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Abstract

This paper studies how size- and place-based industrial regulation of local air pol-

lution affects emissions, production, and welfare when firms can abate or reallocate

emissions across plants, sectors, and regions. I examine South Korea’s cap-and-trade

system, which, because of limited monitoring and enforcement capacity, covers only

large polluting manufacturing and power plants in polluted, densely populated dis-

tricts. Using a difference-in-differences design, I find pronounced sectoral asymmetry:

in regulated manufacturing district-industry pairs, NOx, SOx, and TSP emissions fall

by 41%, 42%, and 35%, respectively, while emissions from power plants do not decline,

consistent with electrification and leakage from manufacturing to power generation. I

also document geographic leakage that decays with distance from regulated districts.

Because these spillovers prevent reduced-form estimates from recovering aggregate and

spatial incidence, I develop a spatial general equilibrium model with multiple manufac-

turing sectors and upstream power generation. The model implies that leakage accounts

for one quarter of the observed emissions response and that a 5 percent improvement

in air quality outweighs roughly 1 percent declines in both consumption and produc-

tion, raising aggregate welfare despite spatially uneven effects. The targeted policy

outperforms feasible alternatives, including a spatially uniform regulation.
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1 Introduction

How do size- and place-based industrial environmental regulations affect emissions, output,

and welfare when firms can abate or reallocate emissions? How do these effects differ across

plants, sectors, and regions? These questions are especially important for local air pollution.

Unlike greenhouse gases, pollutants such as NOx, SOx, and TSP generate damages that

are highly localized and depend on where emissions occur. In practice, since monitoring and

enforcement are costly, policies targeting these pollutants are local because the damages from

local air pollution are greater in densely populated and highly polluted regions. Further,

regulators often focus on large emitters in such locations. Such targeting can be welfare

improving when marginal damages vary across space, but its consequences depend on how

firms adjust and on where emissions relocate.

I study these issues in the context of South Korea’s local air pollutant cap-and-trade

system, the Total Volume Control of Pollutants at Place of Business. Beginning in 2020, the

system covered emissions of NOx, SOx, and TSP from large polluting establishments in pol-

luted, densely populated districts. In reality, coverage is concentrated in manufacturing and

power generation due to their significant emissions.1. Its relevance also extends beyond Korea

because this setting is useful for studying the aggregate and spatial incidence of environmen-

tal regulation because it combines two common features of a frontier local air pollution policy,

or a cap-and-trade system—size-based coverage and spatial targeting—within an integrated

national economy. Reliable emissions measurement and limited enforcement capacity are

central design constraints in emissions trading known to be a highly effective market-based

regulation (Fowlie et al., 2012), and such systems have expanded rapidly worldwide: as of

2025, more than 38 emissions trading systems were in force globally, with another 20 under

development or under consideration, including large polluting countries such as the China,

India, and U.S.. Although most of these systems regulate greenhouse gases rather than local

air pollutants, the same administrative logic is increasingly shaping air pollution markets as

well because large emitters are regulated and there is an analogy to international emissions

control even when a trading is nationally global. Further, these adminsitrative constraints

can be found in developing countries where such capacity lags behind.

Importantly, under the constraints, such a policy design can be welfare improving be-

cause it directly targets major emission sources in places where pollution damages are large.

The welfare and distributional consequences depend on how regulated plants adjust, be-

cause emissions may be reallocated across plants, sectors, and regions. Regulated plants

1Typically, they account for more than 50% of local or global air pollution in developed economies
(International Energy Agency, 2024; U.S. Environmental Protection Agency, 2024).
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may abate by changing fuel and factor use or by adopting emission control technologies.

But regulation may also induce several forms of leakage—the reallocation of emissions from

more regulated to less regulated units—across plants, sectors, and regions. Within manufac-

turing, regulated plants may lose market share to unregulated plants in the same sector or

outsource pollution-intensive activities to unregulated upstream suppliers. Industrial elec-

trification may shift emissions from manufacturing to power plants. Across space, emissions

may relocate to less regulated locations (the Pollution Haven Effect) because manufacturing

plants and power plants can produce in one location and sell in another. Understanding

these responses is central to the design of effective environmental policy under administra-

tive constraints. A growing literature studies the effects of such environmental regulations

on emissions, economic activity, and welfare. Yet evidence linking these mechanisms within

a unified framework remains limited because of the lack of granular data and identification

challenges arising from spillovers.

I begin by combining detailed data on emissions, inputs, and outputs for manufacturing

plants, power plants, and district-industry pairs and exploit policy variation across emissions

thresholds and districts in a difference-in-differences design to estimate the policy’s effects on

emissions, economic outcomes, abatement, and leakage channels. I find that regulated manu-

facturing plants increase electricity use, reduce fossil fuel consumption, and intensify the use

of emission control measure. By contrast, unregulated affiliated manufacturing plants and

regulated power plants exhibit no significant changes along these margins, although their

sales increase. The former is consistent with stronger within-manufacturing-firm leakage,

and the latter is in line with increased electricity demand from industrial electrification and

leakage from manufacturing to power generation. I then examine the policy’s effects at the

district-industry level. I find pronounced sectoral asymmetry: in regulated manufacturing

district-industry pairs, emissions of NOx, SOx, and TSP fall by 41%, 42%, and 35%, re-

spectively, relative to unregulated pairs. Sales also decline by 10%, although by less than

emissions. By contrast, emissions and sales from power plants do not decline.

I then examine where emissions leak. Leakage is concentrated in manufacturing, as power

plants do not reduce emissions and have limited scope to reallocate generation and emissions

across locations. Geographically, leakage is strongest in nearby unregulated districts, con-

sistent with spatial decay. These patterns imply that conventional difference-in-differences

estimates are biased by violations of the Stable Unit Treatment Value Assumption (SUTVA),

requiring an understanding of the geographic distribution of emissions and output. Also they

cannot by themselves deliver the counterfactuals needed for policy evaluation.

I therefore develop a spatial general equilibrium model of manufacturing plants and up-

stream power plants to interpret these channels, evaluate the welfare effects of the policy,
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and conduct counterfactual policy experiments. The model builds on Shapiro et al. (2018)

and Arkolakis et al. (2023), while extending those frameworks to incorporate abatement

through factor substitution, fuel switching, and emission control technologies, and to allow

leakage across plants, sectors, and districts. The model is disciplined by abatement elastici-

ties from the reduced-form evidence and additional estimates of substitution elasticities from

the production function estimation. These parameters include substitution elasticities across

factors and fuels and elasticities governing the use of emission control measures in response

to changes in pollution prices. Together, they determine how firms respond to environmen-

tal regulation, including the extent of leakage from industry to power generation and allow

me to translate the treatment effects into aggregate and spatial outcomes and to evaluate

counterfactual policies.

The quantitative analysis yields three main results. First, I provide a structural inter-

pretation of the empirical evidence while accounting for SUTVA violations by decomposing

the responses of regulated and unregulated plants and district-industry pairs. The model

shows that a quarter of the policy effect on emissions at the district-manufacturing industry

pairs come from leakage across districts. Second, I quantify the policy’s effects and find that

the policy raises aggregate welfare: a 5% improvement in air quality outweighs roughly 1%

declines in both consumption and production. The effects are spatially uneven. Regulated

districts benefit from cleaner air but bear losses in consumption and production, whereas

unregulated districts exhibit the opposite pattern. Third, under administrative constraints,

the observed targeted policy outperforms feasible alternatives, including a spatially uniform

regulation. For local pollutants, this occurs because targeting and the resulting leakage

shift emissions away from the most polluted and densely populated districts, where marginal

damages are highest.

Related literature

This paper brings a geographic perspective to two central questions in environmental

regulation: abatement and leakage. I study how these channels shape the spatial distribution

of emissions and economic activity. The first strand of the literature examines abatement

(Copeland et al., 2004), either through the adoption of emission control measures (Greenstone

et al., 2023) or through changes in fuel composition (De Simone et al., 2024; Murray Leclair,

2024; Colmer et al., 2025); see Gillingham and Stock (2018) for a review. This work has

improved our understanding of how firms move toward cleaner production. My findings,

however, show that abatement is accompanied by economically important leakage: when

regulation varies across emission volumes, sectors, and regions, emissions and production

can be reallocated across plants, sectors, and space.

A second strand studies such leakage (Levinson et al., 2008; Chen et al., 2021; Tanaka
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et al., 2022; Yang et al., 2024; Curtis et al., 2025). More recent work emphasizes leakage

to upstream sectors, especially power generation, in the context of rising industrial and

transport electrification (Holland et al., 2020; Holland et al., 2024; Levinson et al., 2025).

Growing regional and international disputes over emission control underscore the importance

of these issues, which are particularly salient for local pollutants whose damages are spatially

concentrated. I contribute to this literature by showing not only that both abatement and

leakage are quantitatively important, but also that part of the leakage arises precisely in

response to abatement efforts.

Regional heterogeneity adds a further dimension. Exposure to regulation and the inci-

dence of leakage depend on local conditions, including the concentration of polluting manu-

facturing activity and the availability of fossil fuel power generation capacity. A third strand

of research therefore studies environmental policy and climate shocks in space (Desmet et al.,

2015; Conte et al., 2021; Kortum et al., 2021; Cruz et al., 2022; Krusell et al., 2022; Weisbach

et al., 2023; Cruz, 2024; Cruz et al., 2024; Farrokhi et al., 2024—see Copeland et al. (2021)

and Desmet et al., 2024 for reviews).

This paper bridges these strands in a spatial setting by analyzing how environmental

regulation induces abatement—through fuel substitution and emission control measure use—

and leakage across plants, sectors, and regions. Empirically, I show that the responses are

strongly asymmetric across sectors and document how a size- and place-based air pollu-

tion policy reallocates emissions. Manufacturing plants account for most of the decline in

emissions, whereas power plants do not reduce emissions because industrial electrification

raises electricity demand and shifts emissions toward power generation. Geographic leakage

is likewise concentrated in manufacturing. Quantitatively, I develop a unified spatial model

of manufacturing and power generation with these channels, which can change the assess-

ment of the actual and counterfactual policies. Estimating the parameters that govern these

responses allows me to quantify how the balance between abatement and leakage shapes

aggregate and regional welfare.

The paper is also closely related to work on the spatial effects of environmental policy

(Fowlie et al., 2012; Shapiro et al., 2018; Xiang, 2023; Arkolakis et al., 2025). I extend

this line of research by allowing regulatory variation by size, sector, and location and by

incorporating the resulting abatement and leakage channels. The framework therefore tracks

how emissions and production are reallocated both within and across manufacturing and

power generation and regulated and unregulated regions.2 The paper also focuses on local

2The model is static. A dynamic extension could capture short-run leakage, long-run clean innovation,
and richer welfare dynamics (Xiang, 2023). I focus on the adoption of existing abatement technologies—
such as fuel switching and end-of-pipe controls including filters and scrubbers—rather than on innovation
itself, and I abstract from the fixed and sunk costs associated with large-scale abatement investment. This
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air pollution rather than greenhouse gases. Although the two often share common sources,

the relevant abatement technologies and the spatial scope of damages differ, which leads

to different policy trade-offs. Finally, Arkolakis et al. (2023) study clean growth driven by

clean power supply. Shifting the focus from power supply to environmental regulation, I

examine how sustainability can arise through industrial electrification together with clean

power generation.3

The remainder of the article is structured as follows. Section 2 summarizes the institu-

tional background, and Section 3 describes the data. Section 4 explains an identification

strategy and provides empirical evidence of the policy effect. Section 5 outlines a quantita-

tive model, and Section 6 quantifies it. Section 2 conducts counterfactual policy experiments

and presents the model-based aggregate and distributional effects on emissions and economic

activities. Section 8 concludes.

2 Policy Background

Air pollution has become a central policy priority due to its significant effects on economic

activity and human well-being. In particular, local air pollutants, such as nitrogen oxide

(NOx), sulfur oxide (SOx), and total suspended particulates (TSP ), are known to contribute

to smog and acid rain and damaging human health, infrastructure, and the environment.

Hence, Korea has regulated them since the early 1990s with two main instruments: command-

and-control regulation of pollutant concentrations and emissions taxes. Neither instrument,

however, directly constrained the total quantity of emissions. The Total Volume Control of

Pollutants at Place of Business was introduced to address this limitation.

The program is a cap-and-trade system designed to reduce emissions of NOx, SOx, and

TSP . It freely allocates emissions permits to regulated establishments, with initial allo-

cations based on pre-regulation emissions and caps that subsequently decline over time.

Because the program directly constrains the total quantity of emissions, it is better suited to

reducing aggregate emissions than earlier instruments (Figure 1). Relative to non-market-

based regulation, it also promotes cost effectiveness and compliance flexibility by allowing

firms to trade permits according to their abatement costs and their incentives to reallocate

production (Fowlie et al., 2012; Gillingham and Stock, 2018). Regulated plants must surren-

emphasis on the intensive margin is well suited to short-run policy instruments, such as pollution taxes and
permit trading systems, that operate by changing marginal incentives. By contrast, Arkolakis et al. (2025)
study lumpy abatement or technology switching in a dynamic setting with fixed adoption costs.

3Following the literature, I classify bio (biological), coal gasification, fuel cell, hydro, marine (ocean),
nuclear, solar, waste, or wind as a source of clean power generation and coal, gas, and oil (fossil fuel) as a
source of dirty power generation.
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der permits annually to match realized emissions. Excess emissions trigger fines, reductions

in future permit allocations, and potentially shutdown orders, with penalties increasing in

the severity of the violation.

Figure 1: Allowance prices and caps

Notes: The first panel shows the average market level pollutant caps in each area over time. Caps are adjusted
using past emissions proportionally across sectors. Under a cap-and-trade system, these trajectories of the
average caps represent the average policy reduction goals in regulated areas. In the second panel, the average
transaction unit price is disclosed as the annual transaction amount divided by the annual transaction volume
(excluding free transactions) in each area. I use annual average spot exchange rates to change the unit from
Korean won to US dollar. For each year and area, pollutant prices are averaged with emissions allowances
as weights. There is no explicit price-stabilizing mechanism. In both, I drop the caps and prices in the Seoul
Capital Area from its initial adoption for brevity.
Sources: Ministry of Environment, Federal Serve Bank of St. Louis.

The program reflects two dimensions of government prioritization. First, it targets pol-

luted and densely populated districts. According to the Ministry of Environment, in 2018,

the regulated districts accounted for more than 80% of TSP emissions, 88% of the pop-

ulation, and 38% of land area. Figure 2 shows that the social costs of local air pollution

are correspondingly higher in regulated districts. The policy was first introduced in the

Seoul Capital Area in 2007 and expanded in 2020 to the Central, Southern, and South-East

Areas, leaving the remaining districts unregulated.4 Importantly, the policy areas do not

align with standard administrative or policy boundaries (e.g., provinces or the Ministry of

Environment’s jurisdictions), reducing the risk of confounding from other regional policies. I

focus on the 2020 expansion because it substantially broadened the scope of the policy: the

number of regulated plants increased from roughly 400 to 1,200. Moreover, the effects of the

earlier phase remain unsettled. While this paper is, to my knowledge, the first to evaluate

the 2020 expansion, Im (2023) finds significant emission reductions from the initial adoption,

whereas Lee (2019) argues that it was ineffective.

4Since 2018, TSP has also been regulated in the Seoul Capital Area.
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Figure 2: Policy map

Notes: The left map show the spatial variation of the policy and the social costs of emissions (in billion
USD in 2018) by area. The gray area of the left map represents unregulated districts. These regulated
areas correspond to aggregates of administrative districts in South Korea. There are 250 districts—the
smallest self-governing units below 17 metropolitan cities and provinces (e.g., Seoul and Gyeonggi). In the
right map, instead of addressing pollutants separately, I use the social cost of emissions summed across
pollutants with populations as weights, SCE, as emissions and welfare measures of all three air pollutants in
monetary terms, because it is coherent and policy-relevant when different pollutants have different damages:
SCEi = Li ×

∑
p∈{NOx,SOx,TSP} SC

p × Sp
i where Li is population of district i, SCpgoverns the social cost

of pollutant p, and Sp
i is the emissions of pollutant p in district i. This calculation assumes that only local

population is exposed to local pollution. The two maps show a positive correlation. One exception to this
alignment is Gangwon Province at the right side of the Seoul Capital Area. This area is, in general, exempt
from many environmental regulations due to its relatively low development and low population.
Sources: Ministry of Environment, Federal Serve Bank of St. Louis.

The pace at which caps decline differs by market, where a market is defined as an area-

pollutant pair and the reduction schedule is set jointly by the central and local governments.

Permits can therefore be traded only within these markets. Figure 1 plots allowance prices

across areas over time. Given the declining path of permit supply, high initial prices are

consistent with effective emissions reductions, which lower permit demand over time. Sec-

tion 4 provides supporting evidence. At the same time, prices did not collapse but instead

stabilized, suggesting that the market remained active (Colmer et al., 2025).5

Second, the program targets large emitters through a two-stage rule based on emissions

5Pollutant-specific variation is presented in Figures A.1 and A.2.
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in the previous two years. An establishment is first designated as a candidate if its combined

annual emissions of NOx, SOx, and TSP exceed 10 tons. Among these candidates, a given

pollutant is regulated if its emissions exceed the pollutant-specific threshold: 4 tons for

NOx, 4 tons for SOx, or 0.2 tons for TSP . In manufacturing and power generation, plants

above these thresholds account for 71%, 66%, and 22% of emissions of NOx, SOx, and TSP ,

respectively, in regulated districts. Interviews with officials at the Ministry of Environment

indicate that these thresholds were intended to reflect the maximum quantity of emissions

that could be feasibly monitored and controlled under administrative constraints.6 Such a

constraint is prevalent for regulations like cap-and-trade systems because emissions should

be measured correctly to control caps and allocate allowances as intended. Also, although

this rule is ex-ante sector-neutral, ex-post it generates sectoral concentration in treatment:

manufacturing and power plants account for 82% of regulated establishments.7

Taken together, these features create several abatement and leakage margins. Within

sectors, emissions may shift to unregulated plants as regulated plants lose competitive-

ness. Because manufacturing and power both produce tradable goods, economic activity

and emissions can also be reallocated across locations. Across sectors, emissions may shift

from manufacturing to power generation if manufacturing plants reduce on-site fossil fuel

use by electrifying production and clean power capacity is insufficient to meet the resulting

increase in electricity demand. In that case, fossil fuel power plants face both direct regu-

lation and an indirect demand shock from industrial electrification. Within manufacturing,

dirty production stages may also be outsourced to unregulated plants.

