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Abstract 

Greenhouse gas emissions have global consequences. As countries are strengthening their efforts to 

prevent climate change, the manufacturing industry of each country is required to comply with 

regulations. This paper examines the effects of emission-abatement policy on emission amounts in 

manufacturing. Our trade model with firm heterogeneity shows that the higher emission standards do 

not necessarily reduce emission amounts. Testing this paradoxical result, we employ the 

industry-level data from manufacturing sector in India, which is the one of the largest contributors to 

greenhouse gas emissions, for the period 2005 to 2012. This data allows us to examine the impact of 

the higher emission standards on emission amount. The empirical tests suggest that higher emission 

standards increase emission amounts within Indian manufacturing sector, supporting the model 

prediction.  
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1. Introduction  

World trade volume today is nearly 200 times higher than it was in mid-20th century. In the context 

of rapid trade expansion, the relation between trade and the environment continues to be a matter of 

contentious debate. Economists have been intensely studying the effect of expanding trade on the 

environment, as well as the effect of environmental policies on economic activities from positive and 

normative aspects (e.g., Copeland and Taylor, 1994; 1995; 2003)1. 

Regarding the former, a widely held view argues that trade liberalization affects environmental 

status through three channels: a change in the scale of economy (scale-effect); the emission intensity 

of production (technique-effect); and the share of comparatively advantaged industries, i.e., the 

pattern of specialization (composition-effect)2 Recently, application of the monopolistic competition 

model with firm-heterogeneity à la Melitz (2003) to this field has also attracted attention to the 

                                                  
1  The production function in Copeland and Taylor (1994) assumes a (limited) substitution 

possibility between labor and pollution inputs. This means that given the output level, a firm can 

reduce pollution by hiring more labor for abatement activities. Hence, the supposition for abatement 

activity in our model is similar to Copeland and Taylor (1994). By using this type of production 

function, Ishikawa and Kiyono (2006) investigated the potential for an equivalence relationship 

between emission taxes, emission permits (quotas), and emission standards. However, their model 

does not involve firm heterogeneity. 
2 Forslid et al. (2014) consider the case where manufacturing firms have two choices for abating 

their emissions by extending the Copeland and Taylor (1994) abatement technology. Similar to our 

model, they assume that labor inputs and equipment investments are used for abatement; that is, the 

firms incur both variable and fixed abatement costs. Konishi and Tarui (2015) also supposed that 

both variable and fixed components incur the cost of emissions through the price of emissions 

permits. 
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impact of trade through a change in intra-industry resource allocation, the so-called 

reallocation-effect.3 For example, Yokoo (2009), Baldwin and Ravetti (2014), Forslid et al. (2014), 

and Kreickemeier and Richter (2014) examine the effect of trade liberalization on pollution 

emissions within the framework of firm-heterogeneity. In terms of environmental policies under an 

open economy, the above-mentioned Yokoo (2009) and Cui (2017) studies investigated the impacts 

of trade liberalization under a firm-heterogeneity framework using a Copeland and Taylor (1994) 

type abatement technology.4 In addition, in the case of pollution stemming from consumption, Levy 

and Dinopoulos (2016) analyzed the impacts of environmental quality standards in addition to trade 

liberalization on intra-industry trade patterns, pollution and welfare. 

To incorporating into such impact of intra-industry reallocation into our trade and environment 

discussion, we develop an open firm-heterogeneity model with emission abatement standards 

(hereafter, emission standards) based on Greaker and Rosendal (2008). Using this model, we 

theoretically analyze the effect of an emission standard on the aggregate output and amount of 

emissions in the country concerned via various channels, including a change in intra-industry 

reallocation. 

