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Abstract

I study how South Korea’s place-based cap-and-trade system affects local air pol-
lution and production. Difference-in-differences estimates show that manufacturing
emissions fall in regulated districts relative to the same industries in unregulated
districts. Plant and district comparisons reveal abatement through electrification and
emission-control equipment, as well as patterns consistent with pollution shifts within
tirms, to unregulated districts, and to power generation. To account for such shifts
and translate these responses into aggregate and spatial outcomes, I build a spatial
equilibrium model of manufacturing and upstream power generation. The model
attributes 19% of the estimated relative emissions decline to geographic pollution
shifts. Still, aggregate pollution damage falls by 38% at a consumption cost of 1%,
because damage reductions in high-damage districts outweigh increases elsewhere.
Holding national emissions totals fixed for each pollutant, a nationwide alternative
with damage-proportional emissions prices achieves larger damage reductions at a

lower consumption cost than the actual policy.
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1 Introduction

Local air pollution imposes large health costs that, unlike the climate effects of greenhouse
gases, depend on where emissions occur. Permanently meeting the World Health Orga-
nization (WHO) guideline for fine particulate matter (PM; 5) would increase average life
expectancy by an estimated 2.3 years worldwide and 11.9 years in Delhi (Greenstone and
Hasenkopf 2023). Regulations therefore often target large polluting manufacturing and
power plants in densely populated, heavily polluted regions where pollution damages are
high.! In response, plants can abate emissions with the use of cleaner technologies or shift
pollution elsewhere within and across firms, sectors, and regions.

Such pollution shifts complicate policy evaluation because emissions reductions at
regulated units may reflect displacement to unregulated units rather than a decline in ag-
gregate emissions. When pollution shifts raise emissions at unregulated units, comparisons
between regulated and unregulated units can overstate aggregate emissions reductions. At
the same time, shifting emissions toward lower-damage locations can decrease aggregate
pollution damage even without a decline in total emissions. These considerations motivate
three questions. How do abatement and pollution shifts jointly determine emissions
reductions? How do such regulations affect consumption and pollution damage across
space? How would changes in geographic coverage and spatial variation in pollution
prices alter these outcomes?

To answer these questions, I study South Korea’s local air pollutant cap-and-trade
system, the Total Volume Control of Pollutants at Place of Business. Expanded geographically
in 2020, the policy regulates large polluting manufacturing and power plants emitting
nitrogen oxides (NOy), sulfur oxides (SOy), and total suspended particulates (TSP) in
polluted, densely populated districts. Between 2020 and 2024, emissions caps summed
across the policy’s four regulated areas declined by 28.6% for NOy, 32.7% for SOy, and
26.7% for TSP. These caps apply to covered establishments within regulated districts
rather than all national emissions, so aggregate outcomes also depend on responses at
unregulated plants within and outside regulated districts.

To analyze this policy, I combine nationwide administrative records and censuses for
2016-2023 to examine abatement and pollution shifts in manufacturing and power genera-
tion. District-industry emissions records capture process and combustion emissions and
account for emission-control equipment, revealing changes that fuel use alone would miss.
Linked plant-level records allow me to study abatement through energy and equipment

IExamples include bans on the use of certain fuels, plant-level emissions caps, limits on pollutant
concentrations in exhaust gases, and cap-and-trade systems.



use and trace production reallocation through sales and input use. Nationwide coverage
makes it possible to find a comparable control group and to follow these adjustments
within and across firms, sectors, and districts.

Empirically, I use a difference-in-differences approach at the district-industry level to
compare emissions changes across regulated and unregulated districts within industries
and examine pollution shifts. Manufacturing emissions of NOy, SOy, and TSP fall by
35.5%, 36.9%, and 32.9%, respectively, in regulated districts relative to the same industries
in unregulated districts. Under parallel counterfactual trends, these estimates combine
the policy’s effects on both groups: these relative declines can reflect emissions reductions
in regulated districts, emissions increases in unregulated districts, or both. They do not
identify the effect on either group separately or the national emissions change. Among
unregulated districts, manufacturing emissions increase more in those closer to regulated
districts. These estimates provide evidence of geographic pollution shifts: nearby unregu-
lated plants can absorb displaced demand while facing lower transport costs to serve the
affected markets than more distant plants.

Plant-level comparisons connect these emissions patterns to evidence on abatement and
production reallocation. Relative to matched unregulated unaffiliated plants, regulated
manufacturers exhibit larger increases in electricity use, electricity’s share of energy use,
and emission-control equipment use. These responses show why production changes
alone do not capture the emissions consequences of regulation: abatement can reduce
emissions intensity, while electrification can shift emissions to upstream power plants.
Furthermore, unregulated affiliates exhibit stronger sales growth than unaftfiliated plants
in the same industries, providing evidence of within-firm production reallocation.

To account for abatement and pollution shifts and to translate relative responses into
aggregate and spatial effects, I develop a spatial equilibrium model of manufacturing and
upstream power generation. The spatial structure captures geographic variation in policy
exposure and location-dependent pollution damages, while the equilibrium structure
captures the market adjustments that reallocate production and emissions across plants,
sectors, and regions. The model also allows me to evaluate alternative policies.

The model links process and combustion emissions to plants” input choices, equipment
use, and production allocation. Pricing emissions changes both emissions intensity and
the relative production costs that govern reallocation, making abatement and reallocation
jointly determined. Electrification creates a further link: reducing direct manufacturing
emissions can increase emissions from upstream power generation.

I discipline the model in two steps. First, I use pre-regulation data to determine the

production and demand structure. Second, conditional on observed permit prices, I



estimate parameters governing abatement and effective compliance costs. This second
stage targets the estimated responses to the policy together with cap-reduction benchmarks.
The model closely reproduces the targeted emissions responses and captures the broad
spatial distribution of emissions, which is not targeted in estimation.

Using this model, I obtain two main quantitative results. First, geographic pollution
shifts account for 19.1% of the manufacturing emissions difference-in-differences estimate.
The model provides this structural interpretation of the empirical evidence by decomposing
the responses of regulated and unregulated district-industry cells. Second, the actual
policy reduces aggregate pollution damage by 37.8% at the cost of a 1.42% decline in
consumption. Damage reductions in regulated districts, where baseline pollution damage
is concentrated, outweigh increases elsewhere. Consumption falls in both groups, with a
slightly larger decline in regulated districts.

These results make geographic coverage and spatial variation in pollution prices central
policy questions. I compare two nationwide alternatives that target the actual policy’s na-
tional emissions totals for each pollutant. Nationwide coverage limits geographic pollution
shifts and broadens the set of plants contributing to these targets. Under uniform pricing,
the model reaches the targets with a smaller consumption loss than under the actual policy.
However, smaller damage reductions in originally regulated districts, where baseline dam-
age is concentrated, outweigh the additional benefits in previously unregulated districts.
The second alternative retains nationwide coverage and sets prices proportional to local
marginal damages (Muller and Mendelsohn 2009; Shapiro and Walker 2025). It directs
stronger relative incentives toward locations with higher marginal damages, achieving
greater aggregate damage reductions than either the actual policy or uniform pricing, with
a smaller consumption loss than the actual policy.

Related literature This paper contributes to the literature on how environmental regula-
tion affects emissions and economic activity. One part of this literature studies abatement
through changes in production technologies, energy inputs, and emission-control invest-
ment (Fowlie 2010; Blundell et al. 2020; De Simone et al. 2024). A complementary literature
studies pollution leakage and sectoral emissions shifts, including international realloca-
tion associated with the pollution haven effect (Levinson and Taylor 2008; Martin et al.
2014; Naegele and Zaklan 2019), sectoral reallocation between manufacturing and power
generation (Curtis and Lee 2019; von Graevenitz and Rottner 2026), and regional and
intra-firm reallocation (Chen et al. 2025; Jia et al. 2025).2 Direct empirical evidence on

increases in production or emissions in unregulated locations induced by environmental

2] reserve the term leakage for policy-induced shifts in emissions from regulated to unregulated
plants.



regulation remains limited. Examples include cross-border displacement in Tanaka et al.
(2022), emissions increases outside regulated regions in Zhang and Zhao (2023) and Jiang
et al. (2024), and production reallocation through firm networks and neighboring regions
in Curtis et al. (2026).3

Closely related studies evaluate pollution markets: NO, trading under Southern Cali-
fornia’s REgional CLean Air Incentives Market (RECLAIM) (Fowlie et al. 2012), China’s
regional carbon-market pilots (Cui et al. 2021), the European Union Emissions Trading
System (Dechezleprétre et al. 2023; Colmer et al. 2025), and PM trading in Surat, India
(Greenstone et al. 2025). Together, these studies highlight two empirical requirements
central to my analysis: a plausible counterfactual for regulated plants and firms and
consistent data on emissions, abatement, and production.

I complement these evaluations by combining evidence on emissions, abatement, and
production reallocation in Korea. Using nationwide emissions records, I provide evidence
of emissions reductions and the corresponding geographic pollution shifts: manufacturing
emissions increase more in unregulated districts closer to regulated districts. Plant-level
records complement this spatial evidence by revealing abatement responses, within-firm
production reallocation, and potential emissions displacement to power generation. Ex-
amining these outcomes together matters because abatement and production reallocation
have different implications for pollution and production. I combine this evidence with
a spatial equilibrium model to quantify these adjustments’ contributions to emissions
changes and their joint effects on pollution damage and consumption, and to compare
alternative policy designs.

This structural approach relates to the literature that uses models to study the spatial
aspects of environmental policy. Several studies develop theoretical frameworks (Weisbach
et al. 2023; Kortum and Weisbach 2024), while others quantify the effects of policies on
abatement and leakage across regulatory boundaries (Fowlie 2009; Fowlie et al. 2016; Xiang
2023; Farrokhi and Lashkaripour 2025; Cruz and Rossi-Hansberg 2025; Hollingsworth et al.
2026). Arkolakis et al. (2025) study long-run industrial decarbonization through small
and medium-sized firms’ lumpy decisions to adopt or drop fuels under regulations and
subsidies. I complement their analysis by examining how short-run marginal abatement
and production reallocation of large polluters jointly shape local air pollution under a
specific place-based cap-and-trade program.

I build the model on two frameworks. Shapiro and Walker (2018) model manufacturing
tirms” abatement and reallocation responses to pollution taxes. Arkolakis and Walsh

3Related work examines the physical transport of pollution across regions and countries (Heo
et al. 2025).



(2023) link manufacturing to upstream power generation and study how technological
improvements and subsidies expand clean renewable generation capacity and achieve
clean growth. Like Chen et al. (2025) and Curtis et al. (2026), I use an equilibrium model
to interpret the reduced-form estimates as differences in responses between regulated
and unregulated units and to quantify aggregate effects. The former models firm-level
energy-use quotas, while the latter represents abatement through a single effort choice and
summarizes regulatory costs through effective location productivity.

Relative to Shapiro and Walker (2018), Chen et al. (2025), and Curtis et al. (2026), I
distinguish process and combustion emissions and model factor substitution, fuel substitu-
tion, and emission-control equipment as separate adjustment margins. The model further
allows production and emissions to reallocate across plants within firms and across sectors.
Relative to Arkolakis and Walsh (2023), I hold clean generation capacity fixed and study the
short-run emissions consequences of regulation-induced industrial electrification.* In this
setting, electrification can reduce manufacturers’ direct emissions while shifting emissions
to upstream power generation. These choices matter because abatement changes both
emissions intensity and the production costs that govern reallocation, while electrification
can shift emissions upstream and hence affect pollution damage and consumption across
space.

The remainder of the paper is structured as follows. Section 2 describes the policy
and data. Section 3 estimates relative emissions responses and examines adjustment
mechanisms. Sections 4 and 5 develop and quantify the model. Section 6 evaluates the

actual policy and nationwide alternatives, and Section 7 concludes.

2 Institutional Setting and Data

This section explains the policy background and describes the main dataset used in the

analysis.

2.1 Policy Background

Local air pollutants, such as NOy, SOy, and TSP, harm human health by exacerbating
asthma, bronchitis, and heart disease and increasing the risk of premature death (see, e.g.,

Gillingham and Huang 2024). They also damage buildings and infrastructure through

41 classify biofuel, coal gasification, fuel cell, hydro, marine (ocean), nuclear, solar, waste, and
wind as sources of clean power generation and coal, gas, and oil (fossil fuels) as sources of dirty
power generation. Apart from nuclear, these sources follow the Korean classification of new and
renewable energy.



corrosion, contribute to smog and acid rain, reduce visibility, harm crops and forests, and
degrade ecosystems. Thus, Korea has regulated them since the early 1990s with two main
instruments: command-and-control regulation of pollution concentrations and pollution
taxes. Neither instrument, however, directly constrained the total quantity of emissions.
Hence, the government introduced cap-and-trade for local air pollutants.

It began in the Seoul Capital Area in 2007, initially covering NO, and SOy, and added
TSP in 2018. In 2020, it expanded to the Central, Southern, and South-East Areas, leaving
the remaining districts unregulated (Figure 1). I focus on this geographic expansion in
2020, which increased the number of regulated establishments across all covered sectors
from roughly 500 to 1,600. Treated establishments were exempt from part of the pre-
existing pollution tax to avoid double regulation because the cap-and-trade system is more
stringent.> The control group consists of plants that were never brought into the new
system.

The program reflects two government priorities. First, as shown in Figure 1, it targets
polluted and densely populated districts since the effects of the regulated pollutants are
concentrated in space (see Table A.1 for their spatial variation). When announcing the
policy, the Ministry of Environment reported that the designated areas accounted for
88% of the national population and 38% of land area in 2018. The Ministry’s modeling
attributed 82% of the domestic contribution to PM; 5 concentrations to emissions from
these areas.® Several districts with substantial pollution damage remain unregulated,
including districts in Gangwon Province located at the upper-right corner of the maps.

The boundaries of policy areas do not coincide with standard administrative bound-
aries, which helps distinguish the expansion from other regional policies. These boundaries
define four policy areas and, combined with the three regulated pollutants, 12 separate
permit markets. Caps are set separately for each market and decline over time; the left
panel of Figure 2 shows their sums across pollutants within each area. Cap-reduction
schedules differ across markets and are set jointly by the central and local governments.

Within these caps, the program freely allocates emissions permits to regulated estab-
lishments, with initial allocations based on pre-regulation emissions. Consistent with
regional reduction goals, permits can be traded only within these markets. The right panel
of Figure 2 plots transaction-volume-weighted average permit prices by area over time.

Given the declining path of permit supply, initially high but falling average prices are con-

°In addition to the partial tax exemption, regulated establishments generating at least 10 but
less than 20 tons of air pollutants annually before abatement remain subject to the pre-existing
concentration requirements, but face less stringent limits.

®According to Statistics Korea, in 2018, 93% of manufacturing and power plant sales were
concentrated in regulated districts.



Figure 1: Geographic coverage
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Notes: The left panel shows policy coverage across South Korea’s 250 districts, which are the
smallest self-governing administrative units within 17 metropolitan cities and provinces and serve
as the primary administrative level for implementing local air quality policies. The right panel
shows a baseline pollution-damage index constructed by multiplying each district’s 2018 manu-
facturing and power generation emissions by pollutant-specific unit damage values, summing
across pollutants, and weighting by district population. The index is normalized so that the largest
district value equals one.

Sources: Ministry of Environment, Statistics Korea.

sistent with emissions reductions that lowered permit demand more rapidly than the cap.
Prices later stabilized rather than collapsing, suggesting that the declines in permit supply
and demand became more closely aligned while the market remained active.” Although
the markets cover establishments outside manufacturing and power generation, permit
prices reflect the marginal compliance incentives faced by all covered plants. Because
every regulated plant can trade, these prices are informative even for plants that do not
transact.

The program’s second priority is to concentrate regulation on large stationary sources,
which it does through emissions thresholds. According to the Ministry of Environment,
business establishments contributed about 39% of ambient PM, 5 pollution. Existing estab-
lishments are selected through a two-stage rule. First, their combined annual generation of

“Figures A.3-A.5 report trading volumes and transaction counts, overall and by pollutant.



Figure 2: Caps and permit prices
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2020-2024; the earlier phase in the Seoul Capital Area is omitted. Table A.2 reports market-specific
caps and reduction rates; Figures A.8—-A.9 show cap and price paths by pollutant.

Sources: Ministry of Environment, Federal Reserve Bank of St. Louis.

NOy, SOy, and TSP before abatement must be at least 10 tons. Second, pollutant-specific
regulation applies when annual emissions exceeded 4 tons for NOy, 4 tons for SOy, or
0.2 tons for TSP in either of the preceding two years. Although this rule is sector-neutral
ex ante, manufacturing and power generation account for 82% of establishments in the
policy registry. This reflects the fact that, among regulated sectors in regulated districts,
manufacturing and power generation accounted for 73%, 93%, and 96% of NOy, SOy,
and TSP emissions, respectively, in 2018.8 Lastly, the program also requires plans for

8In general, regulated stationary sources—especially power generation and manufacturing
and industrial facilities—are central sources of emissions: in India, thermal power plants account
for about half of national SO, emissions and industrial activities another third, while fossil-fuel



emission-control equipment and its maintenance tailored to each emission source.

Geographic coverage and plant-level emissions thresholds jointly determine regulatory
exposure and create several margins of adjustment. Since both manufacturing and power
plants produce tradable goods, they can produce in one location and sell in others. Since
electricity is a clean energy source from the perspective of manufacturing plants, they can
use more electricity and less fossil fuel. Thus, abatement and pollution shifts can arise,
leading to different distributional consequences across space. Indeed, interviews with
government officials at the Ministry of Environment suggest that policymakers were aware
of the possibility of leakage.”

A central question is therefore how much the policy induced abatement and pollution
shifts within and across firms, sectors, and districts. For additional institutional detail, see
Appendix A.1.

2.2 Data

I combine administrative records and censuses on emissions, economic activity, and
abatement for manufacturing and power plants from 2016 to 2023.1° The Korean Ministry
of Environment records provide the registry of regulated plants, permit-market outcomes,
and emissions data from the Tele-Monitoring System (TMS) and the Clean Air Policy
Support System (CAPSS).!! Statistics Korea's Statistical Business Register (SBR) and Mining
and Manufacturing Survey (MMS) provide plant-level sales, inputs, locations, and five-
digit Korean Standard Industrial Classification (KSIC) codes for manufacturing plants.
For manufacturing plants, the SBR reports fuel use and greenhouse gas emissions by fuel
type (coal, electricity, gas, oil, renewables, and other fuels) based on the MMS sample. For
power plants, I additionally use the Economic Census and data from the Korea Electric
Power Corporation (KEPCO) on fuel use, generating capacity, and electricity output for

combustion in industry and industrial processes add more than 30% of direct PM; 5 emissions
in 2019; in China, industrial sectors account for 72.8-86.1% of anthropogenic PM and 74.3-91.0%
of SO, emissions between 2010 and 2018; globally, energy supply and industry account for 34%
and 24% of anthropogenic greenhouse gas emissions, respectively, in 2019 (International Energy
Agency 2021; Intergovernmental Panel on Climate Change 2022; Tang et al. 2023).

91 interviewed officials in the Ministry of Environment’s Air Quality Management Division,
which oversees the program, and its Metropolitan Air Quality Management Office, which has
administered the Seoul Capital Area program since 2007.

10Unlike long-lived greenhouse gases, the local air pollutants studied here have short atmo-
spheric lifetimes, so changes in emissions can quickly alter pollution exposure. This makes
near-term changes in the spatial distribution of emissions relevant for policy evaluation.

11Regulatory monitoring directly measures 63%, 45%, and 22% of NOy, SOy, and TSP emissions,
respectively. These records measure emissions at domestic sources, not ambient concentrations
that can include pollution transported from China.

9



larger power plants. I also use administrative records on emission-control equipment in
manufacturing and power plants from the Ministry of the Interior and Safety and the
Ministry of Environment.

I merge these datasets using tax identifiers, locations, and KSIC codes. I link 1,093
regulated manufacturing and power plants—940 manufacturing plants and 153 power
plants—to the administrative and census data. The resulting nationwide panel covers 250
administrative districts, 111 emission-source industrial classifications, and 90 three-digit
KSIC industries, dropping industries that do not have any regulated plants. Plant-level
energy and equipment records provide evidence on abatement choices, while sales linked
to ownership and location allow me to trace production reallocation within and across
firms, sectors, and districts.

In addition, the data provide a precise measure of local air pollutant emissions. Un-
like emissions imputed solely from fossil-fuel combustion, this measure distinguishes
production-process emissions from fuel-combustion emissions. Emissions from fossil-fuel
use account for 83%, 49%, and 58% of NOy, SOy, and TSP emissions, respectively, over
the sample period. However, emissions from production processes still account for a
significant portion. For example, paper-producing plants emit large amounts of TSP. I
therefore retain plants that report no fossil-fuel use in the analysis. The emissions measures
also account for the operation of emission-control equipment.

To support environmental policy implementation, the Stack Emission Management
System (SEMS) collects plant- and stack-level information used to construct the CAPSS
emissions inventory. I use publicly available CAPSS emissions aggregated to district—
industry cells. At this level of aggregation, emissions in regulated district-industry cells
include those of unregulated plants. Equipment use, inputs, and sales are observed at the
plant level. I therefore study emissions at the district-industry level and abatement and
reallocation mechanisms at the plant level. Appendix B describes data construction, record

linkage, variable definitions, and sample restrictions.

3 Empirical Analysis

This section examines the effects of the policy on emissions and the underlying adjustment
mechanisms. Under pollution shifts, the difference-in-differences estimates combine the
policy’s effects on regulated units with its spillover effects on unregulated units. For
emissions, the estimated relative decline can therefore reflect both reductions in regulated
districts and increases in unregulated districts; it is not the aggregate emissions reduction.

To the extent that such shifts raise emissions in unregulated districts, these estimates can

10



overstate reductions in regulated districts.

For estimation, I employ a difference-in-differences approach, comparing trends be-
tween regulated and unregulated district-industry cells (d, s). Following Heckman et al.
(1997) and Heckman et al. (1998), I also use matching to compare trends between regu-
lated and unregulated plants (). Pollutant p emissions, sales, employment, fuel use, and
electricity shares are expressed in logarithms. Electricity share is electricity use divided by
total electricity, coal, oil, and gas use, all measured in tons of o0il equivalent. Equipment
outcomes are an indicator for updating emission-control equipment and the product of
this indicator and log annual equipment operating hours. The baseline event-study speci-
tication normalizes 2019 as the base period. The baseline empirical research design treats

multi-pollutant regulations as a single composite policy. For more details, see Appendix C.