These channels matter because they imply different distributional consequences across

space. Emissions may relocate from regulated to unregulated districts. Interviews with the

government officials suggest that policymakers were aware of this possibility but viewed it as

difficult to avoid given the need to prioritize regulation under limited administrative capacity.

Such geographic leakage may be less relevant for power plants, whose dispatch is centrally

determined by marginal generation costs. A central question is therefore whether the policy

induced abatement and leakage across plants, sectors, and districts, and, if so, by how much.

The policy intervention of interest is entry into the cap-and-trade system itself. Treated

plants were exempted from part of the pre-existing pollution tax, but this exemption was

intended to avoid double regulation at the margin. In practice, the cap-and-trade system is

6These government officials work at the Air Quality Management Division of the Korean Ministry of
Environment and the Metropolitan Air Quality Management Office of the Korean Ministry of Environment,
respectively. The former division is chosen as it governs the overall aspect of the policy, and the latter office
is chosen as it manages the policy implementation in the Seoul Capital Area and has the longest experience
with this policy since 2007.

7I group mining with manufacturing because of their similar resource-based production processes and the
frequent switching of plants between the two categories.
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more stringent because compliance requires surrendering permits against realized emissions

rather than simply paying a higher tax. I therefore define treatment as exposure to the

cap-and-trade program, not as exemption from part of the pollution tax. In the baseline

analysis, the control group consists of plants that were never brought into the new system.

As a robustness check, I also use a cleaner treatment definition that excludes plants in

the Seoul Capital Area, which had already been regulated before the 2020 expansion. For

additional institutional detail, see Appendix A.

3 Data

This section describes the data used to study the effects of the policy on emissions and

economic outcomes in manufacturing and power generation from 2016 to 2023. Appendix B

provides additional details on construction, matching, variable definitions, and coverage.

3.1 Policy and Emissions

The Korean Ministry of Environment provides two sets of policy data: a plant-level registry of

regulated establishments, including targeted pollutants, locations, sectors, and plant names,

and a pollution-market-level panel with emissions, permit allocations, and allowance prices

over time. The ministry also provides emissions information through tele-monitoring records

and the Stack Emission Management System (SEMS). Tele-monitoring provides real-time

emissions for large emitters, and SEMS extends the data with plant operation information

as a broader annual emissions inventory covering the universe of establishments and the basis

for policy targeting. Pollutant- and source-specific emission factors are available, developed

jointly with the National Institute of Environmental Research, for emissions from production

processes and fossil fuel use (Tables A.3 - A.14). Although the policy targets local air

pollutants, much of these emissions are related to fossil fuel use—coal, gas, and oil—which

also makes the setting relevant for decarbonization. In SEMS, fossil fuel use accounts for

83%, 49%, and 58% of NOx, SOx, and TSP emissions, respectively, over the sample period.

3.2 Manufacturing and Power Plants

I combine several establishment-level datasets. The main source is Statistics Korea’s Statis-

tical Business Register (SBR), which covers the universe of firms and establishments and re-

ports sales, employment, 5-digit industry classifications (also known as the Korean Standard
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Industrial Classifications (KSICs)), and locations. For mining and manufacturing establish-

ments, the SBR also reports fuel use and greenhouse gas emissions by fuel type (coal, electric-

ity, gas, oil, renewable, and the rest) based on the Mining and Manufacturing Survey (MMS)

sample. I also use the MMS, which provides detailed information on fuel expenditures, ma-

terials, wages, and other production inputs, for all plants with more than ten employees and

a representative sample of smaller plants. For power generation, I use plant-level data from

the Korea Electric Power Corporation (KEPCO), including fuel use, generation capacity,

electricity output, and plant locations. I also use administrative records from the Ministry

of the Interior and Safety and the Ministry of Environment on emission control measures

in manufacturing and power plants. While these metrics do not isolate the technology’s

utilization rate from the plant’s overall hours of operation, these records capture updates in

installed abatement equipment and its intensity of use, and provide complementary evidence

on firms’ abatement responses.

3.3 Final data

I merge these datasets using tax identifiers, locations, and industry classifications. The final

panel covers 250 administrative districts, 117 3-digit KSIC industries, and 1,018 regulated

manufacturing and power plants. Relative to the existing literature, the data offer broad

national coverage and detailed plant-level information at a fine geographic unit. This makes it

possible to track changes in emissions and economic activity across regulated and unregulated

districts. Their main limitation is standard in this setting: emissions are observed at an

aggregate district-industry level for confidentiality reasons, whereas inputs and outputs are

observed at the plant level. This constraint is particularly important for local air pollutants,

because emissions arise both from fuel use and from production processes, and because

end-of-pipe abatement plays an important role.8 I therefore use district-industry emissions

to estimate aggregate policy effects, and plant-level input and output data to study the

mechanisms behind those effects. As will be shown later, they are sufficient to guide the

model quantification and provide policy implications.

4 Empirical Analysis

This section empirically evaluates the policy effect and investigates its underlying mecha-

nisms. First, I conduct decomposition to show raw trends and give a hint on the mechanisms

8Greenhouse gas emissions, however, are typically computed with fuel uses and emissions factors in the
literature and most policy implementations.
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behind emissions reduction. Second, I use difference-in-differences to study the policy effect

more rigorously.

4.1 Decomposition

I conduct decomposition on the social cost of emissions over the regulated and unregulated

areas i, setting the year 2016 as the base period:

SCEi = Yi︸︷︷︸
Scale effect

∑
p∈{NOx,SOx,TSP}

∑
s

Yi,s

Yi︸︷︷︸
Composition effect

Li × SCp × Sp
i,s

Yi,s︸ ︷︷ ︸
Technique effect

,

where Y is output (sales), Ys is industry output (industry sales) of 3-digit industry s, and

Sp
s is emissions of p in industry s. SCp denotes the social cost of pollutant p emissions

that monetizes pollution-induced disutility. It is also the inverse of the marginal benefit

of abatement that includes health and other benefits.9 It varies by pollutant because each

pollutant has a different effect. Also, it varies by location because the cost of local air

pollution becomes stronger in populated regions due to its geographic scope. Hence, I use

the population in the base period, Li, to capture the exposure to emissions. Then, the scale

effect captures changes in SCEi only allowing changes in output scale Yi, the composition

effect captures changes in SCEi only allowing changes in industrial composition Yi,s/Yi, and

the technique effect captures changes in SCEi only allowing changes in emissions intensity

Sp
i,s/Yi,s.

Figure 3 shows that emissions in both sectors decrease more in regulated areas relative

to those in the unregulated area in line with the decreasing caps shown in Figure 1. There

was a decrease in economic activities in 2020 due to the COVID 19, but it was temporary.

In addition, in 2020, there was also a national regulation, which was implemented to address

the same pollutant emissions of unregulated plants. These plants are either smaller polluters

within regulated areas or any polluters outside regulated areas. That explains some decreases

in emissions of the unregulated area after the policy implementation. However, their effects

are limited because those regulated plants account for a significant portion of emissions as

mentioned above.

9The literature tends to estimate it using an integrative assessment model, but this is beyond the scope
of this paper. So the value is borrowed from the United States Environmental Protection Agency (EPA).
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Figure 3: Decomposition results

(a) Manufacturing

(b) Power

Notes: By construction, all effects are normalized to 100 in the base year (2016). Combining the scale,
composition, and technique effects together results in a raw data trend.
Sources: Ministry of Environment, Statistics Korea.
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Several notable decomposition results also emerge. First, in both sectors, there is a more

significant improvement in emissions intensity after the policy was implemented in 2020 in

the regulated areas. Second, the decrease in emissions is more significant in manufacturing,

implying geographic leakage. Note that such leakage is infeasible in power generation because

the electricity demand is dispatched based on the marginal power generation cost. Overall,

these results suggest many key patterns from the data. However, since this decomposition

is descriptive, I will analyze the policy effect more rigorously in the next step.

4.2 Difference-in-differences

For inference, I employ a semi-parametric difference-in-differences approach (Heckman et al.,

1997; Heckman et al., 1998), comparing trends between regulated and unregulated units.10

The units of analysis are plants and district-industry pairs because real-time emissions data

are available at an aggregate level while other variables are observed at the plant level. I

show the plant level response (abatement and leakage channels) to the policy to capture

the mechanisms behind emissions reduction. Then, I provide results on outcome variables

(emissions and output) at the district-industry level to capture the overall policy effect. The

baseline event study specification normalizes 2019 as the base period. All outcome variables

are expressed in logarithms. At the plant level, I use:

yp,t = αp + αt +
∑

τ ̸=2019

βτ × Treatp × Y earτ + εp,t,

yp,t = αp + αt + β × Treatp × Postt + εp,t. (1)

At the district-industry level, I use:

yd,s,t = αd,s + αs,t + αr,t +
∑

τ ̸=2019

βτ × Treatd,s × Y earτ + εd,s,t,

yd,s,t = αd,s + αs,t + αr,t + β × Treatd,s × Postt + εd,s,t. (2)

In both specifications, Treatu is a binary indicator equal to 1 if unit u (plant p or district

d - 3-digit industry pair s) is treated and 0 otherwise. Treatp is equal to 1 when plant p is

treated by the policy, and Treatd,s is equal to 1 when district d is treated by the policy.

Further, note that, since large polluters tend to be establishments of large firms, a signif-

icant portion of regulated manufacturing plants has unregulated affiliated plants, in partic-

ular, in the same industries: 66% and 50%.11 This is important in understanding leakage in

10Regression discontinuity is not possible because real-time emissions data at the plant level are limited.
11Firms are defined based on corporation. For those that are not corporation, the common ownership is

13



manufacturing because within-firm leakage is known to be stronger than across-firm leakage

(Chen et al., 2021; Curtis et al., 2025).12 In addition, a majority of such unregulated affil-

iated plants in the same 3-digit KSICs is in regulated areas: 86%. They are polluters just

below the thresholds. If there was strong within-firm leakage, it could have mitigated the

policy effect in regulated districts.

Hence, this setup compares regulated district-industry pairs with unregulated pairs, reg-

ulated manufacturing plants with unregulated unaffiliated ones, unregulated affiliated man-

ufacturing plants with unregulated unaffiliated ones, and regulated power plants with un-

regulated ones. r denotes provinces, t indexes calendar years, and Postt equals 1 for years

after 2019. Standard errors are clustered by unit u. The coefficients of interest are βτ and β,

which capture the average policy effect on regulated units relative to controls in event time

τ and on average over the post-policy period, respectively.13

4.2.1 Identification

The empirical strategy relies on several identifying assumptions. First, the no-anticipation

assumption must hold. The 2020 expansion was plausibly unexpected at the plant level,

especially outside the Seoul Capital Area. For Seoul Capital Area—where the regulation

existed earlier—I treat 2020 as a policy-intensity update and present robustness that excludes

this area and reports heterogeneity. The enabling statute was enacted on April 2, 2019 and

became effective on April 3, 2020, but plant level caps for 2020–2024 were disclosed only on

October 20, 2020, when the Ministry of Environment announced allocations to establishments

and set the reduction path. Public hearings held in early 2020 concerned area-level Basic

Plans (and were rescheduled on March 5, 2020 due to COVID-19) rather than plant-specific

caps. Finally, eligibility relied on absolute, recent-year criteria for sizable sources in the

new control zones, which are difficult to fine-tune just before implementation. In 2020

(the initial year), the emissions allowance at the plant level equaled the maximum of 2018

and 2019 emissions. Taken together—late disclosure of plant level caps, procedural (not

plant-specific) hearings, and threshold-based eligibility—the rollout appears to constitute a

limited-anticipation shock suitable for difference-in-differences.

used. Business group (“Chaebol”) is not used because the definition is highly extensive. It decreases the
number of firms tenfold, and as this broad definition implies there is no significant response in unregulated
and affiliated plants.

12The firm ownership in power generation is not considered because within-firm leakage is not feasible.
The electricity demand is rationed based on the marginal generation cost (dispatch). So power generation
cannot be reallocated as production in manufacturing.

13Note that the research design treats multi-pollutant regulations as a single composite policy using size
and regional variations to estimate the overall effect. Identifying the contribution of each regulation and the
interaction among them requires a structural framework because of the high colinearlity among regulations.
Section 5 shows the corresponding mechanisms and embeds them for quantification.
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Second, the parallel trend assumption requires that pre-regulation trends in outcomes

were similar between treated and controlled units. I employ a matching technique for the

plant level analysis (see Appendix B.2.3) and use fixed effects for the district-industry level

analysis. The availability of rich pre-regulation covariates and observations at the plant level

enables credible matching while the panel structure of the district-industry level data makes

fixed effects estimation natural and efficient. As will be shown later, these complemen-

tary approaches—grounded in distinct identifying assumptions—yield consistent and robust

conclusions.

Table 1: Summary statistics: plant

Manufacturing Pre-matching Post-matching
Regulated Targeted Never StdDif (mean)/Ratio (var) Targeted Never StdDif (mean)/Ratio (var)

ln Measure use 1.34 0.97 0.13 1.32 1.23 0.04
(s.e.) 3.15 2.60 1.21 3.13 2.90 1.08
ln Electricity 7.39 2.73 2.31 7.23 3.55 1.81
(s.e.) 2.24 1.77 1.26 2.18 2.19 0.99
ln Electricity share -0.97 -0.26 -0.79 -0.93 -0.34 -0.65
(s.e.) 1.03 0.75 1.38 0.98 0.89 1.09
ln Sales 11.62 7.88 2.25 11.47 8.95 1.41
(s.e.) 1.79 1.51 1.19 1.72 1.81 0.95
N 779 80,238 721 721

Manufacturing Pre-matching Post-matching
Unregulated affiliated Targeted Never StdDif (mean)/Ratio (var) Targeted Never StdDif (mean)/Ratio (var)

ln Measure use 1.98 0.97 0.32 1.98 1.96 0.01
(s.e.) 3.56 2.60 1.37 3.56 3.52 1.01
ln Electricity 5.72 2.73 1.38 5.72 4.89 0.38
(s.e.) 2.51 1.77 1.42 2.51 2.15 1.17
ln Electricity share -0.54 -0.26 -0.31 -0.54 -0.34 -0.22
(s.e.) 0.99 0.75 1.32 0.99 0.59 1.66
ln Sales 10.71 7.88 1.66 10.71 10.62 0.06
(s.e.) 1.87 1.51 1.24 1.87 1.66 1.13
N 310 80,238 310 310

Power generation Pre-matching Post-matching
Regulated Targeted Never StdDif (mean)/Ratio (var) Targeted Never StdDif (mean)/Ratio (var)

ln Measure use 0.27 0.002 0.26 0.19 0.19 0.003
(s.e.) 1.42 0.14 10.12 1.26 1.25 1.01
ln Sales 10.74 2.77 3.57 10.72 9.23 0.67
(s.e.) 2.62 1.76 1.49 2.64 3.56 0.74
N 138 53,745 136 136

Notes: Observations correspond to those of the year 2019. Fuel use is measured in ton of oil equivalent,
sales are measured in 1,000 U.S. dollars, and emission control measure use is measured in hours per year. ln
Emission control measure use is defined as ln Emission control measure use multiplied by 1{Measure update}.
Exchange rates are sourced from Federal Reserve Bank of St. Louis. StdDif stands for the standardized
difference between two groups. Ratio stands for the ratio of the variance of a covariate in the treated group
to that in the matched control group.
Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea, Federal Reserve
Bank of St. Louis.

Tables 1 and 2 present summary statistics in 2019 at both levels. For manufacturing

plants, I focus on those that have electricity use. At the plant level, regulated plants are
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larger in scale but exhibit more abatement efforts and lower emission intensities (Lyubich

et al., 2018). It also aligns with the policy motivation that large polluting manufacturing

plants are concentrated in polluted and populated regions. At the district-industry level,

regulated manufacturing has higher emissions and sales and lower emissions intensities than

unregulated, while regulated power generation has higher sales and lower emissions and

emissions intensities. The latter reflects the fact that dirty power plants are located far from

populated districts, which hints at potential leakage in power generation.

Table 2: Summary statistics: district × industry

Manufacturing Power generation
Targeted Never Targeted Never

ln NOx emissions 3.77 3.14 11.36 12.26
(s.e.) 3.34 3.17 2.57 1.74
ln SOx emissions -1.53 -1.67 7.60 9.82
(s.e.) 3.97 3.94 4.17 3.09
ln TSP emissions -2.75 -2.86 7.64 8.87
(s.e.) 3.81 3.67 3.00 1.95
ln Sales 7.06 6.64 10.35 11.05
(s.e.) 2.38 2.46 3.38 2.90
N 10,586 3,061 89 12

Notes: Observations correspond to those of the year 2019. Emissions are measured in kilograms, and sales
are measured in 1,000 U.S. dollars. Exchange rates are sourced from Federal Reserve Bank of St. Louis.
Sources: Ministry of Environment, Statistics Korea, Federal Reserve Bank of St. Louis.

