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May 2016. Printed in Canada / Mai 2016. Imprimé au Canada
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Abstract. We study firm investment in abatement technology under a heterogeneous-firm
framework. We find that more-productive firms make more (less) investment in abate-
ment technology if investment and productivity are complements (substitutes). Under
linear demand, firms’ abatement investments exhibit an inverted U-shape with respect to
productivity level. This finding is in contrast to results in existing studies. We also find
that in response to tightened environmental regulations, more-productive firms raise their
respective investments in abatement technology, whereas less-productive firms do the op-
posite. More-productive firms have lower pollution emission intensity. The key theoretical
predictions are confirmed by empirical tests using Chinese data.

Résumé. Qui investit le plus dans la technologie avancée de réduction des effets nocifs sur
l’environnement? Théorie et résultats. On étudie l’investissement de firmes hétérogènes
dans des technologies de réduction de réduction des effets nocifs sur l’environnement.
On découvre que les firmes les plus productives font plus (moins) d’investissement dans
de telles technologies si l’investissement et la productivité sont des compléments (substi-
tuts). Quand la demande est linéaire, les investissements dans de telles technologies ont
une forme de U inversé par rapport au niveau de productivité. Ces résultats contrastent
avec ceux des études existantes. On découvre aussi qu’en réponse aux réglementations
environnementales plus restrictives, les firmes les plus productives augmentent leurs in-
vestissements respectifs dans ces technologies, alors que les firmes moins productives font
l’opposé. Les firmes les plus productives ont une intensité d’émissions polluantes moindre.
Les prédictions théoriques sont mises au test empirique à l’aide de données chinoises.
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1. Introduction

People have become increasingly more concerned about the environment. Ex-
isting researches on understanding the pattern and impacts of pollution have
largely been undertaken at the country and industry levels. However, as firms are
the main pollution generators, related issues must be examined at the firm level.
Traditional studies of environmental economics work with models that assume
representative firm. This is at odds with reality as in reality firms are different
in many aspects and have different environmental behaviours. Recent empirical
studies have found that larger firms or more-productive firms have lower emission
intensity (Shadbegian and Gray 2003, Forslid et al. 2011), and larger firms spend
more on environmental protection (Biehl and Klassen 2009).

The lack of theoretical studies at the firm level is due to the unavailability of a
general framework that characterizes firm heterogeneity. The Melitz (2003) model
in international trade can be used to analyze heterogenous firms’ environmental
behaviours. Empirical studies at the firm-level are also scarce because of the
difficulty in obtaining firm-level environmental data. The present paper makes a
contribution to the literature along these two directions.

Recent theoretical studies have begun to focus on heterogeneous firms’ envi-
ronmental behaviour. Those studies generally conclude that pollution emission
intensity of a firm decreases with respect to its productivity. Some studies also
show that a firm’s investment in abatement technology increases with respect to
its productivity. The present paper confirms the decreasing emission intensity
result, but shows that the relation between firms’ investments in abatement tech-
nology and firms’ production productivity depends on whether the investment
and productivity are substitutes or complements. With linear demand, we ob-
tain an inverted U-shape: when productivity is low, an increase in productivity
raises a firm’s investment level, but when productivity is high, a further increase
in productivity reduces a firm’s investment level.

We test the inverted U-shape investment by introducing the productivity square
term as a regressor in the standard regression model. Our empirical analysis using
Chinese firm-level data supports the inverted U-shaped investment pattern.

Our paper makes a number of significant contributions to the growing lit-
erature on heterogenous firms and environment. First, all existing theoretical
studies use the Melitz (2003) model from the trade literature to analyze the dif-
ferential effects of trade on heterogeneous firms’ environmental performance. For
example, Bajona et al. (2010) showed that more-productive firms are exporters
and have lower emission intensity than less-productive firms. Cui et al. (2012)
obtained similar results from a model with the possibility of investment in clean
technology.1 Although our model is built on Melitz and Ottaviano (2008) model,

1 Yokoo (2009) also introduced firm heterogeneity to an environment model, but examined a very
different issue: how environmental regulation affects a country’s competitiveness, i.e., the Porter
hypothesis. The result is very straightforward: tightening regulation drives out less-productive
firms, thereby increasing the average productivity.
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our emphasis is on the relationship between firm productivity and investment in
abatement technology, abstract from the effect of trade. Cui et al. (2012) reinter-
preted technological adoption in the Bustos (2011) model as adoption of different
environmental technology, with clean technology associated with larger fixed cost
and smaller marginal cost than dirty technology. Cui et al. (2012) showed that
high-productivity firms adopt the clean technology. Forslid et al. (2011) found
that under some parameter restrictions, firm investment in abatement technology
is positively related to firm productivity. On the contrary, we show that invest-
ment in abatement technology exhibits an inverted U-shape with respect to firm
productivity. Thus, we must appeal to data to resolve the difference. Forslid et al.
(2011) found empirical support to their prediction using Swedish firm-level data.
Similarly, we also find empirical support to our prediction using Chinese data.
Results from these two papers are not inconsistent as they use data from different
countries. However, the Swedish data in Forslid et al. (2011) could in fact exhibit
an inverted U-shape had the productivity square term been introduced in their
regression model as is done in our model.2

Second, all existing papers predict that more-productive firms have lower emis-
sion intensity. This negative relationship between pollution emission and firm
productivity is confirmed by a number of empirical studies: Cui et al. (2012) used
detailed facility-level data of the US manufacturing industry in year 2002 and
2005, Forslid et al. (2011) used Swedish firm-level data, and Shadbegian and
Gray (2003) used US paper mills industry data in 1985.3 Our study also confirms
this relationship using Chinese data.4

Third, we examine the effects of environmental policy on firms’ environmental
behaviour and obtain results that differ from those in existing studies. Without
investment in abatement technology, Yokoo (2009) showed that tightening envi-
ronmental regulation results in resource reallocation from less-productive firms
to more-productive firms. Konishi and Tarui (2013, 2015) analyzed and compared
the effects of different environmental policies on heterogenous firms to show that
the results and intuition could be very different from the conventional findings.
With investment in abatement technology, Forslid et al. (2011) predicted that the
incentive to invest in abatement technology will fall for all firms in response to
tightening environmental regulations. The logic is that as pollution tax goes up,
firms will pollute less. Thus, the incentive to invest in abatement technology will

2 Other empirical observations are subject to similar reinterpretation. Statistics Canada (2006)
reported that larger businesses in Canada spend more (in per employee terms) on environmental
protection, and Biehl and Klassen (2009) showed that within the same industry, larger firms
spend more on pollution abating activities.

3 There are a few firm-level empirical studies in trade literature that compare exporters and
non-exporters with regard to their environmental performance. According to these studies,
exporters’ emission intensity is generally lower than that of non-exporters (e.g., Holladay 2016).

