on firm-level productivity.
However, another group of studies argues that low bureaucratic quality may lead to higher
firm productivity and profitability. Jiang and Nie (2014) documents an empirical fact that
bureaucratic quality is more negatively correlated with firm profitability when regulation is
rigid than when it is relaxed. They also supplement with an additional observation that this
negative correlation is more evident for firms from more competitive industries. Results of
these empirical studies are intriguing but seem to be conflicting with one another in some
aspects. However, most empirical studies lack theoretical supports that are based on sound
economic analysis.
One underlying assumption behind both viewpoints is that firms are different from each
other in terms of product substitutability. This assumption, however, is largely ignored by most
theoretical studies in relevant literatures. For example, some studies assume representative
firms (e.g., López and Mitra 2000, Bulte et al. 2007, Aghion et al. 2016, and D’Agostino
et al. 2016), or very similarly, firms that competing in a perfectly competitive market (e.g.,
Damania et al. 2003 and Fredriksson et al. 2003). There are studies that do consider product
substitutability across sectors in their models, but they generally treat this differentiation as
inelastically supplied sector-specific inputs (e.g, Grossman and Helpman 1994, Damania et al.
2003 and Bulte et al. 2007), which means that firms, as well as products of these firms, in the
same sector are still identical to each other. Theoretical analysis in the effects of within-sector
product substitutability is rarely found in existing studies.
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This chapter investigates the effects of bureaucratic quality on firm productivity and social
welfare, given that within-sector product substitutability exists. To do so we build a two-sector
general equilibrium framework which contains a clean sector and a polluting sector. Firms in
the polluting sector differ from each other in terms of productivity and product substitutability (i.e., firms have different productivity and their products are substitutable for one another),
while they all generate pollution emissions that introduce an environmental tax burden on themselves since the government imposes a pollution tax. To maximize profit, polluting firms form
a special interest group and offer a political contribution to lobby the government in seek of
a favorable pollution tax. The special interest group as a whole chooses how much political
contribution to offer through maximizing the aggregate profit of all member firms. The government is not totaly benign and values not only the social welfare but also the income of political
contribution, and it chooses the “optimal” level of pollution tax to maximize its own interest.
The cost of political contribution to firms is partly similar to the effect of a fixed cost,
which leads to a higher entry cost in the polluting sector. The increased entry barrier results in
fewer successful entrants and only firms with relatively higher productivity can survive. The
consequence of low bureaucratic quality is therefore a reduced consumer surplus and aggregate
firm profit, because not only resources equal the amount of political contribution is (at leas)
not fully accounted in the social welfare, but also the social welfare is devalued by the selfinterested government.
The difference between the recognition of how bureaucratic quality relates to firm productivity is actually a difference between aspects from which firm productivity is measured.
From the perspective of the sector where the firms belong to (e.g., Jiang and Nie 2014), the
resource distortion caused by low bureaucratic quality increases returns to rent-seeking firms,
which in turn creates relatively higher entry cost for potential entrant firms to the market (Baumol, 1990), since new entrant firms are normally less profitable or competitive. Therefore,
in a sector that lobbies the government, only more productive and more profitable firms are
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able to survive, leading to a higher individual and average productivity for operating firms in
this sector. However, from the aspect of the economy as a whole (e.g., Faruq et al. 2013 and
De Rosa et al. 2010), the sources of productivity enhancements, technological progress and investment, may be directly affected by low bureaucratic quality (Svensson, 2003). In addition,
the increased entry cost results in fewer operating firms. The long run outcome of resource
distortion and increased market entry barriers that are caused by the low bureaucratic quality
is relatively lower firm productivity, as well as lower social welfare, for the whole economy.
Our study contributes to the literature in the following aspects. First, we contribute to
the industrial organization literature by showing that the existence of low bureaucratic quality
could lead to higher average and cutoff productivity in sectors that lobby. So far conclusions in
this strand of literature are diversified and sometimes conflicting. There are studies argue that
lower bureaucratic quality results in lower productivity (e.e., Faruq et al. 2013 and De Rosa
et al. 2010), while others have the opposite conclusion (e.g., Jiang and Nie 2014). We provide
theoretical support to the viewpoint that lower bureaucratic quality lead to higher productivity
for firms in a sector.
Second, we contribute to the literature on lobbying by investigating the effects of withinsector product substitutability on firm and governmental behavior, as well as on social welfare.
Existing studies on this topic generally focus on representative firms (e.g., D’Agostino et al.
2016), or firms in different sectors differ from each other so that that each firm uses a sector specific input (e.g., Bulte et al. 2007). However, the effect of within-sector product substitutability
has rarely been discussed. This study fills the gap by incorporating product substitutability
in the same sector when exploring the political interactions between polluting firms and the
government.
Third, we provide an explanation to why environmental regulations become laxer when
firms are more pollution intensive, given that the government cares about income of political
contribution. Our result indicates that the government that cares about the income of political
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contribution lowers the pollution tax if firms are more pollution intensive, holding all else
equal. For our theoretical analysis, the explanation to this result is that when firms are more
pollution intensive, they face a greater cost of pollution tax if the pollution tax rate does not
adjust, which in turn may result in some of the less profitable firms exit the market. The income
of political contribution decreases when there are less firm; therefore, to avoid drastic drops in
the income of political contribution, the government may have incentive to lower the pollution
tax rate. To our knowledge, no existing studies have mentioned this explanation.
The remainder of this chapter is organized as follows. The theoretical model is introduced
in Section 2. Section 3 describes simulations and discusses the results. The last section summarizes our conclusions.

2.

THE MODEL

Consider a closed economy with a representative consumer and two production sectors, a clean
sector with a representative firm and a polluting sector with a continuum of firms. Firms in the
polluting sector are featured by differentiated products and productivity. The clean sector is
characterized by perfect competition and the polluting sector by monopolistic competition.
Firms use labor as the only input, which freely flows across sectors.
Our theoretical model contains a three-stage game. At the first stage, potential entrant firms
in the polluting sector make an entry cost to draw a random productivity. Those with productivity higher than the cutoff level enter the market and the others quit immediately. Successful
entrant firms pay a fixed cost to initiate production. At the second stage, successfully entered
polluting firms form a special interest group and pay a political contribution to the government
in exchange for a favorable pollution tax. The special interest group as a whole determines the
optimal level of political contribution to offer. At the same time, the government chooses the
“optimal” level of pollution tax to maximize the sum of the weighted social welfare and the

71

political contribution. Polluting firms that find it non-profitable at this stage quit the market18 .
At the last stage, firms in both the clean sector and the polluting sector start the actual production process; consumption takes place as well. The model is solved recursively using backward
induction. However, to illustrate logics of the model more clearly, this section is organized by
agents of the economy rather than stages of the game.