                                                  
3 Open-economy firm-heterogeneity models usually assume that an export plant faces a higher fixed 

cost than a domestic plant, because an export plant may be required to pay the cost of forming a 

distribution and servicing network in the foreign market, in addition to domestic product-planning 

costs. In contrast, as we assume the fixed cost as the expenditure for the abatement equipment and 

facilities, it is preferable not to set a differential in the fixed cost between domestic and export plant. 
4 For details of the derivations of these solutions, see Appendix A. 
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 Our main finding is as follows: the effect of an emission standard on the emissions a country 

produces depends on its level of regulation. If the government implements a severe environmental 

standard, further tightening of the standard reduces emissions. In contrast, if the government has 

implemented a lax environmental regulation, paradoxically, a tightening of policy increases 

emissions, despite the decreases in aggregate output. 

Testing this paradoxical result, we employ the industry-level data from manufacturing sector in 

India. India experiences the rapid economic growth from 2000’s. In the 2000’s, the average GDP 

growth rate is over 7%. The growing economy requires the massive production in manufacturing 

because of growing domestic and international demand. The expansion of production leads to the 

expansion of CO2 emission. Figure 1 shows the expansion of CO2 emission within the manufacturing 

industry during the period 2005 to 2013. 

Figure 1 Overall CO2 emissions due to various fuel use within the manufacturing industry 

In order to deal with the expansion of the green house gas emission from manufactures, Indian 

government set up the ministry of climate change in 2008, and conducted Perform, Achieve, and 

Trade (PAT) Mechanism for Energy Efficiency in 2008. PAT is the regulation for the emissions from 

manufactures. Each plant is given a specific energy consumption target to meet over a period of 3 

years. Any additional savings can be used to earn energy saving certificates (ESCerts), which are 

tradable with designated plant who are short of targets. Plants unable to nullify their shortfalls will 
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be penalized 1 million INR (US$0.02 million), in addition to an amount proportional to the number 

of units the target is short by. The plants selected by government belong to the Iron and Steel; 

Non-Ferrous Metals; Palp, Paper and Print; or Wood and Wood Products Industry. This situation 

gives room for the analysis of the impact of higher emission standard on the emission amount by the 

difference in difference (DID) approach. 

 The remainder of this paper is organized as follows. Section 2 explains the data and variable. 

Section 3 develops the theoretical framework of our analysis. In Section 4, we show the empirical 

identification and estimation results. Section 5 concludes our analysis. 

 

2. Data and variables 

We use emission amount at industry level data for the period 2005 to 2012 from the Council on 

Energy, Environment and Water (CEEW) report in 2017 (Gupta and Ganesan, 2017). CEEW 

estimates the CO2 emission in Indian manufacturing sector. They follow the Intergovernmental 

Panel on Climate Change (IPCC) guidelines, and estimate the CO2 emission at industry level from 

the Annual Survey of Industries (ASI). The ASI, conducted by India’s Central Statistical Office 

(CSO), provides a fairly comprehensive picture of manufacturing activities in India. 

Figure 2 shows an industry level CO2 emission in Indian manufacturing during the period 2000 

to 2012. Following CEEW, we classify Indian manufacturing sector into 13 industries, such as 
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Petroleum refining; Manufacture of Solid Fuel; Iron and Steel; Non-Ferrous Metals; Chemicals; Palp, 

Paper and Print; Food Processing, Beverages and Tobacco; non-metallic minerals; Transport; 

Machinery; Wood and Wood Products; Textile and Leather; and Non-specified Industry. The figure 

shows the upward trend of CO2 emission of each industry as same as the total emission within the 

whole manufacturing industry. Especially, manufacturing of iron and steel products double the 

emission from 105 million tonnes to 212 million tonnes during the sample period. 

Figure 2 A time series of greenhouse gases emission estimates for the manufacturing sector 

We are interested in the relationship between the emission level and the abatement activity of 

plant. The abatement activity needs the investment for the plant’s facilities, such as solar power 

generation, low-emission boiler and so on. Those facilities may not contribute the production 

activity or improve the productivity, so that it is reasonable to treat those investments as the fixed 

cost of a plant. ASI data provides us the unique variable, the fixed asset for pollution control 

equipment. Although ASI provides the plant-level information, we aggregate the plant data into the 

industry data. 