4 Some other studies relate firm attributes to firm environmental performance. Zhang et al. (2008)
used data collected from 89 firms from a Chinese county to show that firms with larger scale are
more active in improving their environmental management performance, which is measured
based on 12 indicators obtained from surveys. Earnhart and Lizal (2010) used US data based on
firms from chemical manufacturing industry and found that better managed firms (measured by
return on sales) have higher levels of environmental management.
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also fall due to economies of scale. On the contrary, we find that although the scale
effect prevails among less-productive firms, more-productive firms will increase
their investment in abatement technology in response to a rise in pollution tax.
The reason behind this result is closely linked to the inverted U-shaped invest-
ment curve. As very productive firms do not have a large investment in abatement
technology, the marginal cost of raising investment level to reduce pollution is
very low for them.5

The rest of the paper is organized as follows. We present the model in section 2.
Sections 3 and 4 contain all the theoretical analyses and equilibrium results.
Empirical analyses are conducted in section 5. Section 6 concludes the paper.

2. Model

We consider an economy with two industries: a homogeneous goods industry and
a differentiated goods industry. We treat homogenous goods as the numeraire,
with price equal to unity and the industry characterized by perfect competi-
tion. Our focus is on the differentiated goods industry, which is characterized
by monopolistic competition. We assume that consumers have the preference
U =q0 +u({qi}i∈Ä), where q0 is the total consumption of the homogenous goods,
u(·) is the utility function of consumptions of all varieties from the differentiated
goods industry (where Ä is the set of varieties available) and qi is the consumption
of variety i ∈Ä. Consumers maximize their utility subject to a budget constraint.
Such an optimization will lead to demand for each individual variety. Generally,
these individual demands are interdependent. Given the symmetry of all varieties,
we can assume that a firm is facing an inverse demand function p(q; 0), where
p is the firm’s own price, q is demand for the firm’s variety and 0 is the set of
possible endogenous aggregate variables. With monopolistic competition, each
firm will treat 0 as constant when making its pricing or output decision. 0 is then
determined in equilibrium.

Production of both the homogeneous goods and differentiated goods needs to
employ a composite of inputs which may include labour, capital and others. The
technology for the homogeneous goods is simple. By choosing units properly,
we assume that producing one unit of homogeneous goods requires one unit of
inputs. Hence, input price is also equal to unity.

For the differentiated goods, we will consider a variant of the Melitz-type
heterogenous-firm model. There is a set of incumbent firms with measure 1 in
the industry. Production requires no fixed cost. Before production takes place, all
incumbent firms in the industry draw their productivity parameter ' randomly
from a uniform distribution on [0, 1]. After observing its productivity level, a

5 There is another strand of literature that is concerned about the opposite direction: the effect of
regulation on productivity (Gray 1987). For example, Gray and Shadbegian (2003) found that
tightened environmental regulations result in higher abatement cost and, subsequently, lower
productivity at the plant level.
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firm can decide whether to stay or exit the industry. If a firm stays, it produces a
distinct variety for the market. If a firm’s productivity draw is ', its production
function is q(x; '), which is increasing in both x (the input level) and '.

Production generates pollution. Assume that one unit of pollution is generated
from one unit of production input used. However, a firm can invest in advanced
abatement technology to reduce pollution. Suppose that by investing in k amount,
measured by homogeneous goods, pollution will be reduced to f (k)x, where
f (0)=1, f (k) > 0, f ′(k) < 0 and f ′′(k) > 0. The convexity of f (k) indicates that as
investment increases, its marginal effectiveness decreases.

A government can regulate pollution in many ways. It can impose a pollution
tax, a pollution quota, a tax on using pollution-generating inputs or a quantitative
restriction on energy use. In this paper, we consider pollution tax, ¿, imposed on
each unit of pollution generated by a firm.

3. Analysis

Given any 0, each firm in the differentiated goods industry makes its optimal
decision on production and abatement technology investment. Individual firms’
decisions then determine the values of the aggregate variables in 0. Equilibrium
exists when the given values of 0 and the derived values of 0 are equal. In order
to focus on individual firms’ decisions, we assume existence of equilibrium. We
will provide a proof of the existence of equilibrium for the special case.

The analysis in this section is carried out for any given 0 (of course including
the equilibrium 0). For succinctness, we suppress 0 from all expressions below.

3.1. Equilibrium abatement technology investment: The general case
Let R(x; ') be the revenue function of the firm with productivity '. Then, R(x; ')−
x − f (k)x¿ is the profit of the firm for any given level of abatement technology
investment k, excluding the investment cost. Given k, the firm chooses its input x
[or equivalently output q(x; ')] to maximize the profit. We use ¼(k; ') to denote
its profit at optimum:

¼(k; ')=max
x�0

[R(x; ')−x − f (k)x¿]. (1)

We use xÅ =xÅ(k; ') to denote the solution to the above maximization problem.
The first-order condition is:

@R
@x

−1− f (k)¿ =0. (2)

Differentiating (2) with respect to ' and using the second order condition, @2R
@x2 <0,

we obtain:

sign
(

@xÅ

@'

)
= sign

(
@2R
@x@'

)
. (3)
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That is, if higher marginal revenue of input is associated with higher productivity,
then a more productive firm will also employ more input and, of course, will also
produce more. In contrast, if higher marginal revenue of input is associated with
lower productivity, then a more productive firm will use less input, but the output
may still be higher.

The firm chooses the investment level to maximize its net profit, which is the dif-
ference between the profit derived above and the cost of investment, maxk [¼(k; ')
−k]. The first-order condition is:

@¼(k; ')
@k

−1=0. (4)

Again, differentiating (4) with respect to ' and using the second-order condition,
@2¼(k; ')

@k2 < 0, yields:

sign
(

@k
@'

)
= sign

(
@2¼

@'@k

)
. (5)

That is,
@k
@'

is positive (negative) if abatement technology investment and produc-

tion productivity are complements (substitutes).
To see the link between (3) and (5), we apply the envelope theorem to (1) and

obtain
@¼

@k
=−¿f ′(k)xÅ. Differentiating this equation with respect to ' allows us

to obtain:

sign
(

@xÅ

@'

)
= sign

(
@2¼

@'@k

)
. (6)

Thus, (5) and (6) together imply:

sign
(

@k
@'

)
= sign

(
@xÅ

@'

)
. (7)

Based on the above analysis, we obtain two important observations. First, from
(5), we note that whether abatement technology investment is increasing or de-
creasing in productivity is associated with whether at optimum, productivity and
abatement investment exhibits complementarity or substitutability. The intuition
is clear: when investment and productivity are complements, a firm with higher
productivity will find its profit larger when it has higher investment level, and so
it is optimal for it to invest more; the converse is true when they are substitutes.

Second, (3) and (7) together provide an alternative way to see how investment in
abatement technology and productivity are related. Specifically, (7) indicates that
whether a more-productive firm will invest more or less in abatement technology
purely depends on whether its production generates more or less pollution, which
is positively associated with the level of input. The optimal level of input, as
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(3) shows, in turn depends on the change in marginal revenue responding to
productivity increase, which may be positive or negative.

The above observations reveal the general property of equilibrium abatement
technology investment. The question is when the marginal revenue is increasing or
decreasing in productivity, or when investment and productivity are complements
or substitutes. We explore this issue next.