One important caveat is that spillovers may arise through market reallocation and out-

sourcing across plants and may therefore propagate to sectors and regions, violating the

Stable Unit Treatment Value Assumption (SUTVA). As a result, untreated plants may also

respond to the policy, so the difference-in-differences estimates must be interpreted with

care. To isolate within-firm leakage, I compare regulated and unregulated unaffiliated plants

and unregulated affiliated and unregulated unaffiliated plants separately. Still, across-firm

leakage may remain, so I do not interpret the difference-in-differences estimates causally.

Instead, I treat them as reduced-form evidence on differential responses of treated and un-

treated units in the presence of spillovers, and use the structural framework in Section 6 to

quantify these responses.

4.2.2 Plant level result

This section provides the evidence of the policy effect in terms of abatement and leakage for

manufacturing and power plants. Figure 4 reports the plant level regression results (see Table

A.15 for the average treatment effects on the treated (ATTs)). Regulated manufacturing
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plants shows two abatement mechanisms: (i) cleaner fuel mix via industrial electrification and

(ii) greater use of end-of-pipe emission control measures. The policy increased the electricity

use and the share by 151% and 13%, indicating industrial electrification.14 This change is

consistent with substitution toward a cleaner energy source from manufacturers’ perspective.

In addition, the policy induced an update of emission control measure installation and a more

extensive use of the measure. Regulated plants are more likely to update its emission control

measure installation toward more extensive use by 25%.

Several pieces of evidence support this technology adoption channel further. Comple-

mentary evidence from the Ministry of Environment’s reports on environmental investments

by large polluters confirms this trend. A review of these reports shows a sharp increase in

large-scale abatement projects initiated by regulated plants ex-post.15 These investments pre-

dominantly targeted multi-pollutant control technologies like filters and scrubbers—costing

an average of $100,000 U.S. dollars per installation—rather than long-term R&D. The scale

and focus of these expenditures suggest they were a direct, high-priority response to the

regulation. This interpretation was confirmed by the government official from the Air Qual-

ity Management Division of the Korean Ministry of Environment, who noted that regulated

plants substantially increased their investment in emission control measures following the

policy.

These abatement efforts are less susceptible to spillovers because unregulated plants are

unlikely to abate emissions actively. However, they were accompanied by downsizing where

we have potential spillovers through leakage. While the average post-treatment effect is not

statistically significant, the event-study indicates that the effect on sales becomes negative

in later periods. It was beyond pure leakage, due to the abatement efforts and costs. Specifi-

cally, there could have been leakage within manufacturing and from manufacturing to power

generation. For the former, I investigate within-firm leakage by analyzing how unregulated

and affiliated plants in the same industries responded to the policy. While the average

post-treatment effect is not statistically significant, the sign is positive, and the event-study

indicates that the effect on sales becomes positive at longer horizons. This finding implies

stronger within-firm leakage relative to across-firm leakage. But there was no visible abate-

ment effort when I examine electricity intensity or measure use. For the latter, I examine

regulated power plants and find a similar pattern. This finding can be interpreted as leakage

from manufacturing to power generation because the industrial electricity demand increased

and regulated power plants did neither abate nor get downsized, implying a mitigation of the

14I use electricity share as a measure of fuel composition because there are some plant that do not use
fossil fuels at all.

15This information can be found in the ministry website.
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regulation on these dirty power plants. Lastly, note that all these changes tend to become

stronger over time in line with the policy design that makes the caps decreasing over time.

Figure 4: Event dynamics: plants

Notes: The 95% confidence intervals are shown jointly with the point estimates.

Before moving on to the next section, I discuss how to interpret these findings together.

First, the industrial electrification might reflect the fact that most emission control measures
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are run with electricity. However, the gap between changes in electricity share and electricity

use implies that fossil fuel use decreased. Therefore, it was more than an increase in electric-

ity demand from more intensive use of emission control measures. Moreover, the fact that

emissions decreased and electricity use increased matters because it captures the sectoral

asymmetry. Second, increases in electricity share decreased in later periods. However, it

accompanies downsizing. Hence, electricity was still used more intensively than before. In

addition, emission control measures were used more intensively, possibly mitigating fuel com-

position changes to some degree (see Section 5.2.1). Third, initially, regulated manufacturing

plants abated without any large drop in sales. But as the policy became more stringent by

design, their loss and leakage became stronger, implying that emissions reduction required

was beyond what these plants could have dealt with without any loss in sales. Fourth, the

sales of regulated power plants increased in later periods as the policy intensity increased,

which should be understood with leakage from industry to power generation and an increase

in the electricity price following an increase in the policy intensity. The latter reflects that, in

reality, there are various real-time auction prices between power plants and the government

and that those regulated increased their bids as their costs increased. In the next section, I

study the aggregate effects of these abatement and leakage channels.

4.2.3 District-industry level result

This section provides the evidence of the policy effect in terms of emissions and output for

district-manufacturing-industry and district-power-industry pairs, respectively. Regression

results are summarized in Figure 5 (see Table A.16 for the ATTs). First, the policy decreased

the emissions of NOx, SOx, and TSP in regulated district-manufacturing-industry pairs by

41%, 42%, and 35%, relative to those of unregulated ones. The results imply a substantial

reduction in emissions from regulated plants relative to a potential increase among unregu-

lated plants—an outcome that was ex-ante uncertain given potential within-district leakage.

The magnitudes of such declines also confirm that regulated plants were major emitters prior

to the policy.

Second, there is again a significant sectoral difference. The overall emissions reduction was

driven by manufacturing, while power generation emissions remained unchanged. Although

the power generation sample is small and confidence intervals are wide, this is consistent

with the earlier evidence that power plants do not exhibit meaningful changes over the same

period and that the electricity demand increased from manufacturing. Given that the policy

targeted large polluters accounting for most emissions, this pattern suggests that part of the

manufacturing emissions reduction was achieved through electrification, effectively shifting

emissions from industry to power generation.
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Sales moved similarly for power generation. Manufacturing sales did not increase either,

but the magnitude of the emissions reductions strongly points to emissions intensity im-

provements, rather than simple changes in production output. This gap suggests abatement

mechanisms, such as the use of filters and scrubbers, and fuel substitution, as shown above.

It is important to note that these estimates might be biased due to potential geographic

leakage, where polluting activity may have shifted from regulated to unregulated district-

industry pairs. Such leakage can arise within sectors through market reallocation or across

sectors through outsourcing of dirty production. Overall, such leakage would increase emis-

sions in the control group, causing the estimates to overstate the true effects. In the next

section, I study this spatial aspect of leakage.

Figure 5: Event dynamics: district-industry

Notes: The 95% confidence intervals are shown jointly with the point estimates.
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4.3 Geographic leakage

This section investigates where emissions were leaked. Since leakage is likely to decrease in

distance (based on the logic of a gravity model), such leakage can be examined by exploit-

ing variation in distance from regulated districts and comparing post-policy trends across

unregulated district-industry pairs after excluding treated ones:

yd,s,t = αd,s + αs,t +
∑

τ ̸=2019

βτ × Closenessd × Y earτ + εd,s,t, (3)

where Closenessd is (−1)× ln distance from any regulated districts, and standard errors

are clustered by district-industry pair. Here bilateral distance is measured with district

centroids. I remove those located highly close to regulated districts to address any noise.

Figure 6 captures significant geographic leakage (see Table A.17 for the ATTs). In manu-

facturing pairs, the elasticity of SOx with respect to distance from regulated districts is 1.52—

meaning a 1% decrease in distance corresponds to a 1.52% increase in SOxemissions.16 This

suggests that the baseline estimates comparing regulated and unregulated units overstate

net reductions once leakage is accounted for. Furthermore, geographic variation in emissions

shows that manufacturing, rather than power generation, drove this leakage. Although the

power generation sample is small and confidence intervals are wide, this is consistent with

the result above. In addition, electricity markets operate through dispatch. Hence, the real-

location is starkly different from that of manufacturing (see Appendix A). Such geographic

leakage requires an understanding of how the policy changes the geographic distribution of

emissions and output across space, a key of the analysis. Lastly, note that manufacturing

emissions moved more than manufacturing sales, implying outsourcing of dirty production

process. Thus, leakage within manufacturing requires an understanding of leakage within and

across manufacturing industries, which will be addressed in Section 5 with an input-output

linkage.17

16This elasticity is comparable to the trade elasticity found in the literature. The latter measures how
trade flows are correlated with distances.

17This finding suggests we should examine both emissions and sales, especially after a regulation because
they can diverge thereafter.
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Figure 6: Geographic leakage: district-industry

Notes: The 95% confidence intervals are shown jointly with the point estimates.

4.4 Robustness checks

This section presents robustness checks on the difference-in-differences analysis. As above,

I proceed with the two levels: plants and district-industry pairs. Before proceeding further,

I address factors that could have confounded the policy effect. First, the COVID-19 effect

might have confounded the policy effect. However, the empirical evidence shows that there

was more than downsizing. Fuel composition has changed, and emissions control measures

have been updated and used more intensively. Furthermore, although the COVID-19 effect

was temporary, emissions reduction and abatement efforts have persisted. Second, other

environmental regulations could have confounded (see Arkolakis et al. (2025) for a com-

prehensive review of environmental policies in South Korea). Among others, I focus on one

potential confounder, which has a similar size variation and accounts for a significant portion

of greenhouse gas emissions, although the pollution of interest is different. For the rest, see

Appendix C.
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There have been a greenhouse gas trading system and a pilot program of it. The pilot

program started in 2007 as quotas, and it transitioned to the trading system in 2015. The

system had three phases: 2015-2017 (1st phase); 2018-2020 (2nd phase); 2021-2025 (3rd

phase). Since these polices had different timings, regulated different pollutants, and were

global, they are less likely to confound the policy effect. But they also had size variation, and

a significant portion of the regulated plants by the The Total Volume Control of Pollutants

at Place of Business was regulated. Out of 940 regulated manufacturing plants, 531 plants

were in the trading system and 621 were in the pilot program. Out of 153 regulated power

plants, 109 were in the trading system, and 115 were in the pilot program. So I conduct

several sub-sample analyses to see if these plants responded differently in the plant level

analysis.

4.4.1 Plant level

First, I check sectoral heterogeneity (Tables A.18 and A.19) for regulated and unregulated

affiliated manufacturing plants. As expected, sectors exhibit heterogeneous effects, but none

of these effects are in the opposite direction with significance. The average treatment effect

is not driven by heavy industries highly dependent on fossil fuels; several light industries

contribute to reduction through production process emissions abatement. As will be shown

in Sections 5 and 6, light industries such as paper manufacturing find it easier to substitute

fuels. However, I do not differentiate power plants by fuel empirically because the sample

size is small. Second, I check if plants in the Seoul Capital Area shows different patterns

because the area was subject to the initial policy adoption since 2007 (Table A.20). I exclude

them from the sample to address potential anticipatory and long-term effects, but the result

is robust. Third, I consider the two greenhouse gas regulations that have been implemented

earlier and could have confounded the main estimates. I conduct a sub-sample analysis and

find a robust result (Tables A.21 and A.22). Also, I exactly match plants by policy areas

to control for area-specific time trends, or other potential confounding policy effects, as I

do with province-year fixed effects for district-industry pairs. They are regional units that

can be regarded as local markets or major policy units. I do not impose this in the baseline

plant level regression because the regional unit is unique to the policy, and this restriction

decreases the size of the treatment group significantly. Still, I find a similar result, which

reassures that the policy effect was not driven by other regional effects (Table A.23).

Fourth, I check the responses of multiplant manufacturing firms. I start by investigating

unregulated affiliated plants in different 3-digit KSICs to see if there was leakage to vertically

integrated plants. They show no meaningful responses. Based on this finding, I investigate

the responses of regulated manufacturing plants without any unregulated affiliated plants in
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the same 3-digit KSICs (Table A.24). It is an exercise designed to capture any difference

arising from within-firm leakage. Again, I find another robust result. Fifth, I perform

different matching methods to address any bias specific to a matching method and find a

robust result (Table A.25). Sixth, I drop plants that were regulated but became exempt

later to see if the policy effect is permanent, but the effect seems temporary (Table A.26).

Finally, I check other variables. For example, the exit of a regulated plant show no response

because regulated plants are large and capable of decreasing emissions. I also use labor as

another scale variable, or the use of factors other than fuels, and it shows a similar response

as in sales. This finding supports the claim that productivity improvement is not a major

response. I further check if there was firm-level technology choice, which can be another

type of spillovers, and I find that there was no such response. In general, the estimates are

stable and within the 95% confidence interval of the benchmark specification.

4.4.2 District-industry level

First, I check sectoral heterogeneity (Tables A.27 and A.28). As expected, sectors exhibit

heterogeneous effects, but none of these effects are in the opposite direction with significance.

However, I find notable differences across manufacturing industries. The average treatment

effect is not driven by heavy industries highly dependent on fossil fuels; several light industries

contribute to reduction through production process emissions abatement. Second, I check if

pairs in the Seoul Capital Area shows different patterns because the area was subject to the

initial policy adoption since 2007 (Tables A.29 and A.30). I exclude them from the sample

to address potential anticipatory and long-term effects, but the result is robust. Third, I

control for the initial level differences to make pairs more comparable. As in Appendix C, it

also helps to address potential effects from other regulations, although they must have been

weak as the most of emissions can be explained by regulated plants. As a result, I find a

robust pattern (Table A.31). Lastly, I check other variables. For example, the entry and

exit of a plant show no response because regulated plants are large and capable of decreasing

emissions. I also use labor as another scale variable, and it shows a similar response as in

sales. In general, the estimates are stable and within the 95% confidence interval of the

benchmark specification.

4.5 Taking stock

Taken together, these reduced-form findings suggest the following story. First, regulated

manufacturing plants reduced both emissions and sales. Emissions fell more than sales,

indicating effective abatement through industrial electrification and intensive emission con-
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trol measure use. Second, unregulated plants increased their emissions and sales, especially

within firm networks. This entailed significant intra- and inter-regional leakage, which was

most concentrated in districts bordering the regulated districts, rather than in those far

away. Third, power plants did not decrease emissions and sales. They satisfied the extra de-

mand from industrial electrification and were able to keep their sales and emissions as before.

This interpretation aligns with the institutional setting of Korea’s electricity market: when

electricity demand rises, fossil fuel power plants are typically dispatched. Hence, emissions

and output of the power sector can avoid a policy shock (direct shock) with an increase in

demand (indirect shock). If clean power plants entered quickly to satisfied the demand, the

sales and emissions of regulated power plants should have dropped.

These findings resonate with the broader literature. Leakage within manufacturing and

across regions has been widely documented (Tanaka et al., 2022; Yang et al., 2024). Stronger

within-firm leakage is also a pattern found in the literature (Chen et al., 2021; Curtis et al.,

2025). Leakage from manufacturing to power generation connects to the emerging literature

on electrification and its environmental consequences (Holland et al., 2020; Holland et al.,

2024; Levinson et al., 2025). A key policy implication is that, with sufficient clean power gen-

eration, industrial electrification offers a viable path to reducing emissions. The coexistence

of abatement and leakage differs slightly from the theoretical predictions of Xiang (2023) and

Arkolakis et al. (2025), where leakage dominates in the short run and clean innovation and

large scale abatement drive long-run decarbonization. This is because marginal abatement

and technology adoption can occur more quickly for local air pollutants.

However, these findings have two caveats. Because they are based on difference-in-

differences estimates, potential spillovers to unregulated plants, or leakage, could have biased

results. While directly estimating these spillovers is ideal, it is a challenge inherent to the

policy targeting, which by design involves linkages between treated and control plants, sec-

tors, and regions. A practical alternative is to select a control group that is less susceptible to

such effects. However, this choice will make the control group less comparable because such

a group should be physically distant and in different industries. Furthermore, the evidence

cannot evaluate the welfare effects of the policy and alternative policy designs alone. To

address these, the next section uses a structural framework based on these empirical results,

embedding leakage and conducting a welfare analysis with counterfactual policy experiments.
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5 Quantitative Spatial Model of Manufacturing and Power Generation

I develop a spatial general equilibrium model, integrating the manufacturing and emissions

model of Shapiro et al. (2018) with the manufacturing and power generation model of Arko-

lakis et al. (2023). I extend this setting to include abatement channels (factor and fuel

substitution and emission control measure use) and leakage channels across plants, sectors,

and districts. One of the key mechanisms is the race between industrial electrification and

clean power supply, which jointly determines aggregate and spatial sustainability.

5.1 Environment

The economy consists of N discrete districts with the corresponding representative house-

holds. Representative households derive utility from consuming varieties of goods but experi-

ence disutility from local air pollution. Also, there are manufacturing and power generation

sectors. Manufacturing sectors are divided into J sub-sectors based on output type, and

power generation sectors into F sub-sectors based on energy source.18 Firms are heteroge-

neous in productivity, and regulation primarily targets larger—but cleaner—plants in specific

locations, allowing leakage toward smaller, dirtier, and unregulated firms within or across

districts. Throughout the analysis, subscripts denote sectors, districts, and fuel types, while

superscripts index other relevant dimensions.

5.2 Manufacturing firms

Firms follow the timing described below. In district i and sector j, each potential entrant pays

an entry fixed cost fE
i,j in capital structure. Upon entry, the firm draws a productivity level ϕ

and supplies a differentiated variety (Armington, 1969). This variety is an aggregate of plant

varieties within the firm, and the firm can produce in places l other than its headquarters

location and sells to destination districts n. This multiregional production is allowed to

address within-firm leakage. If regulated, the corresponding plants abate or leak to reduce

emissions. Each plant is thus characterized by its headquarters location i, plant location l,

sector j, and productivity draws ϕ and z.