The emission amount may different between the different emission standards. エラー! ブッ

クマークが自己参照を行っています。 shows a box plot of emission amount, comparing the 

treatment group, which is the regulated industry under PAT, and the control group. The figure shows 

the median and variance are larger in the treatment group than in the control group. Although the 
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causality between emission amount and the tightening emission standards, both of them seems 

related. 

Figure 3 Box plot of emission amount 

Figure 4 shows the time series of the fixed asset for pollution control equipment for each 

industry. Most of industries increase their investment for the pollution control facilities. Especially, 

petroleum refining industry dramatically increases it. 

Figure 4 A time series of the fixed asset for pollution control equipment 

Although both of CO2 emission and the fixed asset for pollution control equipment at industry 

level shows the increased trend, it is not clear whether the investment for the pollution control 

equipment prevent the expansion of CO2 emission, or it does contribute to the expansion. The latter 

case seems paradoxical, but it might occur if we think about the trade and firm-heterogeneity. Next 

section theoretically provides the mechanism how the fixed asset affects the CO2 emission. 

 

3. The Model 

3.1 Utility and demand 

There are  𝑛 1 symmetric countries in the world and 𝑛 shows the number of trade partners. The 

preferences of a representative consumer are given by a standard CES utility function over a 

continuum of goods, 𝑈 𝑞 𝑣 𝑑𝑣∈ 𝑛 𝑞 𝑣 𝑑𝑣∈

⁄
, where the variables associated 
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with domestic and export goods are indicated by the subscripts 𝐷 and 𝐸𝑋, respectively, and 0

𝜌 1. The measure of the set 𝑉 represents the mass of available goods, 𝑀, and 𝑞 𝑣  (𝑖 𝐷, 𝐸𝑋) 

shows the consumption demand of the differentiated goods indexed by 𝑣. We consider the set of 

varieties consumed as the aggregate good 𝑌 ≡ 𝑈, as in Melitz (2003). Price index of the industry is 

defined as 𝑃 𝑝 𝑣 𝑑𝑣∈ 𝑛 𝑝 𝑣 𝑑𝑣∈  with the elasticity of the substitution 

𝜎 ≡ 1 1 𝜌⁄ 1. These preferences generate the consumption demands: 

𝑞 𝑣 𝑌 (𝑖 𝐷, 𝐸𝑋).                         (1) 

 

3.2 Emission-abatement activity 

Labor is the only input for emission-abatement activity and goods production, and it is inelastically 

supplied at its aggregate level, 𝐿. The symmetricity of countries ensures that all countries adopt a 

common emission standard, 𝑧. Because of a stiff penalty, producers follow the standard and engage 

in emission-abatement activity to meet the regulation. For simplicity, suppose that one unit of goods 

production yields one unit of emission, and that each plant can reduce 𝐴  units of emission through 

its abatement activity. Then, the actual amount of emissions discharged from each type of plant is 

shown as 𝐸 𝑞 𝐴  and 𝐸 𝜏𝑞 𝐴 . Therefore, the emission-abatement rates are 

derived as 1 𝜀 𝐴 𝑞⁄  and 1 𝜀 𝐴 𝜏𝑞⁄ , where 𝜀 ≡ 𝐸 𝑞⁄  and 𝜀 ≡ 𝐸 𝜏𝑞⁄  

are emissions per unit of output. As all plants face a common emission standard, the 
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emission-abatement rate of every plant is equal to 𝑧 (i.e., 1 𝜀 𝐴 /𝑞 𝑧 and 1 𝜀

𝐴 /𝜏𝑞 𝑧); hence we have 𝐴 𝑧𝑞  and 𝐴 𝑧𝜏𝑞 , which are the emission standard 

equation essentially similar to those in Greaker and Rosendahl (2008). It is plausible that abatement 

activity, 𝐴, is considered as an increasing function of labor input for abatement activity, 𝑎, and 

labor productivity, ∅. Now we simply assume that 𝐴 ∅𝑎. Substituting this function into the 

emission standard equations, we obtain the abatement activity functions as follows: 

𝑎
∅

𝑧, 𝑎 𝜏
∅

𝑧.                            (2) 

Greaker and Rosendahl (2008) have already discussed abatement activity resulting from emission 

standards, but (2) implies that abatement activity in our model differs from theirs in that the level of 

abatement activity depends on the firm-specific productivity, ∅, besides emission standards, 𝑧. 