3.2. Equilibrium abatement technology investment: A specific case
We now give more specifications to the model in order to present a concrete
picture of the abatement technology investment of all firms with different pro-
ductivity levels. This will generate a more practical and testable hypothesis as a
special case of the results obtained in the preceding subsection. Following Melitz
and Ottaviano (2008), we assume that there are N identical consumers and each
(representative) consumer has the following quasi-linear form of preference:

U =qc
0 +®

∫
i∈Ä

qc
i di − 1

2
¯

(∫
i∈Ä

qc
i di
)2

− 1
2

°

∫
i∈Ä

(qc
i )2di,

where ®, ¯ and ° are positive parameters; qc
0 is the consumption of the numeraire;

Ä is the set of all varieties from the differentiated goods industry; and qc
i is the

consumption of variety i. A consumer maximizes her utility subject to a budget
constraint. As a result, market demand for variety i from all N consumers is pi =
®− ¯

N

∫
j∈Ä qjdj − °

N qi . Parameter ¯ measures substitutability among varieties.
Let M be the measure of Ä (i.e., the total number of varieties or the total

number of firms remaining in the market) and P = ∫i∈Ä pidi be the aggregate
price of all varieties. Then, the demand function for variety i is:

pi =A−bqi , (8)

where:

A= ®° +¯P
¯M +°

and b= °

N
. (9)

The demand slope b is exogenous, but the demand intercept A is endogenous,
depending on both the degree of product substitution (captured by ¯) and the
degree of market competition (captured by P and M).

Suppose that production function takes the form q =√
'x. Then, the revenue

function can be written as:

R(x, ')= (A−b
√

'x)
√

'x. (10)

Furthermore, assume f (k) = 1
1+k . Then, the profit maximization problem of a

firm with productivity ' is:

max
x�0,k�0

[
R(x, ')−x − ¿x

1+k
−k
]
. (11)
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From the two first-order conditions (with respect to x and k, respectively), it
can be shown that the inner solution to this problem is:

k(')= A
√

¿' −2¿

2(1+b')
−1 and x(')= A

√
' −2

√
¿

2(1+b')
. (12)

The range of ' for inner solution is given by ['̌, '̂], where:

√
'̌ = A

√
¿ −
√

A2¿ −16b(1+ ¿)
4b

and
√

'̂ = A
√

¿ +
√

A2¿ −16b(1+ ¿)
4b

.

Let 'k be the solution to k′(')=0, which gives:

'k =
[

2
√

¿

A
+
√

1
b

+ 4¿

A2

]2

∈ ('̌, '̂).

We can show that k(') is strictly concave and it reaches the maximum at 'k .
Note that the condition 'k < 1 can be reduced to A(b−1) > 4b

√
¿. Later, we can

show that this inequality holds with the equilibrium A under some conditions
(specifically, if '̂ < 1 in equilibrium, then it must be also the case that 'k < 1).
Thus, with A(b − 1) > 4b

√
¿, the equilibrium abatement technology investment

k(') exhibits an inverted U-shape within ('̌, '̂). This analysis leads to the following
proposition:

Proposition 1. Suppose that there exists an equilibrium in which '̂ < 1. Then, only
firms with intermediate levels of productivity, ' ∈ ('̌, '̂), make positive abatement
investments in equilibrium. For those firms that make positive investments, the equi-
librium investment level exhibits an inverted U-shape with respect to productivity.
Specifically, more-productive firms have more investment when ' < 'k but have less
investment when ' > 'k.

Proposition 1 presents a special case of the general property described at the
end of section 3.1. From the expression of the revenue function (10), we can get
the partial derivative:

@2R
@x@'

= A
4
√

'x
−b.

We can show that
√

'x(') is an increasing function of '. Thus, evaluated at this

optimal input level x('),
@2R
@x@'

is an decreasing function of ' in ['̌, '̂]. Let 'R be

the point such that
@2R
@x@'

=0. As long as 'R ∈ ('̌, '̂),
@2R
@x@'

is positive for ' < 'R

and negative for ' > 'R. As a result, when ' increases, k will increase for small '

and decrease for large '. In fact, it can be directly checked from (12) that 'R ='k
[and since 'k ∈ ('̌, '̂), 'R also lies in ('̌, '̂)].
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We should emphasize that the inverted U-shape investment property is
obtained under linear demand derived from the quasi-linear preference. We show
below that such a property will not hold for constant elasticity of substitution
(CES) preference, which is used in most existing studies (e.g., Yokoo 2009, Forslid
et al. 2011, Konishi and Tarui 2015). A CES preference will imply a demand func-
tion like p=Eq−¾ , where ¾ is the constant demand elasticity. Then, the revenue
function is given by R =Eq1−¾ =E(

√
'x)

1−¾
2 and:

@2R
@x@'

=
(

1−¾

2

)2

E('x)
−1−¾

2 ,

which is always positive. Thus,
@k
@'

> 0 for all ', which is the result obtained in the

existing studies using a CES preference.
Given the opposite results from quasi-linear preference and CES preference,

it is interesting to find out conditions and reasons for the inverted U-shape prop-
erty. To this end, we assume a general demand function p = p(q) with the usual
properties. Then, the revenue function is R(x; ')=p(

√
'x)

√
'x. It can be shown

that
@2R
@x@'

> 0 if and only if:

p′′q2

p
+1 >

3
"

,

where " is the elasticity of the demand curve (in absolute value, i.e., positive).
It can be shown that under a CES preference, the above condition always holds.

On the one hand, with CES, demand elasticity " is constant and so the right-
hand side of the inequality is constant. On the other hand, with CES, demand
is sufficiently convex, i.e., p′′ is sufficiently large, so that the left-hand side of the
inequality is large and always larger than the right-hand side. In contrast, under
linear demand, p′′ =0. In other words, the linear demand is not convex enough.
The inequality becomes 1 > 3

"
, and thus it totally depends on demand elasticity.

Since the high-productivity firms produce at the inelastic portion of the demand
curve (high-productivity firms produce a large quantity), the condition does not
hold for the high-productivity firms and holds only for low-productivity firms.

From the above analysis and in particular the comparison between the linear
demand and the CES preference, it becomes clearer why and when the inverted
U-shape investment property exists. First, regardless of the type of demand func-
tion, more-productive firms always produce more than less-productive firms, and
so the marginal return of abatement investment is larger for the former than the
latter. This scale effect results in higher incentive for more-productive firms to
invest than less-productive firms.

Second, an increase in advanced abatement investment will increase the quan-
tity produced as the firm is less worried about the pollution tax. This can be seen
from differentiating (2) with respect to k, which gives @2R

@x2
@xÅ

@k − f ′(k)¿ =0. Thus,
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@xÅ

@k > 0 because @2R
@x2 < 0 and f ′(k) < 0. However, for different types of demand

functions, the implications of a higher production scale on revenues and prof-
its are not the same. For example, under linear demand, more-productive firms
produce at the relatively more inelastic portion of the demand curve than less-
productive firms. This means that more-productive firms have less incentive to
invest in advanced abatement technology because the resulted quantity expansion
would cause a larger fall in price. This disincentive generates an offsetting force
to the aforementioned scale effect. When productivity is very high, the disincen-
tive gets very strong and dominates the scale effect, resulting in lower investment
associated with higher productivity. The intuition holds for demand functions
with curvatures not too different from linear demand, i.e., not too convex. That
is, the two effects together shape the inverted U-shaped investment curve: for
less-productive firms, the scale effect dominates the disincentive to invest due to
price reduction, while for more-productive firms, the later dominates the former.