2.1

Consumption

The representative consumer has the following quasi-linear utility function

U = q0 + u(Q) − βZ,

where q0 and Q are aggregate demands for goods of the clean sector and the polluting sector,
respectively, β is marginal disutility of pollution, and Z is aggregate pollution generated from
production of Q. For expositive purpose we specify u(Q) = θQα , where θ > 0 and α ∈ (0, 1).
The consumer inelastically supplies L units of labor to earn wage rate w and maximizes her
utility subject to the budget constraint q0 + P Q = wL, where the price of q0 is normalized to 1
and P is price index of the aggregate polluting goods. Utility maximization yields the demand
function for the aggregate polluting goods

Q=

αθ
P

1
 1−α

,

(3.1)

and the consumer surplus CS = u(Q) − P Q.
Following Melitz (2003), the polluting sector’s aggregate output and the corresponding
18

We assume that there are also environmentalists lobbying the government for optimal pollution tax, and at the
same time providing information about the social welfare to the government. However, to focus on the political
interactions between the polluting firms and the government, the environmentalists lobbying is assumed to
happen before the beginning of the game and it is therefore implicitly exogenous to our model.
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price are defined as
Z
Q=

ρ

 ρ1

q(j) dj

Z
and P =

j∈J

1−σ

p(j)

1
 1−σ

dj

,

(3.2)

j∈J

where j ∈ J is the index of polluting firms, p(j) and q(j) are respectively firm j’s price and
output, and σ =

1
1−ρ

> 1, ρ ∈ (0, 1) is the elasticity of substitution between any two polluting

goods. A lower σ (or equivalently, a lower ρ) implies that products of different firms are less
substitutable with each other in the polluting sector.
Given our quasi-linear utility function, there is separability in the consumption of clean
and polluting goods. This implies that we can derive the demand for each firm’s product in the
polluting sector without considering the demand for the clean sector. Therefore, the demand for
each polluting goods can be derived through solving the consumer’s constrained expenditure
i ρ1
hR
R
ρ
minimization problem, i.e., minq(j) j∈J p(j)q(j) dj subject to j∈J q(j) dj ≤ Q, which
yields the demand function for each individual polluting goods

q(j) = P σ Qp−σ(j) .

(3.3)

As we can see in equation (3.3), individual polluting goods demand is negatively related to
the corresponding individual price but positively related to the aggregate price and output of
the whole polluting sector.

2.2

Production

The representative clean firm’s production function is q0 = `0 , where `0 is the clean sector’s
labor input. Since the clean sector is competitive, the profit maximization process implies that
wage rate equals unity, i.e., w = 1. This is the common wage rate across this economy since
labor can freely move between sectors. Basically, the numeraire goods sector uses the rest
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of the total labor supply that is supposed to meet the demand from the polluting sector first.
This is because, in order to maximize the consumer surplus, the consumer uses her income to
purchase the polluting goods first; thus, the demand for the numeraire goods is determined by
the rest of her income.
The polluting sector consists of a continuum of firms featured by constant return to scale
technology. Upon entry each polluting firm has to pay a sunk entry cost c to receive a productivity draw ϕ ∈ (0, ∞) from a common and known distribution. It also needs to pay a fixed
cost f to initiate production and a political contribution b to benefit from being a member of a
special interest group, which aims at lowering the pollution tax for members through lobbying
the government. All of the costs are measured in labor units.

Profit Maximization
At the last stage, firms in the polluting sector have successfully entered the market and
paid the fixed cost and the political contribution. We re-index firms with their productivity ϕ.
A polluting firm’s production function is q(ϕ) = ϕ`(ϕ), where `(ϕ) is firm ϕ’s labor input,
 σ 
which can be solved combining equation (3.3) as `(ϕ) = P ϕQ p−σ (ϕ). Production of q(ϕ)
induces pollution emissions z(ϕ) such that z(ϕ) = e(ϕ)q(ϕ), where e(ϕ) =

δ
ϕ

and δ is a

parameter that measures the pollution intensity. The government imposes a pollution tax τ on
each unit of pollution emissions.
For a given productivity draw, firms choose output price to maximize profit net of political
contribution, i.e., maxp(ϕ) π(ϕ) = p(ϕ)q(ϕ) − τ z(ϕ) − `(ϕ) − f − b. The first order condition
(FOC) yields individual polluting firm’s pricing rule

p(ϕ) =

1 + δτ
.
ρϕ

(3.4)

The pricing rule indicates that firms with higher productivity set lower prices. Also, when
firms’ products are more substitutable with each other (i.e., a higher ρ), the individual prices
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are lower. Compared with the pricing rule in trade models without pollution and pollution
tax (e.g., Melitz 2003), we find that our pricing rule with taxes on pollution emissions has an
extra part δτ in the numerator, which reflects polluting firm’s extra cost due to tax on pollution
emissions, and this extra cost is passed on to the consumer through pricing.
Given the productivity, a successfully entered polluting firm exits the market if π(ϕ) < 0
since production is non-profitable. Thus, for any firm with productivity ϕ to stay on the market,
it has to meet the Zero Cutoff Profit (ZCP) condition, i.e., π(ϕ) ≥ 0 (gross of entry cost), which
determines the cutoff productivity ϕ∗ for the economy. Plugging q(ϕ), `(ϕ), z(ϕ) and p(ϕ)
1

   σ−1
1
 1−σ
f +b
1+δτ
∗
σ
back into the profit function and setting π(ϕ) = 0 we get ϕ =
P
Q
.
ρ
1−ρ
This is the lowest productivity for firms to be able to stay on the market so that the fixed
cost f and the political contribution b can be just covered (but not the sunk cost c). The
ZCP productivity cutoff is the same for all the firms on this market since it is not affected by
individual firm’s productivity. Any firm with productivity ϕ < ϕ∗ earns negative profit and
exits from the market.
Plugging the productivity cutoff back into the profit function we get
"
π(ϕ) = (f + b)

ϕ
ϕ∗

σ−1

#
−1 ,

which explicitly shows that if ϕ ≥ ϕ∗ firm’s profit is nonnegative and the firm is willing to stay
on the market.

Free Entry
The aforementioned ZCP productivity cutoff states that a polluting firm with drawn productivity ϕ ≥ ϕ∗ makes a fixed cost f and political contribution b to operate on the market
given pollution tax τ . However, we also need to consider the sunk entry cost c and find conditions under which the firm has an incentive to make the sunk cost to draw a productivity at
the very beginning of this game, given that it knows the pre-determined chance of successful
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entry. All the operating firms, except firms with the cutoff productivity, earn a positive profit,
and this positive profit is actually the only reason for which firms are willing to bear the sunk
cost. Note that once the sunk cost is made, a firm may still be willing to stay on the market even
when it is only able to cover the fixed cost and the political contribution since the sunk cost is
irreversible. The existence of entry cost makes individual firms indifferent between entering
into the clean sector and the polluting sector, a priori.
We denote g(ϕ) and G(ϕ) as the probability distribution function and cumulative distribution function of firm productivity in the polluting sector, respectively, and assume a Pareto
 γ
γω γ
distribution such that g(ϕ) = ϕγ+1 and G(ϕ) = 1 − ωϕ , where ω > 0 is the lower bound
and γ > 2 is the shape parameter (Gibson and Graciano 2011). Furthermore, µ(ϕ) denotes
the probability distribution function of firm productivity conditional on successful entry so that
µ(ϕ) =

g(ϕ)
1−G(ϕ∗ )

=

γϕ∗γ
,
ϕγ+1

for all ϕ ≥ ϕ∗ .