 

3.3 production and firm behavior 

The production function of domestic and export plant are shown as 𝑞 ∅𝑙 , 𝜏𝑞 ∅𝑙 , where 

𝑙 denotes the labor input for production and per-unit trade cost, 𝜏, is modeled on the iceberg 

formulation; i.e., the export of one unit of goods requires 𝜏 1 units of goods. The assumption of 

countries’ symmetricity ensures that all countries share the same wage, 𝑤, hereafter, normalized to 

one. The profit function of each plant is given as 𝜋 𝑝 𝑞 𝑙 𝑎 𝑓 (𝑖 𝐷, 𝐸𝑋), where 𝑓 

is the fixed cost for abatement activity measured in labor units. To solve our model algebraically, let 
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𝑓 be common to all plants as in Egger and Kreickemeier (2009). Moreover, we specify 𝑓 𝑧 

implying that all plants require fixed labor 𝑓 for emission-abatement activity to meet the regulation 

level of 𝑧. Maximizing the profit subject to (2) and the production functions yields the following 

pricing rules: 

𝑝 ∅
∅

, 𝑝 ∅ 𝜏
∅

.                         (3) 

Then, the profit function can be rewritten as 𝜋 ∅ 𝑟 ∅ 𝜎⁄ 𝑧 (𝑖 𝐷, 𝐸𝑋), where 𝑟 ≡ 𝑝𝑞 

suggests the revenue. Relative price, demand, and revenue are derived from (1) and (3) as follows: 

∅

∅

∅

∅
, 

∅

∅

∅

∅
, 

∅

∅

∅

∅
 (𝑖 𝐷, 𝐸𝑋).               (4) 

 

3.4 Firm entry and exit 

We adopt the usual settings in the existing literature of firm-heterogeneity of firm entry and exit. 

Prior to entry, all firms are identical. They have to make an initial investment (fixed entry cost), 𝑓 , 

which is sunk and measured in units of labor. They draw their productivity, ∅, from a common 

distribution, 𝑔 ∅ , that has a continuous cumulative distribution, 𝐺 ∅ . The Pareto distribution is 

used to parameterize as follows: 𝐺 ∅ 1 ∅ , 𝑔 ∅ 𝑘∅  (𝑘 𝜎 1, ∅ 1). Suppose 

that the lower bound of productivity is normalized to one. The firm that draws productivity ∅ ∅∗  

decides to exit and not produce, that is, ∅∗  is the lowest productivity of the successful entrant (the 

cutoff productivity). The distribution of the productivity of a producing firm, 𝜇 ∅ , is determined by 
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the initial productivity draw, conditional on successful entry, as follows: 

𝜇 ∅
∅

∅∗ ∅

∅∗

∅
𝑖𝑓 ∅ ∅∗ ,

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,
  

where 1 𝐺 ∅∗  is the ex ante probability of a successful draw. The lowest productivity of the 

export firm, i.e., the export-cutoff productivity, is shown as ∅∗ . Each cutoff level, ∅∗  and ∅∗ , 

ensures the zero-profit condition of the domestic and export plant as follows: 

𝜋 ∅∗ 0 ↔  𝑟 ∅∗ 𝜎𝑧,                         (5a) 

𝜋 ∅∗ 0 ↔  𝑟 ∅∗ 𝜏 𝑟 ∅∗ 𝜎𝑧.                (5b) 

Note that (5a) and (5b) ensure that ∅∗ ∅∗  (∵ 0 𝜏 1). 