18I abstract from fuel extraction, reflecting Korea’s status as a small open economy importing approxi-
mately 95% of its coal, gas, and oil annually, with full imports of oil and gas over the past decade. Hence,
supplies of fossil fuels are assumed perfectly elastic. Their markets are perfectly competitive, and they are
fully mobile.
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5.2.1 Operation

A plant minimizes total operating cost that includes both production and abatement. Tech-

nology exhibits constant returns to scale (CRS). Specifically, the firm produces using a

Constant-Elasticity-of-Substitution (CES) production function of capital k, energy e, labor

ℓ, and material (intermediate good composite) m:

qil,j (ϕ, z) =ϕz (1− ail,j (ϕ, z)) (4)

×

(
αj,Kk

ρj−1

ρj

il,j (ϕ, z) + αj,Ee

ρj−1

ρj

il,j (ϕ, z) + αj,Lℓ

ρj−1

ρj

il,j (ϕ, z) + αj,Mm

ρj−1

ρj

il,j (ϕ, z)

) ρj
ρj−1

where ail,j (ϕ, z) ∈ [0, 1) is the share of resources diverted to emission control measures and

αj,K + αj,E + αj,L + αj,M = 1. Energy is a CES composite over fuel types f ∈ F ={Coal,
Electricity, Gas, Oil} measured in tons of oil equivalent (toe):

eil,j (ϕ, z) =

(∑
f∈F

αj,f (eil,j,f (ϕ, z))
λj−1

λj

) λj
λj−1

, (5)

where λj > ρj > 0. I focus on these four fuels for parsimony and coverage. In particular,

electricity is the key fuel because it is universally used and observed across plants and years.

Emissions of pollutant p follow the spirit of Copeland et al. (2004). I extend their formula-

tion to differentiate process emissions κp
jqil,j (ϕ, z) and fossil-fuel emissions

∑
f∈F κ

p
feil,j,f (ϕ, z),

allowing for both factor and fuel substitution. κp
j denotes the emissions factor of pollutant p

associated with the production process of good j, while κp
f represents the emissions factor of

pollutant p for fuel f . Electricity use is unregulated and treated as clean from the perspective

of manufacturing firms. Hence. the emissions of pollutant p are given by:

spil,j (ϕ, z) = (1− ail,j (ϕ, z))
1

α
p
j

 κp
jqil,j (ϕ, z)︸ ︷︷ ︸

Production process

+
∑
f∈F

κp
feil,j,f (ϕ, z)︸ ︷︷ ︸

Fossil fuel use

 , (6)

where p ∈{NOx, SOx, TSP} and 0 < αp
j < 1. The term ail,j (ϕ, z) captures emission control

measure use that differs from factor and fuel substitution (e.g., filters, scrubbers, or improve-

ments in fuel intensity) but abates emissions with additional variable costs. The common

use of the measure implies strict complementarity across pollutants in abatement, consistent

with multi-pollutant measure operation verified in Section 4. The parameters αp
j determine
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the effectiveness of emission control measures and, together with ρj (production-factor sub-

stitution) and λj (fuel substitution), govern the responsiveness of emissions and economic

activity to regulation. These three elasticities induce different responses of regulated plants

and are central to the type of abatement and leakage.

Optimization The optimization problem of the plant can be expressed as a cost-minimization

problem. Given its productivity ϕ and z, the plant minimizes total production cost—

comprising factor expenditures and pollution taxes—by choosing production inputs (capital,

energy, labor, and materials) and making abatement decisions (fuel composition and measure

use), subject to the production technologies in Equations 4 and 5:

mink,e,ℓ,m;{ef},(1−a) rk︸︷︷︸
Capital expense

+
∑
f∈F

pfef︸ ︷︷ ︸
Energy expense

+ wlℓ︸︷︷︸
Labor expense

+ pMl,jm︸ ︷︷ ︸
Material expense

+
∑
p∈Λ

spτ pl︸ ︷︷ ︸
Emissions expense

.

The rental rate of capital is denoted by r; pf is the price of fuel f ; wl is the wage in district

l; and pMl,j is the price of materials in sector j.

Environmental regulations are modeled as a set of pollution taxes, and the associated

tax revenue is assumed to be lost due to administrative cost, rent seeking, and more.19 Each

plant faces up to three local air pollutant regulations, based on its emissions volume and

location. ŝpil,j (ϕ, z) denotes pre-regulation emissions and T̄ p
j the threshold for pollutant p.

Pollution taxes are applied only to establishments whose emissions exceed the thresholds:

ŝpil,j (ϕ, z) ≥ T̄ p
j . Because pollution tax rates τ pl vary by pollutant and location, the set of

regulated pollutants Λil,j (ϕ, z) depends on locations i and l, sector j, and productivity ϕ

and z.

Solving this optimization problem yields the unit production cost that forms the founda-

tion for the equilibrium analysis:

µil,j (ϕ, z) =
1

(1− ail,j (ϕ, z))︸ ︷︷ ︸
Measure use cost

1

ϕz︸︷︷︸
Productivity

1

Gil,j (ϕ, z)︸ ︷︷ ︸
Effective factor cost

+
∑

p∈Λil,j(ϕ,z)

(1− ail,j (ϕ, z))
1

α
p
j τ pl κ

p
j︸ ︷︷ ︸

Pollution tax on production process

. (7)

Given Dixit–Stiglitz preferences, the price of variety is piln,j (ϕ, z) = Mjµil,j (ϕ, z) dln,j where

19I abstract from permit trading, since both pollution taxes and emissions-trading systems are market-
based instruments that affect firms through identical marginal incentives. Even under a pure tax regime,
emissions can shift from manufacturing to power generation if electricity demand rises sufficiently: power-
sector emissions increase with marginal generation—which is typically fossil-based—while manufacturing
firms lower their own emissions by substituting toward electricity. Furthermore, the tax revenue loss as-
sumption is consistent with the fact that in a cap-and-trade system with free allocation of permits, there is
no tax revenue.
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Mj = ηj/ (ηj − 1) is the sector-specific markup, and dln,j denotes the iceberg trade costs

from l to n. Given this pricing rule, the plant’s revenue is the sum of destination-specific

revenues and the firm’s global profit is the sum of destination-specific profits:

Ril,j (ϕ, z) =
∑
n

Riln,j (ϕ, z) ,

πil,j (ϕ, z) =
∑
n

Riln,j (ϕ, z)

ηj
.

Theoretical motivation This section examines how a manufacturing plant responds to the

policy in order to derive the economic intuition behind each adjustment channel and illustrate

how reduced-form difference-in-differences estimates may over- or under-state the true policy

effect depending on the direction and magnitude of leakage. The analysis log-linearizes the

equilibrium conditions around an ex-ante symmetric industry equilibrium, focusing on shocks

to pollution taxes.

I consider a one-sector manufacturing economy with single-plant firms and assume standard

parameter ranges with 1 < ρ < λ. There are two ex-ante symmetric districts, i and l,

each hosting an exogenously given unit mass of active firms (Mi = Ml = 1). The analysis

focuses on product market equilibrium, holding factor costs fixed at unity and normalizing

expenditures such that Xi = Xl = 1. I abstract from the policy variation by emission size.

Then, a change in emissions can be decomposed into abatement—via emission control mea-

sure use, fuel substitution, and shift in electricity use intensity—and scale:

dlnspi (ϕ) = dln
spi (ϕ)∑

f κ
p
fei,f (ϕ)︸ ︷︷ ︸

Emission control measure use

+ dln

∑
f κ

p
fei,f (ϕ)

ei,e (ϕ)︸ ︷︷ ︸
Fuel composition

+ dln
ei,e (ϕ)

Ri (ϕ)︸ ︷︷ ︸
Electricity use intensity︸ ︷︷ ︸

Abatement

+ dlnRi (ϕ)︸ ︷︷ ︸
Scale

,

the channel of which will be characterized with the model.

Solution 1. A change in measure use can be characterized as:

dln
spi (ϕ)∑

f κ
p
fei,f (ϕ)

=
∑
p

ηpi (ϕ) dlnτ
p
i ,

where ηpi (ϕ) < 0 captures the responsiveness of emissions to emission control measure use.

Its sign is negative because firms employ such measures to reduce emissions. Its usage is

more pronounced when abatement is more effective
(
low αp

j

)
, when process-based emissions

dominate fuel-based emissions
(
κp
j > κp

f

)
, or when substituting across fuels is more difficult

29



(low λ). Light industries such as paper manufacturing generate a greater share of emissions

from production process, while heavy industries such as chemicals rely more on fossil fuels

and cannot easily substitute away from them.

Solution 2. A change in fuel composition can be expressed as:

dln
ei,f (ϕ)

ei,e (ϕ)
=
∑
p

γp
i,f (ϕ) dlnτ

p
i ,

where γp
i,f (ϕ) measures the degree of relative substitution between fuel f ̸= e and electricity

e. It is negative because when fuel f is dirty, an increase in τ pi raises its effective cost,

inducing firms to substitute away from it relative to the benchmark energy source, electric-

ity. Similarly, the change in electricity use intensity—interpreted as a form of energy use

intensity—can be expressed as:

dln
ei,e (ϕ)

Ri (ϕ)
=
∑
p

Ξp
i (ϕ) d ln τ

p
i ,

where Ξp
i (ϕ) > 0 measures the elasticity of electricity use with respect to the pollution tax.

The parameter comparative statics are the opposite of those of measure use.

Solution 3. A change in the price index can be written as:

d lnPi =
∑
p

Φp
i d ln τ

p
i ,

where Φp
i > 0 captures the increase in unit production cost induced by the policy, which can

come from any costly abatement channels. Hence, a change in the revenue at the plant level

can be expressed as:

d lnRi (ϕ) =
∑
p

Υp
i (ϕ) d ln τ

p
i ,

where Υp
i (ϕ) < 0 reflects a reduction in revenues following higher costs. This is where

leakage matters because unregulated firms benefit from the policy through an increase in

the sectoral price index (Φp
i > 0), which improves their relative competitiveness. As a

result, a difference-in-differences estimator that compares regulated and unregulated units

may overstate the true policy effect on emissions, since part of the observed change arises

from this leakage rather than abatement. The response magnitude, summarized by Υp
i (ϕ),

depends on preference parameters—in particular, the elasticity of substitution σ. When

varieties are more substitutable (high σ), competition is stronger, and a given increase in
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unit cost induces a larger decline in firm level revenue.

This decomposition matters because each channel conveys different aggregate implica-

tions. When firms rely on emission control measures, emissions are more likely to leak

within sectors. Greater electrification tends to shift emissions toward the power sector.

While I abstract from outsourcing within manufacturing for tractability, it constitutes an

additional leakage channel. Outsourcing activity tends to rise with pollution taxes and is

stronger when measure use and fuel substitution are limited.20 Also, these results hold be-

yond this simplification under standard parametization. A similar logic applies to the power

generation sector, with a key difference that there is a positive demand additionally. Once

multiplant firms are considered, leakage will be more concentrated within firms because of

the difference in the elasticities of substitution (η > σ).

The internal consistency between the model’s comparative statics and the empirical ev-

idence helps quantification in Section 6. Finally, the quantitative analysis in Section 7

generalizes this setting and evaluates the full-fledged equilibrium effects of the regulation.

5.3 Power plants

5.3.1 Electricity generation

Power plants are indexed by fuel type f ∈{Clean, Coal, Gas, Oil}, where Clean aggregates

non-fossil fuel sources such as hydro, nuclear, solar, and wind. Within each fuel type, plants

are heterogeneous in productivity z, interpreted as inverse fuel intensity. Unlike manufac-

turing plants—where electricity serves as a cleaner substitute—power plants are tied to a

fixed fuel type and cannot switch between fuels.

The timing is as follows. Potential entrants of each fuel type pay an entry cost fE
i,f in

units of capital structure and draw productivity z. A power plant in location i using fuel f is

characterized by this productivity draw. These plants generate electricity up to their capac-

ity. To reduce dimensionality, I assume an engineering relationship between capacity k and

productivity z, reflecting that larger and more efficient plants tend to have higher capacity

(see Christensen et al. (1976)). Electricity is exclusively used as an input by manufacturing

plants and is not directly consumed by households.

20There remains a possibility that firms respond to the policy by improving productivity. Although this
possibility cannot be entirely ruled out, it is unlikely to be a dominant channel. Most observed responses
align more closely with mechanisms unrelated to productivity growth. For instance, firms engaged in exten-
sive abatement activities—such as adopting emission control measures or altering fuel mixes—which would
likely have been offset had productivity gains been substantial. In the current framework, any productivity
improvements are effectively absorbed into the term (1− a), representing emission control measure use not
related to factor and fuel substitution.
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A power plant with productivity z generates electricity using a constant-returns-to-scale

(CRS) technology:

yi,f (z) = (1− ai,f (z))min
{
ki,f (z) , ze

E
i,f (z)

}
, (8)

where eEf denotes fuel use (toe). The emissions of pollutant p are:

spi,f (z) = (1− ai,f (z))
1

α
p
f κE,p

f eEi,f (z) , (9)

where 0 < αp
f < 1, and κE,p

f denotes emissions factors of pollutant p in the power generation

sector with energy source f . αp
f is the elasticity between emission control measure use and

emissions in the power generation sector, which determines how efficiently the power sector

can address emissions to increased electricity demand when industrial electrification induces

leakage from manufacturing to power generation and it is hard to supply additional clean

power generation capacity (in the short run without entry and exit).

A power plant using a clean energy source produces electricity up to its capacity at zero

marginal cost and does neither pollute nor abate:

yi,f (z) = ki,f (z) .

The profit maximization can be rewritten as:

mineEf ;(1−apf)
pfe

E
f︸︷︷︸

Fuel expense

+
∑

p∈Λi,f (z)

spi,f (z) τ
p
i︸ ︷︷ ︸

Emissions expense

Then, the unit power generation cost can be derived as:

νi,f (z) =
1

(1− ai,f (z))︸ ︷︷ ︸
Measure use cost

1

z︸︷︷︸
Productivity

pf +
∑

p∈Λi,f (z)

(1− ai,f (z))
1

α
p
f κE,p

f τ pi


︸ ︷︷ ︸

Effective fuel price

. (10)

5.3.2 Electricity market systems

I model the government-controlled wholesale and retail markets as a single market with-

out real-time auctions and an intermediary role by the government for tractability. But

the following two key systems remain. Dispatch follows a merit-order rule (MOD): plants

with lower marginal costs are dispatched first, up to capacity. Under this rule, the system
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marginal price (SMP) sets the electricity price to the marginal cost of the last generating unit

needed to meet aggregate demand, yielding a uniform nationwide price: pe = ν (z̃) where

z̃ is the productivity of the marginal unit dispatched.21 From the perspective of electricity

consumers, electricity generated from fossil fuels and that produced from clean energy are

perfect substitutes in both usage and market valuation. The total electricity demand from

industry, De, is allocated in the ascending order of generation costs, clearing the market at

the SMP: ∑
f

∑
i

Mi,fEz≥z̃ [yi,f (z)] = De, (11)

where Mi,f denotes the number of active plants in district i using fuel f .22 Note that, for

these market features, I abstract from multiregional production in the power generation

sector. Within-firm leakage is structurally impossible.

Without growth in clean capacity, any increase in electricity demand is more likely to

be met by fossil fuel plants, creating unintended emissions. Hence, the race between the

pace of industrial electrification and the expansion of clean generation capacity is central

to evaluating both the policy effect and potential leakage into the power sector. How much

industrial electrification raises pe depends on the relative strength of additional demand and

changes in generation costs—a question examined in the quantitative analysis. Industrial

electrification thus can arise from differences in abatement technology and productivity across

sectors.

After rationing, the profit of a power plant can be expressed as:

πi,f (z) = (pe − νi,f (z)) yi,f (z) .

5.4 Households

Representative households derive utility from consuming final goods but experience disutility

from local air pollution:

un = Qn︸︷︷︸
Utility from consumption

× 1

SCEn︸ ︷︷ ︸
Disutility from emissions

. (12)

21In practice, electricity prices in Korea vary only over time (e.g., through time-of-use pricing) and across
broad user categories—such as residential or industrial consumers—typically defined at the 1-digit industry
level.

22Transmission constraints are abstracted from the analysis, given Korea’s near-100% grid coverage. For
further discussion, see Arkolakis et al. (2023).
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Plant varieties are combined into firm varieties, firm varieties are combined into sectoral

goods using Dixit–Stiglitz preferences (Dixit et al., 1977), and, then, firm varieties are com-

bined across sectors under Cobb-Douglas preferences. In sector j , let σj denote the elasticity

of substitution across firm varieties ω and ηj denote the elasticity of substitution across plant

varieties within firms ω̃. The latter CES aggregate is introduced to capture the fact that

within-firm leakage is stronger than across-firm leakage within the same industries. Aggre-

gators and corresponding ideal price indices are given by:

Qn = ΠkQ
γk
n,k, Pn = Πk (Pn,k/γk)

γk , (13)

Qn,j =

(∑
i

∫
ω∈Ωi,j

Q

σj−1

σj

in,j (ω) dω

) σj
σj−1

, Pn,j =

(∑
i

∫
ω∈Ωi,j

P
1−σj

in,j (ω) dω

) 1
1−σj

,

Qin,j (ω) =

(∑
l

∫
ω̃∈Ωin,j(ω)

q

ηj−1

ηj

iln,j (ω̃) dω̃

) ηj
ηj−1

, Pin,j (ω) =

(∑
l

∫
ω̃∈Ωin,j(ω)

p
1−ηj
iln,j (ω̃) dω̃

) 1
1−ηj

where ηj > σj > 1 and
∑

k γk = 1. Ωin,j is the set of firm varieties of headquartered in

location i and sold in market n in sector j, and γk denotes the sectoral expenditure share.

The corresponding demands at the firm- and plant-level are:

Qin,j (ω) =

(
Pin,j (ω)

Pn,j

)−σj

Qn,j, (14)

qiln,j (ω̃) =

(
piln,j (ω̃)

Pin,j (ω)

)−ηj

Qin,j (ω)

=

(
piln,j (ω̃)

Pin,j (ω)

)−ηj (Pin,j (ω)

Pn,j

)−σj

Qn,j,

respectively.