In contrast to the case under linear demand and other not-too-convex demand
functions, the disincentive does not exist under the CES generated demand func-
tion because demand elasticity is constant everywhere along the demand curve.
Thus, in this case, only the scale effect exists, which explains why under CES, the
investment always increases with productivity. With very convex demand func-
tions other than CES, although the disincentive may exist for firms with very
high productivity, it is weak and always dominated by the scale effect. Hence,
monotonicity prevails.

Proposition 1 is established under the assumption that equilibrium in which
'̂ < 1 exists. To make the analysis meaningful, we now formally provide sufficient
conditions for existence of such an equilibrium.6

Proposition 2. Suppose b > 1 and ln( ¯
2 )+ 2

¯
< 2. Then, there exists ¿̃ > 0, such that

when ¿ < ¿̃, equilibrium in which '̂ < 1 exists.

3.3. Pollution emission and resource allocation
An important question in the literature is how firms allocate resource between
production and pollution reduction. To explore this issue, we focus on the linear
demand model described above and introduce the Copeland and Taylor (2003)
specification of resource allocation. Specifically, given any pollution abatement
technology to a firm, by devoting some inputs to abatement, the firm can reduce
its pollution level. If the firm employs x units of inputs and allocates a fraction,
μ ∈ [0, 1], to pollution abatement, the amount of inputs available for production
is (1− μ)x and the output of the variety that the firm produces is:

q =
√

'(1− μ)x. (13)

As a result, the firm’s actual productivity is endogenously determined where ' is
its exogenously given productivity. Without making any investment in abatement
6 The proof is quite lengthy. It is available upon request from the authors. However, we prove a

similar result, proposition 2′, later.
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technology, pollution generated from the firm’s production is assumed to be z =
S(μ)x, where S(μ) is the standard abatement function that satisfies S(0)=1, S(1)=
0 and S′(μ)<0 . We follow Copeland and Taylor (2003) to assume S(μ)= (1−μ)

1
s ,

where 0<s<1. s captures the effectiveness of the standard abatement technology:
a larger s indicates lower efficiency as @S

@s > 0.
With investment k in abatement technology, the firm’s total pollution level

will be:

z = f (k)S(μ)x. (14)

For tractability, we assume:

f (k)=
(

1
1+k

) 1
s

. (15)

Facing demand (8), production (13) and (14) and environmental regulation ¿,
a firm with productivity ' chooses its total inputs x, the fraction of inputs for
abatement μ and investment in advanced technology k to maximize its profit. To
this end, optimization is conducted by first deriving the optimal profit for any
given k, denoted by ¼('; k), and then deriving the optimal investment level.

Using (13) and (14) to eliminate μ, the production function can be written as:

q =
√

'(1+k)zsx1−s. (16)

For a given x, choosing the fraction μ is equivalent to choosing the pollution
level z. Thus, we can view output as a result of using both inputs and pollution
in the production process. This production function yields the following cost
minimization problem:

min
{x, z}

(¿z +x) s.t. '(1+k)zsx1−s =q2.

From the first-order conditions, we obtain:
z
x

= s
1− s

1
¿

. (17)

The equation above is the pollution-to-input ratio, which is independent of the
productivity level. With higher pollution tax, every firm allocates a larger fraction
of inputs to pollution abatement to reduce pollution. This ratio increases with
s, meaning that pollution-to-input ratio is higher with a less effective abatement
technology. Using this result in '(1+k)zsx1−s =q2, we can solve for the optimal
z and x as below:

x =
(

1− s
s

¿

)s q2

'(1+k)
, z =

(
1− s

s
¿

)s−1 q2

'(1+k)
.

Hence, the minimum cost function for a given k is:

C(q; ', k)= ½

'(1+k)
q2, where ½ = ¿s

ss(1− s)1−s .
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The firm chooses q to maximize its profit (excluding investment cost): maxq>0
[(A−bq)q −C(q; ', k)]. The first-order condition yields the optimal output:

q('; k)= A'(1+k)
2[b'(1+k)+½]

, (18)

and the optimal price and profit, respectively:

p('; k)= bA'(1+k)+2½A
2[b'(1+k)+½]

and ¼('; k)= A2'(1+k)
4[b'(1+k)+½]

. (19)

Based on the previous analysis, we obtain the following optimization problem
for k: maxk [¼('; k) − k]. From (3), we learn that ¼('; k) is strictly concave in
k. The optimal investment level can be obtained from the first-order condition,
which gives:

k(')=
{ A

√
½'−2½

2b'
−1 > 0 for all ' ∈ ('Å, 'Å Å)∩ [0, 1]

0 otherwise,
(20)

where 'Å and 'Å Å are given as:

'Å ≡ ½

16b2

(
A−

√
A2 −16b

)2
and 'Å Å ≡ ½

16b2

(
A+

√
A2 −16b

)2
. (21)

To examine how firms with different productivity levels choose their respective
investments, we take the partial derivative of k with respect to productivity ', for
' ∈ ('Å, 'Å Å)∩ [0, 1], which gives:

@k
@'

= 4½ −A
√

½'

4b'2

{
> 0 for all ' < 16½=A2

< 0 for all ' > 16½=A2.
(22)

The above analysis leads to the following proposition:

Proposition 1′. Suppose that there exists an equilibrium in which 'Å Å < 1. Then,
only firms with intermediate levels of productivity, ' ∈ ('Å, 'Å Å), make positive in-
vestments in advanced abatement technology in equilibrium. For those firms that
make positive investments, more-productive firms have more investment in equilib-
rium when ' < 16½

A2 but have less investment when ' > 16½

A2 .

Proposition 1′ is similar to proposition 1. It indicates that the inverted
U-shape property exists even if we incorporate the Copeland–Taylor (2003)
resource allocation and allow a more general investment function (15). The dis-
cussion below helps explain why the inverted U-shape property remains.

For any given x and μ, the total cost of production and pollution penalty is
given by:

¿z +x = ¿

(
1− μ

1+k

) 1
s

x +x.
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Notice that the use of advanced abatement technology not only reduces pollu-
tion directly but also releases inputs from the use for abatement. These released
resources can then be allocated to production, which in turn raises output. This
efficiency-enhancing effect can be seen more directly from (16), which clearly
indicates that investment in advanced abatement technology, k, directly enters
into the production function. With a larger k, the output will be larger even if
x and z remain the same. Accordingly, we define the effective input bundle as
x̂ = (1+k)zsx1−s.

Then, the (minimized) unit cost of the effective input bundle (i.e., the minimum
cost of using each unit of effective input bundle) can be derived from:

min
{x,z}

(¿z +x) s.t. (1+k)zsx1−s =1.

After a simple calculation using the corresponding first-order conditions, we
obtain the unit cost function for x̂, which is equal to ½

(1+k) .
With the above definitions and calculations, the profit maximization problem

of firm ' can now be rewritten as:

max
x̂�0,k�0

[(A−b
√

'x̂)
√

'x̂ − ½

1+k
x̂ −k]. (23)

Comparing the above optimization problem to (11), we can find that the prob-
lem with the Copeland–Taylor resource allocation, i.e., (23), is almost isomorphic
to the one without, i.e., (11) in subsection 3.2. The only difference is that there is
an additional input term x as part of the cost in (11), which is absorbed into the
unit cost of the effective input bundle in (23). However, since this term will disap-
pear in any second-order and cross partial derivative, it is clear that derivation of
the general proposition does not depend on whether or not this term is included
in the optimization function.