Following Melitz (2003) we define the average productivity of all operating firms as ϕ̃ =
1
1
i σ−1
h
i σ−1
∞ σ−1
γ
∗
ϕ
µ(ϕ)
dϕ
=
ϕ
. Aside from the original assumption γ > 2, for the
γ−(σ−1)
ϕ∗

hR

system to be able to obtain solutions we also assume that γ > σ − 1 (which is equivalent to
ρ<

γ
)
1+γ

is always satisfied. Given the average productivity, the average profit of all operating

polluting firms can be written as
"
π̄ = π(ϕ̃) = (f + b)

ϕ̃
ϕ∗

σ−1

#


σ−1
,
− 1 = (f + b)
γ − (σ − 1)


(3.5)

which implies that the average profit for firms in the polluting sector is not affected by the
pollution tax τ , but it is directly and positively affected by the fixed cost f and the political
contribution b. Firms make the productivity draw until the expected profit from entry equals
the cost of entry, i.e., pin π̄ = c, where pin = 1 − G(ϕ∗ ) is the ex-ante probability of successful
entry. This is is the Free Entry (FE) condition, implying that
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π̄ = c

ϕ∗
ω

γ
.

(3.6)

Since the entry cost c, the lower bound of productivity ω and the shape parameter γ are positive
constants, equation (3.6) indicates that the average profit is positively related to the productivity
cutoff ϕ∗ .

2.3

Market Equilibrium

Equilibrium of the polluting sector should be characterized by a constant number of operating
firms. All the aggregate variables, including the aggregate price of the polluting sector, P ,
remain unaffected by individual firm’s entry and exit in the equilibrium.
Equations (3.5) and (3.6) jointly determine the unique equilibrium ϕ∗ , which is


f +b
σ−1
ϕ =ω
·
c
γ − (σ − 1)
∗

 γ1
.

(3.7)

Given that γ > σ − 1, an important conclusion from equation (3.7) is that, the existence of
political contribution leads to a higher level of cutoff productivity, i.e., ∂ϕ∗ /∂b > 0, which in
turn results in a higher average productivity of operating firms.
Since the cutoff productivity is unique, we combine ϕ∗ in equation (3.7) and the previously
 
σ−1 h
i σ−1
γ
γ
f +b
1+δτ
c
−
1
solved ZCP productivity cutoff to obtain P σ Q = ω 1−σ 1−ρ
.
ρ
f +b σ−1
Further combining the aggregate demand for polluting goods in equation (3.1), we solve for
the equilibrium aggregate price of the polluting sector output as
"
P = A(f + b)

γ−(σ−1)
γ



1 + δτ
ρ

1−α
σ−1 # σ−1−ασ

where A is a positive constant such that A = σω 1−σ αθ
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1
 α−1

c

,

(3.8)

γ
σ−1

 σ−1
− 1 γ . Given γ >

σ − 1 and α < 1, we further assume that ρ > α (which is equivalent to σ − 1 − ασ > 0) so that
∂P/∂b > 0, since the polluting sector should pass the cost of the political contribution onto
the consumer through pricing.
Given the equilibrium productivity cutoff in equation (3.7), the aggregate price defined by
1
h R
i 1−σ
∞
1−σ
equation (3.2) can be rewritten combining equation (3.4) as P = N ϕ∗ p(ϕ) µ(ϕ) dϕ
1

= N 1−σ p(ϕ̃), where N is the equilibrium number of operating firms and p(ϕ̃) =

1+δτ
ρϕ̃

is

average price of an individual polluting firm. Therefore, we solve for N as


p(ϕ̃)
N=
P

σ−1
= N (b, τ ),

(3.9)

indicating that the equilibrium number of operating firms is affected by the political contribution each firm has to offer and the pollution tax that is imposed by the government.
Moreover, denoting M as the number of entering firms with productivity draw ϕ < ϕ∗ , i.e.,
the potential entrant firms that fail to enter, the relationship between M and N is
R ϕ∗
 ∗ γ
g(ϕ) dϕ
ϕ
M
0
= R∞
=
− 1.
N
ω
g(ϕ) dϕ
ϕ∗
Failed potential entrant firms are not involved in actual productions, but they do employ labor
inputs as investments in the entry cost at the first stage of the game.
Combining P σ Q and ϕ̃, the average labor demand for an individual polluting firm is

`(ϕ̃) =

P σQ
ϕ̃


p

−σ

σ

(ϕ̃) = P Q



1 + δτ
ρ

−σ

ϕ̃σ−1 .

Furthermore, following previous studies19 , we assume that the total labor supply L is large
enough so that labor demand by all sectors can be met and the labor market clearing condition
is satisfied,
19

For example, Grossman and Helpman (1994) and Damania et al. (2003).
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h
i
L = `0 + M c + N c + f + b + `(ϕ̃) .
That is, total labor supply meets the demand from both sectors, where labor is used in production, as well as investments in entry cost, fixed cost and political contribution.
The above equations fully characterize the equilibrium conditions for individual firms. To
determine the optimal level of political contribution and the optimal pollution tax, we need to
examine the political interactions between the polluting firms and the government.

2.4

The Special Interest Group

To gain negotiating power to influence the government’s decision on pollution tax, firms in
the polluting sector form a special interest group. Similar to Grossman and Helpman (1994),
we do not focus on the formation and sustainability of the special interest group, but simply
assume that it can be organized due to some exogenous factors beyond this model. The special
interest group as a whole chooses the optimal level of political contribution, contingent on
the level of total pollution tax that is chosen by the government, to maximize the aggregate
profit of all members net of the cost of political contribution. That is, special interest group’s
problem is maxb Λ = N π̄, where Λ is the group’s aggregate profit net of political contribution.
+ N dπ̄
= 0, implying that the optimal b maximizes the
The first order condition yields π̄ dN
db
db
aggregate profit of the special interest group at the point where the marginal aggregate profit of
all member firms is zero.
Given the average profit of the polluting sector, π̄, in equation (3.5), we have
Similarly, since N = N (b, τ ), we take total differentiation to get

dN
db

=

∂N
∂b

dπ̄
db

=

σ−1
.
γ−(σ−1)

∂τ
+ ∂N
. Therefore,
∂τ ∂b

if the relationship between τ and b is monotonic, the FOC can be rearranged to yield
∂b
=−
∂τ

∂N
∂τ
N
π̄

h

σ−1
γ−(σ−1)
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i

+

∂N
∂b

.

(3.10)

This is the special interest group’s Local Truthfulness Condition by Bernheim and Whinston
(1986), which implies that the special interest group’s lobbying schedule is locally truthful at
the point where the marginal cost of lobbying equals the marginal benefit it induces, i.e., a
higher aggregate profit.