The average productivity of the operating firms, ∅ , and the export firms, ∅ , are defined as 

∅ ≡ ∅ 𝜇 ∅ 𝑑∅∅∗ ∅∗ (𝑖 𝐷, 𝐸𝑋),              (6) 

Using (4)-(6), we have 

𝑟 ∅ 𝑟 ∅ 𝑧.                         (7) 

If the firm does produce, it faces 𝛿 probability of a bad shock in every period. The firm hit by 

this shock decides to exit immediately. We consider only the steady-state equilibrium, in which the 

levels of the aggregate variables remain constant over time. Then, productivity does not change over 

time, and hence the optimal profit also remains constant. Therefore, the profit of the entry firm has to 

be zero or positive in every period until the firm is hit with a bad shock. For simplicity, we assume 

that there is no time discounting. The value function of each firm is given by 
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𝐹 ∅ 𝑚𝑎𝑥 0, ∑ 1 𝛿 𝜋 ∅ 𝑚𝑎𝑥 0,
∅

. 

Let 𝐹 ∅ ∑ 1 𝛿 𝜋 ∅ 𝜋 ∅ 𝛿⁄  represent the present value of the average profit, where 

𝜋 ∅  is the per-unit average profit of all operating firms. Note that 𝜋 (without the subscript) 

denotes the consolidated profit of a producing firm, which is defined as 

𝜋
𝜋 𝑛𝜋 𝑖𝑓 𝑖𝑡 𝑒𝑥𝑝𝑜𝑟𝑡𝑠

𝜋 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒. , 

and ∅ denote the weighted average productivity of all firms defined as 

∅ ≡
∅ ∅ ∅∅∗ ∅ ∅ ∅∅∗

. 

As all countries are symmetric, the total mass of producers serving one market, 𝑀, is given by 

𝑀 𝑀 𝑛𝑀 𝑀 1 𝑛𝜒 ,                         (8) 

where 𝑀  and 𝑛𝑀  denote the number of the domestic and export plants, respectively, and 𝜒 ≡

∅∗

∅∗  is the probability that a successful entrant will be an export firm (or the ratio of the number 

of export firms to successful entrants). 

The average value function before entry, 1 𝐺 ∅∗ 𝐹 ∅ , is equal to the fixed entry cost, 𝑓 , 

therefore the free entry condition (FEC) is derived as 

𝜋 ∅ 𝛿𝑓 ∅∗ .                               (9) 

 

3.5 Comparative statics 

Solving our model algebraically, we obtain the solutions of the endogenous variables as shown in 
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Appendix A. Using those solutions, we derive the total emission from every country as follows: 

𝐸 ≡ 1 𝑧 𝑞 ∅ 𝑀 𝜇 ∅ 𝑑∅ ∅∗ 𝑛 1 𝑧 𝜏𝑞 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗ ∆ ,    (10) 

where 𝑘 𝜎  is a parameter related to a measure of the degree of size dispersion across firms, 

𝑘 𝜎 1 , and 

∆ ≡ 1 𝑘 𝜎 𝐿 𝜌
⁄

𝑧 ⁄ , 

suggests the measure of total output. More specifically, 1 𝑘 𝜎 𝐿 is the measure of the number 

of plant, and the square bracket denotes the measure of average demand (output) per plant. 

In our model, the assumption of ∅∗ 1 imposes the parameter constraint; 

𝑧 𝑧 ≡ , 

where 𝑧 suggests the lower limit of the range of emission standard, 𝑧. Hereafter, we make our 

analysis in the range of 𝑧 𝑧 1. 