The key message from the above discussion is that the reasons for the existence
of inverted U-shape in the absence of the Copeland–Taylor resource allocation
(i.e., proposition 1) apply exactly to the case in the presence of the Copeland–
Taylor resource allocation (i.e., proposition 1′).

We now explore how firms differ in allocating the fraction of their inputs to
pollution abatement. From (14), we obtain:

μ =1−
( z

x

)s
(1+k). (24)

From (17), the ratio z
x is constant across all firms and independent of k. Thus, @μ

@'
=

− @k
@'

, and with proposition 1′, we immediately establish the following proposition:

Proposition 3. Suppose that there exists an equilibrium in which 'Å Å < 1. Then, all
firms with ' < 'Å or ' > 'Å Å have the same fraction of inputs devoted to pollution
abatement. For those firms with ' ∈ ('Å, 'Å Å), the equilibrium fraction of inputs
devoted to pollution abatement is smaller for more-productive firms if ' < 16½

A2 , but
the fraction is larger for more-productive firms if ' > 16½

A2 .
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As indicated by (24), substitution occurs between μ and k. If a firm decides to
allocate a larger fraction of its inputs to pollution abatement, pollution emission
will be reduced. As such, a larger investment to improve the abatement technol-
ogy is not desirable. Similarly, if a firm has made a large investment on abatement
technology, it will need to worry less about the total emission generated from its
production, thereby leaving more inputs for production is optimal. Following the
property of k as presented in subsection 3.2, this substitution makes it easy to
understand the opposite changes in μ and k with respect to a change in produc-
tivity. For less-productive firms, that is, ' < 16½

A2 , those with higher productivity
invest more in advanced abatement technology, which in turn allows theme to
allocate a smaller fraction of inputs to abatement and leave more to production,
without generating too much pollution. By contrast, for more-productive firms,
that is, ' > 16½

A2 , those with higher productivity invest less in advanced abatement
technology, which in turn will require them to allocate a larger fraction of inputs
to pollution abatement.

Our next issue is about firms’ emission intensity, which is defined as emission
divided by output. This is a common measure of environmental performance. Let
e denote the emission intensity; then e= z

q . We can prove the following proposition
(see the appendix):

Proposition 4. In any equilibrium, a more-productive firm has a lower emission
intensity: @e

@'
< 0.

In the proof of proposition 4, we also show that @q
@'

>0, that is, more-productive
firms produce more output. Among the firms making positive investment in
abatement technologies, we can also prove: (i) @z

@'
> 0 for low-productivity firms

and (ii) under some conditions, @z
@'

< 0 for the high-productivity firms. Thus, the
monotonicity of q(') contributes to the decrease in emission intensity, but it is
not the only reason. A firm’s emission level may actually drop as its productivity
increases, and even if the emission level goes up, the rate of increase is lower than
that of the increase in output.

Similar to the analysis in the previous subsection, to ensure that the above
analyses and results are meaningful, we now provide sufficient conditions for
existence of equilibrium. The proof is in Appendix.

Proposition 2′. Suppose ® > 2
√

b ( ¯
°

+2). Then there exists ¿̂ > 0, such that when
¿ < ¿̂, equilibrium in which 'Å Å < 1 exists.

4. Impacts of environmental policies

In this section, we examine firms’ equilibrium investment in advanced abatement
technology in response to changes in environmental policies.

From (20), we observe that ¿ affects k through ½ only and sign( @k
@¿

)= sign( @k
@½

)
because @½

@¿
> 0. Furthermore:
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@k
@½

=
A
4

√
'
½

−1+
√

½'

2
√

r
· @A

@½

b'
(25)

for those firms that make positive investment in advanced abatement technology.
Based on (24), we derive our result of policy effect on abatement technology in-
vestment with two technical limitations. First, we would like to focus on the most
interesting case in which the inverted U-shape investment exits, the condition of
which is 16½

A2 < 1 as indicated in proposition 1′. This condition depends on en-
dogenous variable A. Proposition 2′ has provided a sufficient condition. Second,
as we cannot obtain the closed form solution for the equilibrium A (except in the
case of 'Å > 1, which is less interesting and not our focus), let us first examine the
equilibrium effects of changing pollution tax by treating A as constant. We will
return later to discuss the possible change when the general equilibrium effect
is taken into consideration. Assuming @A

@½
= 0 for the moment, we immediately

know that @k
@½

> 0 if and only if ' > 16½

A2 , which is just the turning point of the
productivity level for the inverted U-shape investment curve. Hence, we establish
the following result:

Proposition 5. Suppose that ® > 2
√

b( ¯
°

+ 2) and ½ is sufficiently small. Then,
an increase in pollution tax results in contrasting responses from the firms: more-
productive firms (' > 16½

A2 ) raise their investments in advanced abetment technology,
whereas less-productive ones (' < 16½

A2 ) reduce their investments.

The intuition is as follows. In response to an increase in pollution tax, a firm
can do two things. On the one hand, the firm can reallocate more input from
production to pollution reduction. On the other hand, it can increase investment
in abatement technology to reduce the existing level of pollution. The proposition
shows that less-productive firms prefer using the former method to reduce pol-
lution, and as a result, they correspondingly reduce their abatement-technology
investment level to save cost, whereas more-productive firms find the latter
approach more profitable. The key reason is that reallocating one unit of input
from production to pollution reduction hurts the more-productive firms’ profits
more compared with the less-productive firms’ profits due to their difference in
production efficiency.

Proposition 5 applies to the range of firms that make positive investment before
the tax increase. However, the two thresholds also change. We can obtain @'Å Å

@½
> 0

and @'Å

@½
> 0. That is, low-productivity marginal firms (i.e., those just above the

critical level 'Å ) switch from making positive investment to making zero invest-
ment when pollution tax increases. By contrast, high-productivity marginal firms
(i.e., those just above the critical level 'Å Å) switch from making zero investment
to making positive investment in response to pollution tax increases.

Forslid et al. (2011) predicted that the incentive to invest in abatement technol-
ogy will fall for all firms as pollution cost increases. As pollution tax goes up, firms
will pollute less, which reduces their incentive to invest in abatement technology
(the scale effect). Our prediction is different with regard to high-productivity
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firms. In Forslid et al. (2011), high-productive firms always generate more pol-
lution than low-productivity firms and will thus invest more in abatement tech-
nology. By contrast, in our setting, high-productivity firms do not always have
larger investment. This difference indicates that the marginal effect of further
investment is lower in their model than in our model, thus, high-productivity
firms find it optimal to increase their investment in our model but to reduce their
investment in the model proposed by Forslid et al. (2011).

We now turn to the general equilibrium effect by including the indirect effect
through A. From (19), every firm raises its optimal price in response to the tax
increase (holding A constant, @p

@¿
> 0). This move tends to raise A. Thus, @A

@¿
> 0

or @A
@½

> 0. From (25), this indirect effect raises the value of @k
@½

. As long as @A
@½

is
not too large, we can still have @k

@½
< 0 for ' sufficiently close to 'Å, i.e., very low

productivity. Then, the qualitative aspect of proposition 5 is still valid (with a
different cut-off productivity level). Even if @k

@½
> 0 for all ', our finding is still and

even more in contradiction to that of Forslid et al. (2011).