2.5

The Government

The government chooses the pollution tax, contingent on the political contribution offered by
the special interest group, to maximize the sum of the weighted social welfare and the aggregate
income of political contribution, Ψ = φW + N b, where φ ∈ [0, 1] is the weighter parameter
on social welfare and represents the degree of bureaucratic quality, W is the aggregate social
welfare20 . A lower φ means that the government cares less about the social welfare relative
to the income of political contribution and is thus more self-interested. In an extreme case
where φ = 0 the government becomes totally self-interested and only considers the income of
political contribution when making tax policies.
The aggregate social welfare, W , is defined as W (τ ) = Π(τ ) + CS(τ ) + (τ − β)Z(τ ),
where Π(τ ) is the polluting sector’s aggregate profit gross of political contribution, CS(τ ) is
aggregate consumer surplus, and Z(τ ) is aggregate pollution emissions. Combining a polluting
firm’s average profit (net of political contribution), the polluting sector’s aggregate profit gross
of political contribution is Π(τ ) = N (π̄ + b). The aggregate consumer surplus is CS(τ ) =
h
i
R∞
α
1
1−α . The aggregate pollution is Z(τ ) = N
u(Q) − P Q = P α−1 1−α
(αθ)
z(ϕ)µ(ϕ) dϕ =
α
ϕ∗
h
i
−1
σδγ
1+δτ
N (f + b) γ−(σ−1)
.
ρ
+ b dN
+
Taking first order derivative on Ψ with respect to the pollution tax τ , we get φ dW
dτ
dτ
∂b
N ∂τ
= 0, where

dW
dτ

=

∂W
∂τ

∂b
+ ∂W
, and
∂b ∂τ

dN
dτ

=

∂N
∂τ

∂b
+ ∂N
. The FOC implies that the optimal
∂b ∂τ

pollution tax is chosen at the point where its marginal effect (i.e., marginal weighted social
welfare plus the marginal income of political contribution) equals zero. Rearranging the FOC
20

We assume that the income of political contribution is not accounted in social welfare.
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we get the Local Truthfulness Condition of the government
φ ∂W
+ b ∂N
∂b
∂τ
∂τ
=−
.
∂W
∂τ
N + φ ∂b + b ∂N
∂b

(3.11)

The local truthfulness condition implies that the government sets the pollution tax at the point
where the marginal benefit from the tax, i.e., pollution reduction and the income of political contribution, equals the marginal cost, i.e., the reduction in overall social welfare and tax
revenue.

2.6

Political Equilibrium

The Nash equilibrium level of pollution tax, denoted as τ ∗ , should simultaneously maximize
interests of the special interest group and the government (Bernheim and Whinston, 1986),
i.e., Λ and Ψ, respectively. Therefore, τ ∗ solves equations (3.10) and (3.11) at the same time,
implying
∂N
∂τ ∗
N
π̄

h

σ−1
γ−(σ−1)

i

+

∂N
∂b∗

∂N
φ ∂W
+ b∗ ∂τ
∗
∂τ ∗
=
,
∂W
∂N
∗
N + φ ∂b∗ + b ∂b
∗

where b∗ is the (contingent) optimal political contribution offered by the special interest group.
This condition can be solved to yield a one-to-one relationship between b∗ and τ ∗ . That is, the
political equilibrium is
b∗ = b(φ, τ ∗ ).

(3.12)

For any given level of τ ∗ , a unique equilibrium level of b∗ is determined, if the relationship is
monotonic and thus reversible. Note that to this point we are still not clear whether product
substitutability in the polluting sector, ρ, affects b∗ or not, since equation (3.12) only points out
the potential effects of φ and τ .
Due to the complexity in obtaining analytical results from equation (3.12), we turn to numerical analysis to unveil the effects of bureaucratic quality on firm productivity and social
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welfare, given the existence of product substitutability.

3.

NUMERICAL RESULTS

To numerically investigate the effects of bureaucratic quality given product substitutability in
the polluting sector, parameters are chosen so that our basic assumptions in the theoretical
model are satisfied. The degree of bureaucratic quality is represented by φ, in which a decrease implies that the government cares less about the social welfare and hence it is more
self-interested. The level of product substitutability in the polluting sector is characterized by
ρ. A decrease in ρ implies that the polluting firms face less competition within the sector and
that products of the polluting firms are more differentiated from each other, which in turn indicates a lower product substitutability. We set up a baseline case where φ = 0.1, ρ = 0.5,
τ = 0.1, β = 0.05 and δ = 1 (recall that β is consumer’s marginal disutility from pollution,
and δ measures an individual polluting firm’s pollution intensity), which vary in the sensitivity
tests21 . Specifically, φ and τ increase from 0.1 to 1 in our sensitivity tests, β and δ respectively vary from 0.02 to 0.5 and from 0.2 to 5, while ρ changes between 0.5 and 0.75 so that
α<ρ<

γ
1+γ

is always satisfied22 . Other parameters are constant across all cases. Details of

all the parameters are given by Table 3.1.

Three groups of simulations are conducted in this section. The first group aims at exploring
the equilibrium schedule of political contribution, especially its relationship with the pollution
tax that is chosen by the government and the potential effect of product substitutability. The
second group examines the effects of bureaucratic quality on social welfare and the cutoff and
the average firm productivity in the polluting sector, as well as the effects on the optimal political contribution by the special interest group under different degree of product substitutability.
21

The pollution tax τ is actually endogenous in our model. However, since it forms a one-to-one equilibrium
schedule with the level of political contribution b, given a particular τ we can always find a unique b corresponds
with it. Therefore, to focus on factors affecting b, here we treat τ as exogenous, unless stated otherwise.
22
Given α = 0.2, we choose ρ starting from 0.5 since it is relatively easier to obtain numerical results when the
gap between ρ and α are not too small.
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Table 3.1: Parameters in The Numerical Model
Parameters

Meanings

Values

α
β
c
δ
f
γ
ω
φ
ρ
τ
θ

Shape parameter of utility function
Marginal disutility from pollution
Entry cost of polluting firms
Pollution intensity factor
Fixed cost of polluting firms
Shape parameter of Pareto distribution
Scale parameter of Pareto distribution
Bureaucratic quality factor†
Product substitutability factor
Pollution tax rate set by the government
Scale parameter of utility function

0.2
0.05∗
1
1∗
1
4
1
0.1∗
0.5∗
0.1∗
1

Note: (1) ∗ Values for the baseline case.
(2) † A lower φ implies a more self-interested government.

The last group inquires the effects of product substitutability on social welfare and the average and cutoff productivity in the polluting sector. The three groups of simulations jointly
investigate the interactions between bureaucratic quality, product substitutability and the social
welfare, in which pollution is accounted as an important element.
A lower bureaucratic quality (i.e., when the government is more self-interested) implies
that the government cares less about the social welfare and weighs more on the income of political contribution. In turn, the social welfare would be lower while the political contribution
that the firms have to offer is higher, holding all else equal. Moreover, increased cost of political contribution in the polluting sector drives more firms with relative lower productivity out,
resulting in a relatively higher cutoff and average productivity in this sector. The mechanism
is explained in more details from different aspects under each group of simulations.

3.1

The Optimal Political Contribution

In this group we focus on the optimal political contribution in equilibrium. First, we examine
the effect of product substitutability ρ on the optimal political contribution b, while all other
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parameters are constant at the baseline level. The result is given by Figure 3.1a. Then, based on
the baseline case, we vary pollution tax τ and product substitutability ρ to explore the one-toone relationship between the optimal political contribution and the optimal pollution tax under
different degree of product substitutability. Results are presented by Figure 3.1b.