3.1 District-Industry Level

This section examines relative changes in pollutant p emissions across district d-industry s
cells. I use observations with positive, non-missing emissions of all three pollutants for

comparability.!?

3.1.1 Specification

At the district-industry level, I compare the trends of emissions in regulated district—

industry cells and those in unregulated district-industry cells, using:

]/Z’s,t = Qs+ &gt + A p + Z Br x Treaty x Yeart + €444, (1)
T#2019
yZ’s,t =0gs+ &5t +arp+ B X Treaty X Posty + €454, (2)

for the event-study and pooled specifications, respectively. For power generation, industry—
year fixed effects are omitted due to its small sample size. Treat, is a binary indicator equal
to 1 if district d is regulated and 0 otherwise. Here, r denotes provinces, t indexes calendar
years, Year, indicates calendar year 7, and Post; equals 1 for years after 2019. Standard
errors are clustered at the district-industry level. I do not cluster at the policy area level

12This choice preserves the paper’s log-emissions framework and estimates proportional changes
among active source categories. I do not impose a strongly balanced panel as the main specification
because, unlike plant-level balancedness, it would keep only district-industry cells that report
positive emissions in every year rather than holding fixed well-defined plants. The corresponding
balanced-panel estimates are reported in Appendix D.

11



Figure 3: Event dynamics: district-industry changes
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emissions across three regulated local air pollutants. The results are calculated from Equation (1).
The 95% confidence intervals are shown jointly with the point estimates.

Sources: Ministry of Environment.

because there are only five areas including the unregulated one. Appendix D reports
robustness checks with district-clustered standard errors. The coefficients of interest are
B and B, which summarize differences in emissions changes between regulated and
unregulated districts for calendar year T relative to 2019 and for the pooled post-policy
period, respectively. Since only regulated industries are kept in the sample, the control

group at the district-industry level is a set of industries in unregulated districts.

3.1.2 Results

Figure 3 and Table 1 summarize emissions responses at the district-industry level. First,
manufacturing emissions of NOy, SOy, and TSP in regulated districts fall by 35.5%, 36.9%,
and 32.9%, respectively, relative to the same industries in unregulated districts. For context,
aggregate caps for covered establishments declined by 26.7-32.7% across pollutants be-
tween 2020 and 2024. The empirical estimates instead measure relative emissions changes
during 2020-2023 across regulated and unregulated districts, including responses at un-
regulated plants, rather than reductions among covered establishments alone. The large
relative declines are notable because emissions in regulated districts also include unregu-
lated plants that may receive displaced production. The large declines in district-industry
emissions are also consistent with regulated plants’ substantial share of baseline emissions.

Second, the emissions response differs across sectors. The reductions are driven primar-

ily by manufacturing, which accounts for a large share of baseline emissions (Table A.3)

12



Table 1: Policy effect: district-industry changes

Manufacturing Power generation

In NO, emissions —0.44%** -0.15
(0.05) (0.17)
In SO, emissions —0.46*** -0.41
(0.08) (0.25)
In TSP emissions —0.40%** -0.09
(0.06) (0.21)
N 39,086 1,219

Notes: The average effects are calculated from Equation (2). All specifications include district-
industry and province-year fixed effects, plus industry—year fixed effects for manufacturing.
Standard errors, clustered at the district-industry level, are shown in parentheses. * denotes p<0.05,
** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.

and exhibits large, statistically robust declines in NO,, SOy, and TSP. Power generation
estimates are imprecise, with event-study point estimates that vary in sign and become
negative in later years.!3

Electrification links manufacturing abatement to emissions from power generation.
Regulated manufacturing plants can reduce on-site emissions partly by increasing electric-
ity use, while power plants may meet the resulting demand. In Korea’s short-run dispatch
setting, lower-marginal-cost generators, including available clean generation, are already
dispatched, so additional demand can be met by operating existing fossil-fuel plants more

intensively without changes in generation capacity.

3.2 Geographic Pollution Shifts

I next examine geographic pollution shifts by comparing emissions responses across
unregulated districts with different exposure to nearby regulation.

3.2.1 Specification

Lower transport costs make nearby unregulated plants more likely destinations for dis-
placed production. I therefore examine how emissions responses vary with distance from

regulated districts. Let D; denote the centroid-to-centroid distance, in kilometers, from

3Motivated in part by the small sample size in power generation, I report MacKinnon-Webb-
style placebo randomization-inference p-values as a supplementary check in Table A.6 (MacKinnon
and Webb 2020). The power generation estimates generally fail to reject the null under the placebo
distribution, with only weak 10% evidence for SO,; the manufacturing estimates remain highly
significant under this placebo benchmark.

13



Figure 4: Event dynamics: geographic pollution shifts
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to regulated districts. The results are calculated from Equation (3). The 95% confidence intervals
are shown jointly with the point estimates.

Sources: Ministry of Environment.

unregulated district d to its nearest regulated district. I exclude districts with D; < 45—
roughly one average district diameter—because centroid-to-centroid distance provides
a coarse measure of exposure at shorter distances. I define Exposure; = —In (D;) and

compare trends across the remaining unregulated district-industry cells:

ydp,s,t =04+ Qs+ Z Br X Exposure,; X Year: + €44, 3)
7#2019
ys,s,t = a4+ &5t + P X Exposure,; X Post; + €44 4)

For power generation, I replace industry—year fixed effects with year fixed effects due
to its small sample size. Exposure is fixed over time, and higher values indicate greater
proximity to regulated districts. The event-study coefficients measure differential changes
in In Emissions per unit increase in exposure relative to 2019. The pooled specification
estimates the corresponding differential change before and after the policy. Standard errors
are clustered at the district-industry level.

3.2.2 Results

Figure 4 and Table 2 summarize geographic pollution shift responses at the district—
industry level. Manufacturing emissions rise more in unregulated districts closer to
regulated districts than in those farther away. These estimates provide evidence of geo-
graphic pollution shifts, which can magnify the estimated relative emissions decline. For
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Table 2: Policy effect: geographic pollution shifts

Manufacturing Power generation

In NO, emissions 0.35 0.07
(0.19) (0.67)
In SO, emissions 1.42%** 1.05
(0.41) (0.74)
In TSP emissions 0.61*% -0.52
(0.26) (0.95)
N 2,105 101

Notes: The average effects are calculated from Equation (4). The sample consists of unregulated
districts more than 45 km from the nearest regulated district. Specifications include district—
industry fixed effects and industry—year (manufacturing) or year (power generation) fixed effects.
Standard errors, clustered at the district-industry level, are shown in parentheses. * denotes p<0.05,
** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.

power generation, the geographic pollution shift estimates are imprecise, as in the baseline
emissions analysis.!* Lastly, note that this evidence of geographic pollution shifts, on
top of the relative emissions declines found above, helps to address potential confound-
ing from other environmental regulations because the overlapping policies discussed in

Appendix D do not share the expansion’s geographic targeting.

3.3 Plant Level

This section investigates the mechanisms behind such changes in emissions. I restrict
the analysis to a balanced intensive-margin sample with non-missing sales, electricity,
employment, and equipment-use information throughout the panel. This choice reflects
the fact that the period of interest is 8 years and large polluters rarely exit. For power
plants, electricity use and employment are omitted from the requirement because the
former is not observed and the latter is often noisy. This setting avoids conflating changes
in outcomes with changes in reporting or entry and exit. Lastly, I exclude from the sample
plants belonging to firms whose first regulated plant appears only after the initial 2020
rollout. This restriction removes a few later-treated firms and ensures that treatment status

is defined relative to the initial policy expansion.

4Tn Appendix D, a distance-ring specification also yields positive manufacturing emissions
responses relative to the farthest ring, without imposing a linear relationship with Exposure,,.
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3.3.1 Specification

At the plant level, I use:
Yne =0 +ar+ Y, PBr x Treaty x Year + ¢y, (5)
#2019
Ynt = & + & + B x Treaty, x Post; + g, ;. (6)

I first compare regulated with unregulated unaffiliated manufacturing plants. To examine
pollution leakage within firms, I then compare unregulated affiliated with unregulated
unaffiliated plants. In the latter, treated plants are unregulated affiliates of firms with
regulated plants in the same three-digit KSIC industry. Industries are defined using pre-
2020 KSIC codes to avoid endogenous reclassification. The control group therefore consists
of unregulated unaffiliated plants in the same three-digit industry, matched using pre-
policy size measures. Following the literature (Chen et al. 2025; Colmer et al. 2025; Curtis
et al. 2026), I use relative production responses at unregulated manufacturing plants as a
proxy for pollution leakage through production reallocation. This interpretation requires
that differential changes in output prices and emissions intensity do not offset the sales
response.

The distinction between affiliated and unaffiliated plants matters because large pol-
luters often belong to large firms and have many unregulated affiliated plants under the
same firm ownership. Of regulated manufacturing plants, 67% have an unregulated affili-
ate, and 63% have one in the same three-digit KSIC industry. Among these same-industry
affiliates, 86% are located in regulated districts and are typically near the relevant threshold.
Strong within-firm reallocation could therefore attenuate the effect of the policy within
regulated districts. Within-firm reallocation is less direct in power generation because cen-
tralized dispatch allocates output across generators according to generation costs, rather
than firms reallocating production across affiliates (see Appendix A.2). Hence, I compare
regulated with unregulated power plants.

I use one-to-one nearest-neighbor matching without replacement for balance. Following
Abadie and Spiess (2022), standard errors are clustered by matched pair. For affiliated-
plant specifications, I additionally cluster by firm to allow correlated shocks across a firm’s

plants. See Appendix C.1 for more details.

3.3.2 Results

Figure 5 and Table 3 summarize plant-level evidence on abatement and pollution shifts. As

shown in the top two panels, regulated manufacturing plants show two abatement mecha-
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Figure 5: Event dynamics: plant responses
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Notes: These panels show the event dynamics from Equation (5) for electricity use, update-weighted
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generation); the “Affiliation” panel compares unregulated affiliates of regulated firms with matched
unregulated unaffiliated plants. The 95% confidence intervals are shown jointly with the point
estimates.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Table 3: Policy effect: plant responses

Manufacturing Power generation
Regulated Unregulated Regulated
affiliated
1{Equipment update} 0.02% 0.04 0.13
(0.01) (0.03) (0.11)
In Equipment use x 1{Equipment update} 0.17* 0.40 0.90
(0.09) (0.20) (0.89)
In Sales 0.05 0.19* 0.53
(0.03) (0.06) (0.38)
In Electricity use 0.95%** 0.39*
(0.08) (0.18)
In Electricity share 0.10** 0.09
(0.04) (0.06)
N 6,544 1,536 224

Notes: The average effects are calculated from Equation (6). Manufacturing columns compare regu-
lated plants and unregulated affiliates of regulated firms, respectively, with matched unregulated
unaffiliated plants; the power generation column compares regulated with matched unregulated
power plants. Standard errors, clustered by matched pair (and additionally by firm in the affiliated
column), are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.
Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.

nisms. First, electricity use at regulated manufacturing plants increases by 158.7% relative
to matched unregulated unaffiliated plants, indicating persistent industrial electrification.
This response can shift emissions to regulated or unregulated power plants. Shifts to regu-
lated generators remain within the cap-and-trade system rather than escaping regulation.
Shifts that raise emissions at unregulated generators constitute leakage.!®> Second, relative
to matched unregulated unaffiliated plants, regulated plants are 2.3 percentage points
more likely to update their equipment, and their update-weighted log equipment use
increases by 0.17. Part of the increase in electricity use reflects the fact that emission-control
equipment is operated with electricity.

Ministry of Environment reports document a sharp increase in large-scale abatement
projects initiated by regulated plants after the policy took effect.!® These investments
predominantly target multi-pollutant control technologies, such as filters and scrubbers,
rather than long-term R&D. These technologies rely heavily on electricity without directly

5The supplementary event study shows a relative increase in regulated manufacturers’ electric-
ity shares, which is consistent with substitution toward a cleaner energy source from manufacturers’
perspective (the upper-left panel of Figure A.7). Changes in electricity use and shares do not estab-
lish the corresponding change in fossil-fuel use for the full sample, which includes plants reporting
no fossil-fuel use.

16This information is available on the Ministry of Environment’s website: Environmental Infor-
mation Disclosure System.
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generating additional on-site emissions. An official from the Ministry’s Air Quality Man-
agement Division also reported that regulated plants substantially increased investment in
emission-control equipment following the policy.

I interpret changes in fuel composition and equipment updating as evidence of abate-
ment, although leakage may affect plants’ production and equipment operation. The
middle-left panel shows an initial relative decline in regulated plants’ sales, followed by a
narrowing of the gap.!” In the middle-right panel, the sales of unregulated affiliated plants
grow by 21.4% relative to unregulated unaffiliated plants. I interpret these responses as
an initial reallocation toward unaffiliated competitors, followed by stronger reallocation
toward unregulated affiliates within firms.!®

The bottom panels show a positive but imprecisely estimated equipment-use response
at regulated power plants and little evidence of a sales decline. Manufacturing electri-
fication creates an additional source of demand for power plants, which can offset the

contraction from their own regulation.

3.4 Taking Stock

To summarize, manufacturing plants drive emissions reductions: manufacturing emissions
fall by 32.9-36.9% across pollutants in regulated districts, relative to the same industries in
unregulated districts. The evidence indicates reallocation within manufacturing firms and
across districts, while increased manufacturing electricity use can shift emissions to power
generation. For robustness checks, see Appendix D.

These effects align with the permit-market patterns shown in Figure 2. Note the timing
gaps: firms adjust their permit positions throughout the accounting year in response to
production, abatement, and emissions outcomes from the previous year. Early declines
in permit prices are consistent with permit demand falling faster than caps, alongside
increased equipment use and electrification at regulated manufacturers. Permit prices
later stabilized, while the event study shows a stronger relative sales response at unreg-
ulated affiliated plants. The plant-level estimates show earlier abatement responses and
a later strengthening of within-firm reallocation. The permit-market series alone do not
distinguish these mechanisms.

The findings above resonate with the broader literature. The geographic pollution

shift estimates complement evidence of production and emissions shifting to unregulated

7The accompanying decline in regulated manufacturers’ employment (the upper-right panel of
Figure A.7) provides additional evidence of a contraction in real activity.

18The lower panels of Figure A.7 show additional responses in unregulated affiliated manufac-
turing plants.
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locations (Tanaka et al. 2022; Zhang and Zhao 2023; Jiang et al. 2024). Stronger leakage
within firms than across firms is a pattern found in the literature (Chen et al. 2025; Curtis
et al. 2026). Emissions shifts from manufacturing to power generation connect to the
emerging literature on electrification and its environmental consequences (Curtis and Lee
2019). A key policy implication is that, in the short run, industrial electrification can induce
unintended emissions from fossil-fuel power plants. The coexistence of abatement and pol-
lution shifts differs slightly from the theoretical predictions of Xiang (2023) and Arkolakis
et al. (2025), where pollution shifts dominate 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, relative to clean
innovation and large capital investment.

These estimates capture differences in responses to the policy, including spillovers
to unregulated units. On their own, they do not quantify aggregate benefits and costs
or the effects of alternative policy designs. For example, pollution shifts to low-damage
districts can decrease aggregate pollution damage because the effect of local air pollution is
concentrated in space. I next use a spatial equilibrium model to address these limitations.

4 Quantitative Spatial Model of Manufacturing and Power Generation

I develop a spatial equilibrium model because policy exposure and pollution damages vary
across regions and pollution shifts change emissions and production beyond regulated
plants. I integrate the manufacturing and emissions model of Shapiro and Walker (2018)
with the manufacturing and power generation model of Arkolakis and Walsh (2023). I
extend these frameworks to distinguish process and combustion emissions and allow
manufacturing plants to abate through factor substitution, fuel substitution, and emission-
control equipment. These abatement choices interact with production reallocation within
and across firms and districts. Power plants cannot substitute factors or fuels in the short
run. Electrification links manufacturers” abatement to power-sector emissions.

The model is static because the data and policy horizon are short, local air pollutants
are short-lived, and existing abatement technologies can be adopted more readily than
greenhouse gas abatement technologies.’ In a similar vein, I calibrate firm masses to

19A dynamic model can capture long-run clean innovation (Xiang 2023) or lumpy technology
switching (Arkolakis et al. 2025). I focus on adjustments in fuel use and the operating intensity of
emission-control equipment—end-of-pipe controls, such as filters and scrubbers—and abstract
from innovation, large-scale abatement investment, equipment installation, and non-electric oper-
ating costs. These intensive margins are relevant to pollution taxes and emissions trading, which
change large polluters” marginal incentives.

20



pre-regulation data and hold the establishment network fixed to isolate abatement and

production reallocation within and across existing firms.?’ See Appendix E for derivations.

4.1 Environment

The economy consists of N discrete districts, each with a representative household, and
two sectors: manufacturing and power generation. Manufacturing is divided into | sectors
based on product similarity, and power generation into F sectors based on energy source.
Throughout the analysis, subscripts denote districts, manufacturing sectors, and power
generation fuel types, while superscripts index factor types, fuel types, and pollutants.

4.2 Manufacturing Firms

In district i and sector j, there is a fixed mass of manufacturing firms, M; ;. A firm in this
group draws productivity ¢ and supplies a differentiated good under monopolistic compe-
tition (Melitz 2003). This good is an aggregate of plant varieties within the firm. The firm
can produce in places | other than its headquarters district and sell to destination districts
n. This multiregional production feature addresses within-firm leakage. Each plant is
indexed by its headquarters location i, production location /, sector j, firm productivity ¢,
and plant productivity z.

4.2.1 Manufacturing Production and Emissions

For simplicity, I drop the sector subscript j in the remaining manufacturing section. For a
tixed output requirement of § = 1, the plant chooses inputs and equipment intensity to

minimize production cost:

pi (¢,z) = min rk+ Y plef +wil +ptocg+ Y, tmy(¢,2)s)]
k,e,é;{ef}felF,ce[O,l] feF peEN;(¢2)

st. g = (pzk"‘Ke“EE"‘L,

(o))

sh = (1+0)™ (qu—i— ) Kp’f€f> .

feF

2Figure A.2 shows no significant change in regulated districts’ plant shares.
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Here aX, 2, al > 0,0/ >0, > 1, p €{NOy, SOy, TSP}, a? > 0, and é > 0. Specifically,
the plant combines capital k, energy e, and labor ¢ using a Cobb—Douglas production
function. Energy is a constant-elasticity-of-substitution (CES) composite over fuel types
f € F ={Coal, Electricity, Gas, Oil} measured in tons of oil equivalent (toe). Electricity
is the key fuel because it is used for both production and abatement in the model and

universally observed across plants and years in the data. The parameters aX, af, and

L are output elasticities in the outer Cobb-Douglas nest, whereas af is a weight in the

(x
inner CES fuel aggregate. r is the rental rate of capital, p/ is the price of fuel f, and w,
is the wage. The parameter § > 0 measures electricity required per unit of output when
emission-control equipment operates at full intensity. A plant producing § units of output
at equipment intensity ¢ uses dcqg units of electricity to operate the equipment, in addition
to production electricity e®. Its total electricity use is therefore e® + dcg.

The Cobb-Douglas exponents sum to one, aX + af + aF = 1, ensuring constant returns
to scale (CRS). Energy is an essential input, since output is zero without it; Ryan (2018)
finds even stronger complementarity between energy and other inputs. I normalize the
CES fuel weights such that ) rcf af = 1; this fixes the scale of the energy composite. At a
given equipment intensity, production inputs, equipment electricity use, and emissions
scale proportionally with output. Minimizing over equipment intensity preserves this
proportionality, so unit cost equals marginal cost. I therefore evaluate the problem at § = 1
to obtain the cost of producing one unit.

Emissions of pollutant p, sipl, consist of production process emissions and fossil-fuel use
emissions. k¥ denotes the emission factor of pollutant p associated with the production
process of this sector, while kP represents the emission factor of pollutant p for fuel f. For
example, if a plant produces paper and emits particulates into the air, k¥ captures it. If a
plant uses fossil fuels heavily, xf captures the corresponding emissions.

Each plant faces up to three local air pollutant regulations, based on its emissions
volume and district. §Z (¢, z) denotes pre-regulation emissions and T? the threshold for
pollutant p. The regulation is applied only to plants whose unregulated emissions meet
or exceed the thresholds: §Z (¢,z) > TP. Permits are allocated in lump sum, based on the
pre-regulation emissions discounted by the cap changes. Let AZ (¢, z) denote the initial
allocation of permits for pollutant p to the plant. With tradable permits, this allocation

affects plant profits but not marginal input or abatement choices. Permit prices Tlp

vary by
pollutant and district. The set of regulated pollutants, A;; (¢, z), depends on the plant’s
location and baseline emissions, which in turn depend on its headquarters location and
productivity.

Implementing additional emission controls under cap-and-trade can require adjust-
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ments to equipment and operating procedures that differ across production processes.
The multiplier m;; (¢, z) approximates differences in incremental compliance burdens not
captured by the modeled equipment effectiveness and electricity requirements. I use
pre-policy emission-control equipment operating hours to proxy differences in compli-
ance conditions across emissions sources and production processes. I assume that more
established operation of emission controls lowers the incremental compliance burden. The
multiplier is common across pollutants and emissions sources within a plant and leaves
physical emissions accounting unchanged.

Once regulated, plants can reduce emissions by changing their fuel mix and operat-
ing emission-control equipment. Electricity produces no emissions on site and powers
emission-control equipment, so regulation can induce electrification. Equipment intensity,
cit (¢,z) € [0,1], reduces emissions at an additional variable electricity cost, as with filters
and scrubbers. Because equipment electricity use and pre-abatement emissions scale
proportionally with output, optimal equipment intensity is independent of current output
scale conditional on productivity, input prices, and regulatory exposure, but depends on
emissions per unit of output, in the spirit of Copeland and Taylor (2004), Shapiro and
Walker (2018), and Farrokhi and Lashkaripour (2025). Distinguishing process from com-
bustion emissions allows regulation to affect plants through different abatement margins.
Motivated by the differences in input use and abatement equipment documented in Table
A.5, I model higher productivity as lowering fuel use and combustion emissions per unit
of output while raising total emissions. Within a sector, this lowers the marginal benefit of
using equipment.