The household in district n faces the budget constraint:

PnQn︸ ︷︷ ︸
Consumption

= rKn︸︷︷︸
Capital income

+ wnLn︸ ︷︷ ︸
Labor income

+ Πn︸︷︷︸
Firm profits

, (15)

where Kn and Ln are the capital and labor endowments that are inelastically supplied.

Capital is fully mobile across sectors and districts, being rented at a competitive rate r,

which serves as the numeraire. Labor is mobile across sectors but immobile across districts,

being supplied at wage wn. This immobility makes households fully bear the policy impact

on welfare. Households own both manufacturing and power plants.
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Emissions affect welfare through a damage function, which is quantified with the social

cost of emissions. I impose a linear relationship to divide changes in consumption, production,

and emissions clearly (see Nordhaus (2015) for another form). Aggregate emissions are

defined as Sp
n =

∑
j S

p
n,j+

∑
f S

p
n,f where Sp

n,j and Sp
n,f denote total emissions of p in location

n and manufacturing sector j and power generation using fuel f , respectively.

5.5 General Equilibrium

This section defines the general equilibrium of the model and derives expressions for aggre-

gate variables. Intermediate inputs or materials are modeled as a composite of intermediate

goods that capture input–output linkages and, consequently, outsourcing through round-

about production. Sector j’s composite material input is given by:

mil,j (ω) =
J∏

k=1

(mil,kj (ω))
γkj , pMl,j = Πk

(
Pl,k

γkj

)γkj

,

where
∑

k γkj = 1. γkj denotes the share of sector k’s output used as an intermediate in

sector j, and mil,kj represents the quantity of inputs from sector k used by plants in sector

j headquartered in location i and producing in location l.

At the firm level, free entry ensures that expected global profits equal the fixed entry

cost. Manufacturing firms enter until:

Eϕ,z

[∑
l

πil,j (ϕ, z)

]
≤ rfE

i,j, (16)

which binds when Mi,j > 0. Firm productivity draws ϕ are independently and identically

distributed (i.i.d.) according to a Pareto distribution with scale parameter Ti,j (location–

sector shifter) and shape parameter ζj > 1. Plant productivity draws z are i.i.d. according

to a log-normal distribution with mean 0 and variance σ2
z . Analogously, free entry in the

power sector satisfies:

Ez≥z̃ [πi,f (z)] ≤ rfE
i,f , (17)

which is equal to when Mi,f > 0. Unlike above, there is an additional condition in the

expectation because of the SMP and MOD. Productivity draws z follow a Pareto distribution

with scale parameter Ti,f and shape parameter ζf > 1.

Market clearing conditions hold in all markets. Labor markets in each location l should

clear:

Ll =
∑
j

Mi,jEϕ,z [ℓil,j (ϕ, z)] , (18)
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where ℓil,j (ϕ, z) denotes the labor demand at the plant level. Similarly, the product market

clears in each i and j:

Xl,j =
J∑

k=1

γjkMi,kEϕ,z

[
pMi,kmil,k (ϕ, z)

]
︸ ︷︷ ︸

Intermediate use

+ γj (wlLl + rKl)︸ ︷︷ ︸
Final consumption

, (19)

where there is no trade surplus.

Then, the spatial general equilibrium of the economy across sectors, fuel types, and

districts can be defined. See Appendix D for detailed derivations and Appendix F for the

numerical solution procedure.

Definition

Given a set of capital and labor endowments {Kl,j, Ll,j}, a set of fuel prices {pf}, and a set of

pollution taxes {τ pl }, an equilibrium is a vector of prices for sectoral goods {Pl,j}, a rental rate
r, a vector of wages {wn}, an electricity price pe, and an allocation {eil,j,f (ϕ, z) , 1− ail,j (ϕ, z)} ,

{ℓil,j (ϕ, z) , kil,j (ϕ, z) ,mil,j (ϕ, z) , eil,j (ϕ, z)}, {1− al,f (z)},
{
eEl,f (z)

}
, and {Xl,j,Ml,j,Ml,f}

such that:

1. The free entry conditions are satisfied (Equations 16 and 17).

2. The price indexes are satisfied (Equation 13).

3. Electricity, labor, and product markets clear (Equations 11, 18, and 19).

For quantification, I will consider two types of equilibria. Prior to the regulation, firms make

all extensive margin (entry and exit) and intensive margin changes (input and abatement

choices). After the regulation, such extensive margins are fixed, firms only adjust their

variable inputs. This choice is in line with the facts that the span of period is relatively

short (Chen et al., 2021) and that there were no significant changes in entry and exit in

Section 4.

6 Quantification

In preparation for the model analysis in Section 7, this section describes calibration and

estimation strategies, presents the resulting parameter estimates, and evaluates the model’s

fit to the data. The model is implemented with P = 3 regulated local air pollutants,

J = 10 sub-manufacturing sectors grouped by technological and input similarities, F = 4
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power generation types grouped by fuel use, and N = 250 districts corresponding to Korea’s

administrative districts, which align with the policy’s regional unit. The monetary unit is

1,000 USD. I quantify the model in two steps. First, in the pre-regulation economy, I calibrate

and estimate parameters not directly related to the regulation. These parameters include firm

entry costs, firm and plant productivity parameters, demand, factor, and fuel substitution

elasticities. Second, in the post-regulation economy, I estimate parameters directly related to

the regulation based on the parameters from the the-regulation economy. These parameters

include emission control measure elasticities and the policy intensity.

6.1 Calibration

Parameters are calibrated using pre-regulation data to capture the characteristics of the pre-

regulation economy. I use the average of four years (2016–2019) to avoid contamination from

idiosyncratic shocks or transitory fluctuations. Emission factors are sourced from official

policy documents issued by the Ministry of Environment. I use pre-regulation emissions

across sources, sectors and fuels, and districts to use the production process emissions factors

(ton) and scale emissions accordingly. Under this setting, I set T̄ p
j and T̄ p

f to capture each

sectoral pollutant emissions in regulated districts by comparing total emissions allowances

and total emissions in these sectors in 2019.

Capital and labor endowments, Kl and Ll, are taken from the MMS and SBR by taking

annual averages of tangible capital and employment for those that have headquarters. For

labor, I use the number of regular employees whose tasks are either in mining or manufac-

turing. Fuel prices pf and pEf (excluding electricity pe) are sourced from the Korea Energy

Economics Institute. Iceberg trade costs dln,j between plant l and destination n in sector j

follow those of Arkolakis et al. (2023) while multiregional production frictions γil,j between

headquarters i and plant l in sector j are calibrated using multiregional production sales.

Input–output linkages for both intermediate materials and final consumption, γkj and γj , are

based on the Input–Output Table compiled by the Bank of Korea in 2016. The elasticities

of substitution between firm varieities σj are borrowed from Broda et al. (2006).

For manufacturing, I calibrate entry costs, fE
i,j, and productivity location parameters,

Ti,j, by matching the numbers of active firms and their average sales (annual averages) in

the model to the corresponding data moments of the MMS and SBR for those that have

headquarters. I also use the maximum of sales share to calibrate the standard deviation

σj of the log-normal distribution. For power generation, I calibrate entry costs, fE
i,f , and

productivity location parameters, Ti,f , by matching the numbers of active firms and their

average variable profits (annual averages) in the model to the corresponding data moments
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of the Economic Census and SBR. For power generation capacity, I assume a log-linear

relationship between capacity and productivity, lnki,f (z) = alnzi,f , which reflects that larger

power plants are more productive. The parameter a = 0.12 is calibrated using data on

inputs, outputs, and capacity for fossil fuel power plants. This value is within the range

of those in the engineering literature. Finally, I add a constant residual electricity demand

borrowed from the KEPCO because the power generation sales are not differentiated by final

users.

6.2 Estimation

I estimate key parameters in environmental economics that tie abatement and economic ac-

tivity for quantification. First, following the production function estimation literature, I esti-

mate the elasticities of substitution in demand and production in the pre-regulation economy.

Second, based on the parameters calibrated and estimated in the pre-regulation economy,

I estimate the policy intensities and emission control measure elasticities by matching key

empirical moments—post-regulation moments and difference-in-differences estimates—in the

post-regulation economy.

6.2.1 Production function

To estimate the three CES elasticities, I focus on the pre-regulation period (2016–2019) to

simplify estimation by excluding the emission control measure use term, which is only active

when pollution taxes τ pl are positive. This setting implies that these CES parameters are in

response to price changes, which are more general than changes in pollution taxes.

The estimation procedure generalizes two modeling assumptions. First, I allow factor

costs to vary at the plant level. Second, I allow the price of material to differ from the

composite of sectoral good prices. Overall, this relaxation aligns the estimation approach

with standard practices in the production function literature.

Demand and production elasticities The estimation proceeds in two steps, extending Mur-

ray Leclair (2024). For simplicity, I omit indices for productivities ϕ and z, sector j , and

locations i and l. I apply a normalization common in the CES function estimation (León-

Ledesma et al., 2010).

First, I adapt the method of De Loecker et al. (2016) and Grieco et al. (2016) to express

the unobserved object in terms of observed objects using first order conditions from the

plant’s cost-minimization problem. I substitute energy and material with factor ratios and

control for transmission bias from unobserved Hicks-neutral productivity z to observed inputs
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(Doraszelski et al., 2013; Doraszelski et al., 2018). Incorporating a time-varying shock ut

with Et [ut] = 0, the revenue function can be expressed in logarithmic form as:

lnRt = ln
η

η − 1
+ ln

(
wtℓt

(
1 +

αK

αL

(
kt
K̄

/
ℓt
L̄

) ρ−1
ρ

)
+ pMt mt + pEt et

)
+ ut. (20)

The main parameters of interest are the elasticity of substitution in demand η and the

elasticity of substitution in the outer production function ρ. For consistency of the estimates,

both parameters are estimated using nonlinear least squares (NLLS). I also estimate the ratio

αK/αL and take the geometric mean of factor ratios, normalizing the input shares such that

αK +αE +αL+αM = 1, in line with the standard geometric-mean normalization of the CES

function.

The identification relies on an assumption that the unobserved factors driving input prices

are not systematically correlated with the firm’s unobserved productivity—firms are price

takers in input markets. Such variation can arise from differences in supplier relationships,

geographic cost factors, and other idiosyncratic productivity shocks.23

Once the elasticity of substitution ρ is known, the unobserved energy input ratio energy

can be uniquely recovered. The elasticity of substitution in the inner production function

λ is also of central interest. I estimate λ using a specification that includes a time-varying

error term εt with E [εt] = 0:

ln
(et
Ē

)
=

λ

λ− 1
ln

(∑
f∈F

αf

(
ef,t
ēf

)λ−1
λ

)
+ εt. (21)

The estimation is conducted via NLLS. During this step, I recover the fuel-share parameters

αf .
24 See Appendix E for more details.

Productivity dispersion parameters As above, I focus on the pre-regulation period for

this estimation using the 2016 MMS and SBR for manufacturing and the 2015 Economic

Census and SBR for power generation, respectively. In the manufacturing sector, I exploit

the properties of the Pareto and log-normal distributions and CES demand to estimate the

shape parameter ζj, focusing on the right tail of the sales distribution. If firm productiv-

23As emphasized by Grieco et al. (2016), this assumption allows unobserved input price variation to cor-
relate with firm size, productivity, and location—excluding quantity discounts. However, because the policy
targets large polluting establishments that may possess some bargaining power, I estimate the production
function separately for a sample of multiplant firm establishments as a robustness check. The results are
robust to these changes. See Figure A.5.

24In this second estimation step, I drop observations with only one fuel type because corners add noise
without substitution information.
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ity follows a Pareto distribution with shape parameter ζj and plant productivity follows

a log-normal distribution with mean 0 and standard deviation σz, then the tail index is

ζj/ (ηj − 1).25 Similarly, in the power generation sector, I estimate the shape parameter

ζf using the relationship between productivity and capacity. Given the log-linear capacity

function, if productivity follows a Pareto distribution with shape parameter ζf , then the tail

index is ζf/a, since capacity is likely to bind for plants with high productivity.

6.2.2 Simulated method of moments

The remaining parameters are directly related to the regulation, which are estimated by

simultaneously matching model-generated moments to their empirical counterparts. I rely

on the reduced form estimates from Section 4 to identify the policy intensity parameter t

and the emission control measure use elasticities in manufacturing αp
j . The policy intensity

is defined as τ pl = t ∗ |Cap reduction ratepl |, where the reduction rates across pollutants and

policy districts are taken from the policy document (Table A.1). Unlike the CES elasticities,

these measure elasticities are specific to changes in pollution prices.

This paragraph provides intuition for which empirical moment helps to identify each of

these parameters, though all moments are jointly determined in equilibrium by all of these

parameters. The estimate on emission control measure use helps identifying the levels of

αp
j while the estimates on emissions across pollutants and sectors facilitate an identification

of the patterns of αp
j . The average of the estimates on emissions inform the magnitude of

the policy intensity t. Lastly, I estimate the measure elasticities in power generation αp
f

by matching the amounts of power generation emissions relative to those of manufacturing

emissions across pollutants and fuels. I do not use the reduced form estimates on emissions

here because they are not well identified due to the lack of observations.

6.3 Results

Estimated parameters are summarized in Tables 3 and 4. The plant level demand elasticity,

η > σ > 1, ranges from 2.91 to 6.55 across sectors, and is larger than the firm level demand

elasticity, making the nested CES well-defined. The elasticity of substitution in the outer

production function, ρ, ranges from 1.05 to 1.40, while the elasticity of substitution in the

inner production function, λ, ranges from 1.99 to 4.31. Since λ > ρ > 0, the CES nests in

the production function are well defined. Both parameters indicate substitutability among

factors and fuels. The finding that ρ is close to unity aligns with the literature, which often

25By the Breiman’s theorem, if ϕ has a Pareto-type tail with index ζj and z is independent with E
[
zζj+ϵ

]
<

∞ for ϵ > 0, then ϕz has the same tail index ζj . Log-normal z satisfies the finite-moments condition.
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interprets energy as being complementary to other inputs (Ryan, 2018). The condition λ > 1

holds as required by the model’s theoretical guidance. They are particularly substitutable

in light industries, such as textiles, apparel, and leather, because heavy industries, such as

basic and fabricated metals, find it hard to change fuel types that are necessary to run

furnaces, for example. This is consistent with assumptions in related studies (e.g., Krusell

et al. (2022)). Murray Leclair (2024) similarly estimates an inner elasticity of 2.22 for the

Indian steel industry. Lastly, I also estimate these parameters by confining the sample to

single-plant firms to address firm technology differences arising from differences in size or

the number of affiliated plants (Figure A.5).

Table 3: Parameters from production function estimation

Demand
elasticity

Factor
elasticity

Fuel
elasticity

Pareto
shape

parameter
Industry η ρ λ ζ

Manufacturing
Mining/quarrying 2.91 (0.32) 1.30 (0.03) 1.99 (0.33) 2.09 (0.31)
Food/beverages/tobacco 5.07 (0.13) 1.40 (0.02) 2.30 (0.14) 8.34 (0.27)
Textiles/apparel/leather 4.36 (0.13) 1.05 (0.01) 4.16 (0.69) 7.03 (0.15)
Wood/paper/printing/media 6.55 (0.25) 1.14 (0.01) 2.18 (0.13) 12.29 (0.44)
Petro/chem/pharma/rubber/plastics 6.64 (0.19) 1.24 (0.01) 2.02 (0.10) 9.77 (0.15)
Non-metallic minerals 3.52 (0.07) 1.40 (0.03) 2.07 (0.15) 4.07 (0.09)
Basic/fabricated metals 5.70 (0.12) 1.18 (0.01) 2.02 (0.08) 7.39 (0.14)
Electronics/instruments/electrical 4.91 (0.11) 1.17 (0.01) 4.31 (0.73) 4.56 (0.07)
Machinery/transport (incl. auto) 5.71 (0.12) 1.19 (0.005) 3.18 (0.22) 7.91 (0.08)
Furniture/misc./repair 5.60 (0.29) 1.15 (0.01) 2.18 (0.20) 11.11 (0.49)

Power generation
Coal 0.23 (0.01)
Gas 0.23 (0.01)
Oil 0.23 (0.01)
Non-fossil power generation 0.14 (0.02)

Notes: Standard errors are in parentheses. The numbers of observations are dropped for brevity.

The productivity shape parameter, ζ, ranges from 2.09 to 12.29 in manufacturing, sat-

isfying ζj > σj − 1 for finite profits and 0.14 to 0.23 in power generation. Non-fossil power

generation exhibits greater dispersion than fossil fuel generation, reflecting input specificity

and heterogeneity across its sources (Arkolakis et al., 2023). The emission control measure

elasticity in manufacturing, αp
j , ranges from 0.01 to 0.29, which is larger than those reported

in prior studies (Shapiro et al., 2018; Farrokhi et al., 2024), because factor and fuel substi-

tution effects are separated in this model. That in power generation, αp
f , ranges from 0.54

to 0.86.
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While empirical estimates of ρj and λj are rare, Murray Leclair (2024) provides one of

the few applications by estimating these parameters for the Indian steel industry—a setting

characterized by high fossil-fuel intensity and relatively weak environmental regulation. The

Korean context, by contrast, represents an advanced economy with stringent regulations

and substantial potential for electrification. The absence of comparable estimates in such

a setting underscores the importance of obtaining these results. Shapiro et al. (2018) and

Farrokhi et al. (2024) provide estimates of emission control measure elasticities αp
j , but focus

on sectoral differences, without factor and fuel adjustments, which matters for leakage to

power generation. The estimates of αp
f are relatively new in the economics literature, which

matters for green transition in the economy where electrification is a key.