(a)

(b)

Figure 3.1: Political Contribution, Product Substitutability and Pollution Tax
The numerical results in Figure 3.1a indicate that the equilibrium schedule of the optimal
political contribution by the polluting firms, b∗ , is not affected by the level of product substitutability in the polluting sector. The result is base on the baseline case parameters where
φ = 0.1 and τ = 0.1, while product substitutability, ρ, varies from 0.5 to 0.75. We find that
in this case the optimal political contribution that the special interest group would require each
member firm to offer is not affected by the level of product substitutability in the polluting
sector. This result is somewhat beyond anticipation since one may expect that product substitutability, which could be related to the negotiating power of the special interest group, could
lead to different equilibrium level of political contributions. One possible explanation is that,
when firms act as one in a special interest group and share the cost of political contribution
equally, the negotiating power is not affected by how different the firms are from each other in
terms of products and productivity, but simply depends on the number of participating firms.
Product substitutability may affect the equilibrium level of political contribution, when the
inherent issues of special interest groups are considered as endogenous. For example, the free-
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riding problem is a common issue for any special interest group, as is discussed thoroughly by
Olson (1965) and Ostrom (1990). Since our model takes the sustainability of the special interest group as exogenously given, potential impacts of product substitutability on the optimal
level of political contribution may be omitted.
Results in Figure 3.1b imply that, the equilibrium schedule of optimal political contribution, b∗ , is monotonically increasing in the optimal pollution tax, τ ∗ , that is chosen by the
government. This conclusion indicates that if the government decides to set a higher pollution
tax, the special interest group has to offer a relatively greater amount of political contribution
so that the pollution tax can be held at the current level. Moreover, the schedule of the optimal
political contribution is found not to be affected by the level of product substitutability in the
polluting sector, as b∗ is not affected by increases in ρ under any given level of τ ∗ . This is not
surprising, given that b∗ is not affected by ρ even without considering the interaction with τ ∗
(Figure 3.1a).

3.2

Effects of Bureaucratic Quality

Social Welfare and Political Contribution
The effects of bureaucratic quality, φ, on the aggregate social welfare and the optimal level
of political contribution are examined in this group of simulations. Figure 3.2a demonstrates
how social welfare is affected by the bureaucratic quality of the government, when φ can freely
change based on the baseline case. Figure 3.2b shows the impact of bureaucratic quality on the
optimal political contribution under various levels of product substitutability, when both φ and
ρ change while all other parameters are constant at the baseline level.

The result given by Figure 3.2a shows that a more self-interested government (i.e., a lower
φ) leads to a lower social welfare. Intuitively, this is because, given the same level of political
contribution from the special interest group and therefore the same level of pollution tax, the

85

(a)

(b)

Figure 3.2: Effects of Bureaucratic Quality
aggregate social welfare is smaller when the government cares less about it. Note that the
income of political contribution is always fully weighted (i.e., the weighting parameter is 1) by
the government, while the weight of the social welfare equals φ in the government’s objective
function. Therefore, it is a straightforward result that the social welfare is low when φ is low,
holding all else constant.
Moreover, the drop in social welfare caused by low bureaucratic quality can be explained by
the decreased number of operating firms and the increased aggregate price in the equilibrium
of the polluting sector. Equation (3.8) implies that the aggregate price of the polluting sector,
P , is positively affected by the political contribution b and the pollution tax τ , under the basic
assumptions on the parameters. That is,

∂P
∂b

> 0 and

∂P
∂τ

by Figure 3.2b (will explain later), we can also derive as

> 0. Since

∂τ
∂φ

∂b
∂φ

< 0 as is shown

< 0 since τ and b are positively

related to each other (Figure 3.1b). Therefore, we conclude that
dP
∂P ∂b ∂P ∂τ
=
+
< 0,
dφ
∂b ∂φ
∂τ ∂φ
which implies that a lower bureaucratic quality results in a higher aggregate price in the polluting sector. Similarly, we can also obtain

dN
dφ

> 0, indicating that a lower bureaucratic quality

leads to a smaller number of operating firms. Therefore, as the government becomes more selfinterested, the decrease in number of operating firms and the increase in aggregate price jointly
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lower the consumer surplus and the aggregate firm profit, which in turn results in a smaller
social welfare.
Figure 3.2b indicates that the special interest group has to offer a higher political contribution to the government when the government is more self-interested. This is because, holding
the general interest of the government (i.e., weighted social welfare plus income of political
contribution) fixed, the government requires more income from political contribution if it cares
less about the social welfare. Therefore, in this case the polluting firms have to pay a relatively
higher cost of political contribution. Intuitively, for the same level of pollution tax, a more selfinterested government would ask for more political contribution so that it is willing to “trade”
with the special interest group, otherwise it raises the tax rate to a higher level.
In addition, we find that the effect of bureaucratic quality on the optimal level of political
contribution is not affected by product substitutability in the polluting sector (Figure 3.2b),
i.e., given the degree of bureaucratic quality and holding all other parameters constant at the
baseline case level, there is a unique level of optimal political contribution that each polluting
firm would like to offer, regardless of the product substitutability. The result is consistent with
Figure 3.1a and follows the same reasoning within our theoretical framework.

Average and Cutoff Productivity in The Polluting Sector
Next, we explore how bureaucratic quality affects firm productivity in the polluting sector.
1
h
i γ1
h
i σ−1
γ
f +b
σ−1
∗
∗
in equation (3.7) and ϕ̃ = ϕ γ−(σ−1)
, the
Note that since ϕ = ω c · γ−(σ−1)
average and cutoff productivity in the polluting sector are not directly related to bureaucratic
quality. However, given that they are both affected by the political contribution, which in
turn is increasing as the bureaucratic quality decreases, they are still indirectly influenced by
bureaucratic quality. Particularly, given our basic assumptions on the parameters, since
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∂ϕ∗
∂b

>

0,

∂ ϕ̃
∂b

=

∂ ϕ̃ ∂ϕ∗
∂ϕ∗ ∂b

> 0 and

∂b
∂φ

< 0 that is indicated by Figure 3.2b, we have

dϕ∗
∂ϕ∗ ∂b
dϕ̃
∂ ϕ̃ ∂b
=
< 0 and
=
< 0.
dφ
∂b ∂φ
dφ
∂b ∂φ

Since a decrease in φ implies that the government cares less about the social welfare, these
results indicate that a lower bureaucratic quality leads to higher average and cutoff productivity
in the polluting sector. This is because when the government is more self-interested and cares
less about the social welfare, it demands relatively more income of political contribution from
the polluting firms, holding all else equal. In turn, since now the polluting firms face a greater
cost of political contribution, less firms are able to earn non-negative profit; thus, the cutoff
productivity in the polluting sector is higher. Moreover, the average productivity also becomes
higher since only more productive firms are able to survive in this sector.

Further Sensitivity Tests
We further conduct a series of sensitivity tests in this group to investigate how social welfare
and the optimal pollution tax change when pollution intensity in the polluting sector varies. In
these sensitivity tests we hold the political contribution each firm needs to offer fixed at the
baseline level (which is approximately 10.5) and vary the pollution intensity factor, δ, from
0.2 to 5 to see its potential effects on the interactions between the aggregate social welfare, the
optimal pollution tax and the bureaucratic quality. Results are given by Figure 3.3.