Consistent with the operating details verified in the data, I represent the plant’s
emission-control equipment by a single operating intensity c. These end-of-pipe con-
trols treat exhaust gases from production processes and fuel combustion before release. I
allow higher c to reduce all three pollutants, at the cost of additional electricity use. The
parameter a? governs the effectiveness of emission-control equipment, while A governs
substitution across fuels. These parameters shape regulated plants” abatement choices
and the resulting shifts in emissions. For example, A also governs the potential shift from
manufacturing to power generation.

The cost minimization problem can be solved as follows. Ata given equipment intensity,
substituting the emissions equation into the cost-minimization objective adds combustion-
related compliance costs to each fossil fuel’s purchase price, yielding the effective fuel
price:

L) =p'+ ¥ w9,z (e (92) ",
pEN;(¢.2)
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for f # e and, since electricity does not generate on-site emissions, its effective fuel price
is:

Pir (¢,2) = p".
Minimizing fuel expenditure for a given quantity of the energy composite yields its unit

cost:

1-A\ T
pEgn) = Lo <—p5 iﬁ'"“)) .
feF

Conditional on the use of emission-control equipment c;; (¢, z), the regulation affects
input choices through fuel-specific effective prices. These effective prices determine
the fuel composition, energy price index, and substitution between energy, capital, and
labor. Substituting the cost-minimizing factor demands into the objective gives the unit
production cost:

Gir (¢,2) "
Z

———
Factor cost

+ Y my(pz) A+ (¢2) " w7,

PEN;(P2)

~
Pollution cost from production process

Unit production cost

poci (¢, z) ()
‘\/_/

Equipment electricity cost

where the Cobb-Douglas factor cost index is:

e = ()" (47) ()

Appendix E provides the complete derivation.

I assume centralized pricing by atomistic firms. Each firm jointly chooses prices for all
of its plant varieties to maximize total profits, taking sectoral price indices and expenditures
as given and internalizing substitution among its plants. Given Dixit-Stiglitz preferences,
the price of a plant variety is pj, (¢,z) = My (¢,2) t,, where M = o/ (0 —1) is
the sector-specific markup, o is the elasticity of substitution across firm composites, and
n > o > 1is the elasticity of substitution across plant varieties within a firm. The price
contains two spatial cost shifters: 7;; denotes the multiregional production frictions (e.g.,
communication or monitoring frictions), and t;, denotes the iceberg trade costs (e.g.,
transportation costs). Let Ry, (¢,2) = pimn (¢,2) qitn (¢, 2). Given this pricing rule and
the preferences, the plant’s profit is the sum of destination-specific profits, and the firm'’s
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global profit is the sum of profits across its plants:

mi(p) = DRIy A g,

n PEN;(¢.2)

i (¢) = ;Ez (751 (¢, 2)] -

Mechanisms and Empirical Implications I characterize manufacturing adjustment in a
conditional equilibrium that holds factor, fuel, and electricity prices, and final expenditures
fixed. I absorb each plant’s compliance-cost multiplier into its effective pollution prices.
This analysis addresses two questions raised by the empirical results. First, how does a
higher pollution price reduce emissions at a regulated manufacturing plant? Second, why
can the same policy raise economic activity and emissions at unregulated plants?

I fix a manufacturing plant in district i, suppress the other indices, and consider a local
increase in Tip , holding all other permit prices fixed. The price change applies to all plants
covered by that pollutant’s regulation in the district. Note that, because the common
emission-control equipment c; affects emissions of every active pollutant, the effective
pollution price wedges for all active pollutants adjust endogenously. Then, the local
response of plant-level emissions to Tip admits the following accounting decomposition:

dins' = Tldin7’ + Y Wi+ =ldint  +Ydint .
—— —— = —— —_——
Changes in emissions Emission control ~  Electricity intensity Scale

Fuel substitution

The first three terms are within-plant margins: I'? is the contribution of emission-control
equipment use to the emissions response, including the electricity required to operate
the equipment; ll)f 7 is the response of fuel f relative to total electricity use; and Ef is the
response of total electricity use per dollar of revenue. The weight Wip ¥ converts relative-
fuel responses into their contributions to pollutant p emissions, including the induced
adjustment of process emissions through the outer production nest. The final term, Yf ,is
the revenue-scale response.

The propositions characterize responses to an infinitesimal increase in a positive permit
price around a regular equilibrium. The focal regulated plant’s equipment choice is interior.
The sign results hold under the conditions stated in Appendix E.2.

Proposition 1 (Within-plant adjustment). A higher permit price Tip has the following local
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effects on the three within-plant margins:
P p.f =P
I <0, P <O, > 0.

That is, a higher pollution price increases the use of emission-control equipment, reduces fossil-fuel

use relative to total electricity use, and raises total electricity use per dollar of revenue.

The first proposition maps to the observed changes in the use of emission-control
equipment, fuel composition, and electricity use intensity. Higher electricity use per dollar

of revenue can shift emissions to power generation.

Proposition 2 (Market-mediated leakage). For a requlated plant, a higher pollution price Tip
raises its unit cost and price and lowers its revenue. At an unregulated plant in district | serving a
common destination market, revenue and pollutant p emissions rise when substitution toward its
variety outweighs any contraction in demand for its firm composite:

p
v <o, AR, dIng
dIn Tip dIn Tip

1

> 0.

The second proposition explains how unregulated plants can scale up through leakage
and make a negative emissions difference-in-differences coefficient larger in magnitude. A
higher pollution price raises the regulated plant’s cost and price, shifting demand toward
unregulated plants serving the same markets. For an unregulated affiliate, two effects
work in opposite directions: it gains sales from the firm’s regulated plants, but the firm as
a whole loses sales to competitors. Since substitution across plants within a firm is stronger
than substitution across firms (7 > ¢), the first effect dominates, and the affiliate expands.

Unregulated plants in competing firms also gain sales. These plants expand production
without changing emissions per unit of output, so their emissions rise. If regulated emis-
sions fall and the unregulated group includes plants receiving this additional demand, the
emissions difference-in-differences is more negative than the regulated group’s response

alone: it combines a reduction at regulated plants with an increase at unregulated plants.

These propositions will guide the quantitative analysis: Proposition 1 links the observed
abatement responses to the model parameters estimated in Section 5, while Proposition 2

motivates the decomposition of relative emissions responses in Section 6.
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4.3 Power Plants

Power plants are classified by fuel type ¢ €{Clean, Coal, Gas, Oil}, where Clean aggregates
the non-fossil and new-and-renewable sources, such as hydro, nuclear, solar, and wind.2!
Unlike manufacturing plants, generators cannot switch fuels in the short run and operate
under centralized dispatch rather than monopolistic competition.

There is a fixed mass of power plants of each fuel type ¢ in a district i, M;,. A
power plant in this group draws productivity (inverse fuel intensity) z. These plants
generate electricity up to their capacity. 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 and Greene 1976).

4.3.1 Electricity Generation and Emissions

Let y denote net electricity output assigned to a power plant in district i, with fuel type
g and productivity z. Conditional on dispatched output y, the plant minimizes its total

variable generation cost by choosing fuel use and the use of emission-control equipment:

Vig (y,z) = min pieg + Z Tipmi,g (2) sfg (y,2)
eg;a€(0,1) pEAL(2)

s.t.y = (1 —a)min {k;q (z),zeg},

1
sfig (v,2) = (1 — )& xhe,,

where 0 < ¢V < 1. p$ denotes the fuel g price for power plants, which is zero for
non-fossil-fuel power plants. Kg denotes emission factors of pollutant p in the power
generation sector with energy source g. As in manufacturing, the regulation is applied
only to plants whose unregulated emissions meet or exceed the thresholds: §f ¢ (z) > TP.

. . p
Because pollution prices T;

vary by pollutant and district, the set of regulated pollutants
A4 (z) depends on district i, fuel type g, and productivity z. To align with the policy,
I allow non-fossil-fuel generators using polluting energy sources, such as biofuel and
waste, to emit regulated pollutants. As in manufacturing, permits are allocated in lump
sum, based on the pre-regulation emissions discounted by the cap changes. Let AZ p (2)
denote the initial allocation of permits for pollutant p to the power plant. m; ; (z) captures
plant-specific differences in effective compliance costs and is common across pollutants.

At a given output level, power plants can abate only through emission-control equip-

ZBefore the regulation, Clean was mostly nuclear in South Korea.
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ment. a; ; (y,z) is the share of gross generation used to operate emission-control equipment.
For positive dispatched output, feasibility implies 0 < a;, (y,z) < 1. The parameter ¢?
governs the curvature of the relationship between equipment use and power-sector emis-
sions and hence the effectiveness of abatement in accommodating additional electricity
demand. vy is net electricity supplied to the grid: the plant generates electricity using a CRS
technology and uses a portion of it for abatement. Unlike in manufacturing, finite capacity
kiq (z) breaks the equality between marginal and unit cost. While capacity is slack, power
generation is CRS and marginal generation cost equals unit cost. Once capacity binds,
marginal generation cost is output-dependent and differs from average unit cost.

The cost minimization problem can be solved as follows. For a given equipment
choice a, cost-minimizing fuel use is e, = y/ (z (1 — a)). Substituting this expression and
the emissions equation into the objective reduces the problem to choosing equipment
intensity subject to the capacity constraint y < (1 —a)k; ¢ (z). Let ag . (z) denote the cost-
minimizing emission-control equipment choice when the capacity constraint is slack. If
p¢ = 0and t'xh > O for at least one p € A, (z), the slack-capacity cost expression,
considered without the capacity constraint, has no finite minimizer: with free fuel, permit
costs approach zero as 1 — a approaches zero. I therefore define the limiting slack-capacity
choice by 1 — a?’ e (z) = 0. If the slack-capacity choice cannot accommodate dispatched
output, capacity binds and 1 — a = y/k; ¢ (z). The cost-minimizing equipment choice is

therefore:

1—a, (y,z) = max {1 — agg (z), ki,gy(z) } . (8)

When 1 — a?j ¢ (z) = 0, every positive dispatched output lies in the capacity-bound branch.
If p¢ = 0 but Tip Kg = 0 for every p, I set a?, p (z) = 0. An unregulated plant likewise has

aly (z) =0.

Where capacity is slack, substituting the optimal equipment choice into the objective

gives the effective cost per unit of fuel:

1
Pig2)=pS+ ). Tmig(z) (1 — i (Z)) g
PEAi,g(Z)

Differentiating minimized total cost V; ; (y,z) with respect to dispatched output y gives
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the marginal generation cost:

1 ﬁi,g (v,2)

0 Z
1—a i q (Z )) N——
—_—— Factor cost
Emission-control cost

Vig (1,2) = (

if0 <y < (1 —a), (z)) kig (z) and

L1
1 t'mig (2) k§ ( y )‘:p
Vig (v,2) = - — :
: z PG/%(Z) ¢ Kig (2)

J/

-~

Marginal pollution cost

if (1 — agg (z)) kig(z) < y < kig(z). At zero output, I set Vi, (0,z) = ;g (0,2z) =
sf g (0,z) = 0 and define v; ; (0, z) by its right-hand limit.

In the capacity-bound range, gross generation is fixed at k; ¢ (z), so fuel use is fixed
ate;o = kjq (z) /z. Additional net output is obtained by reducing emission-control use
rather than by using more fuel. The fuel-cost component is therefore fixed with respect to
y, so p& does not enter the marginal generation cost. Appendix E provides the first-order
and boundary conditions.

4.3.2 Electricity Market

Cost changes reallocate production across plants in both sectors, but market structure
affects how these changes translate into prices. For tractability, I model the government-
controlled wholesale and retail markets as a single market without the government’s
intermediary role. I retain two key features. First, generators are dispatched in merit order
(merit-order dispatch, MOD): incremental generation is dispatched in ascending order
of the plant-level marginal-cost schedules, up to each plant’s physical capacity. Second,
under this rule, the system marginal price (SMP) equals the marginal generation cost of
the final generation increment needed to meet aggregate demand, yielding a uniform
nationwide electricity price p® = v*, where v* is the cost of the marginal increment in the
system-wide ordering of vj ¢ (y,z). See Appendix A.2 for more details.??

22Transmission and distribution constraints are abstracted from the analysis, given Korea’s
near-100% grid coverage. For such features, see Arkolakis and Walsh (2023). Also, 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.
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Electricity demand consists of manufacturing demand, ED, including equipment
operation, and residual demand outside manufacturing, EDr. The electricity market-

clearing condition is:

YY" MigE: [yig (z)] = ED + EDk. )
g i

The capacity constraint is essential: without it, zero-cost non-fossil-fuel plants could
supply arbitrarily large quantities and drive the SMP to zero. With finite clean generation
capacity, these plants are dispatched first but can meet demand only up to their installed
capacity, so additional demand is more likely to be met by fossil-fuel plants, creating
unintended emissions. Where dirty power plants are located matters in evaluating emis-
sions shifts into the power sector. However, unlike in manufacturing, within-firm and
geographic pollution shifts are constrained by the dispatch order, because centralized
dispatch determines reallocation across generators.

Equipment use changes generators’ marginal-cost schedules, but p° is determined by
the marginal cost of the last generation increment needed to meet total electricity demand
under merit-order dispatch. Regulation therefore affects the electricity price only through
the cost of this marginal increment, so regulated manufacturers” permit-inclusive fossil-
tuel prices can rise relative to the electricity price. Industrial electrification can thus arise
from differences in abatement technology and productivity across sectors.

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

e yi,g(z)
Tig (2) = pyig (2) — /0 vig(wz)du+ Y AL (2).
PEA,‘,g(Z)

4.4 Households

Representative households consume final goods, Q;, and experience pollution damage,
SCE,. For consumption, there are three layers. Plant varieties are combined into firm
goods, firm goods are combined into sectoral goods, both using Dixit-Stiglitz preferences
(Dixit and Stiglitz 1977), and sectoral goods are then combined across sectors under Cobb-
Douglas preferences. In sector j, let 0; denote the elasticity of substitution across firm
goods w and 7; denote the elasticity of substitution across plant varieties within firms
@. The latter CES aggregate captures the stronger within-firm leakage than across-firm
leakage within industries. Aggregators and corresponding ideal price indices are given by:

¢ N
Q”:HQZ]" Pn:H<é> ’ (10)
J

j
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where 17; > 0; > Tand }; ’)/]-C = 1. (3, j is the set of goods sold in market 7 by firms head-
quartered in district 7, while (), ; (w) is the set of plant varieties of firm w headquartered
in district i, produced in district /, and sold in market 7 in sector ;. ,ch denotes the sectoral
expenditure share. The corresponding demands at the firm and plant levels are:

Pin ] i
Qin,j (w) = (1,;—]1(](‘))) Qn,j/ (11)

Giln,j (

I
I
/N
=S
SIS
8/\

I construct a pollution damage index for district n, SCE,, as:

L
SCE;/[ — 1

L )y SCP x SF, (12)
m =M e {NOy, SOy, TSP}

where S}, denotes the total emissions of pollutant p in district n. In the model, aggregate
emissions are defined as S/ = Zj SZ,]‘ + Zg Sﬁlg, where SZ,]‘ and SZ,g denote total emissions
of p in district n from manufacturing sector j and from power generation using fuel g,
respectively. SC? denotes the social cost per unit of pollutant p and serves as an aggregation
weight reflecting differences in harm across pollutants. I report percentage changes in
real consumption and this damage index separately, rather than aggregating them into
a single welfare measure or calculating monetary net benefits. The damages from local
air pollution also vary across districts because exposure is greater in more populated
districts. To capture spatial variation in exposure, I use district labor endowment, L, as a
proxy for population and weight pollution damages by L,/ (}_,, L ). I assume pollution
is contained within each district and abstract from atmospheric dispersion.

The representative household in district n faces the budget constraint:

PnQn = wWLn + Hn + rKn, (].3)
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where K, and L, are the capital and labor endowments. The first term is labor income.
Labor is mobile across sectors but immobile across districts, being supplied at wage
wy. Households cannot respond to local pollution or income changes by moving across
districts.?®> The second term aggregates profits of manufacturing firms and power plants
headquartered in district n. Permit rents do not affect marginal plant decisions. The value
of freely allocated permits is included in firm profits and accrues to households in firms’
headquarters districts. The third term is household capital income rK;,. Capital services
are fully mobile across sectors and districts and supplied perfectly elastically at a common

rental rate r, taken as given and normalized to one.

4.5 Equilibrium

This section derives expressions for aggregate variables and defines the equilibrium of the
model. Manufacturing firm productivity draws ¢ are independently and identically dis-
tributed (i.i.d.) according to a Pareto distribution with district-sector shifter T; ; and shape
parameter ; > 0. Plant productivity draws z are i.i.d. and In z is normally distributed with

mean — ((TJ:Z> ’ /2 and standard deviation 0']‘-Z. Power plant productivity draws z follow a
Pareto distribution with district-fuel shifter T; ; and shape parameter (o > 0.

Market clearing conditions hold in electricity, labor, product, and permit markets. The
electricity market clearing is explained in Equation (9). I abstract from fuel extraction,
reflecting Korea's status as a small open economy importing approximately 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. Fuel markets are perfectly competitive, and
tuels are freely traded across districts.

The labor market in each district clears:

L, = ZMi,leqa,z i (9.2)], (14)
i,j

where £;; ; (¢,z) denotes the labor demand at the plant level.
Households allocate income across sectors according to their Cobb-Douglas expendi-

Z3Because the policy targets short-lived local pollutants, I hold district populations fixed to
isolate the short-run production and abatement responses to this place-based policy. Migration
would introduce an additional adjustment margin, as households could relocate in response to
changes in real income and pollution exposure.
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ture shares. The product market clears in each district / and sector j:
X = f (wily+rK +11)) . (15)

Lastly, each permit market clears:

lea

o<t L CE—Z(Zs‘ﬁjJrZs‘ﬁg) >0, (16)
j 8

p

where policy area a is a set of regulated districts, and S} and S_f p denote the total amount

of emissions of pollutant p in district / for regulated ma{;ufacturing plants in sector j and
regulated power plants, respectively. C} is the emissions cap for pollutant p in policy area
a. For each pollutant, a common permit price clears the market within each policy area, so
Tlp =1/ foralll € a.

Let PM and PF denote the collections of manufacturing and power-generation policy

functions, respectively:

M _ {kﬂ eyl {ef Ve }
7 S, ) L) l, 7 1, 7
i,y felF i,l,j

PE = {yl,gr ezlg, al,g}l,g .

Function arguments are suppressed for brevity. Then, the spatial equilibrium of the
economy across sectors, fuel types, pollutants, and districts is defined as follows.

Equilibrium Definition

Given capital and labor endowments {K;, L;}, manufacturing headquarters masses { M },
power plant masses {Ml,g }, a common rental rate r, non-electric manufacturing fuel prices
{p'} fer\ jo}- Power plant fuel prices {p$}, pollution caps {Cl'}, and residual electricity
demand EDE, an equilibrium is defined with prices for sectoral goods { P, ;}, wages {w;},
an electricity price p®, permit prices {Tlp }, policy functions of manufacturing plants PM,
policy functions of power plants PF, and market expenditures {Xl,j} such that:

1. Policy functions solve the cost-minimization problems of manufacturing and power
plants and the pricing problems of manufacturing firms, and power plant output

follows merit-order dispatch.

2. The price index equations hold (Equation (10)).
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3. Electricity, labor, product, and permit markets clear (Equations (9), (14), (15), and
(16)).

Finally, the model features equilibrium channels linking abatement to production and
emissions reallocation. In manufacturing, nested CES demand allows production to shift
within and across manufacturing firms. Multiregional production frictions and iceberg
trade costs shape reallocation across districts. In power generation, there is no leakage
within firms because there is a centralized dispatch for a homogeneous good, electricity.
Electricity demand links manufacturing abatement to emissions from power generation.

In the policy exercises, I hold wages and incomes at their unregulated values, without
imposing labor market clearing conditions. Thus, consumption changes reflect changes
in the price index. Plants adjust their input demands and production under the same
optimality conditions. This industry equilibrium approach focuses on product, electricity,
and pollution market responses (see Chen et al. 2025 and Curtis et al. 2026 for related
work).

See Appendix G for the solution algorithm.

5 Calibration and Estimation

This section describes the calibration and estimation, presents the parameter estimates, and
evaluates model fit. The model is implemented with | = 10 manufacturing sectors and
N = 250 districts corresponding to Korea’s administrative districts. All monetary values
are expressed in thousands of U.S. dollars (USD), the energy unit is toe, and emissions are
measured in metric tons.

I quantify the model in two steps. Pre-regulation data determine firm and plant
productivity parameters, Cobb-Douglas factor shares, demand and fuel-substitution
elasticities, and baseline emissions coefficients. Conditional on this baseline and observed
permit prices, I then estimate equipment-effectiveness parameters, the physical electricity
requirement of manufacturing equipment, and parameters governing source- and process-
specific effective compliance costs, using cap-reduction benchmarks and the reduced-form

responses.

5.1 Calibration

I use averages over 2016-2019 to reduce the influence of year-specific shocks. I calibrate
each pollutant-specific regulatory threshold, T?, using a proxy for baseline regulatory
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coverage: the ratio of the aggregate emissions cap in 2020 to the emissions of regulated
sectors in 2018 within regulated districts. I apply this proxy to manufacturing and power
generation because these sectors account for most covered emissions. I pool modeled
manufacturing and power plants in regulated districts and rank them by baseline emissions
of each pollutant. I choose a common cutoff so that plants above it account for a share of
baseline emissions as close as feasible to the target, subject to retaining at least two units
of regulated plant mass in every permit market. The latter condition makes each market
well-defined. The corresponding coverage targets are 87%, 63%, and 18% for NOy, SOy,
and TSP, respectively. Among modeled manufacturing and power plants in regulated
districts, the thresholds cover 87% of baseline NO, emissions, 63% of SOy, and 21% of
TSP.