Table 4: Parameters from moment matching estimation

Emission control
measure elasticity

Industry αNOx αSOx αTSP

Manufacturing
Mining/quarrying 0.08 0.29 0.04
Food/beverages/tobacco 0.03 0.11 0.01
Textiles/apparel/leather 0.03 0.11 0.01
Wood/paper/printing/media 0.01 0.05 0.01
Petro/chem/pharma/rubber/plastics 0.01 0.05 0.01
Non-metallic minerals 0.01 0.05 0.01
Basic/fabricated metals 0.01 0.04 0.01
Electronics/instruments/electrical 0.02 0.06 0.01
Machinery/transport (incl. auto) 0.02 0.08 0.01
Furniture/misc./repair 0.04 0.16 0.02

Power generation
Coal 0.64 0.83 0.73
Gas 0.59 0.86 0.77
Oil 0.54 0.85 0.75

6.3.1 Model fit

This section briefly shows how much the calibrated and estimated parameters can help the

model to match targeted and untargeted moments. The estimation matches several targeted

moments tightly. In the first stage, I evaluate the model on the numbers of firms and sales

in manufacturing and power generation sectors. Figures A.6 and A.7 shows high correlations

across sectors, fuels, and districts, in manufacturing and power generation sectors. In the

second stage, I evaluate the difference in differences estimate using the model. In the second
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stage, I show how closely the model-based reduced-form estimates match those of the data.

In particular, part of this fit will be analyzed in Section 7 so I defer the model fit. As an

out-of-sample forecast, I compare manufacturing emissions across sectors and districts, and

power generation emissions across fuels and districts. Figure A.7 shows that they are well

matched. Hence, the model also exhibits its quantitative fit for untargeted moments.

7 Counterfactual policy experiments

This section quantifies the policy effect and provides an interpretation to the reduced-form

results, and conducts two counterfactual policy experiments. In this exercise, I compare

different steady states. The initial steady state is the pre-regulation economy where there

is no environmental regulation (τ pl = 0 for all p and l). Then, I compute a new steady

state, or the post-regulation economy, holding the entry and exit fixed to reflect a short-run

change in the economy. I begin by quantifying the effect of the actual policy, Total Volume

Control of Pollutants at Place of Business. This exercise provides an interpretation of the

empirical results, which violates the SUTVA assumption. Also, it quantifies the welfare and

distributional consequences.

Figure 7: Decomposition: Effects on Social cost in Manufacturing

Notes: The difference-in-differences estimate on the social cost of emissions and its model counterparts are

plotted.
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7.1 Total Volume Control of Pollutants at Place of Business

This is the baseline counterfactual analysis where the original policy effect is quantified. I

use a structural approach to show how the reduced form estimate could have been biased.

Then, I conduct a welfare analysis in aggregate and across regions.

7.1.1 Reduced form Interpretation

Once the model is quantified, it can provide an interpretation of the reduced-form estimates

in Section 4 by modeling the SUTVA violation. Among others, I focus on the manufacturing

sector emissions because emissions are the variable of interest and manufacturing sectors

are where leakage is explicit. Since the estimates of difference-in-differences on emissions

are across district-industry pairs, I decompose the difference-in-differences estimates into

changes in regulated pairs (difference) and unregulated pairs (difference).

In Figure 7, the first two columns capture the difference-in-differences estimates in the

data and the model: the model estimate (-0.56) closely matches the data estimate (-0.50).

The last two columns divide the model estimate and capture a difference in regulated pairs

and a difference in unregulated pairs. According to the model analysis, the policy effectively

decreases the social cost of emissions in regulated pairs by 0.42, but it induces an increase in

the other by 0.14. This finding aligns with a significant geographic leakage from regulated

firms in regulated pairs to unregulated firms in unregulated pairs as found in Section 4. For

this reason, understanding how the policy changes the geographic distribution of emissions

and output across space is an important aspect of the analysis.

However, emissions can increase even in regulated districts because there are small unreg-

ulated polluters and leakage tends to decrease in distance. Also, the reduced-form estimates

cannot capture level changes. Table 5 shows a decomposition result that addresses these two

aspects. In regulated districts, emissions decreased by both regulated manufacturing and

power plants. However, unregulated manufacturing plants within regulated districts and

unregulated districts increased. Lastly, note that power generation emissions, in general,

are smaller than manufacturing emissions. This point differs from greenhouse gas emissions

because of the presence of production process emissions specific to manufacturing plants.
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Table 5: Policy effect

Regulated districts
Sector Manufacturing Power generation All

Regulation status Regulated Unregulated All Regulated Unregulated All All
Social cost -15 6 -2 -20 -0.1 -2 -2

Unregulated districts
Sector Manufacturing Power generation All

Regulation status Regulated Unregulated All Regulated Unregulated All All
Social cost 5 5 0.0002 0.0002 2

Notes: The outcomes are aggregated for each category, and then percentage changes are computed from the

pre-regulation equilibrium. Hence, the numbers differ from the difference-in-difference estimates.

7.1.2 Welfare and Distributional consequences

I evaluate welfare by tracking district-level changes in consumption measured in real income,

emissions measured in the social cost, and production measured in quantities (Figure 8). All

outcomes comove with the policy’s spatial variation, but emissions changes follow it more

closely, are larger in magnitude, and are more skewed. This is because emissions are what

are regulated across districts. However, even in regulated districts, emissions sometimes

increase. Note that large polluters regulated by the policy are cleaner in terms of emissions

intensity. Hence, this is the case when leakage to dirtier manufacturing and power plants

mitigates emissions reduction by regulated plants.

The first three rows of Table 6 summarize these changes at aggregated levels. There

are two notable aspects. First, regulated districts gain in net, because, although they lose

more in consumption and production than unregulated districts, they gain much more from

cleaner air. As noted above, the fact that emissions changes are larger implies that they can

have a more powerful impact on welfare than other changes. Under government constraints,

the priority of the policy, in fact, increases the overall welfare through cleaner air (4.97%)

despite consumption and production losses (0.60% and 0.66%). This is because regulated

districts are more populated and local air pollution has geographically concentrated effects.

7.2 Counterfactual policy experiments

Setting the above quantification as a baseline, I conduct counterfactual policy experiments

by computing new steady states, or post-regulation economies. I keep all parameters as in

the baseline except pollution taxes as they are the key to counterfactuals. Throughout these

exercises, I respect the following two features of the policy. First, I reflect the government

constraint (e.g., monitoring frictions) by keeping the number of regulated plants and the

number of regulated pollutants as in the baseline. Second, as before, I consider the number
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of residents, because of the locality of the regulated pollutants.

I conduct two counterfactual policy experiments. First, I impose Pigouvian pollution

taxes only in regulated districts and set them equal to the social cost of emissions. Second, I

impose a uniform pollution tax across all districts to limit geographic leakage and characterize

its distributional consequences. Table 6 summarizes the results.

7.2.1 Pigouvian pollution taxes in regulated districts

In this exercise, I keep regulated plants and districts as before, but impose Pigouvian pol-

lution taxes by equating them to the level of the social cost of emissions for each pollutant.

Policies addressing this market failure (environmental externalities) can maximize social

welfare by regulating emissions until the marginal cost of complying with policy equals the

marginal social benefit of reducing pollution emissions (Pigou, 1932).26 However, note that

the actual policy only targets large polluters in polluted and populated districts. In this

case, simple Pigouvian pollution taxes are no longer optimal because of leakage to dirtier

plants. Consumption losses are much larger than gains from cleaner air than before. Also,

emissions and consumption decrease in unregulated districts due to higher prices. Overall,

the counterfactual policy is contractionary without higher gains in cleaner air. Hence, it is

sub-optimal, and the optimal ones should be quantitatively calculated.

7.2.2 Uniform pollution taxes in all districts

Now I remove any regional variation from the original policy by selecting large polluters in all

districts including unregulated ones and imposing the median pollution taxes of the baseline

to all districts to explore geographic leakage. Since most environmental regulations are local,

this experiment, when compared to the baseline, can provide a lesson on how consumption,

emissions, and production move differently in response. A key pattern is that, as the regional

variation is relaxed, the trade-off between cleaner air and lower consumption and production

decreases. As they comove, the overall welfare gain decreases. Hence, geographic leakage

based on population and the scope of pollution can be beneficial, and from the perspective

of the policy maker, prioritizing populated and polluted districts can enhance the aggregate

welfare.27

26This exercise relates to standard theory on pollution markets that allowance prices reflect marginal
abatement costs and that an efficient policy sets the price of pollution permits equal to the marginal social
benefit of reducing emissions (Dales, 1968; Crocker, 1966; Montgomery, 1972). Muller et al. (2009) and
Shapiro et al. (2025) put this theory into data and conduct a similar analysis.

27Migration or labor mobility across districts can attenuate the policy effect. Although this paper does
not address this margin, the outcome above provides a prediction. If people are mobile, they will move to
districts with net gains (regulated districts) until welfare is equalized across space. However, in practice,
many local environmental regulations assume labor immobility, at least in the short run, because, once labor
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Figure 8: Distributional consequences by district

Notes: The left panel of the first map captures the policy variation across districts, and the right panel shows

percentage changes in the social cost of emissions. The left panel of the second map captures percentage

changes in consumption, and the right panel depicts percentage changes in production. The outcomes are

aggregated for each category, and then percentage changes are computed from the pre-regulation equilibrium.

is mobile, it is hard to evaluate or predict the policy effect.
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Table 6: Welfare analysis

Policy variation Policy intensity Districts Social cost Consumption Production

Actual

(Baseline)
Actual

Aggregate -4.97 -0.60 -0.66
Regulated -5.04 -0.61 -0.76
Unregulated +2.03 -0.53 -0.25

(Counterfactual 1)
Pigouvian

Aggregate -3.69 -7.87 -7.19
Regulated -3.71 -7.91 -7.26
Unregulated -2.26 -7.38 -6.93

Regionally
uniform

(Counterfactual 2)
Median

Aggregate -6.75 -7.87 -7.20
Regulated -6.80 -7.91 -7.27
Unregulated -2.26 -7.38 -6.92

Notes: The outcomes are aggregated for each category, and then percentage changes are computed. Regu-

lated and unregulated districts are those of the actual policy.

8 Conclusion

Industrial environmental regulation aims to reduce local air pollution, but, in practice, such

policies are often targeted toward large manufacturing and power plants in densely populated,

highly polluted areas because monitoring and enforcement capacity is limited. Their effects

therefore depend not only on abatement at regulated plants but also on leakage across plants,

sectors, and regions. Understanding these responses is central to evaluating the incidence

and welfare consequences of size- and place-based environmental policy.

In this paper, I study these issues in the context of South Korea’s 2020 expansion of

its local air pollutant cap-and-trade system. Using detailed data on emissions, inputs, and

outputs and a difference-in-differences design, I find pronounced sectoral asymmetry. In reg-

ulated district-manufacturing-industry pairs, the policy reduced emissions by 43–54 percent

across major pollutants, relative to unregulated pairs, through both abatement and leakage.

By contrast, emissions from power generation did not decline, consistent with increased elec-

tricity demand from industrial electrification and leakage from manufacturing to the power

sector. I also document geographic leakage with spatial decay, implying that reduced form

estimates alone cannot recover the policy’s aggregate incidence or welfare effects.

To address this, I develop a spatial general equilibrium model with multiple manufactur-

ing sectors and upstream power generation sectors, incorporating the abatement and leakage

channels documented in the data, and evaluate welfare and counterfactual policies. I esti-

mate key parameters, such as factor and fuel substitution and emission control measure use

elasticities, using a production function estimation approach and the reduced form estimates.

The model shows that a quarter of the policy effect on emissions at the district-manufacturing

industry pairs come from leakage across districts.

The model also implies that the policy raises aggregate welfare: a 5 percent improvement
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in air quality outweighs roughly 1 percent declines in both consumption and production.

These effects are spatially uneven. Regulated districts benefit from cleaner air but bear losses

in consumption and production, whereas unregulated districts exhibit the opposite pattern.

Aggregate welfare nonetheless rises because leakage shifts emissions away from the most

polluted and densely populated districts, where marginal damages are highest. Counterfac-

tual exercises show that, under administrative constraints, the implemented policy—which

targets large emitters in the most polluted and densely populated districts—outperforms

feasible alternatives, including a spatially uniform regulation.
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A Policy details

A.1 Rules on caps

Initial caps, in principle, are allocated based on past emissions volumes. To protect early

adopters, plants that already invested in abatement technology are assessed against their five-

year average emissions. I abstract from the initial allocation of permits for two reasons. First,

under standard conditions, a Coasian argument implies that the equilibrium allocation of

abatement across firms is cost effective and independent of the initial distribution of permits,

although the initial allocation may still affect the distribution of compliance burdens (Coase,

1960). Second, I do not have a credible empirical strategy to identify the causal effect of

permit allocation itself. For related discussions, see Hahn et al. (2011) and Fowlie et al.

(2013).

Then, following allowances are benchmarked to “best available technology” standards,

which are formally revised every three years in government-led consultations with regulated

plants. Importantly, each area’s reduction goal is based on its emissions and population,

which is the source of the policy variation by district. While plants participate, their role is

limited to assessing feasibility rather than shaping the benchmarks. Also, lobbying has been

prohibited in Korea. Although informal influence cannot be fully excluded, these institutional

features together suggest limited scope for policy endogeneity.

A.2 Allowance prices

The NOx and SOx prices fall in a similar order of magnitude to allowance prices in major

emissions-trading systems (ETS), such as the EU ETS, California, and China’s national ETS.

However, these are not directly comparable because they cap different pollutants (NOx and

SOx vs CO2), with different damages, sector coverage, monitoring rules, and compliance

designs. A more directly comparable benchmark is the U.S. Cross-State Air Pollution Rule

(CSAPR) market for NOx and SO2. Korea’s NOx and SOx levels are above typical U.S.

annual CSAPR allowance prices but below U.S. ozone-season NOx allowance prices, which

can be much higher. Overall, Korea’s NOx and SOx allowance prices are comparable in

magnitude to other pollution markets. TSP has been rarely regulated so it is hard to find

a counterpart. One exception can be found in Greenstone et al. (2023).

A.3 Other details

In the pollution markets, banking is allowed for one year while borrowing is prohibited.

Measurement, reporting, and verification (MRV) mainly rely on sensors at plant outlets;
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where unavailable, third-party verification uses input and output and measure use records.

Brokerage is not allowed. A plant or a firm can buy or sell its allowances on a website

designed and controlled by the Korean Ministry of Environment by posting the prices it

wants to buy or sell.

Lastly, although the markets include all regulated plants even not in the manufacturing

and power generation sectors, the fact that prices were high and stable and the fact that

82% of regulated plants were in those two sectors imply that the regulation was effective to

regulated manufacturing and power plants. They could have sold their allowances if their

marginal abatement costs were lower or bought them if their costs were higher. This is

because the allowance prices reflect the equilibrium marginal abatement costs (Shapiro et

al., 2025).

A.4 Power generation

Korea’s electricity market is inherently two-sided: a wholesale market operates between

power plants and the government, while a retail market connects the government to final

consumers such as households and manufacturing plants. The wholesale market operates

through two commonly-used mechanisms: system marginal pricing (SMP) and merit-order

dispatch (MOD). Lower-cost plants enter first and renewable typically dispatch before fossil

fuels (MOD), and the electricity price is set to the marginal cost of the last generating

unit (SMP). Yet given limited clean capacity, short-run demand surges likely call on dirtier

power plants because their marginal costs are higher and clean power plants have been in

use already.

Note that the regulated power plants cannot be newly dispatched after the policy imple-

mentation because they are selected based on their past emissions. If they are not dispatched

in the policy equilibrium, the electricity prices should be higher, and those regulated should

have lower sales and less emissions. If they are still in the dispatch, the electricity prices

should be the same as before or higher, leading to the same or higher sales and emissions.

Findings in Section 4 will guide us here because, without a large drop in sales or an increase

in the exit, the latter is more likely to be the case.

Further, clean generation accounts for 36% in 2012 and 43% in 2024. Uneven distribution

of clean and dirty power plants implies additional demand can be met by dirtier facilities

elsewhere (Figure A.3). So leakage depends on whether this capacity was sufficient and where

it was.
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B Data appendix

B.1 District-industry level data

B.1.1 Data cleaning

Industrial and district concordances between the SEMS and the census data are carried out

with the 2023 classifications to have both pieces of information at the district-3-digit-KSIC

level. Industrial concordance requires further understanding of each dataset. The SEMS is

categorized by emission source while the census data are categorized by the classification of

a product with the highest sales. Most classifications are directly transferable at the 3-digit

KSIC in manufacturing and the 5-digit in power generation. I differentiate fossil fuel power

plants as those that have 35113, 35120, 35130, 35200, and 35300 as its 5-digit KSIC. The

rest is allocated using emissions source and fuel use categories along with the corresponding

emission factors. There are two assumptions behind this task. First, I assume the industry

of the best selling product is the same as that of the main activity. This assumption is

necessary for concordance to connect emissions and economic activity. Second, I impose

a standard assumption and use sales as a proxy to emissions within district-industry pairs.

This assumption helps to divide and allocate emissions from production process to the 3-digit

KSICs when granular quantity information is not available. I drop those that have 1-digit

KSICs because it is hard to divide such emissions. Since this concordance is carried out

at a fine grid (the district × 3-digit KSIC level), this assumption is less likely to be highly

restrictive. Most importantly, the result is robust whether I conduct such concordance or

not.

B.1.2 Data details

SEMS incorporates tele-monitored emissions when available and otherwise imputes emissions

using information on fuel use, production processes, emission factors, abatement measures,

and activity types.28 The match is complete at the district-industry level.