Differentiating (10), we obtain the policy effect on emission amounts as follows: 

𝐸

⎝

⎜
⎛

  
 

  
  

  
  

⎠

⎟
⎞

⋛ 0.   (11) 

The first term in the parenthesis of (11) implies that a tightening of emission-abatement policy 

decreases 𝐸 via a rise in the emission-abatement rate. This effect can be regarded as the so-called 

direct effect, which is a traditional effect in the literature of trade and environment. Next, as shown in 

the second term, a tightening of regulation encourages plants to hire more labor for abatement 
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activities. Consequently, all operating plants raise prices because of increased labor costs. In turn, 

consumption demand (therefore, output), and hence emission amount, 𝐸, decreases. This channel of 

the policy impact on emission can be regarded as the cost raising effect. The third term shows the 

effect through intra-industry resource reshuffling. We call it the average productivity effect, which is 

a unique effect of the firm-heterogeneity framework. A strengthening of emission-abatement policy 

induces an increase in fixed cost. Then, the lower productivity firms will be unable to pay such cost 

and exit from the market, and the cutoff productivity rises. Therefore, the number of firms engaging 

in abatement activity decreases, and hence 𝐸 increases. The magnitude relation between the direct, 

cost raising, and average productivity effect determines the sign of (11), but it is not strictly 

determined. If the average productivity effect is weaker than the sum of other effects, as widely 

expected, such policy reduces emissions. Otherwise, however, a strengthening of 

emission-abatement policy paradoxically increases emissions. 

 

4. Empirical verification  

4.1 Estimation strategy 

We assume that the measure of total output, ∆ 𝑧, 𝜏, 𝑛; 𝐿, 𝜎, 𝑘, 𝛿, 𝑓 , in (10) is related to a vector of 

observable country-specific characteristics, 𝑍, through the following equation; 

∆ 𝑧, 𝜏, 𝑛; 𝐿, 𝜎, 𝑘, 𝛿, 𝑓 𝛽𝑍 𝜀, 
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where 𝜀 is error-term. Using this equation and (10), we obtain 

𝐸 𝛼 𝛼 𝛼 𝛽𝑍 𝜀 ,                          (12) 

where 𝐸  is the CO2 emission amount within industry 𝑖 in year t, and Z is the fixed asset for 

pollution control equipment within industry 𝑖 in year t. 

Although equation (12) may show the correlation between the emission amount and the 

fixed asset for pollution control equipment, we use the difference in difference (DID) approach 

to identify the causality between the emission amount and the emission standard. We regard the 

industries under the PAT system as a treatment group, and otherwise industries as a control 

group. The PAT is conducted at 2008, so that post-period is dummy variable taking 1 after 2008. 

Under the condition, we estimate the following equation, 

𝐸 𝑎 𝑏 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑏 𝑃𝑜𝑠𝑡_𝑝𝑒𝑟𝑖𝑜𝑑 𝑏 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  𝑃𝑜𝑠𝑡_𝑝𝑒𝑟𝑖𝑜𝑑 𝑒 , (13) 

where 𝑒  is error term. 

We also estimate the effect of the increase in the fixed asset for pollution control 

equipment on the emission amount under the PAT by the difference in difference in difference 

(DDD) approach. The estimation equation is as follows, 

𝐸 𝑐 𝑑 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑑 𝑃𝑜𝑠𝑡 𝑑 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  𝑃𝑜𝑠𝑡 𝑑 𝑍  

𝑑 𝑃𝑜𝑠𝑡 𝑍 𝑑 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  𝑍 𝑑 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  𝑃𝑜𝑠𝑡 𝑍  

𝑒 .                                                                  (14) 
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The coefficient, 𝑑 , shows the impact of the increase in the fixed asset for pollution control 

equipment on the emission amount under the PAT. 

 

4.2 Estimation Results 

Column 1 in Table 1 presents the results of the OLS fixed-effect estimation. In this estimation, we 

find the positive relationship between the emission amount and the abatement activity. This 

paradoxical outcome could be caused by the average productivity effect, which is discussed in the 

theoretical part. 