Capital and labor endowments, K; and L;, are constructed from the MMS and SBR as
annual averages of tangible capital and employment. For labor, I use the number of regular
employees whose tasks are either in mining or manufacturing. The numbers of firms
and plants across sectors, fuel types, and districts are taken from the MMS and SBR.?* 1
generalize the plant-mass weights while retaining the model’s production, demand, and
pricing blocks. Let M;; ; denote the observed mass of plants in district / and sector j owned
by firms headquartered in district i. For M;; > 0, [ use Mz’l,j/ M, j as the plant mass per
firm in district /, held common across firm-productivity draws. This ratio weights each
location’s contribution to the firm price index and expected profit. Aggregate plant-level
labor demand, electricity use, and emissions are weighted by M;; ;, whereas aggregation
across firms retains M; ;. Because disclosure restrictions prevent the release of firm-level
plant networks, I use this common plant-mass profile as an approximation.

Fuel prices p/ and p8$ are sourced from the Korea Energy Economics Institute. Iceberg
trade costs £}, j between production district / and destination 7 in sector j are parameterized
as in Arkolakis and Walsh (2023). Sectoral final expenditure shares, ’y]-c, are based on
the Input-Output Table compiled by the Bank of Korea in 2016. I estimate the across-
firm substitution elasticities, i, and calibrate the within-firm substitution elasticities, Njs
following Broda and Weinstein (2006).

For manufacturing, I jointly calibrate location productivity parameters T; ; and multire-
gional production frictions v; ; using the plant-count-weighted, normalized distributions

of annual average sales per active plant across headquarters sector—-district cells and affili-

24Within each district, T allocate fossil power-plant counts across fuels using pre-regulation
emissions shares. The allocation weights use each fuel’s share of the combined mass of emissions.
Because fuel-specific profits are unavailable, I assign the observed district-level mean profit of fossil
power plants to each active fossil-fuel category. This procedure preserves district-level plant counts
and total profits; the fuel-level allocation is an approximation rather than separately observed data.
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ate headquarters—plant district dyads, respectively. I discipline (7]*.7* using the sector-level
mean of the largest plant sales share within a firm—year—sector, restricting both the data
and the model to firms with at least two plants. Statistical disclosure restrictions permit
the release of this sector-level moment and aggregate headquarters—plant margins, but not
the underlying firm—plant incidence matrix. I approximate this moment using synthetic
finite plant portfolios consistent with the released margins. These portfolios are used only
to construct the concentration moment and do not determine the equilibrium allocation.
See Appendix F.2 for more details.

For power generation, I calibrate T; ; using the firm-count-weighted, normalized distri-
bution of annual average variable profits across fuel-district cells. To discipline relative
scale across these blocks, I also target the ratio of total affiliate sales to total headquarters
sales and the ratio of total power generation variable profits to total manufacturing sales.
For power generation capacity, I assume a log-linear relationship between capacity and
productivity, Ink; ; (z) = Alnz, which reflects that larger power plants are more produc-
tive. The parameter A = 0.12 is calibrated using data on inputs, outputs, and capacity for
fossil-fuel power plants. This positive capacity—productivity relationship is consistent with
evidence of heterogeneous plant productivity and economies of scale in Korean power
generation (Heshmati et al. 2014; Oh and Lee 2016). I use a constant residual electricity
demand outside manufacturing to match the pre-regulation electricity-to-gas price ratio.
This is because the MOD and SMP determine the electricity price based on total electricity
demand.

I then calibrate physical emissions coefficients as ratios of observed pre-regulation
emissions to the corresponding model-implied output or fuel use. Output-linked manu-
facturing emissions, including process emissions and emissions from fuels not separately
represented in the model, are pooled by pollutant and sector; combustion emissions from
modeled manufacturing fuels are pooled by pollutant and fuel; power generation emis-
sions are pooled by pollutant and generation fuel. These coefficients reproduce baseline
emissions totals within the pooled groups. I do not require an exact match within every
district, so location-specific emissions coefficients do not mechanically absorb regional
differences in plant composition. This pooling is consistent with the emission factors
given by the Ministry of Environment and preserves key emission sources within each

manufacturing sector and power generation energy source.
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5.2 Estimation

I first estimate production and demand parameters using pre-regulation data, then use the

simulated method of moments to estimate abatement and effective compliance costs.

5.2.1 Demand and Production Elasticities

I estimate the baseline production parameters using 2016-2019 data, before the cap-and-
trade expansion. In the model, the equipment-electricity and emissions-cost terms associ-
ated with this expansion are inactive in the baseline and therefore omitted from first-stage
estimation. I calibrate the Cobb—Douglas factor shares and estimate the CES fuel tech-
nology and firm-level demand elasticity. I allow input prices to vary across plants in
estimation. As in the quantitative model, I use revenue net of material expenditures
and assume that it satisfies the revenue equation implied by a CES restricted production
technology over capital, labor, and energy. Estimation is conducted separately by sector; I
suppress plant, district, and sector indices below.

First, I calibrate the outer factor shares from input expenditures. Let SX be the sum
of capital expenditure, S L be the sum of labor expenditure, and S E be the sum of fuel
expenditure, and define S = SK 4 S + SE. Capital expenditure is the rental or user
cost of capital services, not the value of the capital stock. The Cobb-Douglas first-order
conditions imply:

ocK:S—K sz:S—E, al =1 —afK —af,
S
where the sums include all plant-year observations in the sector.

Second, I control for the transmission of Hicks-neutral productivity ¢z into input
choices, following Doraszelski and Jaumandreu (2013) and Doraszelski and Jaumandreu
(2018). I use the electricity first-order condition to estimate the fuel-substitution elasticity
A, the relative fuel weights af /a¢, and the firm-level demand elasticity o. Define R =
aER/ (p%e®). The estimating equation is:

A-1
- o af [ef\
InR =In (m) +In 1-|—fz#e§ (?) + u. (17)

Here, u is a log-revenue measurement disturbance. This equation uses observed fuel
quantities measured in tons of oil equivalent. I estimate it by nonlinear least squares
(NLLS), following Grieco et al. (2016) and Murray Leclair (2024) under the maintained
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conditional mean restriction E [u | Z] = 0, where Z contains the information used for
input choices, including input prices and the realized productivity and demand conditions.
Appendix F provides more details on the derivation. The normalization ) < af =1 gives

0l = [1 + L te (ocf/oce)} and of = o (af /a®) for f # e.

Conditional on the calibrated outer energy share af, identification of A and the relative
fuel weights relies on sufficiently rich variation in fuel quantities relative to electricity
use. The level of revenue relative to electricity expenditure identifies the markup, and
hence o, under the stated conditional mean restriction. In general, the demand elasticity
o is not cleanly pinned down by the production side alone in a revenue specification
(De Loecker 2011). Under Dixit-Stiglitz demand, however, o can be estimated jointly with
the production parameters without observing output prices or quantities.

The approach requires plants to take input prices as given and to adjust energy inputs
flexibly within the period so that the electricity first-order condition holds. Unobserved
input-price differences across plants need not invalidate this approach (Grieco et al. 2016).
Such differences may generate the variation in fuel composition used for identification. The
concern is whether procurement arrangements or other input-market frictions invalidate
these optimality conditions or the conditional mean restriction. Quantity-dependent prices,
adjustment costs, binding fuel-access constraints, and measurement error in fuel quantities
or expenditures can do so; differences in price levels alone do not. These concerns are
particularly relevant for large polluting plants, whose procurement arrangements may
differ systematically from those of other plants. To assess sensitivity to firm organization
and associated procurement arrangements, I re-estimate the same specification using only
single-plant firms. The estimated fuel-substitution and firm-level demand elasticities

remain similar; see Figure A.10.

5.2.2 Productivity Dispersion Parameters

I focus on the pre-regulation period using the 2016 MMS and SBR for manufacturing and
the 2015 Economic Census and SBR for power generation, respectively. In the manufac-
turing sector, I exploit the properties of the Pareto and log-normal distributions and the
CES demand to estimate the shape parameter (;, focusing on the right tail of the sales
distribution. If firm productivity follows a Pareto distribution with shape parameter {; and

2
log plant productivity follows a normal distribution with mean — <(7]tz ) /2 and standard

deviation U]:Z, then the tail index is {;/ (0 — 1) 2% Similarly, in the power generation sector,

BIn the pre-regulation model, holding the plant portfolio and district-sector characteristics
fixed, pjinj (¢,2) o (([)Z)_1 and Py, ; (¢) ¢~ 1. The nested CES revenue equation therefore implies
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[ estimate the shape parameter (¢ using the relationship between productivity and capacity.
Given the log-linear capacity function, if productivity follows a Pareto distribution with
shape parameter (¢, then the tail index is (¢ /A, since capacity is likely to bind for plants
with high productivity.

5.2.3 Simulated Method of Moments

Pre-policy equipment operating hours provide a proxy for differences in compliance
conditions across emissions sources and production processes. Let h index a plant in
manufacturing sector or generation fuel group j. Define Bk[ =Xy sZ’u as its total emissions
in the unregulated baseline, and let wj; denote its plant-mass and numerical weight.
Define the group mean as B].u = Yej WiB}! / Lhejwy- 1 construct an index of compliance

conditions according to:

BU'\ ¥
Hjy = min ¢ 8760, A; { 1+ 27 ,
j

where p]H > 0. The upper bound of 8,760 is the total number of hours in a non-leap year.
Aj ensures that the weighted group mean equals the observed pre-policy mean annual
equipment operating hours:
LiejwnHy _ fData
Lhej Wh I
The manufacturing means are sector-specific. For power generation, I use the pooled
mean for all four fuel groups. Annual hours are daily operating hours multiplied by annual
operating days; the group means use positive observations before 2020. When p]H =0, the
index is constant within the group. Motivated by the greater pre-policy equipment use
among regulated plants in Table A.5, a positive p}{ assigns higher index values to larger
baseline emitters within each group, subject to the hours ceiling and the observed group
mean.
The effective compliance cost multiplier is:

The reference level is Href = 2,400 hours. Ay is a common cost scale and By governs the

Rij (¢,z) o< ¢ “12171 Since ¢ and z are independent and log-normal z has finite moments of
every positive order, Breiman’s theorem implies a sales-tail index of ;/ (o; — 1).
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sensitivity of effective compliance costs to the index. Within manufacturing, the same
plant-specific multiplier applies to process and combustion emissions. This preserves
the sector’s underlying emissions composition: the regulatory burden operates primarily
through production where output-linked emissions dominate and through fossil-fuel use
where combustion emissions dominate.

Then, I jointly estimate 22 parameters governing abatement technology and effec-
tive compliance costs. The seven technology parameters comprise three manufacturing
equipment-effectiveness parameters a?, three power-generation equipment-effectiveness
parameters ¢”, and the manufacturing equipment electricity requirement J. In estimation,
I restrict the manufacturing parameters to a” < In100/ In2, which limits direct emissions
removal to 99% at full equipment intensity, c = 1. The remaining 15 parameters govern
compliance costs: a common scale Ay, a compliance-cost slope B, and within-group index
slopes p]H for nine manufacturing sectors and four generation fuel groups. The mining
slope is fixed at zero because mining has no covered baseline emissions in the model. I use
22 targets: 12 market-specific cap-reduction benchmarks and 10 reduced-form estimates.
The response moments comprise six pollutant-specific emissions responses, equipment-
use responses in manufacturing and power generation, the sales response of unregulated
manufacturing affiliates, and the response of electricity’s share in manufacturing energy
use.

Having calibrated the model’s emissions coefficients to observed pre-regulation emis-
sions, I use observed permit prices to price these emissions in estimation rather than
determining prices through permit-market clearing. Manufacturing and power generation
account for most regulated plants and a large share of emissions from regulated sectors
in regulated districts. I therefore treat the emissions levels implied by market-wide cap-
reduction rates as approximate ceilings for the modeled sectors. The estimation criterion
places a smaller penalty on reductions above these benchmarks than on equally sized
shortfalls.

The model propositions guide the choice of moments for the joint estimation. Pollutant-
specific emissions responses and equipment use jointly inform equipment effectiveness
in both sectors, while the manufacturing electricity share helps discipline the equipment
electricity requirement. Affiliate sales and the cap-reduction benchmarks inform the
common compliance-cost parameters and within-group index slopes. Appendix F provides
further details.
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Table 4: Demand and production parameters

Demand Fuel Pareto shape

elasticity elasticity =~ parameter
Industry o n A ¢
Manufacturing
Mining/quarrying 1.37(0.05) 9.35 1.80(0.45) 0.52(0.03)
Food /beverages/tobacco 1.28 (0.01) 15.92 1.93(0.10) 0.43(0.01)
Textiles /apparel/leather 1.24 (0.01) 12.35 2.59(0.26) 0.32(0.004)
Wood/paper/printing /media 2.65(0.10) 11.27 2.46(0.12) 2.43(0.05)
Petro/chem/pharma/rubber/plastics 1.14 (0.003) 9.66 2.05(0.08) 0.17 (0.001)
Non-metallic minerals 1.31(0.01) 7.36 2.02(0.11) 0.43(0.01)
Basic/fabricated metals 146 (0.01) 11.21 2.28(0.11) 0.57(0.003)
Electronics/instruments/electrical 1.08 (0.001) 994 1.93(0.18) 0.09 (0.001)
Machinery/transport (incl. auto) 1.25(0.004) 17.63 1.83(0.18) 0.29 (0.002)
Furniture/misc./repair 3.33(0.24) 5.20 2.48(0.18) 3.81(0.04)
Power generation
Fossil-fuel 0.23 (0.02)
Non-fossil-fuel 0.08 (0.01)

Notes: The table reports estimated and calibrated parameters. The first parameter column reports
estimates of 0j; the second reports externally calibrated values of 7;; the third reports estimates of
Aj; and the fourth reports estimates of {; and . Standard errors are in parentheses.

Sources: Statistics Korea; Broda and Weinstein (2006); World Bank World Integrated Trade Solution
concordances.

5.3 Results

Table 4 reports the first-stage parameter estimates; Table A.27 reports the corresponding
factor shares and CES fuel weights. The estimated firm-level demand elasticities and
calibrated within-firm elasticities satisfy 1 < 0; < 77;, so substitution across plants within a
tirm exceeds substitution across firms. The Cobb-Douglas outer nest fixes the elasticity
of substitution across capital, energy, and labor at one. The inner CES nest allows greater
substitution across fuels through the estimated parameter A; > 1, consistent with the
maintained nesting restriction in the production function. Estimated fuel substitution
is greater in light manufacturing, such as textiles, apparel, and leather. This pattern is
consistent with the more specific fuel requirements of heavy industries, such as machinery
and transport equipment.

The estimated fuel-substitution elasticities are broadly consistent with the values used
in related studies. For comparison, Murray Leclair (2024) estimates an elasticity of 2.2
for the Indian steel industry. My estimates allow this substitution margin to vary across

Korean manufacturing industries. The productivity shape parameters {; satisfy {; > 0; — 1
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Table 5: Equipment-effectiveness parameters
NO, SOy TSP

o o «
Manufacturing 6.51 6.34 4.37

CNOX CSOX ETSP
Power generation 031 0.10 0.87

Notes: The table reports equipment-effectiveness parameters estimated by the simulated method
of moments.
Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.

for finite profits in manufacturing. Non-fossil-fuel power generation exhibits greater
dispersion than fossil-fuel generation, reflecting input specificity and heterogeneity across
its sources (Arkolakis and Walsh 2023).

Table 5 reports the equipment-effectiveness estimates. The manufacturing parameters
aP govern pollutant removal at a given equipment intensity, separately from factor and
fuel substitution; the power generation parameters ¢V govern the corresponding genera-
tion sector equipment technology. Under the actual policy, emission-control equipment
accounts for 0.1% of manufacturing electricity use, implying a small additional electricity
burden embedded in 4.

The common compliance-cost slope is By = 36.9, so modest differences in the index
can generate substantial differences in effective compliance costs. Observed group-average
hours generate differences across industries, while pf{ governs how the index varies
with baseline emissions within each industry. This gradient is largest in non-metallic
minerals: pf! = 0.004, compared with 0.001 in six other manufacturing industries. Within
non-metallic minerals, the plant-specific multiplier falls as low as 65.0% of the multiplier
evaluated at the industry’s mean operating hours. Thus, the estimated specification allows
both industry-level differences and lower effective burdens for larger baseline emitters

within an industry.

5.3.1 Model Fit

Targeted Moments The first-stage calibration closely reproduces the distributions of
manufacturing sales and power generation variable profits (Table 6 and Figure A.11). The
ratio of total affiliate sales to headquarters sales is 0.25 in the model and 0.26 in the data.
The ratio of total power generation variable profits to total manufacturing sales is 0.02 in
the model and 0.02 in the data. The pre-regulation electricity price is three times the gas

price, measured per unit of energy.
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Table 6: Model fit: production and emissions distributions

Usedin  Spearman  Pearson

Moment ) ) ) ]
estimation correlation correlation

Pre-requlation moments

Manufacturing HQ sales Yes 0.85 0.85 2,105
Manufacturing affiliate sales Yes 0.82 0.84 2,986
Manufacturing maximum sales share Yes 1.00 1.00 10
Power generation variable profits Yes 0.94 0.94 278
Emissions distribution Totals only 0.78 0.78 747

Post-requlation moments
Emissions distribution No 0.77 0.77 750

Notes: The table summarizes model fit for spatial distributions. HQ denotes headquarters. Spear-
man correlations measure agreement in the rank ordering of the data and model shares, whereas
Pearson correlations measure the linear association between their logs. For the maximum sales
share, Spearman and Pearson correlations are computed for ranks and levels, respectively, across
the sector-level means and are weighted by sector-level HQ counts. The units of observation are
sector—-HQ district cells for manufacturing HQ sales; sector-HQ district-affiliate district cells for
affiliate sales; fuel-district cells for power generation variable profits; and pollutant-district cells
for emissions distributions. Baseline emissions totals are matched within pooled pollutant-source
groups, but the district-level distribution is not directly targeted.

Sources: Ministry of Environment, Statistics Korea.

These first-stage moments discipline the baseline economic structure underlying the re-
allocation analysis. Manufacturing sales across headquarters and plant locations constrain
productivity and multiregional production frictions, which shape relative delivered costs
and the allocation of sales across plants and districts. Power generation profit patterns and
the electricity-price target discipline the baseline electricity sector. The strong fit to the
spatial distribution of affiliate sales is particularly relevant: it anchors the initial allocation
of manufacturing activity from which the model predicts reallocation following regulation.

In the second stage, the model closely reproduces the targeted emissions responses. The
model reproduces the signs of all 10 response targets, with nine lying within their empirical
95% confidence intervals. All six pollutant-specific coefficients lie within 0.7 empirical
standard errors of their data counterparts. Averaging across pollutants, the manufacturing
coefficient is —0.41 in the model and —0.43 in the data; the corresponding power generation
coefficients are —0.23 and —0.22. The model also generates increased equipment intensity
in both sectors, an increase in electricity’s share of manufacturing energy use, and sales
growth at unregulated affiliates. At observed permit prices, emissions reductions fall short
of the cap-reduction benchmarks in only two of the 12 permit markets: SOy in the Seoul
Capital Area and the Central Area.
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Some response magnitudes remain imperfectly matched. For example, manufacturing
equipment intensity rises by 0.33, compared with a target of 0.17, while power generation
intensity rises by 0.02, compared with a target of 0.90 under the maintained proxy mapping.
The model measures continuous equipment intensity, whereas the empirical outcome is
update-weighted log operating hours. This measurement difference may contribute to the

discrepancy.

Untargeted Moments The model reproduces the broad spatial pattern of emissions
before and after regulation. Across district-pollutant cells, both the Spearman and log
Pearson correlations with the data are 0.78 before regulation and 0.77 afterward (Table 6
and Figure A.12). This set of moments is important because it relates to the geographic
distribution of emissions, which is the key object of the model. The model reproduces the

direction of the initial sales decline and negative employment responses in the event study.

6 Counterfactual Policy Experiments

I use the model to interpret the reduced-form estimates and compare consumption and
pollution damage under the actual policy and nationwide alternatives. The unregulated
baseline removes the modeled cap-and-trade incentives, setting Tlp = 0 for all pollutants
and districts. The actual-policy benchmark is the equilibrium evaluated at observed
market-specific permit prices.

6.1 Total Volume Control of Pollutants at Place of Business

This section provides quantitative results related to the actual policy.

6.1.1 Reduced-Form Interpretation

I decompose the model-implied difference-in-differences coefficient into contributions
from regulated and unregulated districts. In each panel of Figure 6, the first two columns
show the data and model estimates for the corresponding sector: the model estimate closely
matches the data estimate. The last two columns decompose the simulated difference-
in-differences coefficient into regulated- and unregulated-cell contributions. Emissions
reductions in regulated districts account for 80.9% of the model-implied manufacturing

emissions difference-in-differences estimate, while emissions increases in unregulated

44



Figure 6: Decomposition of emissions responses
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Section 3 and their model counterparts are plotted. The results are calculated from Equation (2).
I apply the Frisch-Waugh-Lovell weights implied by the regression’s fixed effects to simulated
cell-level log emissions changes. The last two bars show the model-implied changes in regulated
and unregulated cells; the “Model” bar equals the first minus the second.

Sources: Ministry of Environment.
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Table 7: Sources of emissions reductions in regulated districts

Pollutant Equipment Fuel intensity and mix Scale and reallocation Total

NO, -17.8 -2.3 -13.3 -33.3
SO -11.5 -0.2 -20.5 -32.1
TSP -27.2 -0.5 -20.4 —48.0

Notes: Entries are percentage-point contributions relative to each pollutant’s total baseline emis-
sions in regulated districts, including all manufacturing and power plants regardless of plant-level
eligibility. Manufacturing emissions are decomposed into equipment intensity, pre-abatement
emissions per unit of output, and plant-level physical output. The second component changes
through fuel intensity and composition; the output-linked emissions coefficient is fixed. Contribu-
tions average over all six orders of changing these factors. Power emissions are decomposed into
the equipment factor, net of its generation loss, and net generation, averaging over both orders.
Scale and reallocation includes changes in output across plants, not only changes in aggregate
output. This is an accounting decomposition of simulated emissions changes, not a set of separate
equilibrium counterfactuals. Totals may differ from sums of displayed contributions due to round-

ing.

districts account for the remaining 19.1%.2¢ However, geographic pollution shifts in power
generation are weak. Both the model and the empirical estimates show larger relative
emissions declines in manufacturing than in power generation (Section 3).