B.2 Plant level data

B.2.1 Data cleaning

This paper conducts three data cleaning procedures. First, it fills out missing location in

the SBR if necessary. For example, from smaller location codes, districts can be found if

missing. Second, I use firm and plant ids, districts, KSICs, and histories to identify the

28This information can be found in the ministry website.
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same plants within firms in specific districts. Third, industrial and district concordances

are considered in line with those classification in 2023 (the most recent year available). For

KSICs, I empty those before 2017, because the 10th KSIC was implemented in 2017. Then,

I fill out empty places with those of 2017, 2018, and 2019 for each plant. Fourth, I clean

establishment level information using firm ids, latitudes and longitudes, KSICs, and years

by finding the corresponding pairs one-to-one and taking averages for fuel use and sales to

address establishment level changes such as M&A and split. Fifth, I merge with the MMS

and the measure use dataset using plant ids and latitudes and longitudes.

B.2.2 Data details

Emissions are also observed at the plant level, but primarily for large polluters. This sample

covers too few untreated plants to form a sufficiently large control group. While the fuel

use survey has informed industrial environmental policies, it has never been directly used

for direct policy implementation. Misreporting is unlikely because the agency cross-checks

records with other relevant data (e.g., real-time monitored data) to scrutinize the survey

answer. Indeed, Section 4 will show a coherent picture across different outcome variables.

This issue is more likely to be prominent in developing countries where cross-checks are

challenging. For such an issue, see Duflo et al. (2013).

At the plant level, 15 of the 1,033 treated manufacturing and power plants are not

matched because they had closed before the sample period but remained on the policy

list. To account for mergers, acquisitions, and splits, I supplement the census with records

from the Data Analysis, Retrieval and Transfer System of the Korean Financial Supervisory

Service. Business lease is considered from the perspective of the lender because that is how

the data are constructed.

B.2.3 Matching

Following Heckman et al. (1997) and Heckman et al. (1998), I estimate the average treatment

effect on the treated using a matched difference-in-differences estimator with one-to-one

nearest-neighbor Mahalanobis distance matching. Matching at the plant level proceeds in

two steps. First, I exactly match plants by industries (3-digit KSICs) to control for industry-

specific time trends. I exactly match plants by the emission control measure update status to

capture the corresponding update more clearly. This choice also helps to compare regulated

plants with potential candidates, because the measure information has been concentrated in

such large polluters.

Second, I apply Mahalanobis distance matching to control for differences in plant size.
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Following the policy, I use the maximum of 2018 and 2019 sales, because sales are a proxy of

emissions and size when emissions are not available at the plant level. Therefore, the control

groups are, in general, smaller polluters in the same areas, as in Table 1. It is also shown

that the matching substantially improves balance and common support, reducing differences

in both size and significance between the treated and control groups.

C Additional robustness checks

Since 1991, the Clean Air Act implemented several measures to curb local air pollution.

The cap-and-trade policy is a part of the law implemented in later years. First, there has

been the banning the use of sulfur oil and solid fuels in certain districts to address local

air pollution. Since the policy does not have any time variation, unit fixed effects should

address the effect of this ban. Also, a comparison within administrative regional units will

help to cleanse the effect further. There has been a concentration regulation at the pipe

level and a pollution tax on the amount of emissions at the establishment level. The former

sets the criteria for the concentration of emissions for all polluting sources and regulates (a

command-and-control regime). Excess emission charges are imposed to those violating the

concentration criteria. The latter consists of basic emission charges for the establishments

emitting regulated pollutants. So the concentration regulation relates to the concentration,

while the basic emission charge and the cap-and-trade relate to the amount of regulated

emissions.

These two policies also have regional variation, which does not fully align with that

of the cap-and-trade. More importantly, these two regulations became more stringent in

2020, but those under the cap-and-trade system became exempt from the basic emission

charge. In other words, these policies targets smaller polluters not regulated by the cap-

and-trade system. However, the policy improvement was global, which should have been

addressed by either the industry and year fixed effects or the region and year fixed effects.

Also, the fact that those regulated by the cap-and-trade accounted for a large portion of

emissions lessens a concern that emissions reduction was driven by these two policies. In

addition, an authorization began to be required for large polluting establishments to install

or modify emissions sources in regulated areas since 2020. To get authorized, they have to

use the Best Available techniques economically achievable (BAT). Originally, it was only is

the Seoul Capital Area, but it expanded. But this is about controlling additional emissions

not reducing the existing ones, and I did not find any evidence of the policy effect on the

entry and exit of an establishment.

Furthermore, there has been the Integrated Pollution Preventation and Control Direc-
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tive in 2017, integrating the source-level emissions sources to the establishment level and

increasing its sectoral coverage over time. Still, there was a chance that a more stringent

criterion was applied from this integration based on the BAT. But the policy was global, and

the timing was different. Hence, the industry and yer fixed effects should have address its

effect. Lastly, there have been some efforts to decrease particulate emissions since 2019. But

they are seasonal, have different timings, and their regional variations are across provinces,

whose effects should be captured by the province and year fixed effects.

Overall, these policies are unlikely to be the main force, because the emissions allowances

of regulated plants explain the majority of emissions in regulated areas. However, still

districts and sectors might have been differently exposed to (semi-) global policies. So I

additionally control for the baseline emissions in the district- industry pair analysis to address

the potential effect in more exposed pairs and find a similar result (Tables A.31 and A.32).

D Theory

This section contains several derivations omitted in the main text for brevity.

D.1 Manufacturing firms

The cost minimization problem of a plant with firm productivity ϕ and location in i and

plant productivity z in location l and industry j can be written as:

mink,e,ℓ,m;ef ,(1−a)

(
rk +

∑
f∈F

pfef + wlℓ+ pMl,jm

)

+
∑

p∈Λil,j(ϕ,z)

τ pl (1− a)
1

α
p
j

(
κp
jqil,j +

∑
f

κp
fef

)
s.t.

qil,j =ϕz (1− a)

(
αj,Kk

ρj−1

ρj + αj,Ee
ρj−1

ρj + αj,Lℓ
ρj−1

ρj + αj,Mm
ρj−1

ρj

) ρj
ρj−1

, (A.1)

e =

(∑
f∈F

αj,f (ef )
λj−1

λj

) λj
λj−1

.

60



The first order conditions with respect to k, e, ℓ, and m are:

r = αj,Kk
−1
ρj Hil,j (ϕ, z) ,

pEil,j (ϕ, z) = αj,Ee
−1
ρj Hil,j (ϕ, z) ,

wl = αj,Lℓ
−1
ρj Hil,j (ϕ, z) ,

pMl,j = αj,Mm
−1
ρj Hil,j (ϕ, z) ,

where

Hil,j (ϕ, z) =ϕz (1− a)

(
αj,Kk

ρj−1

ρj + αj,Ee
ρj−1

ρj + αj,Lℓ
ρj−1

ρj + αj,Mm
ρj−1

ρj

) ρj
ρj−1

−1

×

µil,j (ϕ, z)−
∑

p∈Λil,j(ϕ,z)

τ pl (1− a)
1

α
p
j κp

j

 .

Taking ratios between factors of production, I can express all production factors in terms of

labor and prices:

k

l
=

(
r

wl

)−ρj (αj,K

αj,L

)ρj

,

e

l
=

(
pEil,j (ϕ, z)

wl

)−ρj (
αj,E

αj,L

)ρj

,

m

l
=

(
pMl,j
wl

)−ρj (
αj,M

αj,L

)ρj

. (A.2)

The first order conditions with respect to ef and (1− a) are:

p̃fil,j (ϕ, z) =Hil,j (ϕ, z)αj,Ee
−1
ρj

(∑
f∈F

αj,f (ef )
λj−1

λj

) λj
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− 1
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α
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= ϕz
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where the effective fuel price of fuel f , p̃fil,j (ϕ, z) = pf +
∑

p∈Λil,j(ϕ,z)
(1− ail,j (ϕ, z))

1

α
p
j κp

fτ
p
l .

Using the first order conditions with respect to e and ef , fuel ef demand can be derived

as:

eil,j,f (ϕ, z)

eil,j (ϕ, z)
=

(
p̃fil,j (ϕ, z)

pEil,j (ϕ, z)αj,f

)−λ

. (A.3)

With this expression, pEil,j (ϕ, z) can be derived from the energy aggregate:

pEil,j (ϕ, z) =

∑
f∈F

αj,f

(
p̃fil,j (ϕ, z)

αj,f

)1−λj

 1
1−λj

, (A.4)

where pEil,j (ϕ, z) eil,j =
∑

f∈F

(
p̃fil,j(ϕ,z)

αj,f

)
eil,j,f .

By taking a ratio of the two first order conditions with respect to ef and ee, the relative

fuel demand can be written as:

eil,j,f (ϕ, z)

eil,j,e (ϕ, z)
=

(
p̃fil,j (ϕ, z)

p̃eil,j (ϕ, z)

)−λj (
αj,f

αj,e

)λj

,

which decreases in the effective fuel price of f , p̃fil,j (ϕ, z) and increases in the average pro-

ductivity of fuel f , αj,f . Then, the energy aggregate can be re-expressed as:

eil,j (ϕ, z) = eil,j,e (ϕ, z)

∑
f∈F

αj,f

(
p̃fil,j (ϕ, z)

p̃eil,j (ϕ, z)

)1−λj (
αj,f

αj,e

)λj−1


λj
λj−1

.

The unit production cost can be derived from the first order condition with respect to ℓ

and the factor ratios (Equation A.2):

µil,j (ϕ, z) =
1

(1− ail,j (ϕ, z))

1

ϕz

1

Gil,j (ϕ, z)
+

∑
p∈Λp

il,j(ϕ,z)

τ pl (1− ail,j (ϕ, z))
1

α
p
j κp

j , (A.5)

which does not depend on qil,j (ϕ, z).

Using the fuel demand (Equation A.3), the energy price (Equation A.4), factor ratios

(Equation A.2), and the unit production cost (Equation A.5), emission control measure use

can also be characterized. When τ pl > 0 and ŝpil,j (ϕ, z) ≥ T̄ p
j for at least one p, (1− ail,j (ϕ, z))

62



is a solution to the following equation:µil,j (ϕ, z)−
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Gil,j (ϕ, z) =
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ρj (r)1−ρj + (αj,E)
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)1−ρj + (αj,L)
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) 1
ρj−1

is an inverse CES factor cost bundle. However, when τ pl = 0 or ŝpil,j (ϕ, z) < T̄ p for all p,

(1− ail,j (ϕ, z)) = 1.

Then, the variety price combines mark-ups, multiregional production frictions, and ice-

berg trade costs.

piln,j (ϕ, z) = Mjγil,jµil,j (ϕ, z) dln,j,

where Mj =
ηj

ηj−1
.

From the household demand structure (Equation 14), the revenue of this plant can be

derived as:

Ril,j (ϕ, z) =
∑
n

piln,j (ϕ, z) qiln,j (ϕ, z) (A.7)

=
∑
n

(
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and the quantity demand of the plant can be derived as:
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∑
n

dln,j

(
piln,j (ϕ, z)

Pin,j (ϕ)

)−ηj (Pin,j (ϕ)

Pn,j

)−σj Xn,j
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, (A.8)

where qil,j (ϕ, z) =
∑

n dln,jqiln,j (ϕ, z). The corresponding profit is:

πil,j (ϕ, z) =
Ril,j (ϕ, z)

ηj
. (A.9)
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D.2 Power plants

The cost minimization problem is similar to the above, which can be written as:

mineEf ,(1−a)pfe
E
f+

∑
p∈Λi,f (z)

τ pi (1− a)
1

α
p
f κE,p

f eEf

s.t.
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{
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}
.

The first order conditions with respect to (1− a) and eEf are:

∑
p∈Λi,f (z)

τ pi
1

αp
f

(1− a)
1

α
p
f

−1

κE,p
f eEf = νi,f (z) ze

E
f ,

pf +
∑

p∈Λi,f (z)

τ pi (1− a)
1

α
p
f κE,p
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Using both, when τ pi > 0 and ŝpi,f (z) ≥ T̄ p
f for at least one p, (1− ai,f (z)) is a solution to

the following equation:
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f

αp
f

, (A.10)

which strictly decreases in τ pi . When τ pi = 0 or ŝpi,f (z) < T̄ p for all p, (1− ai,f (z)) = 1. Fuel

f use is

eEi,f (z) = min

{
ki,f (z)

z
,

yi,f (z)

z (1− ai,f (z))

}
.

Then, the unit power generation cost can be expressed as:

νi,f (z) =
pf +

∑
p∈Λi,f (z)

τ pi (1− ai,f (z))
1

α
p
f κE,p

f

z (1− ai,f (z))
(A.11)
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z
,

which does not depend on yi,f (z), but locally increases in pollution tax τ pi .
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The corresponding profit is

πi,f (z) = (pe − νi,f (z)) yi,f (z) . (A.12)

D.3 Aggregation and General equilibrium conditions

The price index of sector j in location n should satisfy the following condition:

Pn,j =

(∑
i

Mi,jEϕ

[(
P

1−σj

in,j (ϕ)
)]) 1

1−σj

,

where

Pin,j (ϕ) =

(∑
l

Ez

[
p
1−ηj
iln,j (ϕ, z)

]) 1
1−ηj

.

The labor markets clear in district l:

Ll =
∑
i,j

Mi,jEϕ,z [ℓil,j (ϕ, z)] .

Using the demand function (Equation A.7), the production function (Equation A.1), and

the ratios of the first order conditions (Equation A.2), the labor demand can be expressed

as:

ℓil,j (ϕ, z) =

∑
n dln,j

(
piln,j(ϕ,z)

Pin,j(ϕ)

)−ηj (Pin,j(ϕ)

Pn,j

)−σj Xn,j

Pn,j

ϕz (1− ail,j (ϕ, z)) (Gil,j (ϕ, z))
ρj α

−ρj
j,L w

ρj
l

.

The capital market clearing is:

∑
i

Ki =
∑
i,l

∑
j

Mi,jEϕ,z [kil,j (ϕ, z)]︸ ︷︷ ︸
Variable inputs (manufacturing)

+
∑
i

∑
j

Mi,j

Prob (πi,j (ϕ) ≥ 0)
fE
i,j︸ ︷︷ ︸

Entry inputs (manufacturing)

+
∑
i

∑
f

Mi,f

Prob (πi,f (z) ≥ 0)
fE
i,f︸ ︷︷ ︸

Entry inputs (power generation)

,

where we can derive k similarly:

kil,j (ϕ, z) =

∑
n din,j

(
piln,j(ϕ,z)

Pin,j(ϕ)

)−ηj (Pin,j(ϕ)

Pn,j

)−σj Xn,j

Pn,j

ϕz (1− ail,j (ϕ, z)) (Gil,j (ϕ, z))
ρj α

−ρj
j,K rρj

.
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The product market clears in each district i and sector j:

Xl,j =
J∑

k=1

γjkMi,kEϕ,z

[
pMi,kmil,k (ϕ, z)

]
+ γj (wlLl + rKl) ,

where we can derive m similarly:

mil,j (ϕ, z) =

∑
n dln,j

(
piln,j(ϕ,z)

Pin,j(ϕ)

)−ηj (Pin,j(ϕ)

Pn,j

)−σj Xn,j

Pn,j

ϕz (1− ail,j (ϕ, z)) (Gil,j (ϕ, z))
ρj α

−ρj
j,M

(
pMl,j
)ρj .

The total electricity demand sums up industrial electricity demands:

De =
∑
i,l

∑
j

Dil,j, (A.13)

where we have

Dil,j = Mi,jEϕ,z [eil,j,e (ϕ, z)] .

Using the fuel demand function (Equation A.3) additionally, we have:

eil,j,e (ϕ, z) =

(
p̃fil,j (ϕ, z)

pEil,j (ϕ, z)αj,e

)−λj
∑

n din,j

(
piln,j(ϕ,z)

Pin,j(ϕ)

)−ηj (Pin,j(ϕ)

Pn,j

)−σj Xn,j

Pn,j

ϕz (1− ail,j (ϕ, z)) (Gi,j (ϕ, z))
ρj α−ρ

j,E

(
pEil,j (ϕ, z)

)ρ .
The emissions of pollutant p from manufacturing plants in district l and sector j, Sp

i,j,

can be expressed as:

Sp
l,j =

∑
i

Mi,jEϕ,z

[
(1− ail,j (ϕ, z))

1

α
p
j

(
κp
jqil,j (ϕ, z) +

∑
f∈F

κp
feil,j,f (ϕ, z)

)]
.

Also, I can write the emissions of pollutant p from fossil fuel f power plants in district l,

Sp
l,f , as:

Sp
l,f =Ml,fEz

[
(1− al,f (z))

1

α
p
f κE,p

f eEf

]
.

Then, the total emissions are the sum of these sectoral emissions: Sp
l =

∑
j S

p
l,j +

∑
f S

p
l,f .
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E Production function estimation

The production function is estimated without any pollution tax prior to the regulation. I

drop j for simplicity because the production function is estimated for each sector separately.

After the realization of ϕ and z, the sales of a plant with (ϕ, z) headquartered in district i

and producing in district l is the sum of revenues across all districts n:

Ril (ϕ, z) =
∑
n

piln (ϕ, z) qiln (ϕ, z)

=
∑
n

Q
1
ηj
n P

σj
ηj
n P

ηj−σj
ηj

in (ϕ) q

ηj−1

ηj

iln (ϕ, z)

=q

ηj−1

ηj

il (ϕ, z)
∑
n

Q
1
ηj
n P

σj
ηj
n P

ηj−σj
ηj

in (ϕ) s

ηj−1

ηj

iln (ϕ)

=q

ηj−1

ηj

il (ϕ, z) Γiln (ϕ) ,

where the total quantity manufactured by the plant, qil (ϕ, z) =
∑

n dlnqiln (ϕ, z), and the

plant-level share of output sold in district n relative to total output manufactured, siln,j (ϕ, z) =

qiln,j(ϕ,z)

qil,j(ϕ,z)
= siln (ϕ), and Γiln (ϕ) =

∑
nQ

1
ηj
n P

σj
ηj
n P

ηj−σj
ηj

in (ϕ) s

ηj−1

ηj

iln (ϕ). I use the unit production

cost (7), the demand function (14), and the price index (Equation 13). This result shows

that the share is independent of z.