Column 2 in Table 1 presents the results of DID approach. The interaction term between 

treatment and post period is positive and significant. This result suggests the treatment industries 

increase the emission amount after the implementation of PAT. This suggestion is paradoxical 

because PAT tight the emission standard due to the rigid penalty rule. 

As we see the PAT increases the emission amount, we are also interested how investment for 

pollution control equipment acts upon the result of the DID approach. Column 3 in Table 1 shows 

the DDD approach result. The interaction term between treatment, post period and fixed asset for 

pollution control is positive and significant. This result suggests that larger fixed asset for pollution 

control equipment increases the emission amount under PAT. 

Table 1 Effects of abetment activity on the CO2 emission 
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5. Conclusion 

This paper examines the effects of emission-abatement policy on emission amounts in 

manufacturing. Our trade model with firm heterogeneity shows that the higher emission standards do 

not necessarily reduce emission amounts. Testing this paradoxical result, we employ the 

industry-level data from manufacturing sector in India, which is the one of the largest contributors to 

greenhouse gas emissions. This data allows us to examine the relationship between an emission level 

and an investment for emission-abatement activity at industry-level. As Indian government moreover 

tighten the emission standard in a particular industries under the Perform, Achieve, and Trade (PAT) 

Mechanism for Energy Efficiency in 2008, we regard the regulated industries as treatment group and 

examine the impact of tighter emission standard on the emission amount, applying the difference in 

difference approach. The result shows that tighter emission standard increases the emission amount 

within the regulated industries under PAT. Moreover, we examine how the investment for pollution 

control equipment acts upon the result of the DID approach. The estimation result shows that 

increase in the investment, or abatement activity, increases the emission amount. 

 

Appendix A: Derivations 

Using (4)-(5b) and the definition of 𝜒, we have 
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𝜒 ≡
∅∗

∅∗
∅∗

∅∗
∅∗

∅∗ 𝜏 𝜏 .                   (A1) 

The derivation of the equilibrium value of ∅ is as follows: 

∅
∅∅∗ ∅ ∅ ∅ ∅ ∅∅∗

  

∅∗ ∅∗

 [∵ (6) and 𝑀 𝜒𝑀 ] 

𝑀 𝑀 1 𝑛𝜏 𝜒
∅∗

∅∗ ∅∗   

𝑀 𝑀 1 𝑛𝜒 ∅∗  [∵ (A1)] 

∅∗ ∅  [∵ (8)]                                           (A2) 

The aggregate profit of all firms, 𝛱, is derived as follows: 

𝛱 𝜋 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗ 𝑛 𝜋 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗   

∅
𝑧 𝑀 𝜇 ∅ 𝑑∅∅∗ 𝑛

∅
𝑧 𝑀 𝜇 ∅ 𝑑∅∅∗   

∅
𝑧 𝑀 𝑛𝜏

∅
𝑧 𝑀  [∵ (4), (6), and (A1)] 

𝑧 𝑧 𝑀 1 𝑛𝜏  [∵ (7)] 

𝑧𝑀 1 𝑛𝜏 .                                                (A3) 

Considering (A3), the average profit 𝜋 ∅ ≡ 𝛱 𝑀⁄  is derived as follows: 

𝜋 ∅ 𝑧 1 𝑛𝜏 . 

Using this equation and (9), we have 𝜋 ∅ 𝛿𝑓 ∅∗ 𝑧 1 𝑛𝜏 , and hence 

∅∗ 𝑧 .                                                 (A4) 

Note that, as we assumed that ∅∗ 1, the parenthesis in (A4) also has to smaller than/equal to one. 
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Therefore, our analysis faces the following parameter constraint: 

1 𝑧 ↔  𝑧 ≡ 𝑧. 