5. Empirical test

We now bring the main theoretical predictions to data. We will not test all predic-
tions partly due to limitation of data availability and partly due to the theoretical
focus of this paper.

5.1. Data and environmental regulations in China
Our empirical analysis uses data drawn from the Energy Saving and Abatement
Survey (ESAS), which covers 800 manufacturing firms in China for the period
between 2005 and 2009. The survey was conducted jointly by Chinese Academy
of Social Sciences (CASS) and Center for China in the World Economy (CCWE)
of Tsinghua University. It contains information about each firm’s energy usage,
pollutive input usage, input prices, expenditure on abatement technologies and
others.

In testing propositions 1 and 4, data on abatement technology expenditure
are of particular use. In the data, expenditure consists of investment in process
optimization, expenses for the retrofitting of old equipment and purchasing of
new equipment and labour costs associated with these activities. This is a good
measure of investment in abatement technology upgrading.

We need more information about each firm’s production and financial data in
order to measure firm productivity. However, such information is not available
in the ESAS dataset. Thus, we turn to the Annual Surveys of Manufacturing
Firms in China (ASMF) maintained by the National Bureau of Statistics of
China. This survey includes all firms with annual sales over RMB 5 million yuan
(USD 0.806 million at the exchange rate 6.20 yuan per dollar). It contains detailed
accounting information of all the surveyed firms, which allows us to estimate firm
productivity. For our empirical analysis, we need to merge the ESAS data with
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TABLE 1
TFP and abatement investment statistics

Min. Max. Mean Std. dev. Obs.

TFP (SR) 0.031 35.554 1.842 2.381 3,995
TFP (FE) 0.093 7.786 1.085 0.500 3,995
TFP (LP) 0.047 123.7 2.514 5.748 3,995
Abatement investment 13 1609345 7160.92 57312 3,995
Electricity use 12.35 935277.88 4618.19 30036.7 3,995

NOTES: Abatement investment is in thousand yuan RMB. Electricity is in kWh.

the ASMF data for the period from 2005 to 2009. The merged dataset consists
of a balanced panel of 800 firms. On average, each firm spends around RMB
7.161 million (USD 1.155 million at the exchange rate 6.20 yuan per dollar) on
abatement technology per year (see table 1 for more information). This amount
is significant as the total fixed assets of an average firm is RMB 123 million yuan
(USD 19.839 million at the exchange rate 6.20 yuan per dollar).

Our theoretical analysis shows that firms make abatement technology invest-
ment in response to pollution tax. Without government regulation on pollution,
some firms may still invest in abatement technology, but their behaviour could
be different from the theoretical prediction of our model. To provide some jus-
tifications for our empirical analysis below, we turn to a discussion of China’s
environmental regulations.

China has implemented the Pollution Levy System since the late 1970s, first
with the waste water effluent charge system launched based on the Polluters Pay
Principle (PPP), and later with the more extensive pollutant discharge levy system
started in 1982, covering air pollutants, waste water, solid waste discharges and
noises. The levy structure is very similar to pollution tax in theory. In the 11th and
the 12th Five-Year Plan periods (starting from 2006), the Chinese government put
unprecedented emphasis on energy use and pollution control. Our survey dataset
overlaps with the period of the 11th Five-Year Plan, during which the Chinese
government set a mandatory target of 20% reduction in energy intensity and 10%
reduction in sulphur dioxide emission and COD emission by 2010 relative to
the level in 2005. In addition, the Chinese government established a surcharge
program on electricity, i.e., the Differentiated Electricity Pricing (DEP) policy, to
eliminate low efficiency enterprises or over-expansion of high energy-consuming
industries. Under this policy, although the electricity price was largely controlled
by National Development and Reform Commission, the government set different
levels of electricity prices for various industries, categorized as “encouraged,” “in-
hibited” and “eliminated.” For instance, energy intensive sectors such as ferrous
product, cement, iron and steel are set at higher electricity prices, while pref-
erential electricity prices are given to enterprises categorized as “encouraged.”
DEP works similarly as an energy or environmental tax. These policies are quite
stringent and before the deadline in 2010 some local government even introduced
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man-made “blackout” to achieve such aggressive targets. It ultimately resulted in
a decline in energy intensity of about 19% and a reduction in sulphur dioxide by
14% .

5.2. Regression analysis
Based on proposition 1 (or proposition 1′), we construct the following regression
model:

log(AIit)=°1TFPit +°2TFP2
it +¯T Xit + �it, (26)

where AIit is abatement expenditure of firm i in year t; TFPit is firm i’s productivity
in year t; Xit is a vector of control variables including capital–labour ratio and
number of workers; and �it is an error term. To control for unobservable time and
firm characteristics, we also include firm and year fixed-effects in the regression.
The introduction of the productivity square term, TFP2

it, allows us to capture the
possibility of the inverted U-shape of investment in abatement technology.

Before running the above regression, we need to first estimate each firm’s pro-
ductivity level. Following the literature, we estimate firms’ total factor productiv-
ity (TFP). TFP can be estimated in three ways. We first use the simple ordinary
least square (OLS) regression approach. Specifically, we assume that production
takes a Cobb–Douglas form with respect to labour and capital and then regress
the value-added of a firm on the number of workers (L) and capital stock (K)
it has. The predicted Solow residual (SR) is used as the estimate of each firm’s
(the natural log of) TFP. However, this OLS estimation of TFP may suffer from
the simultaneity bias problem. Specifically, input choices could be endogenously
determined by productivity shocks that are unobservable, which may lead to an
upward bias in the estimation coefficients of more variable inputs, such as cap-
ital (Van Biesebroeck 2007). For this reason, to obtain robust results, we also
use two alternative estimation approaches, namely, panel fixed-effect estimation
(FE) and semi-parametric estimation. In semi-parametric estimation, we follow
Levinsohn and Petrin (2003) (LP) to use the variation in intermediate input to
proxy unobservable productivity shocks, thus reducing the simultaneity problem.
The estimated TFP statistics are given in table 1.

We run regression (26) with the fixed-effect approach, using the aforemen-
tioned three TFP measures, respectively. The regression results are reported in
table 2.7

The first two columns report the results using TFP measure based on SR;
columns (3) and (4) present findings using the TFP obtained from the panel
FE estimation; and the last two columns present outcomes employing the TFP
estimates based on the LP method. The qualitative results from all six regressions
are the same: the coefficient of TFPit is positive, whereas the coefficient of TFP2

it
is negative, all statistically significant at 1% level.

7 We rescale the estimated TFP with LP method by 1,000 times to make the coefficients more
comparable with other measures.
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TABLE 2
Productivity and investment in abatement technology

(1) TFP (SR) (2) TFP (SR) (3) TFP (FE) (4) TFP (FE) (5) TFP (LP) (6) TFP (LP)

TFP 0.226*** 0.250*** 0.683*** 0.675*** 0.118*** 0.110***
(0.008) (0.008) (0.021) (0.020) (0.004) (0.004)

TFP2 −0.006*** −0.007*** −0.052*** −0.052*** −0.001*** −0.001***
(0.000) (0.000) (0.005) (0.005) (0.000) (0.000)

Log(K/L) 0.133*** 0.134*** 0.094***
(0.010) (0.008) (0.010)

Log(L) 0.495*** 0.393*** 0.283***
(0.020) (0.016) (0.020)

Firm FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES
R2 0.951 0.957 0.967 0.970 0.951 0.952
Obs. 4,000 4,000 4,000 4,000 4,000 4,000

NOTES: ***p < 0.01. Standard errors in parentheses.