Figure 3.3a indicates that, for any fixed level of bureaucratic quality, an increase in the
pollution intensity leads to a lower aggregate social welfare. This is not difficult to understand
since more pollution emissions decrease the net utility of the consumer, which is an key element
of the social welfare. The impact of pollution intensity on social welfare has the same trend
under different levels of bureaucratic quality, implying that pollution emissions always need to
be regulated so that the pollution intensity lowers and the social welfare improves, as long as
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(a)

(b)

Figure 3.3: Sensitivity Tests on Pollution Intensity
the government still cares about the social welfare.
Figure 3.3b implies that, for a fixed level of political contribution, the government at any
level of bureaucratic quality chooses a lower pollution tax when the pollution intensity is
higher. The result may seem counter-intuitive at first. However, recall that the income from
political contribution is always fully weighted by the government; thus, although the aggregate social welfare is lowered by higher pollution intensity, the government has to lower the
pollution tax so that the income from political contribution can be maintained. Otherwise, increased pollution intensity induces higher cost of pollution tax on the polluting firms, which
in turn causes more firms to shut down and reduces income of political contribution for the
government. Therefore, the self-interested government has to lower the pollution tax to avoid
losses from income of political contribution. The result implies that environmental degradation
is boosted by low bureaucratic quality.
The slightly counter-intuitive result in Figure 3.3b happens because the government cares
about the income of political contribution, which is affected by the pollution intensity of polluting firms. However, this does not mean that the government does not care about the social
welfare and sets pollution tax only to maximize the income of political contribution. In effect,
holding all else constant, the government should still raise the pollution tax when the negative
impact of pollution emissions increases. To see this point, we conduct another series of sen-
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sitivity test to see how the optimal pollution tax chosen by the government is affected by the
increase in marginal disutility (i.e., β in our model) of the consumer. We choose β here since
it only affects the social welfare and it is nor directly related to the political contribution. The
result is given by Figure 3.4 below.

Figure 3.4: Effects of Marginal Disutility
Developed on the baseline model, Figure 3.4 varies β from 0.02 to 0.5 to examine the effect
of marginal disutility on the relationship between the optimal pollution tax and the bureaucratic
quality. Other parameters, including the political contribution b and the pollution intensity δ,
are fixed at the baseline case. The result implies that increases in marginal disutility lead to
higher pollution tax, which is intuitive and within expectation. Moreover, the result happens
because marginal disutility does not affect the government’s income of political contribution,
which in turn proves that our previous result in Figure 3.3b is reliable. Therefore, laxer environmental regulation and heavy pollution emissions coexist only when the government’s own
benefit, for example income of political contribution, is directly and negatively affected.

3.3

Effects of Product Substitutability

In the last group of simulations, we investigate the effect of product substitutability on the
aggregate social welfare and the average and cutoff productivity of firms in the polluting sector.
This group of simulations are conducted by varying product substitutability ρ while keeping all
other parameters constant based on the baseline case. Figure 3.5a shows the effect of product
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substitutability on social welfare, and Figure 3.5b illustrates how firm productivity is affected
by product substitutability in the polluting sector.

(a)

(b)

Figure 3.5: Effects of Product Substitutability
The aggregate social welfare is found to be positively affected by product substitutability in
the polluting sector (Figure 3.5a), i.e., higher competition in the polluting sector (a greater ρ)
results in a larger social welfare. This is because an individual polluting firm sets a higher price
when its product is more differentiated from others’, which leads to a higher aggregate price
in the polluting sector; in turn, the consumer surplus is lowered. Moreover, less competition
in the polluting sector results in a larger number of operating firms, which in turn lead to a
higher level of pollution emissions. Increases in total pollution emissions further decrease the
aggregate social welfare. Note that although the aggregate firm profit may increase in this case,
the gain is outnumbered by the loss in consumer surplus, which leads to a net decrease in the
aggregate social welfare.
Furthermore, we find that a higher level of product substitutability contributes to higher cutoff productivity and average productivity in the polluting sector (Figure 3.5b). This is because,
when firms’ products are more differentiated from each other, firms face less competition on
the market, which means that it is easier for them to earn non-negative profits, stay operating
and have less incentive to invest in more advanced technologies of production. In contrast,
as firms’ products become more substitutable to each other (i.e., ρ becomes larger), both the
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equilibrium productivity cutoff and the average productivity increase in the polluting sector,
implying that more firms earn negative profit and quit the market.

4.

CONCLUDING REMARKS

This chapter investigates the effect of bureaucratic quality on firm productivity and social welfare, given that there exists product substitutability in the polluting sector. A general equilibrium framework is constructed to theoretically examine the interactions between bureaucratic
quality, lobbying, product substitutability and pollution emissions. Our results indicate that the
aggregate social welfare, in which pollution is counted as an important part, is decreasing as
the government is more self-interested and as firms’ products are less substitutable with each
other in the polluting sector. Firm productivity in the polluting sector, including the cutoff productivity and the average productivity, could be negatively affected by bureaucratic quality and
to be increasing as the within-sector product substitutability increases. In addition, we find that
the optimal political contribution offered by the polluting firms may not be affected by product
substitutability, but is monotonically increasing in the pollution tax that is set by the government and increases as the government becomes more self-interested. Also, a greater pollution
intensity decreases aggregate social welfare and the optimal pollution tax that is chosen by the
self-interested government, implying that environmental degradation may be boosted by low
bureaucratic quality.
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Égert, B. and A. Morales-Zumaquero (2008). Exchange rate regimes, foreign exchange volatility, and export performance in central and eastern europe: Just another blur project? Review of Development Economics 12(3), 577–593.
Eskeland, G. and A. Harrison (2003). Eskeland, gunnar s., and ann e. harrison. ”moving to
greener pastures? multinationals and the pollution haven hypothesis. Journal of Development Economics 70(1), 1–23.
Faruq, H., M. Webb, and D. Yi (2013). Corruption, bureaucracy and firm productivity in africa.
Review of Development Economics 17(1), 117–129.
Finger, M. and A. Yeats (1976). Effective protection by transportation costs and tariffs: A
comparison of magnitudes. The Quaterly Journal of Economics 90(1), 169–176.
Fredriksson, P., J. List, and D. Millimet (2003). Bureaucratic corruption, environmental policy
and inbound us fdi: Theory and evidence. Journal of Public Economics 87(7), 1407–
1430.
Gali, J. and T. Monacelli (2005). Monetary policy and exchange rate volatility in a small open
economy. Reivew of Economic Studies 72(3), 707–734.
Galinato, G. and T. Skolrud (2015). Welfare implications of the renewable fuel standard with
a revenue-neutral tax. Working Paper Series, School of Economic Sciences, Washington
State University (2015-18).
Galinato, G. and J. Yoder (2010). An integrated tax-subsidy policy for carbon emission redunction. Resource and Energy Economics 32(3), 310–326.

94

Gibson, M. and T. Graciano (2011). The decision to import. American Journal of Agricultural
Economics 93(2), 444–449.
Goulder, L., I. Parry, and D. Burtraw (1997). Revenue-raising versus other approches to environmental protection: The critical significance of preexisting tax distortions. The Rand
Journal of Economics 28(4), 708–731.
Goulder, L., I. Parry, R. Williams, and D. Burtraw (1999). The cost-effectiveness of alternative instruments for environmental protection in a second-best setting. Journal of public
economics 72(3), 329–360.
Grether, J.-M., N. Mathys, and J. de Melo (2009). Scale, technique and composition effects in
manufacturing so2 emissions. Environmental and Resource Economics 43(2), 257–274.
Grossman, G. and E. Helpman (1994). Protection for sale. The American Economic Review 84(4), 833–850.
Grossman, G. and A. Krueger (1991). Environmental impacts of a north american free trade
agreement. NBER working paper (w3914).
Irarrazabal, A., A. Moxnes, and L. Opromolla (2015). The tip of the iceberg: A quantitative
framework for estimating trade costs. Review of Economics and Statistics 97(4), 777–
792.
Jiang, T. and H. Nie (2014). The stained china miracle: Corruption, regulation, and firm
performance. Economics Letters 123(3), 366–369.
Kimbrough, K. (1995). Exchange rate regimes and the real exchange rate. Journal of Economic
Integration 10(1), 49–71.
Liu, A. (2013). Tax evasion and optimal environmental taxes. Journal of Environmental Economics and Management 66(3), 656–670.
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APPENDIX

A.