To understand the sources of emissions reductions, I present a Shapley decomposition
of emissions reductions in regulated districts in Table 7. Equipment use is the largest
contributor to NO, and TSP reductions, accounting for 17.8 and 27.2 percentage points,
respectively, relative to baseline emissions. Changes in plant-level output and its allocation
contribute most to the SO, reduction, accounting for 20.5 percentage points. Changes in
fuel intensity and composition make smaller contributions for all three pollutants.

Taken together, these findings motivate tracing how the policy changes the spatial

distribution of emissions and economic activity.

6.1.2 Consumption, Pollution Damage, and Distributional Consequences

Figure 7 shows district-level changes in pollution damage and consumption in the upper
panels and in manufacturing sales and electricity generation in the lower panels. The
spatial effects differ sharply between regulated and unregulated districts. Manufacturing
sales fall by 0.4% in regulated districts and rise by 4.5% outside them, relative to each
group’s baseline sales. Aggregate manufacturing sales remain essentially unchanged under

tixed district—sector expenditure, so these changes reflect spatial reallocation. Similarly;,

20In a related decomposition for the U.S. Clean Air Act, Curtis et al. (2026) attribute about 40%
of the relative employment decline to expansion in unregulated locations.
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Figure 7: Distributional consequences across space
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Table 8: Counterfactual policy experiments

Policy District group Consumption change (%) Pollution damage change (%)

Actual All -1.42 -37.8
lic Regulated -1.43 -39.6
poticy Unregulated -1.36 27.9
Uniform All -0.82 -32.1
. Regulated -0.82 -31.5
PHCg Unregulated -0.85 -55.3
Damage-  All -0.98 -41.8
proportional Regulated -0.98 —-41.7
pricing Unregulated -0.95 —45.0

Notes: Consumption and pollution damage are reported as percentage changes relative to their
respective baseline totals. Regulated and unregulated districts retain their actual policy classifi-
cation. “Uniform pricing” denotes nationwide eligibility under the same calibrated thresholds,
with common emissions prices chosen to target actual-policy national emissions totals. “Damage-
proportional pricing” denotes nationwide eligibility with district prices proportional to baseline
marginal damages and pollutant-specific price levels chosen to target the actual policy’s national
emissions totals. See Table A.28 for area-specific changes in the actual policy case.

national electricity generation is essentially unchanged, while generation shifts across
districts. The resulting spatial distribution of emissions matters for aggregate pollution
damage because pollution damages depend on pollutant-specific damage coefficients and
local population exposure.

The first three rows of Table 8 report the aggregate and spatial effects of the actual
policy. Pollution damage falls by 39.6% in regulated districts but rises by 27.9% outside
them. Consumption falls by 1.43% and 1.36%, respectively. Aggregate consumption falls
by 1.42%, which reflects higher consumption prices.”” Aggregate pollution damage falls
by 37.8% because damage reductions in regulated districts outweigh increases elsewhere.
For local air pollutants, the location of emissions matters: both reductions in high-damage
districts and reallocation toward lower-damage districts can reduce aggregate damage.
Climate damages from greenhouse gases, by contrast, do not depend on the location of

emissions in the same way.

Z’Related models also imply consumption costs through higher prices. Curtis et al. (2026) report
an expenditure-weighted price increase of about 2% in regulated U.S. manufacturing industries
under the U.S. Clean Air Act, while Chen et al. (2025) report a price-index increase of about 3.5%
in their model of China’s energy-intensive manufacturing industries under China’s Top 1,000
program.

48



6.2 Alternative Policy Designs

The costs and benefits of regulation depend on both the cost of reducing emissions and
where those reductions occur. I use the spatial model to consider two nationwide alter-
natives: a common emissions pricing rule and a damage-proportional pricing rule, both
targeting the actual policy’s national emissions totals.

First, to assess a policy response to geographic pollution shifts, I extend eligibility
nationwide, applying the same calibrated pollutant-specific thresholds to baseline emis-
sions in every district. Qualifying plants in previously unregulated districts therefore face
regulation as well. I choose three national emissions prices, one per pollutant, to target the
actual policy’s national emissions totals. The price adjustments differ across pollutants.

Second, I retain nationwide eligibility but set district emissions prices in proportion
to marginal damage weights, which combine pollutant-specific social costs with local
population exposure. Holding these relative prices fixed, I choose three non-negative
pollutant-specific base prices to match the actual policy’s national emissions totals. Unlike
the actual policy’s broad regional pricing structure, this rule assigns higher prices within
each pollutant to districts with greater population-exposure weights.

The first experiment is reported in the three rows in the middle of Table 8. Nationwide
eligibility limits incentives to shift production toward geographically exempt plants and
broadens the set of plants contributing to the same national emissions targets. Under
uniform nationwide prices, aggregate pollution damage falls by 32.1% at the cost of a
0.82% decline in consumption, compared with 37.8% and 1.42%, respectively, under the
actual policy.

The smaller aggregate damage reduction reflects a change in where emissions fall. Uni-
form prices do not give greater weight to reductions in high-damage locations. Pollution
damage in originally regulated districts falls by 31.5%, compared with 39.6% under the
actual policy. In previously unregulated districts, damage instead falls by 55.3%, rather
than rising by 27.9%, while consumption falls by 0.85%. Because baseline damage is
concentrated in originally regulated districts, the smaller reductions there still outweigh
the additional benefits elsewhere. Attenuating geographic pollution shifts therefore need
not deliver a larger reduction in aggregate pollution damage when national emissions
totals are held fixed.

The second experiment is reported in the last three rows of Table 8. Aggregate pollution
damage falls by 41.8% at the cost of a 0.98% decline in consumption. This alternative
achieves a larger damage reduction and a smaller consumption loss than the actual policy.
Compared with uniform pricing, however, its greater environmental benefits come with

a larger consumption loss. Both nationwide alternatives extend eligibility to the same
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previously excluded districts and target the same national emissions totals. Their difference
in aggregate damage therefore reflects the spatial price rule: damage-proportional pricing
directs stronger relative incentives toward locations with higher marginal damage.

7 Conclusion

Three findings emerge from the analysis. First, manufacturing emissions fall by 32.9-36.9%
across pollutants in regulated districts relative to the same industries in unregulated dis-
tricts. These reductions coexist with production reallocation within manufacturing firms
and across districts, as well as potential emissions shifts to power generation. Second, the
spatial model shows that geographic pollution shifts account for 19.1% of the manufactur-
ing emissions difference-in-differences estimate. Third, the actual policy reduces aggregate
pollution damage by 37.8% at the cost of a 1.42% decline in consumption. Pollution dam-
age falls in regulated districts but rises outside them, while consumption declines in both
groups. The policy’s benetfits therefore depend on where emissions change, not only on
the national reduction.

At the same pollutant-specific national emissions totals, nationwide coverage attenuates
geographic pollution shifts, but uniform prices do not prioritize reductions in high-damage
locations. Relative to the actual policy, this design entails smaller consumption losses
but leaves emissions reductions less concentrated in these locations, yielding smaller
aggregate damage reductions. Damage-proportional pricing adds spatially differentiated
incentives to nationwide coverage, directing stronger incentives toward locations with
higher marginal damage. It achieves greater damage reductions than either the actual
policy or uniform pricing, with consumption costs below those of the actual policy but
above those of uniform pricing. These results show that the benefits of regulating local air
pollution depend on both the cost of reducing emissions and the spatial distribution of the
resulting damages.
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A Institutional Background

A.1 Policy Details
A.1.1 Rules on Caps

Initial caps are allocated based on past emissions volumes. To protect early adopters,
establishments that have already invested in abatement technology are assessed against
their five-year average emissions.?® Subsequent permit allocations are benchmarked to
“Best Available Technology” standards, which are established in consultation with industry
and reviewed every three years. Importantly, each area’s reduction goal is based on its
baseline emissions and population, which is the source of the policy variation by district.

A.1.2 Trading

The policy was implemented at the area level (a set of neighboring districts), not at the
district level, to avoid market frictions from small market sizes. In the pollution markets,
an establishment or a firm can buy or sell its permits on a website designed and controlled
by the Korean Ministry of Environment by posting the prices at which it is willing to buy
or sell permits (see Stack and Sky permit trading platform). The markets are decentralized,
so buyers and sellers write bilateral contracts, which have to be certified by the ministry.
Although the system collects bids, it is closer to bilateral trading than to an auction because
both parties negotiate the terms.?’ Brokerage is not allowed. Banking is allowed for one
year while borrowing is prohibited. The static model abstracts from the intertemporal
incentives created by one-year banking.

Permit demand was concentrated outside the energy sector, mainly among manufac-
turing and waste/other facilities, whereas supply was concentrated among power plants,
in terms of both frequencies and quantities. During 2020-2023, power plants accounted
for 45% of total intended sales but only 23% of total intended purchases. This asymmetry
suggests that power plants were important prospective permit suppliers, while non-energy
tirms were the main demand side of the market. This pattern is consistent with power
plants entering the policy period with favorable permit balances, potentially reflecting
their initial allocations as early adopters.

Lastly, note that the NO, and SO, prices are of a similar order of magnitude to per-
mit 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

28] abstract from the 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
and Stavins (2011) and Fowlie and Perloff (2013).

2Because many bids report negotiated or zero prices, explicit bid prices are highly selected.
I therefore do not use bid prices to estimate marginal abatement costs. Transactions without
consideration are rare, but arise between plants within the same ownership.
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different pollutants (NO, and SOy vs. CO;), 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 NO, and SO,. Korea’s NO, and
SOy prices are above typical U.S. annual CSAPR permit prices but below U.S. ozone-season
NO, permit prices, which can be much higher. TSP has rarely been regulated, so it is hard
to find a counterpart. One exception can be found in Greenstone et al. (2025).

A.1.3 Measurement, Reporting, and Verification

Annual emissions are measured over the calendar year, from January through December.
Measurement, Reporting, and Verification (MRV), in principle, rely on sensors at estab-
lishment outlets. In practice, emissions are measured continuously by the TMS where
available; otherwise, plants report self-measurement results and operating data through
the SEMS, including measurements conducted by certified testing agencies. Before using
the SEMS submissions to calculate emissions, the National Air Emission Inventory and
Research Center verifies them by cross-checking them against other administrative data.
Regulated establishments must surrender 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.

A.1.4 Other Details

The program itself includes permitting requirements for qualifying plant installations and
modifications. It applies to new or modified emissions sources rather than mandating
reductions from unchanged existing sources. These permits require best available control
facilities. Previously applicable in the Seoul Capital Area, this requirement expanded with
the program in 2020.

Although the policy primarily targets large stationary sources, the government intro-
duced financial support to ease compliance costs for small and medium-sized firms subject
to the expanded regulatory regime. For example, it subsidized up to 90% of the installation
costs for emission-control facilities and up to 80% of the installation and maintenance costs
for the TMS.

A.1.5 Policy Timing

The initial phase was from 2007 to 2019 in the Seoul Capital Area only. Then, the program
expanded to the other three areas in 2020. This phase was from 2020 to 2024. A new
phase began in 2025 with several changes, including a borrowing system and an external
reduction activity recognition system introduced on August 17, 2024. The empirical sample
covers 2016-2023 and therefore excludes the later rule changes and focuses on the second
phase.

The difference-in-differences design assumes no material anticipatory responses during
the pre-policy comparison period. For the Seoul Capital Area where the regulation existed
earlier, I treat 2020 as a policy intensity update and present robustness checks excluding
this area. The enabling statute was enacted in April 2019. The proposed geographic
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coverage and area-specific public briefings were announced in November 2019. The policy
took effect in April 2020, when regional caps were established. Plant-level allocations for
2020-2024 were announced in October 2020. This sequence suggests that plants faced
uncertainty about policy details before implementation.

Eligibility relied on absolute, recent-year criteria for sizable sources in the new control
zones, which are difficult to fine-tune just before implementation. Initial allocations in
2020 were based on 2019 emissions, with adjustments using five-year average emissions
to avoid penalizing early abatement. These policies target large polluters in populated
and polluted districts, prioritizing public health rather than climate mitigation. Eligibility
based on historical emissions limited establishments” ability to avoid regulation through
last-minute adjustments, even if they anticipated the expansion.

A.2 Electricity Market

Korea’s electricity market has separate wholesale and retail segments: a wholesale mar-
ket 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
price (SMP) setting and merit-order dispatch (MOD). Lower-cost plants, such as nuclear or
renewable generators, enter before fossil-fuel generators (MOD), and the electricity price
is set by the marginal cost of the final generation increment dispatched (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 are already dis-
patched. Clean power generation accounted for 28% of total capacity in 2018. Given
merit-order dispatch and the uneven location of generation capacity, additional demand
can be met by fossil-fuel generators in other districts. The resulting emissions shifts depend
on the amount and location of available clean capacity.

Because eligibility is based on pre-policy emissions, all initially regulated power plants
had already generated electricity before the policy; a plant entering the merit order for the
tirst time after implementation would therefore not belong to the initially regulated group.
By raising marginal costs, regulation can move a previously dispatched plant lower in the
dispatch ranking or leave it undispatched. If displaced, its output and emissions fall; if it
remains dispatched, higher manufacturing electricity demand can maintain or increase
its generation and offset the direct compliance effect. Provided that aggregate electricity
demand does not fall, higher generation costs imply that the electricity price remains
unchanged or rises. The absence of a large sales decline among regulated power plants,
together with increased electricity use among regulated manufacturers, is consistent with
the latter case (Section 3).

The mainland wholesale market uses a common SMP, while Jeju has a separate SMP.
However, all the other features are standard as in other countries (see, e.g., Arkolakis
and Walsh 2023). The quantitative model inherits these market mechanisms. Due to
well-established grids, transmission and distribution are a minor issue in South Korea.
Zonal pricing is under discussion but not yet implemented. A key difference is that the
model integrates the wholesale and retail markets into one. Since the frequency is yearly
and the paper focuses on short- or medium-run effects of the policy, this simplification
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abstracts from subsidies to electricity consumers and generators. However, the relative
patterns are matched in the model without such features, and these other policies are
beyond the scope of this paper.

B Data Details

This section provides additional details on the data construction. I group mining with
manufacturing because of their similar resource-based production processes and the
frequent switching of plants between the two categories. Then, I clean and use each dataset
as follows.

B.1 Plant-Level Data

The SBR covers the universe of firms and establishments. I apply five data-cleaning
procedures. First, I fill in missing location codes where possible. For example, when
district codes are missing, I infer them from more granular location codes. Second, I
harmonize industry and district codes using the 2023 classifications. For KSIC codes, I set
pre-2017 codes to missing, because the 10th revision of the KSIC was implemented in 2017.
Then, I fill in missing industry codes using each plant’s available codes from 2017, 2018,
and 2019. Third, I use firm and plant IDs, districts, KSIC codes, latitudes and longitudes,
and histories to identify the same plants within firms in specific districts. Fourth, I merge
with the MMS and the equipment use dataset using plant IDs and latitudes and longitudes.
The MMS provides detailed information for all mining and manufacturing plants with 10
or more employees and a representative sample of smaller plants. Lastly, I use the registry
of regulated plants containing information about targeted pollutants, locations, sectors,
and plant names.

Emissions are also observed in real time at the plant level with the tele-monitoring sen-
sors, but primarily for large polluters. This sample covers too few untreated plants to form
a plausible control group. While the fuel use survey has informed industrial environmental
policies, it has never been used directly for policy implementation. Misreporting is less
likely because the Ministry of Environment cross-checks records with other relevant data
(e.g., real-time monitored data) to scrutinize the survey responses. 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).%° Electricity use includes electricity generated by plants
themselves. But it is more likely to be purchased electricity because on-site generation is

30T cannot comprehensively assess bunching or responses to the threat of regulation because
doing so would require plant-level emissions data for the full universe of regulated and unregulated
plants. From the list of regulated plants, I find that the regulatory status of plants barely changes.
Still, unregulated plants within regulated districts might bunch below the thresholds. Using a
subset of the universe, I plot the emissions by pollutant. The histograms show no clear bunching
immediately below the pollutant-specific cutoffs (see Figure A.6). For robustness, I check plant-
level sales and fossil-fuel use for plants in regulated districts and find no conclusive evidence.
Duflo et al. (2013) note that emissions variability makes it difficult to target a regulatory standard
precisely and document bunching in reported pollution concentrations caused by misreporting.
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rare: non-power plants account for only about 3.8% of total generation capacity, and only
32 manufacturing firms generate electricity on-site (Korea Power Exchange 2022).

The raw policy registry contains 1,319 manufacturing and power plants before linkage
to administrative and census data or the application of panel-balance restrictions. Fifteen
listed plants had closed before the sample period but remained on the policy list. The 1,093
plants reported in the main text are those identified in the merged data, rather than the
total number in the raw registry. Before linkage to the census, plant names and addresses
serve as plant identifiers in the policy registry.

Firms are defined at the corporate-entity level. For non-corporate entities, I define
firms by common ownership. I do not define firms at the chaebol level because doing so
aggregates distinct corporate entities into broad business groups. 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 leases
are recorded from the lessor’s perspective, consistent with the underlying data.

B.2 District-Industry-Level Data

The CAPSS combines tele-monitored emissions for covered large sources with estimates
based on reported fuel use, production processes, emission factors, and abatement equip-
ment for other establishments.3! For combustion emissions from small manufacturing
plants, the CAPSS estimates emissions using fuel statistics net of consumption recorded
in SEMS and allocates these emissions across districts. The CAPSS provides nationwide
emissions estimates used to inform environmental policy. Continuous emissions monitor-
ing through the TMS is required for designated stacks at large establishments, subject to
applicable exemptions. Other sources are covered through periodic establishment surveys
and emissions estimation. This difference in reporting based on emissions volume reflects
the fact that large polluters account for most emissions. For example, small polluters
were surveyed every four years before 2021 and annually thereafter. Indeed, although the
sensors were installed only on a few large plants (less than 1% of the population), from
2016 to 2022, 63%, 45%, and 22% of total NOy, SOy, and TSP emissions from manufacturing
and power plants were directly tele-monitored when I compare tele-monitored emissions
and total emissions from the CAPSS.

I harmonize district codes in the CAPSS and census data using the 2023 district clas-
sifications. The CAPSS emissions are classified by emission source while the SBR is
categorized by the classification of the product with the highest sales. Most emissions-
source categories can be mapped to manufacturing KSIC codes at the two- to five-digit
level and to five-digit codes in power generation. To avoid imputing emissions across
classifications, I retain the original categories where they align and otherwise aggregate
them to a common level.

I merge the CAPSS emissions data with the SBR and then the pollution-market-level
panel that has information about emissions, permit allocations, and permit prices over
time. The match is complete.

31This information is available on the Ministry of Environment’s website: National Air Emission
Inventory and Research Center.

61


https://www.air.go.kr/contents/view.do?contentsId=7&menuId=37
https://www.air.go.kr/contents/view.do?contentsId=7&menuId=37

B.3 Emission Factors

Pollutant- and source-specific emission factors, developed by the Ministry of Environment
jointly with the Korean National Institute of Environmental Research, are available for
emissions from production processes and fossil-fuel use. Due to the volume of the tables,
they are omitted, but they are available upon request.

B.4 Social Costs of Local Air Pollutants

Although the literature typically estimates these values using integrated assessment mod-
els, I construct an initial measure of pollution damage using pollutant-specific unit damage
values reported by Korea Power Exchange (2020), which adapts estimates from Parry
et al. (2014). These estimates combine information on Korean power-plant locations and
population exposure with health-risk valuations: particulate matter causes direct exposure,
whereas NO, and SO, generate damages chiefly through secondary particulate formation.
I convert the reported values to U.S. dollars using the KRW-USD exchange rate from
the Federal Reserve Bank of St. Louis: 34.3 USD/kg for NOy, 47.5 USD/kg for SOy, and
62.1 USD/kg for particulate matter. Because the emissions data report TSP rather than
size-specific particulate matter, I apply the particulate-matter coefficient as a proxy.

C Details about Difference-in-Differences

Table A.3 shows the sectoral distribution of regulated plants. As expected, they are
concentrated in heavy manufacturing and fossil-fuel power generation sectors. Tables A.4
and A.5 present summary statistics at both levels. At the district-industry level, regulated
manufacturing has higher emissions than unregulated manufacturing, while regulated
power generation has lower emissions. The location of fossil-fuel power plants away from
populated districts means that manufacturing electrification can shift emissions across
districts. At the plant level, regulated plants are larger and exhibit more abatement efforts.

C.1 Matching

At the plant level, I construct matched difference-in-differences comparisons following
Heckman et al. (1997) and Heckman et al. (1998). The goal of matching is to compare
regulated plants with observationally similar unregulated plants, while recognizing that
the resulting estimates are relative to the matched unregulated plants and may reflect
spillovers to those plants.

Matching proceeds in three steps. First, I exclude from the control group plants that
were not subject to any environmental regulations before the cap-and-trade expansion,
since they may face different compliance requirements or operate under different produc-
tion and emissions technologies. For the comparison between unregulated affiliated and
unaffiliated manufacturing plants, I apply the same restriction. I also report robustness
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checks about this trimming rule. Second, I use strongly balanced samples with non-missing
outcome variables.

Third, I exactly match plants by three-digit KSIC in 2017 and, for manufacturing plants,
by policy area. I do not impose exact area matching for power plants because treated power
plants are sparse. The year 2017 is chosen because this is when a new KSIC system was
introduced. Within these exact-match cells, I use one-to-one nearest-neighbor Mahalanobis
distance matching without replacement. The distance variables are pre-period averages of
In Electricity use and In Sales for manufacturing plants, and pre-period average In Sales
for power plants. I use the pre-period average to reduce sensitivity to idiosyncratic annual
shocks. Thus, controls for regulated manufacturing plants are unregulated unaffiliated
plants below the regulatory threshold in regulated districts, controls for unregulated
affiliates are unaffiliated plants in the same policy area, and controls in power generation
are either unregulated plants below the regulatory threshold in regulated districts or plants
in unregulated districts.

The final matched samples are smaller than the initial samples, but matching improves
balance in pre-policy sales and electricity use.’> Matching worsens balance in pre-policy
equipment updating: matched unregulated plants have higher initial update rates, whereas
regulated plants exhibit a larger increase in updating after the policy.