The positive sign of the TFPit coefficient, °1, and the negative sign of the TFP2
it

coefficient, °2, are necessary but not sufficient conditions to prove the inverted
U-shape of the abatement technology expenditure. They confirm only the con-
cavity of the expenditure as a function of productivity level. If the domain of TFP
is the entire real line, R, i.e., in (0, ∞), then they are also sufficient conditions.
However, if the domain of TFP is only a subset of R, which is the case in the
present paper, they are not sufficient. Following Lind and Mehlum (2010), we
proceed to test additional conditions. A simple test of the inverted U-shape can
be carried out by evaluating the slope of the estimated quadratic curve at the two
end points of the data range, denoted by 'l and 'h, respectively. This requires:

°1 +2 ·'l ·°2 > 0 and °1 +2 ·'h ·°2 < 0.

We test the above conditions using ordinary F-test. For each of the regressions
(from different TFP measures), we calculate the slopes at the two endpoints of
the TFP measure and find that they have the correct sign, i.e., positive at 'l and
negative at 'h. The corresponding F-test also yields very significant results. The
results are presented in table 3. Thus, an inverted U-shape relationship exists
between abatement technology investment and productivity level.

To determine if the inverted U-shape is driven by some outliers, we also redo
the test by excluding observations with the 1% and 5% of the highest TFP firms,
respectively. The inverted U-shape is persistent.

As noted from the empirical literature on environment and productivity, the
causality may run the opposite direction. That is, investment in abatement tech-
nology may in fact affect a firm’s TFP.8 This endogeneity problem is less serious
in our case as we are not claiming a monotonic relationship between TFP and
investment in abatement technology. Given the difficulty in identifying a good

8 For example, Earnhart and Lizal (2011) found evidence from Czech that good environmental
performance appears to improve profitability by lowering costs. See also Gray (1987).
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TABLE 3
Testing the inverted U-shape

2°2'l +°1 2°2'h +°1

TFP (SR), control for KL ratio 0.226*** −0.201***
(791.83) (155.67)

TFP (SR), control for employment 0.250*** −0.248***
(1084.01) (216.65)

TFP (FE), control for KL ratio 0.673*** −0.127**
(1112.65) (3.99)

TFP (FE), control for employment 0.665*** −0.135**
(1208.95) (4.41)

TFP (LP), control for KL ratio 0.118*** −0.130***
(817.25) (137.90)

TFP (LP), control for employment 0.110*** −0.138***
(726.21) (124.06)

NOTES: Å Åp < 0.05; Å Å Åp < 0.01. F -stat in parentheses with d.f. (1,3193).

TABLE 4
Regression with lagged productivity

(1) TFP (SR) (2) TFP (SR) (3) TFP (FE) (4) TFP (FE) (5) TFP (LP) (6) TFP (LP)

Lag.TFP 0.074*** 0.076*** 0.381*** 0.375*** 0.065*** 0.058***
(0.011) (0.011) (0.060) (0.058) (0.007) (0.007)

Lag.TFP2 −0.002*** −0.002*** −0.069*** −0.068*** −0.001*** −0.001***
(0.001) (0.000) (0.022) (0.021) (0.000) (0.000)

Log(K/L) 0.071*** 0.070*** 0.071***
(0.014) (0.014) (0.014)

Log(L) 0.375*** 0.366*** 0.353***
(0.026) (0.026) (0.026)

Firm FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES
R2 0.938 0.943 0.940 0.944 0.939 0.943
Obs. 3,200 3,200 3,200 3,200 3,200 3,200

NOTES: ***p < 0.01. Standard errors in parentheses.

instrumental variable for TFP, as an alternative, we address this issue by using
one year lagged TFP and lagged TFP squared as the instrument for TFP and
TFP squared, respectively. The OLS regression results, reported in table 4, show
that the inverted U-shape result is still robust.

Finally, we explore whether our inverted U-shape curve is really about firms
from the same industry. Recall that we follow the literature to use “love of vari-
ety” utility function to derive linear demand, but linear demand does not have
to come from “love of variety” utility function and the inverted U-shape prop-
erty in proposition 1 (and proposition 1′) does not depend on “love of variety.”
Thus, in our regression model, controlling for industry dummy, by and large, will
allow us to test the theory. However, we tackle this problem more directly now.
In our data, the total 800 firms are from 35 industries according to China
Industry Classifications. We focus on the industry with the largest number of
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FIGURE 1 TFP and abatement investment for a single industry

firms in our sample. It is the “general equipment manufacturing” industry with
101 firms and 505 observations. By simply plotting these firms’ TFP levels and
the amounts of investment in abatement technology in a graph, we can clearly ob-
serve the inverted U-shape relationship as shown in figure 1. The corresponding
results from regression analysis are presented in table 5, which clearly confirms
the concavity of the abatement investment with regard to production efficiency.

5.3. Emission intensity
We now test proposition 4, which says that the emission intensity of more-
productive firms is lower than that of less-productive firms. In general, mea-
suring country-level pollution emission is difficulty and it is even harder at the
firm level. Data are simply not available to us. Alternatively, we use a firm’s usage
of pollution-generating inputs as a proxy for its pollution emission. Although
not a perfect measure of pollution emission, it is consistent with our model in
which a firm’s pollution emission depends on its total input. Note that there are
many types of pollution-generating inputs and different inputs generate different
degrees of pollution. Hence, without a very good conversion matrix, we use a
single input, namely electricity, as the proxy because electricity is the most com-
monly used input by all firms in our dataset. Although using electricity per se does
not generate pollution directly, producing electricity does. As such, the amount
of electricity used by a firm represents its share of pollution generated from pro-
ducing electricity in the economy. When the government introduces measures to
reduce pollution, power generating firms are affected and electricity price will go
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TABLE 5
Results with a single industry

(1) TFP (SR) (2) TFP (SR) (3) TFP (FE) (4) TFP (FE) (5) TFP (LR) (6) TFP (LR)

TFP 0.219*** 0.180*** 0.679*** 0.615*** 0.370*** 0.331***
(0.018) (0.017) (0.053) (0.053) (0.025) (0.024)

TFP2 −0.005*** −0.004*** −0.044*** −0.041*** −0.012*** −0.011***
(0.001) (0.001) (0.012) (0.012) (0.001) (0.001)

Log(K/L) 0.172*** 0.169*** 0.132***
(0.025) (0.020) (0.022)

Log(L) 0.450*** 0.420*** 0.299***
(0.068) (0.055) (0.061)

Firm FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES
R2 0.938 0.937 0.958 0.956 0.946 0.944
Obs. 505 505 505 505 505 505

NOTES: ***p < 0.01. Standard errors in parentheses.

up, which in turn adversely affects firms in using electricity. It is equivalent to
indirect tax on the electricity using firms.9 This approach can be used for studying
firm-level pollution. It is particularly suitable for studying pollution in China as
China’s new policy clearly has this feature of indirect tax. Under the new pilot
emission trading regime in China, electricity (pollution embedded) is included in
the emission trading programs. If a firm uses electricity that is generated from
fossil fuels, the pollution emitted from those fossil fuels will be counted as the
firm’s indirect carbon emission, and so the firm will be taxed if the pollution
exceeds the firm’s quota.