EFFECT OF EXCHANGE RATE VOLATILITY

Firm X’s utility function is v(π) and cost function is c(X), where
h

i
π = p X − c(w, r, X) = (1 − θ)βe(a − bX) − τ z(θ) X − c(w, r, X).
N

Given volatility in e, the firm chooses X to maximize the expected utility from profit, Ev(π).
The FOC yields
0

E(v e) = v

0




τ z(θ) + cX (w, r, X ∗ )
,
β(1 − θ)(a − 2bX ∗ )

where v(π) is assumed to be separable, and X ∗ is the equilibrium level of X.
A mean-preserving spread in e would lead to a higher E(v 0 e) if it is convex in e, which
means an increase in exchange rate volatility would result in a higher marginal utility from X,
and thus the firm produces more of X. To check the convexity/concavity of v 0 e, we differentiate
v 0 e with respect to e twice to obtain
d2 (v 0 e)
000 2
00
00
=
v
π
e
+
v
π
e
+
2v
πe .
ee
e
de2

(A.1)

00

Define R = − vv0π as the constant relative risk-aversion and differentiate R with respect to e
we get
000

R0 = −ev πe2

π 1
πe
+ (R + R2 ).
0
πe v e
π

(A.2)

Plugging equation (A.2) back into equation (A.1) and after some rearrangement we obtain
(R0 = 0 is dropped)


d2 (v 0 e)
2
0 πe πe
2
=ve
(R + R ) − R .
de2
π π
e
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B.

DECOMPOSING MARGINAL WELFARE EFFECTS

1. Integrated Tax-subsidy
Note that

dY
dτ x

and

dH
dτ x

can be further decomposed as

dY
∂Y
∂Y dτ y
∂Y dτ `
dH
∂H
∂H dτ y ∂H dτ `
=
+
+
and
=
+
+
.
dτ x
∂τ x ∂τ y dτ x ∂τ ` dτ x
dτ x
∂τ x ∂τ y dτ x ∂τ ` dτ x
Plugging

dY
, dH
dτ x dτ x

and

dτ `
dτ x

= 0 back into equation (2.2) we get





dX
1 dU
∂Y
∂H
x
x
y
y
= (D − τ ) − x + (D − τ ) − x − τ ` x
x
λ dτ
dτ
∂τ
∂τ



 y
∂Y
∂H dτ
+ (Dy − τ y ) − y − τ ` y
,
∂τ
∂τ dτ x
and combining

dY
, dH
dτ x dτ x

and

dτ `
dτ x

= 0 with equation (2.3) we get

dX
y ∂Y
` ∂H
X + τ x dτ
dτ y
x + τ ∂τ x − τ ∂τ x
.
=−
∂Y
` ∂H
dτ x
Y + τ y ∂τ
y − τ ∂τ y

Plugging

dτ y
dτ x

into

1 dU
λ dτ x

and rearrange a little bit we obtain





1 dU
dX
∂Y
x
x
y
y
= (D − τ ) − x + (D − τ ) − x
λ dτ x
dτ
∂τ


∂Y
∂H
dX
+ MT S X + τ x x + τ y x − (1 + MT S ) τ ` x ,
dτ
∂τ
∂τ
where
MT S =

∂Y
` ∂H
(Dy − τ y ) ∂τ
y + τ ∂τ y
.
∂Y
` ∂H
Y + τ y ∂τ
y − τ ∂τ y

2. Double-dividend
Plugging

dY
, dH
dτ x dτ x

and

dτ y
dτ x

= 0 back into equation (2.2) we get
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∂H
1 dU
∂Y
dX
y
y
x
x
= (D − τ ) − x + (D − τ ) − x − τ ` x
x
λ dτ
dτ
∂τ
∂τ

 `


∂H dτ
∂Y
,
+ (Dy − τ y ) − ` − τ ` `
∂τ
∂τ dτ x
and plugging

dY
, dH
dτ x dτ x

and

dτ y
dτ x

= 0 back into equation (2.3) we get

dX
y ∂Y
` ∂H
X + τ x dτ
dτ `
x + τ ∂τ x − τ ∂τ x
,
=−
∂Y
` ∂H
dτ x
L + τ y ∂τ
` − τ ∂τ `

where for simplicity L = T − H = X + Y . Combining

dτ `
dτ x

and

1 dU
λ dτ x

we obtain





1 dU
dX
∂Y
x
x
y
y
= (D − τ ) − x + (D − τ ) − x
λ dτ x
dτ
∂τ


∂Y
dX
∂H
+ MDD X + τ x x + τ y x − (1 + MDD ) τ ` x ,
dτ
∂τ
∂τ
where
MDD =

∂Y
` ∂H
(Dy − τ y ) ∂τ
` + τ ∂τ `
.
∂Y
` ∂H
L + τ y ∂τ
` − τ ∂τ `

and L = T − H denotes labor supply.

C.

POSITIVE MARGINAL EXCESS BURDENS

1. Integrated Tax-subsidy
For ηyy (Dy − τ y ) − αη`y τ0` ≷ 0 we require
y

y

ηyy (D − τ ) ≷

where ξ(τ0` ) =

Lτ0`
Y (Dy −τ y )

αη`y τ0`


⇔ ηyy ≷

L
τ`
· y 0 y
Y D −τ



η`y = ξ(τ0` ) · η`y ,

is the ratio of total labor tax (valued at τ0` ) over total net damage of

producing Y , and it is taken as constant.
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Similarly, for (1 + τ y ) − ηyy τ y − αη`y τ0` > 0 we require (for simplicity assume τ y is
nonnegative)

y

y

ηyy τ < 1 + τ −

αη`y τ0`

⇔ ηyy

1 + τy
<
−
τy



L τ0`
·
Y τy



η`y = θy − ϕ(τ0` ) · η`y ,

where θy is the ratio of the price of Y to the unit pollution tax on Y , and ϕ(τ0` ) is the ratio of total labor tax (valued at τ0` ) over the total pollution tax on Y , both of which are taken as constant.

2. Double Dividend
For ηy` (Dy − τ0y ) − αη`` τ ` < 0 we require (for simplicity assume τ ` is nonnegative)
`

y

αη`` τ > ηy` (D −

τ0y )


⇔ η`` >

Y Dy − τ0y
·
L
τ`


ηy` =

ηy`
,
ξ(τ0y )

where ξ(τ0y ) is the ratio of total labor tax over total net damage of producing Y (valued at τ0y ).
Similarly, for α(1 − τ ` ) − ηy` τ0y − αη`` τ ` > 0 we require
`

`

αη`` τ < α(1 − τ ) −

ηy` τ0y

1 − τ`
−
⇔ η`` <
τ`



Y τ0y
·
L τ`


ηy` = θ` −

ηy`
,
ϕ(τ0y )

where θ` is the ratio of net labor price to the unit labor tax, and ϕ(τ0y ) is the ratio of total labor
tax over the total pollution tax on Y (valued at τ0y ).