D Robustness Checks

This section presents robustness checks on the reduced-form analysis. As above, I use
two units of analysis: district-industry cells and plants. In general, the main qualitative
patterns are preserved across the robustness checks. I start by addressing two factors
that may confound the effect of the policy. First, the COVID-19 pandemic is a potential
confounder. However, the estimated responses involve more than output contraction.
Regulated plants change their fuel composition, update their emission-control equipment,
and use it more intensively. Furthermore, although the COVID-19 effect is known to be
temporary, emissions reduction and abatement efforts persist.

Second, other environmental regulations are additional potential confounders—see
Arkolakis et al. (2025) for a comprehensive review of environmental policies in South
Korea. Among others, I focus on one potential confounder, which also uses size-based
eligibility and covers a significant portion of targeted emissions. I consider the greenhouse
gas emissions trading system and its preceding target management program. The target
management system, introduced in 2010, served as a pilot for the emissions trading system
launched in 2015 with quotas. Many large emitters subsequently moved to the trading
system in 2015. The system has three phases: 2015-2017 (1st phase); 2018-2020 (2nd phase);
and 2021-2025 (3rd phase). Because these policies differ in timing, target greenhouse gases
rather than local air pollutants, and cover the whole nation, they are less likely to confound
the effect of the local air pollutant cap-and-trade expansion. The effects of the policy at
both district-industry and plant levels show up in 2020 and are spatial.

32Maintaining a balanced panel is particularly restrictive for power plants because public-private
contracting and operator changes are common.
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However, they also target large polluters, and a significant portion of the regulated
plants overlap. Out of 940 regulated manufacturing plants, 531 plants are in the trading
system and 621 are in the pilot program. Out of 153 regulated power plants, 109 are in the
trading system, and 115 are in the pilot program. So I conduct several sub-sample analyses
to assess whether these plants respond differently in the plant-level analysis. As shown in
Tables A.16 and A.17, I find similar results. Appendix D.3 discusses the remaining policies.

D.1 District-Industry Level

First, I check if district-industry cells in the Seoul Capital Area show different patterns
because this area has been covered by cap-and-trade since 2007. The effects of the ear-
lier phase remain unsettled. Im (2023) finds reductions in ambient NO, concentrations,
whereas Lee (2019) argues that excessive permit allocations provided little incentive to
reduce emissions. This paper is, to my knowledge, the first attempt to evaluate the 2020
expansion. As an experiment, I exclude observations in the Seoul Capital Area from the
sample to address potential anticipatory and long-term effects and find that the results
remain qualitatively similar (Tables A.7 and A.8).

Second, I exclude cells of Ongjin district, which is only partly regulated, to assess
sensitivity to this partial coverage and find similar results (Table A.11). Third, I re-estimate
the baseline pooled specifications with standard errors clustered at the district level to
allow for correlation across sectors within districts (Tables A.12-A.13). The point estimates
are unchanged. Manufacturing emissions reductions remain statistically significant, but
the statistical evidence for geographic pollution shifts in manufacturing weakens. Fourth,
Tables A.14-A.15 examine sensitivity to panel balance. Restricting the sample to cells with
positive emissions of all three pollutants in every year yields smaller emissions declines
and geographic pollution shifts in manufacturing, consistent with each other.

Fifth, I employ a categorical specification for the geographic pollution shift analysis,
replacing the continuous measure Exposure,; with separate ring indicators. Distance is
measured in kilometers between district centroids and the nearest regulated district. The
sample excludes districts at or within 45 km of a regulated district. The remaining districts
are grouped into distance rings defined by | (—In D) /0.5], where D; denotes the nearest-
regulated-district distance. The first five intervals are approximately (45,54.6], (54.6,90.0],
(90.0,148.4], (148.4,244.7], and (244.7,403.4] km; more distant intervals follow the same
logarithmic spacing. Let R;, equal one if district d belongs to ring  and zero otherwise.
Rings are numbered from nearest to farthest from regulated districts. For each sector, the
reference group ry is the farthest ring represented in its sample. The indicator Post; equals
one in 2020-2023 and zero in 2016-2019.

For manufacturing, I estimate:

yg,s,t =045+ &st + Z Ger,r X Post; + €ds tr (A1)
r#r9

where yZ 51 18 In Emissions, a4 s denotes district-industry fixed effects, and a;; denotes
industry—year fixed effects. For power generation, I replace industry—year fixed effects
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Figure A.1: Geographic pollution shifts, distance rings
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that ring. The results are calculated from Equation (A.1). The 95% confidence intervals are shown
jointly with the point estimates.

Sources: Ministry of Environment.

with year fixed effects, due to its small sample size. Standard errors are clustered at the
district-industry level. Each coefficient 8, measures the change in In Emissions between
the pre- and post-policy periods in ring r, relative to the corresponding change in the
farthest ring. Unlike the main specification, this specification allows responses to vary
freely across rings rather than imposing a linear relationship with Exposure,.

Figure A.1 presents the ring-specific estimates that are consistent with the geographic
pollution shift analysis. In manufacturing, the ring-specific point estimates are positive
relative to the farthest ring, and power generation estimates are mostly imprecise and do
not show a consistent distance gradient.

Lastly, I examine changes in districts” shares of national manufacturing plants within
three-digit industries. The outcome is the number of plants in a district-industry cell
divided by the national plant count in that industry and year, expressed as a percentage.
Figure A.2 shows the corresponding event study, indicating no statistically significant
change in regulated districts’ shares relative to unregulated districts. This supplementary
analysis covers manufacturing; the much smaller fossil-power sample limits the scope for
a similarly disaggregated analysis.

D.2 Plant Level

First, as above, I check if plants in the Seoul Capital Area show different patterns and find
robust results (Table A.18). Second, I relax exact matching by policy area, allowing plants
in other policy areas to serve as controls. This expands the pool of potential controls to
include larger unregulated polluters outside the treated plants’ policy areas. The results
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Figure A.2: Manufacturing plant shares
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remain similar (Table A.19).

Third, I assess sensitivity to the matching method by replacing Mahalanobis-distance
matching with propensity-score matching and obtain similar estimates (Table A.23). Fourth,
I investigate alternative trimming rules. The main estimates retain the same broad qual-
itative pattern, although equipment-use estimates are sensitive to the trimming rule
(Tables A.24—-A.25). Fifth, I apply the affiliated—unaffiliated comparison used for manufac-
turing to power plants (Table A.22). The regulated plant estimates remain imprecise, and
unregulated affiliated power plants do not exhibit a statistically significant sales increase.

Sixth, Table A.21 compares unregulated manufacturing affiliates inside and outside
regulated districts. Sales increase relative to unregulated unaffiliated plants in both groups.
Affiliates inside regulated districts also show positive equipment-update and equipment-
use responses, whereas the corresponding estimates for affiliates in unregulated districts
are imprecise. These results indicate that within-firm reallocation can coexist with equip-
ment adjustment inside regulated districts, even at plants not directly covered by the
program. I interpret the later rise in within-firm leakage as evidence that abatement can
initially be less costly than reallocating production within firms.

Seventh, Table A.20 examines regulated manufacturers without same-industry un-
regulated affiliates and unregulated affiliates in industries different from those of their
regulated counterparts. These comparisons assess whether responses depend on access to
same-industry affiliates and whether reallocation extends across industries. The regulated-
plant responses are similar to the baseline. The sales response at different-industry affiliates
is imprecisely estimated, providing no clear evidence of cross-industry sales reallocation.
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Finally, I split treated plants by the number of pollutants covered by the policy to see if
coverage of multiple pollutants intensifies the responses (Table A.26). Plants subject to all
three pollutant-specific regulations have the largest point estimates for equipment use and
electricity consumption. These results are consistent with stronger regulatory exposure
inducing larger compliance responses.

D.3 Overlapping Regulations

Since 1991, the Clean Air Act in Korea has introduced several measures to curb local
air pollution. The cap-and-trade program was introduced later under separate special
legislation to control the amount of total emissions. First, the use of high-sulfur oil and solid
fuels in certain districts has been banned. Since the policy does not vary over time, unit
tixed effects address the time-invariant effect of this ban. In the baseline district-industry
level specification, province-year fixed effects absorb changes common to districts within
the same province. In the manufacturing plant-level analysis, I match treated and control
plants within the same policy area to improve comparability in their exposure to other
environmental policies.

Second, there has been a concentration regulation at the stack level and a pollution tax
on the amount of emissions at the establishment level. The former establishes concentration
standards for polluting sources and is enforced through command-and-control regulation.
Excess emission charges are imposed on establishments violating the concentration criteria.
The latter consists of basic emission charges for the establishments emitting regulated
pollutants. Thus, 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 have regional variation, which does not fully align with that of the
cap-and-trade. They became more stringent nationwide in 2020, but those under the
cap-and-trade system became exempt from the basic emission charge. Because covered
plants are exempt from the basic emission charge and account for a large share of emissions
in regulated districts, increases in this charge are less likely to explain the district-level
emissions reductions. Also, the fixed effects absorb the common nationwide component of
these changes.

These overlapping policies may make the estimated relative emissions reductions
conservative. Regulated plants accounted for a large share of emissions in regulated
district-industry cells, while higher pollution taxes gave unregulated plants additional
incentives to reduce emissions. When I compare regulated district-industry cells to
unregulated district-industry cells, I find emissions reductions. Similarly, I compare
regulated plants to those that were more likely to be influenced by this overlapping policy
and find abatement efforts.

Third, since 2017, there has been an attempt to integrate environmental permitting
across pollution media at the establishment level and to increase its sectoral coverage over
time. The integration may have tightened requirements through Best Available Techniques
(BAT) standards. But the policy is nationwide, and the timing is different. Hence, the
industry—year fixed effects absorb shocks common to the corresponding groups. Fourth,
there have been several attempts to decrease particulate emissions since 2019. But they are
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seasonal, have different timings, and their regional variations are across provinces, whose
effects should be captured by the province—year fixed effects at the district-industry level.

Taken together, these considerations reduce concern that other environmental policies
drive the estimated responses. However, districts and sectors may have been differently
exposed to these policies. I therefore augment both district-industry specifications with
interactions between mean In Emissions over 2016-2019 and year indicators, allowing
emissions trends to vary with baseline pollution levels, although these controls may also
absorb policy responses that vary with baseline pollution, rather than only differential
trends unrelated to the policy. I again find qualitatively similar patterns (Tables A.9-A.10).

E Theory

E.1 Full Model

This section contains the model derivations omitted from the main text.

E.1.1 Manufacturing Firms

The cost minimization problem of a plant in district / and manufacturing sector j with firm
productivity ¢, headquarters in district i, and plant productivity z can be written as:

i (¢,2) = min rk + Z pfef + wil + p®ocq + Z Tlpmil,]' (¢,2) SZ,].
ke t;{e/} fepc€l01] fEF peN;j($2)
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st.g=¢zkieil, (A.2)
Aj
; NI\ AT
e = Z & ef i ) ’
(felF ()

sf}]. = (1+0)™ <K]f.’c7+ ) Kp'fef) ,

’ feF

where § = 1. The outer exponents satisfy oc]K + ocf + oc].L = 1, with each exponent positive,

and the inner weights satisfy } ¢ oc{ =1with A; > 1.
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The first-order conditions with respect to k, ¢, and ¢ are:

i
r=—Hi,; (¢,2),
E ”‘f
piij (¢z) = — Hiyj (¢,2),
oL

wy = TZHil,j (¢,2),

where

Hj(9,2) = q |paj(p,2) —poc— Y. tmuj(9,z) (1+c) " «!

PENLj(9.2)

Taking ratios between the factors of production, I can express all production factors in
terms of labor, factor prices, and technology parameters:

k% w

=1 A3
[Tl (A.3)
e "‘}E wy

The first-order conditions with respect to e/ and an interior solution c are:

1

i 02) = ks (9200 (5)

Ry

pog= Y aqzw¢nuwww@>”0q+zﬂ%w¢a>

PENLj(¢.2) feF

~ ~ —aP
where p};  (¢,z) = p*and Pﬂ,j (6,2) = PP+ Cpeny, (9.2 T manj (@,2) (L+cnj (¢,2) " xS
for f # e. Dividing this condition by output, g, gives:

p el (¢,
peo= ), aftfm it (@,2) (14 ci (.2)) o K]’? L ;&’J#

PENLj(¢2) feF

Thus, the benefit of using equipment intensively depends on pre-abatement emissions
per unit of output, weighted by permit prices and equipment effectiveness. Under CRS,
conditional fuel demands per unit of output are independent of plant scale. The equipment
electricity requirement is also proportional to output, preserving a constant minimized
unit cost.
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Using the first-order conditions with respect to e and e/, demand for fuel f can be

derived as:

yy

chi @2 P | "
eirj (¢,2) Pl (9,2) a{ ' .

With this expression, pﬁ’ j (¢,z) can be derived from the energy aggregate:

00\ )
Pﬁ,j(fl’rz): Z«x{ (lll—f) , (A.5)

feF 05]‘

E _ ~
where Pil; (¢,2) €i1j = LreF P{z,]‘ (¢,2) e{z,]"
By taking a ratio of the two first-order conditions with respect to ef and e, the relative
fuel demand can be written as:

'y Aj
eg;']. (9.2) ﬁﬁ,,- (¢,2)) “_f ] . (A.6)
i@ \Py@a )\«

Then, the energy aggregate can be re-expressed only with electricity as:

A

]
_f A AN AT
Py i (¢,2) &;
¢itj (9:2) = i (¢,2) sz{ (%ll] (47,2)) (“_]e) |

fEF Pir j j

The unit production cost can be derived from the first-order condition with respect to ¢
and the factor ratios (Equation (A.3)):

Git;j (¢,2) e —ab
pirj (¢, z) = ZJT +pioc; () + Y T ma(92) T+ (p,2) " «f,
PEN;j(9.2)
(A7)

ak o ak
where G ; (¢,z) = (r/oc]K) ! (pﬁ,j (¢,2) /ocf) ! (wl/och) " is the Cobb-Douglas factor
cost index. The unit cost does not depend on g;;; (¢,z). Because the manufacturing
technology exhibits CRS, the total operation cost equals q;,; (¢, z) pir; (¢, 2)-

Using the fuel demand (Equation (A.4)), the energy price (Equation (A.5)), factor
ratios (Equation (A.3)), and the unit production cost (Equation (A.7)), the use of emission-
control equipment can also be characterized. Let ;; (c) denote the marginal benefit of
equipment use minus its marginal electricity cost, both divided by the energy composite.
All conditional input demands and price indices on the right-hand side are evaluated at
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the candidate equipment intensity c:

haj(c)= Y altfmy;(pz) (1+c) ! (A8)
PENLj($2)
vzp%,; (9,2) P9z \ "
x | el —L—L 4 Y kP | L ——
I o; Gl j (¢,2) f pz]':;,j (¢,2) a{
o (Pszl] (4) Z)
0‘ Gzl] (‘P Z)

The Cobb-Douglas input conditions imply gq;;;/¢; ; = (,bzpﬁ’ j / (oc]’.“: Gil,j) . Because h;; j (¢c)
need not be monotone, the global optimum is obtained by comparing the minimized unit
costat c = 0, c = 1, and every interior ¢ € (0, 1) satisfying h;; j (c) = 0. The optimal ¢ j is
the candidate that yields the lowest unit cost. For an unregulated plant, ¢;; ;=0

Then, the plant-level variety price combines a markup, a multiregional production
friction, a unit production cost, and an iceberg trade cost:

Pitn,j ($,2) = Myt (¢,2) tin -

From the household demand structure (Equation (11)), the revenue of this plant can be
derived as:

zl] (¢,2) szln] ¢,z) diln,j (¢,2) (A.9)

1-n; 1—0;
- pzln] ) ! Pin,j ((P) ]X '
Z ( ll’l] (¢) ) < Pn,j n,js

and the quantity demand for this plant can be derived as:

iln, o Pin j I Xn j
qdil,j (‘P Z) = 7ilj Ztln] <%> <#> Pn,’;’ (A.10)

where g;; i (¢,2) = Yi1j X tin j9iin,j (¢, z). The corresponding profit is:

Rii i (¢,
i (9,7) = 2Dy 7 AL (9,2), (A11)

0".
] PENLj($2)

where AZ i (¢, z) denotes the initial allocation of permits for pollutant p to the manufac-

turing plant. It is determined from pre-regulation emissions under the policy-specific
allocation rule and is independent of contemporaneous production and abatement choices.
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Pricing and Markups I derive the pricing rule under centralized firm-level pricing and
then contrast it with decentralized plant-level pricing. Throughout, input prices, permit
prices, and the set of plant varieties are given. Each firm is atomistic in the sectoral
market and takes P, j and Q,; as given. I suppress productivity and variety arguments
except where needed. Let MC;y,, ; = ;y jpir jt1n,j denote the marginal cost of delivering a
plant variety to destination n. Since plant-level unit costs are independent of output, the
minimum cost of supplying Q;, ; units of the firm composite is P‘ﬁi, iQinj*

1

=
g MCir i (N dea .
= (B Mo 745

Under centralized pricing, the firm internalizes substitution among its plant varieties. Its
destination-specific pricing problem can therefore be written as:

Y
max (P‘ = i, )Q' ‘ Qinj = inj Qu,j
Pm’j>() m,j .um,] m,js mn,j Pn . n,j-

7

The first-order condition gives:

_ r\ Qingj _ 9 F
0= Qin,;j—0j (Pin,j - P‘t’mj) Pin; — Py, = o 1 Hinj-

The cost-minimizing allocation across plant varieties and household demand must coin-

cide: . .
MCip, i\ " Pitnj \
Qiln,j = F Qin,j = P Qin,j-
Hin,j in,j

Consequently, pjj, i/ Piy,j = MCiyy, i/ an,j/ implying:

Ij

0']'—1

Pilnj = MCi ;-

For comparison, under decentralized pricing, an atomistic plant takes its firm’s price in-
dex P, ; and composite demand Q;, ; as given. Its demand elasticity is then 77;. Maximizing

(Piln,j - MCiln,]’) Giln,j 8ives:

0 = Gitn,j — 1 (Pitnj — MCiy j) dinj Piln,j = LMCiZn,}*
iln,j nj—1
Thus, the markup depends on which substitution margins the pricing decision inter-
nalizes. Under the centralized pricing assumed in this paper, 0; determines the common
markup, while 77; determines the allocation across plant varieties and the corresponding
CES unit cost.
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E.1.2 Power Plants

Conditional on dispatched output y, the power plant’s cost-minimization problem is:

Vig (v,2) = . ﬂn;i[f)ll) pleg+ ), Tmig(z) Szg (v,2)
Ll ’ PEA;4(2)

st.y= (1 — a) min {ki,g (Z) ,Zeg} ’
1
sl (1,2) = (1—a)¥ ey,

When capacity is slack, so that ze; < k; ¢ (z), the first-order conditions with respect to an
interior solution (1 — a) and e, are:

p 1 F-1 p
Y, Tmig(2) & (1—a)?  xhee = vig (y,2) zeg,
peAi,g(Z)

1
Pt Y tmig(z) 1—a)¥ «h =vig (y,2)z(1—a),
pEAi,g(Z)

where v; , (y,z) is the marginal generation cost.
Define the slack-capacity first-order-condition residual as:
1 1
Hig(1—a)= ), t/mg(2) (E — 1) (1—a)® xk — ps. (A.12)
PEA;¢(2)
Because H;, (1 —a) is increasing in 1 — 4, the slack-capacity choice is ag p (z) = 0 when
H;o (1) < 0. If p¥ > 0 and H;, (1) > 0, there is a unique interior solution satisfy-

ing H;, (1 — a?,g (z)) = 0. If pf = 0 and 7/x; > 0 for at least one p € Aig (z), the

slack-capacity cost expression, considered without the capacity constraint, has no finite
minimizer: with free fuel, the pollution cost approaches zero as 1 — a approaches zero. I
therefore define the limiting slack-capacity choice by 1 — a?’ p (z) = 0. Imposing the capacity
constraint gives the cost-minimizing equipment choice:

_ g —_ _ 0 Y
1—a4(y,z) = max {1 ;o (2), e } .

When 1 — ag e (z) = 0, every positive dispatched output lies in the capacity-bound branch.
If p& = 0 but Ting = 0 for every p, I set a?/ p (z) = 0. An unregulated plant likewise has
ale (z) = 0.
Fuel g use is:
y .
1—ai4(y,2))

Ci,g (yrz) = - (
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When capacity binds, 1 — a; ¢ (y,z) = y/ki ¢ (z), and hence e; ¢ (y,2) = ki ¢ (z) /2. The total
generation cost is:

1/¢
pgki,g (2) ki,g (2) P p Y
Vig (1,2) = ¥ Y g () .
: z 2 pehigla) * Kig (2)

The fuel-cost term is fixed with respect to y. Thus, p¢ enters the total cost but drops out of
the capacity-bound branch of the marginal cost, which reflects the marginal pollution cost
of relaxing emission control.

Then, the marginal generation cost is:

1
(5 + Ty ) (1=, ) )
9 Z
(1 - ai,g (Z))

p

L1
1 ™'m; e (z) kb &
Vig (y,z) = 2 Z 8 g (k ¥ Z)) , (A.13)

PEA;4(2) Gr L8 (

if (1 - agg (z)) kig(z) <y < kig(z). At zero output, I set V;,(0,z) = ¢;,(0,z) =
sz g (0,z) = 0 and define v; 4 (0, z) by its right-hand limit. In the capacity-bound branch,
Vig (4,2) = dVig (y,2) /9y differs from average unit cost V;, (y,z) /y. This setting con-
trasts with manufacturing, where CRS without a capacity constraint implies that unit and

marginal cost coincide.
The corresponding profit is:

Yig(z)
Mg (2) = pyig (2) — /0 e wz)dut Y T AL (2), (A.14)
pEAi,g(Z)

where A? p (z) denotes the initial allocation of permits for pollutant p to the power plant.
It is determined before power generation and does not affect generation or abatement
choices.