Thus, our regressor, namely emission intensity, is proxied by the ratio of the
electricity usage by a firm to the firm’s total value added (a proxy for output),
which is inflation adjusted. We regress this emission intensity on three measures
of TFP, respectively, controlling for electricity price and other variables as in the
main regression model (26). Table 6 shows the results. TFP has a negative impact
on the emission intensity of the firms, confirming our theoretical prediction.

6. Conclusion

This paper incorporates pollution emissions (Copeland and Taylor 2003) and
endogenous investments in abatement technology into a model with firm hetero-
geneity in productivity and endogenous markup (Melitz and Ottaviano 2008).
The analysis shows how firms with different productivity levels optimally choose

9 In fact the Chinese government’s environmental policy includes both pollution control and energy
saving. In the latter case, the government sets energy saving targets. Firms facing the targets
respond by reducing energy using (electricity for example) and/or investing in energy-saving
technology to avoid being punished. Our model on pollution control can be directly applied to
the case of energy saving. Thus, we can view electricity as energy rather than pollution.
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TABLE 6
Productivity and emission intensity

(1) TFP (SR) (2) TFP (SR) (3) TFP (FE) (4) TFP (FE) (5) TFP (LR) (6) TFP (LR)

TFP −0.005*** −0.006*** −0.027*** −0.027*** −0.003*** −0.003***
(0.001) (0.001) (0.001) (0.001) (0.000) (0.000)

Log(K/L) −0.002* −0.002** −0.000
(0.001) (0.001) (0.001)

Log(L) −0.015*** −0.012*** −0.008***
(0.002) (0.002) (0.002)

Firm FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES
R2 0.745 0.748 0.768 0.770 0.747 0.748
Obs. 4,000 4,000 4,000 4,000 4,000 4,000

NOTES: *p < 0.10, **p < 0.05, ***p < 0.01. Standard errors in parentheses.

the level of investment in advanced abatement technology. In particular, we find
that the incentive to invest in such technology is positively related to the pollu-
tion emission that a firm generates and takes an inverted U-shape curve against
productivity. Nevertheless, more-productive firms always have lower emission
intensity than less-productive firms. In response to a rise in pollution tax, less-
productive firms reduce their investment, whereas more-productive firms raise
their investment.

The present paper demonstrates the theoretical possibility of the inverted
U-shape investment in abatement technology, which is supported by Chinese
data based on a survey. The result may not hold for every industry and in every
country. It is therefore important to find necessary and sufficient conditions for
the inverted U-shape result to hold. Examining the welfare effects of strengthen-
ing environmental regulation and deriving the optimal pollution tax policy are
also worth further investigation. These are left for future research.

More rigorous empirical research should be carried out in future research
when richer data is available. For example, we should employ more accurate data
or estimates of individual firms’ pollution emission level in order to have a better
test of the relationship between emission intensity and productivity.

Appendix

Proof of proposition 4 From the production function, we have zsx1−s = q2

'(1+k) .
From (17) and (18), we obtain:

e = z
q

= q
'(1+k)

(
s

1− s

)1−s(1
¿

)1−s

=
(

s
1− s

)1−s(1
¿

)1−s A

2
(
b'(k +1)+½

) .

We can see @e
@('(1+k)) < 0. From the expression of optimal k, we have '(1 + k) =

max{', A
2
√

'½ − ½}. Thus, d('(1+k))
d'

> 0 except at the non-differentiable kink
point. Hence, @e

@'
< 0.
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We can also show dq
d'

> 0. Substituting the expression of optimal k from (19)
into q in (18), we obtain q = 1

2b ( A
√

½'−2½√
½'

) for '∈ ('Å, 'Å Å)∩ [0, 1], and q = A'
2(b'+½)

for ' �∈ ('Å, 'Å Å). ��

Proof of proposition 2′ Using the optimal k(') in (19), we obtain the following
individual prices:

p(')=
{

A
2 +

√
½√
'

if ' ∈ ('Å, 'Å Å)∩ [0, 1]
A(b'+2½)
2(b'+½) otherwise.

We next calculate the aggregate price based on these individual prices. Note that
no firm exits the market as there is no fixed cost of production; thus, M = 1. If
'Å Å < 1, the aggregate price is given by:

P =
∫

[0,'Å]∪['Å Å,1]

bA' +2½A

2
(
b' +½

) d' +
∫ 'Å Å

'Å

(
A
2

+
√

½√
'

)
d'.

After some manipulation, we obtain:

P = A
2

[
1+ ½

b
ln

(
b'Å +½

)
(b+½)(

b'Å Å +½
)

½

]
+2

√
½(
√

'Å Å −
√

'Å).

Substituting the expressions of 'Å, 'Å Å and A in the above equation, the equilib-
rium condition is reduced to G(A)=0 where:

G(A)=
[

1
2

+ °

¯
+ ½

2b

(
ln 8b− ln

(
1+ b

½

))]
A

−®°

¯
− ½

2b
A[ln

(
A2 −8b−A

√
A2 −16b

)
]− ½

b

√
A2 −16b.

In addition, A must be subject to the constraint 'Å Å =
√

½

4b (A +√
A2 −16b) < 1.

We prove the existence of A satisfying this constraint in a few steps.
First, we show that if ½ < b, then 'Å Å is well defined and satisfies 'Å Å < 1 if

and only if 4
√

b < A < 2
√

½(1+ b
½

). On one hand, it is easily seen that 'Å Å is well
defined if and only if A2 −16b > 0, or A > 4

√
b. Given A > 4

√
b and suppose ½ < b,

then:

'Å Å < 1⇐⇒
√

½

4b

(
A+

√
A2 −16b

)
< 1⇐⇒

√
A2 −16b <

4b√
½

−A

⇐⇒A < 2
√

½(1+ b
½

).

Second, if ® > 2
√

b( ¯
°

+2), we have:

lim
½→0

G(4
√

b)=2
√

b+ °

¯
(4

√
b−®) < 0.
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Third:

G
(

2
√

½

(
1+ b

½

))
=
[

1
2

+ °

¯
− ½

2b
ln(1+ b

½
)
]

2
√

½(1+ b
½

)− ®°

¯
− 2½3=2

b
(

b
½

−1).

Taking limit, we obtain:

lim
½→0

G
(

2
√

½

(
1+ b

½

))
= lim

½→0

(
1
2

+ °

¯

)
2
√

½

(
1+ b

½

)
− ®°

¯
=+∞.

We are now ready to prove the proposition. The second and third results
together with the intermediate value theorem imply that if ® > 2

√
b( ¯

°
+2) and ½

is sufficiently small, there exists an A∈ (4
√

b, 2
√

½(1+ b
½

)), such that G(A)=0.
Since ¿ is a monotonic increasing function of ½, there exists an ¿̂ > 0, such that

when ¿ < ¿̂, we have ½ < b and the first result above implies that there exists an
equilibrium in which 'Å Å < 1. ��
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