D.

PROOF FOR PROPOSITION 1

Proof. To save space we define A = ηy` τ0y + αη`` τ ` and B = ηyy τ y + αη`y τ0` and thus we have
ηy` Dy − A
ηyy Dy − B
−
α(1 − τ ` ) − A (1 + τ y ) − B




(ηy` Dy − A) (1 + τ y ) − B − (ηyy Dy − B) α(1 − τ ` ) − A



.
=
α(1 − τ ` ) − A (1 + τ y ) − B

MT S − MDD =

100

Since the denominators of MT S and MDD are both positive, the denominator of MT S −MDD is
also positive, thus the sign of MT S − MDD only depends on the numerator, which is rearranged
as







A ηyy Dy − (1 + τ y ) − B ηy` Dy − α(1 − τ ` ) − Dy αηyy (1 − τ ` ) − ηy` (1 + τ y ) .

Plugging A and B in and manipulating a little we rewrite the numerator as
i
h
i
h
αη`` τ ` ηyy Dy − (1 + τ y ) − ηyy ηy` Dy (τ y − τ0y ) + α(1 − τ ` )(Dy − τ y )
h
i
+ ηy` (1 + τ y )(Dy − τ0y ) + αη`y τ0` α(1 − τ ` ) − ηy` Dy .
Lemma 1 implies that ηyy is closely related to η`y , i.e., ηyy = f (η`y ). We say MT S ≷ MDD if
and only if the numerator ≷ 0, which is equivalent to
h

i
ηyy ηy` D (τ −
+ α(1 − τ )(D − τ ) ≶
h
i
h
i
ηy` (1 + τ y )(Dy − τ0y ) + αη`y τ0` α(1 − τ ` ) − ηy` Dy + αη`` τ ` f (η`y )Dy − (1 + τ y ) .
y

y

τ0y )

`

y

y

Since τ y < τ0y and in practice the pollution tax is generally smaller than the actual damages,
h
i
i.e., τ y < Dy , we are expecting ηy` Dy (τ y − τ0y ) + α(1 − τ ` )(Dy − τ y ) to be positive, and
thus we rearrange the above condition to obtain

ηyy ≶ a + b η`` ,

where
a=

h
i
ηy` (1 + τ y )(Dy − τ0y ) + αη`y τ0` α(1 − τ ` ) − ηy` Dy
ηy` Dy (τ y − τ0y ) + α(1 − τ ` )(Dy − τ y )

and

,

h
i
ατ ` f (η`y )Dy − (1 + τ y )
b=

ηy` Dy (τ y − τ0y ) + α(1 − τ ` )(Dy − τ y )

.
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E.

THE NUMERICAL FRAMEWORK

1. The equation system
Price of goods X:

Px = w + τx

(E.1)

Price of goods Y :

Py = w + τy

(E.2)

Production of firm X:

X = Lx

(E.3)

Production of firm Y :

Y = Ly

(E.4)

Leisure consumption:

H = T − Lx − Ly

(E.5)

Aggregate pollution:

E = ex X + ey Y

(E.6)
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Household utility function:
i ρ1
h
u
U = su δu Qρu + (1 − δu )H ρu
− βE α

(E.7)

Consumption on commodity bundle:
h

Q = s q δq X

ρq

+ (1 − δq )Y

ρq

i ρ1

q

(E.8)

First order condition of X for utility maximization∗ :

∂L/∂X = 0

(E.9)

First order condition of Y for utility maximization:

∂L/∂Y = 0

(E.10)

First order condition of H for utility maximization:

∂L/∂H = 0

(E.11)

Household budget constraint:

P x X + P y Y = (w − τ ` )(Lx + Ly ) + T R
∗

(E.12)



L is the Lagrange equation, i.e., L = U + λ (w − τ ` )(Lx + Ly ) + T R − P x X − P y Y , where λ is the
Lagrangian multiplier. The notation also applies to equations (E.10) and (E.11).
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Government budget constraint:

τ x X + τ y Y + τ ` (Lx + Ly ) = T R

(E.13)

2. Additional Parameters and Variables
Q

Commodity bundle that contains X and Y

su Scale parameter of utility function U
sq

Scale parameter of commodity bundle Q

δu Share of Q in utility U
δq

Share of X in commodity bundle Q

ρu Elasticity of substitution parameter of utility U
ρq Elasticity of substitution parameter of commodity bundle Q
β

Scale parameter of disutility

α

Shape parameter of disutility
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F.

ACTUAL AND PROJECTED GROWTH RATES IN CANADA

(a) National Level GDP

(b) Output of Sector X

(c) Population

(d) Exchange Rate (USD to CAD)

Figure F.1: Growth Rates in Canada
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G.

THE PROJECTED 2018 – 2022 CANADIAN ECONOMY

Table G.1: Transaction Flows of The 2018 Canadian Economy
Sector X Sector Y
Sector X
Sector Y
Labor
Consumer
Government
Total
Pollution

Labor Consumer
39.6
2402.9

39.6

39.6

2402.9

2402.9

2002.8
439.7
2442.5

2442.5
802.1

Government

Total

Pollution

39.6
2402.9
2442.5
439.7 2442.5
439.7
439.7

85.1
717.0

Table G.2: Transaction Flows of The 2019 Canadian Economy
Sector X Sector Y
Sector X
Sector Y
Labor
Consumer
Government
Total
Pollution

Labor Consumer
39.9
2438.3

39.9

39.9

2438.3

2438.3

2032.1
446.1
2478.2
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2478.2
813.3

Government

Total

Pollution

39.9
2438.3
2478.2
446.1 2478.2
446.1
446.1

85.7
727.6

Table G.3: Transaction Flows of The 2020 Canadian Economy
Sector X Sector Y
Sector X
Sector Y
Labor
Consumer
Government
Total
Pollution

Labor Consumer
40.2
2472.6

40.2

40.2

2472.6

2472.6

2060.5
452.3
2512.8

2512.8
824.2

Government

Total

Pollution

40.2
2472.6
2512.8
452.3 2512.8
452.3
452.3

86.4
737.8

Table G.4: Transaction Flows of The 2021 Canadian Economy
Sector X Sector Y
Sector X
Sector Y
Labor
Consumer
Government
Total
Pollution

Labor Consumer
40.5
2505.7

40.5

40.5

2505.7

2505.7

2087.9
458.3
2546.2
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2546.2
834.7

Government

Total

Pollution

40.5
2505.7
2546.2
458.3 2546.2
458.3
458.3

87.0
747.7

Table G.5: Transaction Flows of The 2022 Canadian Economy
Sector X Sector Y
Sector X
Sector Y
Labor
Consumer
Government
Total
Pollution

Labor Consumer
40.8
2537.4

40.8

40.8

2537.4

2537.4

2114.1
464.1
2578.2
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2578.2
844.9

Government

Total

Pollution

40.8
2537.4
2578.2
464.1 2578.2
464.1
464.1

87.7
757.2