E.1.3 Aggregation and Equilibrium Conditions

The price index of manufacturing sector j in district n satisfies the following condition:

1
1—0;

Puj = (; M,E [ (P, (<P))D ,
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where

P <21Ez (o 9, >]) o

The labor market clears in each district:

Li=) MiEy: [luj($2)]
L]
Using the demand function (Equation (A.10)), the production function (Equation (A.2)),

and the ratios of the first-order conditions (Equation (A.3)), the labor demand can be
expressed as:

aiGij (¢,2)
linj (9,2) = qblz]—

Final expenditure in district / and sector j is:

qzl] (‘P Z)

Xij= ’)/]-C (w;L; + rK; +1T;) .

Total electricity demand in manufacturing equals the sum of industrial electricity
demand:

ED =YY EDy, (A.15)
il j

where industrial electricity demand is:
EDy;j = Mi By |€:(9,2) +dcij (6,2) 30 (9,2)]
Using the fuel demand function (Equation (A.4)), I obtain:

& (9,2) = < o, )Aj #FGi; (9,2)
e vE (2l )  gzpE (9,2)

i1, (¢, 2) -

The emissions of pollutant p from manufacturing plants in district / and sector j, S lp i
can be expressed as:

S, = ZMi,jE(p,z
1

(1+cinj (¢,2)) " <K qi; (p,2)+ ) Kzﬂfell] ¢, z))] :

feF

Also, the emissions of pollutant p from power plants of fuel type g in district [, S lp o can be
written as:

S}, = MigEz [sf, (4 (5:7),2)]

where sZ (0,z) = 0. Then, the total emissions are the sum of these sectoral emissions:
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§f = 55, £y

I abstract from intertemporal banking because it is limited to one year, and from
borrowing because it is prohibited. Permit-market clearing requires regulated emissions
not to exceed the cap. Permit prices are non-negative, and a positive permit price requires
the cap to bind. In equilibrium, unused permits require a zero permit price. Thus, the
static permit-market clearing conditions for the cap-and-trade model are as follows:

o<t L c5—2(255j+25‘fg> >0,
j 8

lea

where

S = Y M By, {1 {penu(pz)}sh, (4;,2)} ,
1

and
S_ﬁg = M, E, [1 {peng(z)} slrig (1,4 (zP°) ,z)} .

Initial permit allocations separately exhaust the cap:

p_ AP AP

Ci=), (Z At ZAl,g> /
lea j 8

where Af j and Af o are the corresponding aggregates of plant-level initial allocations.

Subsequent permit trades only reallocate these permits across regulated plants.

E.2 Proposition Proofs

Symbols defined in this subsection are local to it and do not carry their main-text meanings.
I suppress firm, plant, sector, and productivity indices, absorb each fixed plant-specific
compliance-cost multiplier into its effective pollution prices, and evaluate all derivatives
at a regular interior manufacturing equilibrium, with ¢; € (0,1) and A; =1+ ¢;. Let A;
denote the set of active pollutants at the plant. For each r € A;, let Bf = «"q; + }_¢cp k"t e{
denote emissions before equipment use and B; = B} /g, the corresponding emissions
per unit of output. Partial derivatives with respect to Tip hold A; and all other permit
prices fixed. For f # e, define the inner-nest fuel and electricity expenditure shares by
s{ = ﬁ{e{/ (pfei) and s¢ = poet/ (pFe)) = 1— Lsse s{. The process and fuel-specific
shares of these emissions are Q:’q = «’q;/Bj and Q:’f = «"f elf / B. The share of fuel f’s
effective price attributable to pollutant r is X:’f = T{Ai_“rxrff / ;5{ . Define 57 =} r., s/ X?’f ,

1
—_— r/ —_—
T{:Zre,\ioc.’?(if, and S?:Zf#es{Tif. o . .
The conditions below are evaluated at the reference equilibrium using the expressions
derived for equipment use, effective fuel prices, and demand responses. They characterize
the signs of local comparative statics.
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Proof of Proposition 1. The outer Cobb-Douglas first-order conditions give e;/q; = aFG;/ (¢zpF)
and dIn G; = afdIn pf at fixed non-energy input prices. The inner CES condition gives
e/e; = (p°/ (pfoce))_A. Consequently, dIn (¢¢/q;) = (A —1+a)dInpE. The Cobb-
Douglas and CES first-order conditions imply:

f ) 0e
dln <ei /el-) _ _/\pr
dln Tip A
dIn (qi/ef) E
— o = — (A—1+4aF) St
olnt! A ( > !
dln (e{/ef) g
dln Ai F N i’
dIn (q;/¢) E\ cu
oln A, Tp_()“”“)Si-
Subtracting the output-to-electricity response from the fuel-to-electricity response gives
ol 8{/ i o1 if/ ; .
I;Enr.”” = _)‘sz’f +(A—1+af) S/ and %Aiq) , /\Tzf — (A —1+af) S% Since
1 !

Bf =«"+ Y rse x"f e{ /qi, its log derivative is the corresponding emissions-share-weighted
sum of these fuel-intensity derivatives. Define:

K;'pz 8lnB]g , :EalnB{ '
olntl |4 dln A; 7
Then,
K7 =AY O ! — (1)) (A=1+aF) s,
f#e
and

=2y 0t - (1-0) (A-1+aF) st = ¥ oK.
f#e r'eN;
The first-order condition with respect to the common emission-control equipment
is p°oq; = Yren, OCVT-VA‘*M”BT. Equivalently, p°6 = A?l Yren, MT?A?“’BT, Let 17 =
rer A B .
Zmef. ZZWT%A;Z‘MB?’ = Yrea, TG4, Kp = Yren, anl P oand L; = = Y,en, T Li. Taking log

derivatives of the first-order condition with respect to the pollution price gives:

To map this response into the accounting decomposition, first note that fixed production-
electricity prices and the Cobb-Douglas and CES input conditions imply d1In (g;/¢f) =
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[1—(1—aF) /A] Trre s{d In (e{/ef). Let & = ¢f + dc;q; denote total electricity use. De-
fine w{ = ef/¢f and &f = g 11: Z = 0A;q;/ €. Differentiating total electricity use gives
qi€

dIne® = wédInef + (1 — w?) dIng; + €5d In A;. Using these identities to express production
and fuel use relative to total electricity, define:

pf — Pf o opa wf (A —1+af) f
Wi =0 A—(T—w)(A—1+af)(1—s) "

1

and
Cip = ZWip’f—l
f#e
:_le /\—(A—1+aE) (1—s§) <o

A—(1—wf)(A—1+aF)(1—-5%) ~

SinceA >1land 0 < af < 1,0 < A —1+aF < A. Hence,

A—(1—w?) </\—1-|—sz> (1-5)>1—af >0

The denominators are therefore positive, and the weights Wip’f are non-negative. Then,

o .
dins! = [—a’ +CPeldn A;+ Y WHdin (5 ) +din (<L) +dInR;.
i e. R
1

f#e !
The energy-price response is gf’p = Zﬁi’p = YfteSi (pr Tf A”’) = Sf — Sie; ar,

The Cobb-Douglas and CES conditions 1mp1y

dln (e¢/q;) E

—— - =(A-1+« v,

dint’ ( e
and ;
dln (ei /6?) A (pr Tf AP)
dint/

Combining these responses with the total-electricity identity gives the three within-plant
elasticities:

I = — [ —Cle] ],
gl = -2 <Xf’f - Tl-fefq’p> + (1 — «f) (/\ —1+ th) gt — el

Ef:wf(A—l—i—zx )g —i—seAp ﬁf,
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where the envelope theorem and constant-markup pricing give:

of = ——5 = A7Bl/ (wigi) > 0.

Since Cl-p <0,a” >0,and & > 0, I“f < 0 whenever e?’p > 0. The expression for e?’p is
positive if nf > Kf and 1+ &; > L;. The first condition requires the higher permit price
to raise the marginal benefit of equipment after fuel use adjusts. The second ensures that
this marginal benefit declines with equipment intensity, satisfying the strict second-order
condition.

Holding equipment use fixed, the higher permit price encourages substitution away
from fossil fuels. Additional equipment uses electricity but also reduces the pollution
charge per unit of fuel. Accounting for both effects and the adjustment in production

electricity, fossil-fuel use relative to total electricity falls, lpf 4 < 0, when:
Axf’f + s?sf"p > /\Tl.fs?’p + (1 - wf) ()L -1+ ocE> gf’p,

for every f # e.

Finally, the production-electricity response combines two forces. With electricity prices
tixed, a higher energy price index induces substitution toward electricity, contributing
A gf’p, but reduces total energy use per unit of output, contributing — (1 — af) gf'p . Their
combined contribution to total electricity intensity is weighted by the production-electricity
share, w{. Additional equipment use contributes s‘fe?’p through the electricity required for
abatement. By contrast, the output-price increase, l9f , raises revenue per unit of output.
Electricity use per dollar of revenue therefore rises, E/ > 0, if and only if the net increase
in electricity requirements per unit of output exceeds this price effect:
wf (/\ -1 +th> giE’p +e§sf’p > o

1

Proof of Proposition 2. Consider the regulated plant in district i, belonging to firm w, and
fix a destination 7 and sector j. By the envelope theorem and constant-markup pricing,

P A—aP pp
' dint’ Uiqi

In this proof, i and I denote plant locations. I suppress the headquarters-location subscript

and write P, j (w) for firm w’s price index in destination n, while P, ; denotes the sectoral

p _ dInP, (w) p _ dnpP,;
.= ——— 3 — an L=
wn,j dInt/ and O dInt!

expenditure-share weighted averages of component price elasticities. The relevant local
p

exposure condition is 1957 > Ui > UZ i >0 Under this ordering, the plant’s price rises at

price index. Define v . CES price-index derivatives are
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least as much as its firm’s price index, so the plant does not gain expenditure share within
the firm. The firm’s price index rises more than the sectoral index, shifting expenditure
toward competing firms. Together, these relative-price changes reduce the plant’s revenue
at that destination. The nested CES revenue equation implies:

dIn Riy, P_ P p p
dln<’ - (’7]' o 1) <l9i B vwn,j) o (0-] o 1) (vwn,j o Un,j) <0.
1
The aggregate revenue elasticity of the regulated plant is:

dln Ri _ Z Rin,j dln Rin,j
dint’ 5 R dint/

p
Yz’

For an unregulated plant / in the same firm, the nested CES demand equation gives:

d ln Rln,j o

e Ul LA R G/ Y
1

wn,j n,j°

Both terms are positive because 17; > ¢; > 1 and va,j > UZ,]. > 0. The affiliate gains

demand from the firm’s regulated plants, and this gain exceeds the loss of demand to
competing firms.
For an unregulated plant in a different firm whose own firm price index is unaffected,

dIn Rln,j -

dint! (0j—1) ZJZ,]- > 0,

at a destination with positive price-index exposure. If that firm also owns regulated
plants, its price-index response enters through the additional term (17]- — (Tj) UZ} n,jr where
w’ denotes that firm.

For the regulated plant, summing over destinations preserves the negative revenue
response provided the stated exposure ordering holds at each destination it serves. For
an unregulated plant, a sufficient local condition for positive total revenue growth is that
the destination-specific response above be non-negative at every destination it serves and
strictly positive at at least one destination with positive baseline revenue. The unregulated
plant faces unchanged own input prices and permit prices, so its optimal equipment
intensity and emissions per dollar of revenue are unchanged. Constant returns to scale
then imply:

dlns]  dInR,
= > 0.
dint’  dint/

This proves the market-mediated leakage result under the stated local exposure conditions.
O
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F Model Estimation

F1 Production Function Estimation

The production function is estimated using pre-regulation data. I drop j for simplicity
because the production function is estimated for each sector separately. After the realization
of ¢ and z, the revenue of a plant with (¢, z) headquartered in district i and producing in
district [ is the sum of revenues across all districts n:

Rii (¢,2) = Y Pitn (¢, 2) Gitn (¢, 2)

—qll (fP z) L (),

where the total quantity manufactured by the plantis g;; (¢, z) = vi1 Y tingitn (¢, 2), the
ratio of output delivered to district # to total output produced is

qiin \P,2) (¢.2) _ .
Siln (¢ Z) qi ((P Z) = viln (¢) ’

o = -1
and T (¢) = QZ PP, o (¢) s, (¢). Tuse the unit production cost (Equation (7)), the
demand functlon (Equatlon (11)), and the price index (Equation (10)). This result shows
that the ratio is independent of z.
I now derive the estimating equation from the plant’s electricity first-order condition. I
suppress the plant, district, and sector indices and write xy = ¢z. Let R* denote revenue
implied by the maintained demand relation at the input-choice stage. The preceding

demand derivation gives:

1 1] A
R* :I’(Xk"‘Ke"‘EE"‘L> ", e = [Z of (ef> * ] :

feF

The demand shifter I retains the plant-specific market access and demand components
derived above; it is not assumed to be common across plants. In the pre-regulation
economy, the firm jointly chooses prices for its plant varieties, and each plant minimizes
cost conditional on output. Centralized pricing implies that each plant’s variable cost
equals ”T_lR*.

First, Cobb—Douglas cost minimization allocates this variable cost across factors:

rk _o—1 g wé_a—laL Efelefef_(T—laE
R* o ’ R* o ’ R* T '
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Since aX + af + al = 1, each exponent equals the corresponding share of S = S + St +
SE. With common exponents within a sector, aggregation gives:

K E
(xK:S— sz:S—, al =1—aK —@F,
S
The sums run over plant-year observations within the sector. These restrictions require
cost-minimizing factor choices, including capital evaluated at its rental or user cost. A
capital-stock value cannot be substituted for k.

Second, differentiating the inner energy aggregate gives:

dlne & (ee)_%
% Ly (o)

The electricity first-order condition is therefore:

A-1"
A

A-1"
A

7 Yrer oS (ef)

Multiplying by e° yields:
.o pe g { x
R = ar 1+Z¢x€ (ee

Both Hicks-neutral productivity and the demand shifter have been eliminated using the
electricity first-order condition. This derivation does not require output prices or physical
output quantities.

For estimation, I write observed net revenue as R = R*exp (u) where u is a log-
revenue measurement disturbance satisfying E [u | Z] = 0. The information set Z includes
input prices and the productivity and demand conditions known when inputs are chosen;
the chosen inputs are measurable with respect to this information set. Substituting the
calibrated energy exponent and defining R = aER/ (p‘e®) gives:

A1
~ o of (ef\ 4

I estimate o, A, and the relative fuel weights by nonlinear least squares. Identification
requires sufficient independent variation in relative fuel quantities and the stated condi-
tional mean restriction. An unrestricted additional intercept would absorb the markup
term and prevent separate identification of . The common scale of the fuel weights is
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fixed by } e af = 1. Thus,

AT f
B )

After estimation, the energy composite is constructed as:

e = [): of (4‘)“1 v . (A.17)

feF

af =

F2 Synthetic Firm Portfolios and Within-Firm Concentration

Statistical-disclosure restrictions permit the release of sector-level within-firm concentra-
tion moments and aggregate headquarters—plant-location masses, but not the firm—plant
incidence matrix. Hence, I construct synthetic plant portfolios solely to approximate the
concentration moment. They do not determine equilibrium price indices or replace the
common plant-mass weights used in the equilibrium calculation. For each sector j and
headquarters district i, the model represents firms by K, equally weighted productivity
nodes ¢;j. Following quantitative models of multinational production, I treat a firm’s port-
folio of production locations as a firm-level object shaped by firm heterogeneity (Tintelnot
2017; Arkolakis et al. 2023).

In the model’s nested CES structure, holding sector, headquarters, and plant-location
components fixed, the firm price index satisfies Py, ; (¢) = Ninlj /¢ where Igin/]- = Pu,i (1)
denotes the firm-level price index for a firm with unit productivity. Firm revenue and
operating profit are therefore proportional to P;;jgj (¢), and hence to ¢ L. The released
plant mass implies Ky M;; j/ M; ; plant slots at location /. I convert these targets into integer
location totals using deterministic cumulative rounding and allocate the slots across
productivity nodes in proportion to qbg.j;:l, using a largest-remainder rule so that each

rounded location total is preserved.

Let n;j; denote the number of plants assigned to synthetic firm k at location /. For each
assigned planth =1, ..., n;jy, I draw z;;;, independently across plants and independently
of ¢jjx, from the specified log-normal distribution. I evaluate R; ; (qbl-]-k, Zijklh) at the equilib-
rium price indices, without feeding the sampled portfolio or its productivity draws back
into those indices.

For portfolios with }; n;j > 2, I calculate:

max; .1 <h<ngy Rilj (i Zijiin)
Mijki )
Yo Yty Riv (Pijier Zijian)

I take the headquarters-mass-weighted mean across eligible synthetic firms, holding the
simulated portfolios and productivity draws fixed across parameter evaluations. This
procedure approximates the empirical concentration moment rather than an exact finite-

max
Sijk
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plant equilibrium. The portfolios match the released margins up to rounding, but the
ownership links remain synthetic.

E3 Matching in the Model

For plant-level moments, I construct model analogues of the empirical matched com-
parisons. Manufacturing plants are matched exactly by model sector and policy area,
using Mahalanobis distance in baseline log sales and log electricity use. Power plants are
matched by fuel type using baseline log sales, without exact area matching. I implement
nearest-neighbor matching without replacement on the model’s continuous plant masses.
Each match uses equal treated and control mass, and matched mass cannot be reused. I
average outcome differences using matched mass, both within and across sector or fuel
groups. For equipment use, the empirical outcome is update-weighted log operating
hours, whereas the model outcome is a change in continuous equipment intensity. I use
the latter as a proxy on the empirical outcome’s scale.

F4 Estimation Criterion

I minimize a weighted sum of squared residuals. Empirical-response residuals are divided
by their standard errors. Each receives weight one. For market k, the cap residual is

\/1+ b2 — 1 — by, where dy < 0is the cap-implied proportional emissions change, dy is its

model counterpart, and by = (dk — dAk> / |dk|. This residual penalizes reductions exceeding
the benchmark less than equally sized shortfalls.

G Solution Algorithm

I first describe the equilibrium solver conditional on emissions prices. I use the same
production and electricity-market solver for the unregulated and policy equilibria. The
unregulated equilibrium determines baseline wages, nominal incomes, and district-sector
expenditures, without permit markets. In policy exercises, these variables and the capital
rental rate remain fixed at their baseline values without endogenous labor market clearing
and income updates, while plant choices, product prices, and the electricity price adjust.
For cap-and-trade equilibria, an outer loop updates permit prices to satisfy the permit-
market conditions. This simplification helps to focus on product, electricity, and pollution
markets where the effect of the policy is studied.

1. Set permit-market caps and initialize permit prices.
2. Normalize the rental rate of capital to one: r = 1.

3. Calculate the power plants” emission-control choices ag p (z) (Equation (A.12)) and
marginal generation cost schedules v; ¢ (y,z) (Equation (A.13)).
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4. Guess an electricity price p® and initialize wages w;, sectoral price indices P; j, expen-
ditures X; ;, and owners’ profits II;. Then, solve for the downstream manufacturing
equilibrium.

(a)

(b)

(©)

(d)

Solve each manufacturing plant’s emission-control problem, including bound-
ary choices, to obtain the optimal equipment intensity c;; ; (¢, z) (Equation (A.8)),
and calculate marginal production costs y; ; (¢,z) (Equation (7)), input de-
mands, sales, and profits 71; ; (¢, z) (Equation (A.11)).

Compute total manufacturing electricity demand ED, including electricity used
to operate emission-control equipment (Equation (A.15)). Add the calibrated
residual electricity demand EDg to manufacturing demand ED, giving total
electricity demand ED + EDg. Dispatch generation subject to plant capaci-
ties k; o (z). Given dispatched output, recover the output-dependent emission-
control choice a;4 (y,z) (Equation (8)), plant profits 77; ; (z) (Equation (A.14)),
and the system marginal price.

Update wages w; using the labor market clearing conditions (Equation (14)),
sectoral price indices P, ; using the CES aggregators (Equation (10)), and expen-
ditures X;; using the product market clearing conditions (Equation (15)).

Repeat these updates until the manufacturing equilibrium converges.

. Update the trial electricity price and repeat until the electricity price and SMP con-

verge.

6. For cap-and-trade equilibria, update permit prices until the complementarity condi-
tions (Equation (16)) hold.

7. Calculate real-income costs and avoided pollution damage.
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H Additional Tables

Table A.1: Spatial distribution of policy areas
|SCA CA SA SEA | Total

Number of regulated establishments | 542 480 156 424 | 1,602
Contribution to PMj 5 concentrations | 21% 31% 10% 20% | 82%
Population 49% 13% 5% 21% | 88%
Land area 9% 14% 4% 11% | 38%

Notes: SCA denotes the Seoul Capital Area, CA denotes the Central Area, SA denotes the South-
ern Area, and SEA denotes the South-East Area. The numbers of regulated establishments are
calculated across all sectors from 2020 to 2024. Before linkage to the census, plant names and
addresses serve as establishment identifiers in the policy registry. Concentration contributions
refer to modeled contributions to domestic PM; 5 concentrations, accounting for emissions and
meteorological conditions. The population and land area are measured in 2018.

Sources: Ministry of Environment.

Table A.2: Policy goals

. Caps .
Policy area Pollutant Tnitial year (2020) pFinal year (2024) Reduction rates
Total 46,208 36,842 —20%
SCA NO, 34,105 28,635 -16%
SOy 11,627 7,814 -33%
TSP 476 393 -17%
Total 160,616 108,094 -33%
CA NO 114,678 82,452 —28%
SOy 43,145 23,611 —45%
TSP 2,793 2,031 —27%
Total 87,899 64,985 —26%
SA NOy 57,361 41,790 —-27%
SOy 29,847 22,709 —-24%
TSP 691 486 -30%
Total 135,629 91,999 -32%
SEA NO, 90,741 58,956 ~35%
SOy 43,534 32,056 ~26%
TSP 1,354 987 =27%

Notes: SCA denotes the Seoul Capital Area, CA denotes the Central Area, SA denotes the Southern
Area, and SEA denotes the South-East Area. Caps are the sums of emission permits (initial
allocation (including additional allocation), carryover, and net purchases (purchases — sales)) of all
regulated establishments within markets. Total is the sum of NO, caps, SOy caps, and TSP caps
(tons). Reduction rates are taken between 2020 and 2024 and expressed as percentages.