Then, the profit maximization of the firm can be written as follows. I further drop ϕ and

location subscripts for convenience:

maxℓ,k,m,eΓ

χ

(
αL

(
ℓ

L̄

) ρ−1
ρ

+ αK

(
k

K̄

) ρ−1
ρ

+ αM

(m
M̄

) ρ−1
ρ

+ αE

( e

Ē

) ρ−1
ρ

) ρ
ρ−1


η−1
η

−
(
wℓ+ rk + pMm+ pEe

)
,

where χ = ϕz. Taking ratios across the first order conditions with respect to ℓ, m, and e,

we have the following relationship between factors and factor expenditures:

m

M̄
=

(
αL

αM

pMm

wℓ

) ρ
ρ−1 ℓ

L̄
, (A.14)

e

Ē
=

(
αL

αE

pEe

wℓ

) ρ
ρ−1 ℓ

L̄
. (A.15)
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Now unobserved e
Ē
can be uniquely recovered once ρ is known because the expenditures for

labor, fuels, and material and the number of employment are observed. Thus, I can identify

several production parameters by replacing e
Ē

and m
M̄

with Equations A.15 and A.14 and

exploiting the first order conditions to control for the transmission bias from unobserved

hicks-neutral productivity χ to observed inputs (Doraszelski et al. (2013); Doraszelski et al.

(2018)). From the first order condition with respect to ℓ, productivity χ can be written as:

χ
η−1
η =

η

η − 1

1

Γ

w
(
ℓ
L̄

)
αL
(
ℓ
L̄

) ρ−1
ρ

×

(
αL

(
ℓ

L̄

) ρ−1
ρ

+ αK

(
k

K̄

) ρ−1
ρ

+ αM

(m
M̄

) ρ−1
ρ

+ αE

( e

Ē

) ρ−1
ρ

)1− ρ
ρ−1

η−1
η

. (A.16)

Plugging this productivity into the revenue with a time-varying shock ut such that Et [ut] = 0

and using Equations A.15 and A.14, the revenue can be rewritten with logarithms as:

lnRt = ln
η

η − 1
+ ln

(
wt

(
ℓt
L̄

)(
1 +

αK

αL

(
kt
K̄

/
ℓt
L̄

) ρ−1
ρ

)
+ pMt

(mt

M̄

)
+ pEt

(et
Ē

))
+ ut,

(A.17)

where I deflate the amount of nominal capital by the corresponding deflator. This is because

capital is assumed to be freely mobile, and, hence, has one price. The main parameters

of interest are the CES elasticity of substitution in demand, η, and the CES elasticity of

substitution in the outer production function, ρ. For the consistency of the estimates, I

estimate it with nonlinear least squares (NLLS) (Grieco et al., 2016). I also estimate αK

αL
and

take the geometric mean of Equations A.15 and A.14 and normalize such that αK + αE +

αL + αM = 1. This is an advantage provided by the geometric mean normalization of the

CES function.

The elasticity of substitution in the inner production function λ is also of interest. Since

I know all variables and parameters, I can estimate λ with a time-varying shock εt such that

E [εt] = 0 with the following equation:

ln
(et
Ē

)
=

λ

λ− 1
ln

(∑
f∈F

αf

(
ef,t
ēf

)λ−1
λ

)
+ εt. (A.18)

I back out αf such that
∑

f αf = 1.
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F Solution Algorithm

The model has the power sector as an upstream sector of the manufacturing sector. It can

be solved in the following way:

1. Fix the capital structure K as the numeraire (r = 1).

2. Solve for the power plant emission control measure use (1− ai,f (z)) (Equation A.10),

which does not depend on any endogenous macro variables.

3. Guess the numbers of manufacturing firm headquarters Mi,j.

(a) Guess an electricity price pe.

i. Guess manufacturing wages and prices wi and Pi,j.

ii. Solve for the manufacturing firm optimization problem.

A. Solve for the manufacturing plant emission control measure use
(
1− apil,j (ϕ, z)

)
(Equation A.6).

B. Calculate marginal production costs µil,j (ϕ, z) (Equation 7) and plant

profits πil,j (ϕ, z) (Equation A.9).

iii. Given the solution above, compute the labor demands Li (Equation 18), man-

ufacturing prices Pi,j (Equation 13), and manufacturing expenses Xi,j (Equa-

tion 19).

iv. If the labor and product markets clear, move to the next step. Otherwise, go

back to to Step 3 (a) i and repeat until they clear.

(b) Compute the total manufacturing electricity demand De (Equation A.13) and

solve for the power generation firm optimization problem.

(c) Calculate marginal power generation costs νi,f (z) (Equation A.11).

(d) According to MOD, dispatch De for given the power plant numbersMi,f .

i. Dispatch should be below the capacity ki,f (z).

ii. Dispatch should be divided according to the capacity if the marginal costs

are the same.

iii. Set pe by SMP.

(e) Calculate plant profits πi,f (z) (Equation A.12).

(f) Compute Mi,f (Equation 17).

(g) Iterate the above until we have electricity supply = electricity demand and Mi,f

stop moving.
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(h) If the electricity market clears and the free entry condition holds, stop. Otherwise,

go back to to Step 3 (a) and repeat until they do so.

4. Compute Mi,j (Equation 16).

5. If the free entry condition holds, stop. Otherwise, go back to to Step 3 and repeat until

it holds.

6. Solve the household optimization problem by deriving ui (Equation 12).
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G Additional tables

Table A.1: Policy goal

SCA Caps Reduction rates

Pollutant Initial year (2020) Final year (2024)
Total 46,208 36,842 -20%
NOx 34,105 28,635 -16%
SOx 11,627 7,814 -33%
TSP 476 393 -17%

CA Caps Reduction rates

Pollutant Initial year (2020) Final year (2024)
Total 160,616 108,094 -33%
NOx 114,678 82,452 -28%
SOx 43,145 23,611 -45%
TSP 2,793 2,031 -27%

SA Caps Reduction rates

Pollutant Initial year (2020) Final year (2024)
Total 87,899 64,985 -26%
NOx 57,361 41,790 -27%
SOx 29,847 22,709 -24%
TSP 691 486 -30%

SEA Caps Reduction rates

Pollutant Initial year (2020) Final year (2024)
Total 135,629 91,999 -32%
NOx 90,741 58,956 -35%
SOx 43,534 32,056 -26%
TSP 1,354 987 -27%

Notes: Caps sum up the emissions allowances (initial allocation (including additional allocation), carryover,
and net purchases (purchases − sales)) of all regulated establishments within markets. Total is the sum of
NOx caps, SOx caps, and TSP caps (ton). Reduction rates are taken between 2020 and 2024 and expressed
in percentage. SCA denotes the Seoul Capital Area, CA denotes the Central Area, SA denotes the Southern
Area, SEA denotes the South-East Area.
Sources: Ministry of Environment.

Table A.2: Spatial distribution of regulated plants

Seoul Capital Area Central Area Southern Area South-East Area Total

Number 453 320 87 399 1,259

Notes: The number of each cell denotes the number of targeted plants in each area in 2020.
Sources: Ministry of Environment.
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Table A.15: Policy effect: plant

Manufacturing Power generation
Regulated Unregulated affiliated Regulated

ln Measure use 0.22* -0.01 -0.03
(s.e.) 0.09 0.10 0.05
ln Electricity use 0.92*** 0.01
(s.e.) 0.11 0.15
ln Electricity share 0.12* 0.10
(s.e.) 0.06 0.06
ln Sales 0.05 0.11 0.49**
(s.e.) 0.04 0.06 0.15
N 7,848 3,825 2,150

Notes: * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Table A.16: Policy effect: district-industry

Manufacturing Power generation

ln NOx emissions -0.52*** 1.69
(s.e.) 0.05 1.90
ln SOx emissions -0.54*** 1.39
(s.e.) 0.06 1.94
ln TSP emissions -0.43*** 1.96
(s.e.) 0.05 2.06
ln Sales -0.10*** 1.84*
(s.e.) 0.04 1.10
N 105,278 782

Notes: * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Table A.17: Policy effect: geographic leakage

Manufacturing Power generation

ln NOx emissions 0.35 0.82
(s.e.) 0.19 0.58
ln SOx emissions 1.52*** 2.25**
(s.e.) 0.31 0.83
ln TSP emissions 0.41* 1.12**
(s.e.) 0.25 0.47
ln Sales 0.09 1.12
(s.e.) 0.19 0.75
N 4,529 149

Notes: * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.
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Table A.20: Robustness check: plant

Manufacturing Power generation
Regulated Unregulated affiliated Regulated

ln Measure use 0.20* 0.04 -0.10
(s.e.) 0.09 0.13 0.10
ln Electricity use 0.70*** 0.24
(s.e.) 0.13 0.19
ln Electricity share 0.17** 0.14
(s.e.) 0.06 0.07
ln Sales -0.08* 0.12 0.33
(s.e.) 0.04 0.07 0.22
N 5,797 2,434 1,141

Notes: This sample drops plants in the Seoul Capital Area. * denotes p<0.05, ** denotes p<0.01, and ***

denotes p<0.001.

Table A.21: Robustness check: plant

Manufacturing Power generation
Regulated Unregulated affiliated Regulated

ln Measure use 0.47** -0.12 -0.04
(s.e.) 0.16 0.12 0.05
ln Electricity use 1.27*** -0.08
(s.e.) 0.15 0.19
ln Electricity share 0.24** 0.01
(s.e.) 0.08 0.06
ln Sales 0.03 0.08 0.21
(s.e.) 0.06 0.09 0.15
N 4,684 2,362 1,606

Notes: This sample keeps plants regulated by the greenhouse gas trading at least once. Since the policy

monitored the whole firms, there are no unregulated affiliated plants in manufacturing. * denotes p<0.05,

** denotes p<0.01, and *** denotes p<0.001.
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Table A.22: Robustness check: plant

Manufacturing Power generation
Regulated Unregulated affiliated Regulated

ln Measure use 0.43** -0.05 0.004
(s.e.) 0.14 0.12 0.04
ln Electricity use 1.25*** -0.10
(s.e.) 0.14 0.16
ln Electricity share 0.22** 0.06
(s.e.) 0.07 0.06
ln Sales 0.05 0.13 0.35*
(s.e.) 0.05 0.07 0.17
N 5,417 3,010 1,672

Notes: This sample keeps plants regulated by the greenhouse gas trading or the pilot program at least once.

Since the policy monitored the whole firms, there are no unregulated affiliated plants in manufacturing. *

denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Table A.23: Robustness check: plant

Manufacturing Power generation
Regulated Unregulated affiliated Regulated

ln Measure use 0.19 0.01 -0.08
(s.e.) 0.10 0.10 0.07
ln Electricity use 0.78*** 0.05
(s.e.) 0.11 0.15
ln Electricity share 0.17** 0.10
(s.e.) 0.06 0.06
ln Sales 0.02 0.10 0.38*
(s.e.) 0.05 0.06 0.16
N 6,198 3,795 1,639

Notes: This sample imposes an additional exact match on regulated areas. * denotes p<0.05, ** denotes

p<0.01, and *** denotes p<0.001.
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Table A.24: Robustness check: plant

Manufacturing
Regulated

ln Measure use 0.17
(s.e.) 0.10
ln Electricity use 0.88***
(s.e.) 0.14
ln Electricity share 0.12
(s.e.) 0.08
ln Sales 0.07
(s.e.) 0.05
N 4,657

Notes: This sample keeps regulated manufacturing plants without any unregulated affiliated plants in the

same 3-digit KSICs. I do not consider a counterpart for power plants because within-firm leakage is unlikely

to arise. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Table A.25: Robustness check: plant

Manufacturing Power generation
Regulated Unregulated affiliated Regulated

ln Measure use 0.22* -0.01 -0.03
(s.e.) 0.09 0.10 0.05
ln Electricity use 0.94*** 0.02
(s.e.) 0.11 0.15
ln Electricity share 0.12* 0.09
(s.e.) 0.06 0.06
ln Sales 0.05 0.11 0.50**
(s.e.) 0.04 0.06 0.15
N 7,851 3,826 2,149

Notes: These results use propensity score matching on the same variables. * denotes p<0.05, ** denotes

p<0.01, and *** denotes p<0.001.
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Table A.26: Robustness check: plant

Manufacturing Power generation
Regulated Unregulated affiliated Regulated

ln Measure use 0.33*** -0.002 -0.03
(s.e.) 0.10 0.11 0.06
ln Electricity use 1.12*** 0.03
(s.e.) 0.13 0.15
ln Electricity share 0.22** 0.09
(s.e.) 0.07 0.06
ln Sales 0.05 0.11 0.50**
(s.e.) 0.04 0.06 0.15
N 7,125 3,640 2,047

Notes: This sample drops plants that were regulated but became exempt from the policy later. * denotes

p<0.05, ** denotes p<0.01, and *** denotes p<0.001.
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Table A.29: Policy effect: district-industry

Manufacturing Power generation

ln NOx emissions -0.50*** -0.06*
(s.e.) 0.05 0.03
ln SOx emissions -0.52*** 0.16
(s.e.) 0.07 0.10
ln TSP emissions -0.38*** -0.20***
(s.e.) 0.06 0.02
ln Sales -0.07* -0.75
(s.e.) 0.04 0.58
N 65,249 440

Notes: This sample drops the observations of the Seoul Capital Area from the sample. * denotes p<0.05,

** denotes p<0.01, and *** denotes p<0.001.

Table A.30: Robustness check: geographic leakage

Manufacturing Power generation

ln NOx emissions 0.39 0.85
(s.e.) 0.20 0.60
ln SOx emissions 1.39*** 2.28*
(s.e.) 0.28 0.83
ln TSP emissions 0.53* 1.16*
(s.e.) 0.22 0.47
ln Sales 0.17 1.12
(s.e.) 0.16 0.75
N 5,299 159

Notes: This sample drops the observations of the Seoul Capital Area from the sample. The key difference

is the sample and exposure differences because now distance is measures after dropping the Seoul Capital

Area. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.
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Table A.31: Policy effect: district-industry

Manufacturing Power generation

ln NOx emissions -0.23*** 1.91
(s.e.) 0.05 1.89
ln SOx emissions -0.14* 1.65
(s.e.) 0.06 1.88
ln TSP emissions -0.15** 2.02
(s.e.) 0.05 2.09
ln Sales 0.07 2.35
(s.e.) 0.04 1.21
N 101,231 716

Notes: These results are conditional on the pre-regulation levels. * denotes p<0.05, ** denotes p<0.01, and

*** denotes p<0.001.

Table A.32: Robustness check: geographic leakage

Manufacturing Power generation

ln NOx emissions 0.01 0.92
(s.e.) 0.23 1.13
ln SOx emissions 0.97** 3.94
(s.e.) 0.32 2.21
ln TSP emissions 0.09 2.13
(s.e.) 0.26 1.32
ln Sales -0.09 1.14
(s.e.) 0.18 0.76
N 4,072 136

Notes: These results are conditional on the pre-regulation levels. * denotes p<0.05, ** denotes p<0.01, and

*** denotes p<0.001.
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H Additional figures

Figure A.1: Emissions allowances by pollutant

Notes: Here caps are readjusted using past emissions. Each point is connected with a step to capture a time
trend clearly.
Sources: Ministry of Environment.
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Figure A.2: Emissions allowance prices by pollutant

Notes: The average transaction unit price is disclosed as the annual transaction amount divided by the annual
transaction volume (excluding free transactions) in each area. Here I use annual average spot exchange rates
to change the unit from Korean won to US dollar. There is no explicit price-stabilizing mechanism. Each
point is connected with a step to capture a time trend clearly.
Sources: Ministry of Environment, Federal Serve Bank of St. Louis.
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Figure A.3: Power generation in Space

Notes: Fossil fuel power generation includes coal, gas, and oil as its energy source. Non-fossil fuel power

generation includes the rest as its energy source. The unit is Gigawatt. The sample in 2016 is used.

The geographic concentration (or dispersion) of power plants is common across countries. Hanson (2023)

documents a similar pattern in the U.S.

Figure A.4: Event dynamics: plants

Notes: The 95% confidence intervals are shown jointly with the point estimates.
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Figure A.5: Parameters from production function estimation

Notes: All plants include plants that have many affiliated plants while single-plant firms remove those from

the sample.
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Figure A.6: Model fit: pre-regulation moments
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Notes: The panel compares manufacturing and power generation moments under no regulation that are

targeted for calibration. The normalized values are plotted. The numbers of firms are used as weights except

for themselves and max sales. The inverse hyperbolic sine transformation has been used to address zeros.

The 45-degree line indicates a perfect fit between the model and the data. Profits are variables profits. There

are 10 manufacturing sectors, 250 districts, and 4 power generation fuels. All moments are pooled into one

dimension. For example, the number of manufacturing firms is pooled over sectors and districts.
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Figure A.7: Model fit: post-regulation moments
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Notes: The panel compares manufacturing and power generation moments under regulation that are un-

targeted. The normalized values are plotted. The inverse hyperbolic sine transformation has been used to

address zeros. The 45-degree line indicates a perfect fit between the model and the data. The power genera-

tion emissions only come from fossil fuel use. There are 3 pollutants, 10 manufacturing sectors, 250 districts,

and 3 power generation fuels. All moments are pooled into one dimension. For example, manufacturing

emissions are pooled over pollutants, sectors, and districts.
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