The aggregated revenue is derived as 

𝑅 𝑟 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗ 𝑛 𝑟 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗   

𝑟 ∅ 𝑀 𝑛𝑟 ∅ 𝑀  [∵ (4) and (6)] 

𝑟 ∅ 𝑀 1 𝑛𝜒  [∵ (7) and 𝑀 𝜒𝑀 ] 

𝑀𝑟 ∅ . [∵ (8)]                                                    (A5) 

Considering the aggregated revenue equals to labor income, i.e., 𝑅 𝑤𝐿 𝐿, and (A5), we find 

that 𝑀𝑟 ∅ 𝐿. Then, we obtain the following: 

𝑀
∅

.                                                   (A6) 

The solution of the price index is derived as follows: 

𝑃 𝑝 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗ 𝑛 𝑝 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗   

∅

∅
𝑝 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗ 𝑛𝜏

∅

∅
𝑝 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗   

[∵ (3) and (4)] 

∅𝑝 ∅ ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗ 𝑛𝜏 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗   

∅𝑝 ∅ 𝑀
∅ ∅ ∅∅∗ ∅ ∅ ∅∅∗

  

∅𝑝 ∅ 𝑀 ∅  [∵ the definition of ∅] 

∅
. [∵ (3) and (A6)]                                       (A7) 
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Considering 𝑅 𝐿 and 𝑅 𝑃𝑌 and using (A7), we can derive the solution of 𝑌 as follows: 

𝑌
∅

𝐿  

𝐿 𝑧  [∵ (6) and (A4)] 

𝜎 1 , 𝜉 ≡ 0.            (A8) 

Finally, we show the derivation of the (10) as follows: 

𝐸 ≡ 1 𝑧 𝑞 ∅ 𝑀 𝜇 ∅ 𝑑∅ ∅∗ 𝑛 1 𝑧 𝜏𝑞 ∅ 𝑀 𝜇 ∅ 𝑑∅∅∗   

1 𝑧
∅∗

∅
𝑞 ∅ 𝑀 1 𝑧 𝑛

∅∗

∅
𝜏𝑞 ∅ 𝑀  [∵ (4)] 

1 𝑧 𝑞 ∅ 𝑀 𝑛𝜏𝑞 ∅ 𝑀  [∵ (6)] 

1 𝑧 𝑞 ∅ 1 𝑛𝜏𝜒 𝑀  [∵ (1), (3)-(6), and 𝑀 𝜒𝑀 ] 

𝜌𝐿 𝑧 . [∵ (3), (7), (8), (A2), (A4), and 𝑞 ]  (10) 
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Figure 3 Overall CO2 emissions due to various fuel-use within the manufacturing industry 

 

Source: Gupta and Ganesan, 2017 
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Figure 4 A time series of greenhouse gases emission estimates for the manufacturing sector 

 

Source: Re-product from Gupta and Ganesan, 2017. 
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Figure 3 Box plot of emission amount 

 

Source: Author’s calculation. 

Note: Treatment group takes 1, and control group takes zero. 
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Figure 5 A time series of the fixed asset for pollution control equipment 

 

Source: Author’s calculation from ASI data. 
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Table 2 Effects of abetment activity on the CO2 emission 

  (1) (2) (3) 

Dependent Variable Emission Emission Emission 

        

Fixed asset for pollution control 0.000968* -0.000498 

(0.000531) (0.00150) 

Treatment 3.774e+07 

(2.319e+07) 

Post period 3.385e+06 430,561 

(2.652e+06) (2.994e+06) 

Treatment* Post period 2.316e+07*** -3.811e+06 

(4.780e+06) (8.681e+06) 

Post period * Fixed asset for 

pollution control 0.00114 

(0.00123) 

Treatment* Fixed asset for 

pollution control -0.00315 

(0.00320) 

Treatment* Fixed asset for 

pollution control* Post period 0.00693** 

(0.00277) 

year 2.106e+06*** 

(546,003) 

Constant -4.212e+09*** 5.259e+06 6.073e+06 

(1.097e+09) (1.005e+07) (1.142e+07) 

Observations 104 104 104 

R-squared 0.242 0.479 0.515 

Number of Industries 13 13 13 

Standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 