Sources: Ministry of Environment.
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Table A.3: Summary statistics: sectoral distribution

Counts (%) Emissions (%)
Sector Plants Firms NO, SO, TSP
Manufacturing
Mining/quarrying 0.1 0.1 0.04 0.03 0.004
Food/beverages/tobacco 9.2 7.8 0.3 0.002 0.004
Textiles/apparel/leather 4.1 52 0.9 1.3 6.0
Wood/paper/printing /media 6.6 7.5 02 01 0.2
Petro/chem/pharma/rubber/plastics 193 194 121 355 135
Non-metallic minerals 14.0 148 147 72 114
Basic/fabricated metals 18.0 187 201 209 351
Electronics/instruments/electrical 7.6 7.2 0.6 0.003 0.01
Machinery/transport (incl. auto) 5.8 6.2 1.1 02 0.03
Furniture/misc. /repair 0.6 0.6 2.7 33 165
Power generation
Fossil-fuel power generation 137 113 357 296 150
Non-fossil-fuel power generation 1.1 1.4 1.7 05 0.4
Total 100 100 90.1 985 98.1

Notes: The first two columns use the 2017 KSIC classifications and report the percentage of
regulated plants and firms. The last three columns use 2017 emissions data and report each sector’s
share of manufacturing and power generation emissions in regulated districts by pollutant. The
percentages do not sum to 100% because some categories that overlap across sectors are dropped.
Sources: Ministry of Environment, Statistics Korea.

Table A.4: Summary statistics: district-industry

Manufacturing Power generation
Targeted Never Targeted Never
In NO, emissions 6.17 5.61 10.62 11.25
(3.22) (2.94) (3.28) (3.12)
In SO, emissions 1.02 1.02 6.69 8.48
(4.20) (4.35) (4.79) (4.22)
In TSP emissions -0.25 -0.35 6.75 7.40
(3.96) (3.88) (3.70) (3.49)
N 3,641 1,119 127 17

Notes: Observations are district-industry cells in 2017. Emissions are measured in kilograms.
Targeted (Never) denotes cells in regulated (unregulated) districts. Standard deviations are shown
in parentheses.

Sources: Ministry of Environment.
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Table A.5: Summary statistics: plant

Manufacturing Pre-matching Post-matching
Regulated Targeted Never StdDif — Targeted Never StdDif
1{Equipment update} 0.16 0.11 013 0.16 0.95 266
(0.37)  (0.32) ' (0.36)  (0.22) '
In Equipment use x 1{Equipment update} 1.37 091 016 1.36 7.78 _250
(3.17)  (252) ’ (3.16)  (1.86) '
In Sales 11.61 7.69 11.45 9.82
a7y @5y 2B (151) (128 1O
In Number of employees 4.82 2.20 202 472 3.67 091
(143) (1.16) ’ (129)  (0.97) ’
In Electricity use 7.44 2.64 7.50 5.18
(222) (1.73) 241 (1.86)  (1.49) 1.34
In Electricity share -1.08 -0.46 -1.07 -0.35
(1.06) (105 0 087) (058 086
N 701 85,231 409
Manufacturing Pre-matching Post-matching
Unregulated affiliated Targeted Never StdDif — Targeted Never StdDif
1{Equipment update} 0.21 0.11 0.27 0.28 0.95 ~1.90
(041)  (0.32) ’ (045)  (0.22) '
In Equipment use x 1{Equipment update} 1.79 091 0.29 2.33 7.72 _185
(346) (252) (3.75)  (1.94) '
In Sales 10.64 7.69 10.94 10.08
(185) (151) 7° (146) (o7 60
In Number of employees 4.00 2.20 132 4.31 3.74 0.54
(1.54) (1.16) ’ (1.23)  (0.92) ’
In Electricity use 5.85 2.64 151 6.36 5.26 0.61
(2.46)  (1.73) (2.07)  (1.39)
In Electricity share -0.53 -0.46 -0.64 -0.33
©08) (105 B ey (60 O
N 562 85,231 96
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Table A.5 (continued): Power generation

Power generation Pre-matching Post-matching
Regulated Targeted Never StdDif — Targeted Never StdDif
1{Equipment update} 0.05 0.04 0.01 0.07 0.71 329
(0.21)  (0.20) ' (0.27)  (0.47) ’
In Equipment use x 1{Equipment update} 0.35 0.32 0.02 0.65 5.70 _3.04
(1.65)  (1.53) ’ (243)  (3.85) '
In Sales 10.70 4.07 9.89 8.65
(243) (1.91) 303 (227)  (347) 0.73
In Number of employees 3.80 1.04 217 2.93 3.18 ~0.20
(1.45)  (1.07) ' (1.87)  (1.97) '
N 131 74,633 14

Notes: Electricity and fuel use are measured in tons of oil equivalent, sales are measured in 1,000
U.S. dollars, employment is calculated as the number of permanent employees, and the use of
emission-control equipment is measured in hours per year. Equipment update indicates whether
a plant updates its emission-control equipment. Since not every manufacturing plant uses fossil
fuels, I use In Electricity share, computed as In (Electricity / (Electricity+Coal+QOil+Gas)). Exchange
rates are sourced from the Federal Reserve Bank of St. Louis. StdDif denotes the standardized
mean difference. Post-matching differences are normalized by the pooled treated and control
standard deviations in the matching-eligible sample before matching. For manufacturing plants,
I focus on those that have electricity use. Targeted denotes the treated group in each panel and
Never the never-treated comparison plants. Post-matching N is the number of matched pairs.
Standard deviations are shown in parentheses.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea, Federal
Reserve Bank of St. Louis.
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Table A.6: Placebo: district-industry changes

Manufacturing Power generation

In NO, emissions —0.44%** -0.15

(0.05) (0.17)
t-statistic -8.59 -0.90
RI-t p-value 0.000 0.443
In SO, emissions —0.46*** -0.41

(0.08) (0.25)
t-statistic -5.74 -1.64
RI-t p-value 0.002 0.092
In TSP emissions —0.40%** -0.09

(0.06) (0.21)
t-statistic -6.30 -0.44
RI-t p-value 0.002 0.723

Notes: Within each sector, I draw 499 distinct placebo assignments by randomly reassigning
treatment across districts, holding fixed the number of treated districts and excluding the actual
assignment. All district-industry cells within a district receive the same treatment status. Actual
and placebo regressions use the same fixed effects and district-industry-clustered standard errors
(Equation (2)). The reported randomization-inference p-value based on the t-statistic (RI-t p-value)
is the fraction of valid placebo assignments for which the absolute placebo t-statistic exceeds the
absolute actual t-statistic. Given the nonrandom geographic targeting of regulation, I interpret
these comparisons as supplementary placebo evidence rather than exact design-based inference.
Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes
p<0.001.

Sources: Ministry of Environment.

Table A.7: District-industry changes, excluding the Seoul Capital Area

Manufacturing ~ Power generation

In NO, emissions —0.40*** -0.32
(0.05) (0.23)
In SO, emissions —0.43%** -0.10
(0.08) (0.24)
In TSP emissions —0.36*** -0.41*
(0.06) (0.19)
N 25,896 652

Notes: The average effects are calculated from Equation (2) without the observations from the Seoul
Capital Area. Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and
*** denotes p<0.001.

Sources: Ministry of Environment.
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Table A.8: Geographic pollution shifts, excluding the Seoul Capital Area
Manufacturing Power generation

In NO, emissions 0.32 0.53
(0.18) 0.61)
In SO, emissions 0.77% 1.44*
(0.38) (0.65)
In TSP emissions 0.38 -0.23
(0.24) (0.95)
N 2,214 101

Notes: The average effects are calculated from Equation (4) without the observations from the Seoul
Capital Area. Both the sample and the distance-based exposure measure are recomputed after
excluding the Seoul Capital Area. Standard errors are shown in parentheses. * denotes p<0.05, **
denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.

Table A.9: District-industry changes, controlling for baseline-emissions trends

Manufacturing Power generation

In NO, emissions —0.20%** 0.19
(0.05) (0.19)
In SO, emissions -0.02 -0.17
(0.08) (0.53)
In TSP emissions -0.12* 0.02
(0.06) (0.12)
N 38,419 1,143

Notes: The average effects are calculated from Equation (2). The specification additionally includes
interactions between mean In Emissions over 2016-2019 and year indicators. Standard errors are
shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.
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Table A.10: Geographic pollution shifts, controlling for baseline-emissions trends

Manufacturing Power generation

In NO, emissions 0.36* -0.19
(0.18) (0.71)
In SO, emissions 0.88% 0.93
(0.35) (0.77)
In TSP emissions 0.46 -0.78
(0.24) (1.08)
N 1,979 86

Notes: The average effects are calculated from Equation (4). The specification additionally includes
interactions between mean In Emissions over 20162019 and year indicators. Standard errors are
shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.

Table A.11: District-industry changes, excluding Ongjin
Manufacturing Power generation

In NO, emissions —0.44%** -0.15
(0.05) (0.17)
In SO, emissions —0.46*** -0.41
(0.08) (0.25)
In TSP emissions —0.40%** -0.09
(0.06) (0.21)
N 39,068 1,209

Notes: The average effects are calculated from Equation (2). These estimates exclude Ongjin district,
which is partly regulated. Since Ongjin district is already excluded from the geographic pollution
shift samples for both manufacturing and power generation, this restriction leaves the geographic
pollution shift estimates unchanged. Standard errors are shown in parentheses. * denotes p<0.05,
** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.
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Table A.12: District-industry changes, with district clusters

Manufacturing Power generation

In NO, emissions —0.44%** -0.15
(0.12) (0.14)
In SO, emissions —0.46*** -0.41
(0.12) (0.23)
In TSP emissions —0.40%** -0.09
(0.11) (0.20)
N 39,086 1,219

Notes: The average effects are calculated from Equation (2). Standard errors are clustered at the
district level; the specification and sample otherwise match the baseline. Standard errors are shown
in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.

Table A.13: Geographic pollution shifts, with district clusters

Manufacturing Power generation

In NO, emissions 0.35 0.07
(0.29) (0.47)
In SO, emissions 1.42* 1.05*
(0.58) (0.46)
In TSP emissions 0.61 -0.52
(0.40) (0.36)
N 2,105 101

Notes: The average effects are calculated from Equation (4). Standard errors are clustered at the
district level; the specification and sample otherwise match the baseline. Standard errors are shown
in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.

Table A.14: District-industry changes, with a fully balanced sample

Manufacturing ~ Power generation

In NO, emissions —(0.32%** -0.19
(0.05) (0.16)
In SO, emissions —0.36*** -0.48
(0.09) (0.29)
In TSP emissions —0.28*** -0.13
(0.07) (0.20)
N 32,216 976

Notes: The average effects are calculated from Equation (2). The sample retains district-industry
cells with positive, non-missing emissions of all three pollutants in every year. Standard errors are
shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.
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Table A.15: Geographic pollution shifts, with a fully balanced sample

Manufacturing Power generation

In NO, emissions -0.05 0.54
(0.21) (0.63)
In SO, emissions 1.17* 1.44
(0.51) (0.70)
In TSP emissions 0.22 -0.22
(0.30) (0.98)
N 1,392 72

Notes: The average effects are calculated from Equation (4). The sample retains district-industry
cells with positive, non-missing emissions of all three pollutants in every year. Standard errors are
shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment.

Table A.16: Plant responses, GHG ETS plants

Manufacturing Power generation
Regulated Unregulated affiliated Regulated
1{Equipment update} 0.03* -0.01 0.20
(0.01) (0.03) (0.11)
In Equipment use x 1{Equipment update} 0.23* -0.07 1.53
(0.11) (0.24) (0.86)
In Sales 0.07 0.17 0.14
(0.04) (0.09) (0.46)
In Electricity use 1.12%** 0.68*
(0.10) (0.26)
In Electricity share 0.10** 0.09
(0.04) (0.09)
N 3,920 848 160

Notes: The average effects are calculated from Equation (6). The sample includes plants covered by
the greenhouse gas emissions trading system at least once. Regulated and unregulated-affiliate
status in this table refer to the local-air-pollution policy, not the greenhouse gas emissions trading
system. Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and ***
denotes p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Table A.17: Plant responses, GHG ETS and pilot plants

Manufacturing Power generation
Regulated Unregulated affiliated Regulated
1{Equipment update} 0.03* 0.04 0.20
(0.01) (0.03) (0.11)
In Equipment use x 1{Equipment update} 0.22* 0.29 1.53
(0.10) (0.23) (0.86)
In Sales 0.09** 0.23** 0.40
(0.03) (0.07) (0.51)
In Electricity use 1.15%** 0.61**
(0.09) (0.20)
In Electricity share 0.11** 0.07
(0.03) (0.07)
N 4,608 1,200 160

Notes: The average effects are calculated from Equation (6). The sample includes plants covered by
the greenhouse gas emissions trading system or its pilot program at least once. Standard errors are
shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.

Table A.18: Plant responses, excluding the Seoul Capital Area

Manufacturing Power generation
Regulated Unregulated affiliated Regulated
1{Equipment update} 0.02 0.05 0.15
(0.01) (0.03) (0.14)
In Equipment use x 1{Equipment update} 0.14 0.46* 0.99
(0.11) (0.22) (1.21)
In Sales 0.06 0.17* 0.53
(0.04) (0.07) (0.45)
In Electricity use 1.07*** 0.32
(0.10) (0.23)
In Electricity share 0.09* 0.01
(0.04) (0.06)
N 4,528 1,200 160

Notes: The average effects are calculated from Equation (6) without plants in the Seoul Capital Area.
Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes
p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Table A.19: Plant responses, without exact matching on policy areas

Manufacturing Power generation
Regulated Unregulated affiliated Regulated
1{Equipment update} 0.02* 0.03 0.13
(0.01) (0.02) (0.11)
In Equipment use x 1{Equipment update} 0.18* 0.24 0.90
(0.08) (0.18) (0.89)
In Sales 0.06* 0.12* 0.53
(0.03) (0.05) (0.38)
In Electricity use 0.75%** 0.08
(0.07) (0.16)
In Electricity share 0.08* 0.01
(0.03) (0.05)
N 7,072 1,648 224

Notes: The average effects are calculated from Equation (6) without an exact match on policy areas.
Electricity outcomes are not reported for power plants because their electricity use is not observed.
Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes
p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.

Table A.20: Plant responses, no same-industry affiliates

Manufacturing
Regulated Unregulated affiliated
1{Equipment update} 0.03
(0.02)
In Equipment use x 1{Equipment update} 0.19
(0.12)
In Sales 0.07 -0.08
(0.04) (0.16)
In Electricity use 0.91*** 1.85**
(0.12) (0.41)
In Electricity share 0.07 0.78
(0.05) (0.51)
N 3,568 96

Notes: The average effects are calculated from Equation (6). The sample for the first column keeps
regulated manufacturing plants without any unregulated affiliated plants in the same three-digit
KSIC industry. The sample for the second column keeps unregulated affiliated plants that do not
share the same three-digit KSIC industry as the corresponding regulated counterparts. I do not
consider a counterpart for power plants because within-firm leakage is unlikely to arise. Standard
errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.
Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Table A.21: Plant responses, affiliates outside vs. inside regulated districts

Manufacturing
Unregulated affiliated Outside Inside
1{Equipment update} -0.03 0.08*
(0.03) (0.03)
In Equipment use x 1{Equipment update} -0.13 0.61%
(0.28) (0.26)
In Sales 0.23* 0.17*
(0.09) (0.07)
In Electricity use 0.18 0.45*
(0.45) (0.19)
In Electricity share 0.14 0.08
(0.10) (0.08)
N 448 1,088

Notes: The average effects are calculated from Equation (6). The sample for the first column
keeps unregulated affiliated manufacturing plants outside regulated districts while the sample for
the second column keeps unregulated affiliated manufacturing plants inside regulated districts.
Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes
p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.

Table A.22: Plant responses, firm ownership

Power generation
Regulated Unregulated affiliated
1{Equipment update} 0.12 0.08*
(0.11) (0.03)
In Equipment use x 1{Equipment update} 0.80 0.63*
(0.93) (0.26)
In Sales 0.22 -0.26
(0.35) (0.13)
N 208 1,056

Notes: The average effects are calculated from Equation (6). The sample applies the manufacturing
ownership design to power plants: regulated power plants and unregulated power plants affiliated
with regulated firms are each compared with matched unregulated unaffiliated power plants.
Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes
p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Table A.23: Plant responses, propensity-score matching

Manufacturing Power generation
Regulated Unregulated affiliated Regulated
1{Equipment update} 0.02* 0.03 0.13
(0.01) (0.02) (0.11)
In Equipment use x 1{Equipment update} 0.17* 0.29 0.90
(0.08) (0.17) (0.89)
In Sales 0.08* 0.15* 0.49
(0.03) (0.06) (0.38)
In Electricity use 0.94*** 0.29
(0.08) (0.21)
In Electricity share 0.10% 0.16
(0.04) (0.08)
N 6,544 1,536 224

Notes: The average effects are calculated from Equation (6) with propensity score matching.
Standard errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes
p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.

Table A.24: Plant responses, without the environmental-comparability restriction

Manufacturing Power generation
Regulated Unregulated affiliated Regulated
1{Equipment update} 0.01 0.02 -0.01
(0.01) (0.02) (0.01)
In Equipment use x 1{Equipment update} 0.04 0.18 -0.06
(0.06) (0.15) (0.07)
In Sales 0.171%** 0.11 0.46%**
(0.03) (0.06) (0.13)
In Electricity use 0.65*** 0.02
(0.07) (0.16)
In Electricity share 0.09** 0.10
(0.03) (0.06)
N 7,232 1,632 1,616

Notes: The average effects are calculated from Equation (6). The control groups retain plants
excluded by the baseline environmental-comparability restriction (Appendix C.1). Standard errors
are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Table A.25: Plant responses, trimmed affiliate samples

Manufacturing
Unregulated affiliated

1{Equipment update} 0.02
(0.05)

In Equipment use x 1{Equipment update} 0.30
(0.38)

In Sales 0.33*
(0.12)

In Electricity use 0.10
(0.41)

In Electricity share 0.07
(0.15)

N 464

Notes: The average effects are calculated from Equation (6). For the unregulated-affiliate compari-
son, I trim both the treatment and control groups by removing plants that are not environmentally
comparable (Appendix C.1). Standard errors are shown in parentheses. * denotes p<0.05, **
denotes p<0.01, and *** denotes p<0.001.

Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.

Table A.26: Plant responses, by number of regulated pollutants

Manufacturing
Regulated
Number of regulated pollutants 1 2 3
1{Equipment update} 0.02 0.02 0.05%
(0.01) (0.01) (0.02)
In Equipment use x 1{Equipment update} 0.16 0.15 0.41%
(0.10) (0.11) (0.18)
In Sales 0.01 0.09** 0.07
(0.04) (0.03) (0.07)
In Electricity use 0.97*** 0.88*** 1.13
(0.09) (0.10) (0.10)
In Electricity share 0.14%** 0.03 0.15*
(0.04) (0.05) (0.06)
N 5,032 4,424 3,632

Notes: The average effects are calculated from Equation (6). Each column compares manufacturing
plants regulated for the indicated number of pollutants with the full baseline matched control
sample. Matching is conducted for the pooled sample, not separately by subgroup. Standard
errors are shown in parentheses. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001.
Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Table A.27: Factor shares and CES fuel weights

Manufacturing Factors Fuels

All p lants oEF oK oL qCoal  , Electricity — ,Gas —, Ol
Mining/quarrying 029 0.06 0.65| 0.11 0.63 <0.01 0.26
Food/beverages/tobacco 0.21 0.05 0.74 | <0.01 0.64 017 0.19
Textiles/apparel/leather 0.20 0.04 0.77 | <0.01 0.71 015 0.14
Wood/paper/printing/media 0.27 0.05 0.69 | <0.01 0.39 031 0.31
Petro/chem/pharma/rubber/plastics | 0.41 0.05 0.53 | <0.01 0.48 025 0.27
Non-metallic minerals 0.38 0.06 0.56 | <0.01 0.56 019 025
Basic/fabricated metals 0.33 0.06 0.61 | <0.01 0.53 0.20 0.28
Electronics/instruments/electrical 0.18 0.06 0.76 | 0.19 0.70 0.04 0.07
Machinery/transport (incl. auto) 0.09 0.05 0.86 | 0.65 0.33 0.01 0.02
Furniture/misc. /repair 0.06 0.03 0.91 | <0.01 0.37 032 0.31

Notes: The table reports sector-specific Cobb—Douglas factor shares and CES fuel weights estimated
using the baseline sample of all plants.
Sources: MMS and SBR.

Table A.28: Changes across policy areas

Changes

Policy area Consumption change (%) Pollution damage change (%)
Seoul Capital Area -1.39 -35.0
Central Area -1.46 -35.8
Southern Area -1.57 -29.5
South-East Area -1.44 —47.4

Notes: Entries are percentage changes relative to the unregulated equilibrium. Each area includes
only districts covered by the actual policy. Pollution damage accounts for emissions from all man-
ufacturing and power plants in those districts, regardless of plant-level eligibility. Consumption
and pollution damage are summed within each area before computing percentage changes.
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I Additional Figures

Figure A.3: Permit trading

Permit trading volume
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Notes: The panels report trading volumes and transaction counts averaged across markets, includ-
ing transactions without consideration. Low trading volumes need not indicate trading frictions:
firms may require few permit purchases when abatement is inexpensive or initial allocations are
generous. Declining permit prices and increased abatement are consistent with limited demand
for additional permits, although these patterns do not rule out trading frictions. These records also
show active permit trading, with most recorded purchase requests fulfilled but substantial posted

supply remaining unsold.
Sources: Ministry of Environment.
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Figure A.4: Permit trading volume by pollutant

Seoul Capital Area

Central Area

[ o~
— & ¢ ©
© 4 A____A—————A\_____T © 4
= ™ - ™
- e O
° T Qe S &
gl &eeerenn R o gl
S T e <% S
----------- &
T T T T T T T T T T
2020 2021 2022 2023 2024 2020 2021 2022 2023 2024
Year Year
Southern Area South-East Area
N N
- N L——— —A ©
g8 8%
< | e & s
8o oo o 5 S ol 84 S -
| 0 S < o | T O e ©
e 81 ¢
T T T T T T T T T T
2020 2021 2022 2023 2024 2020 2021 2022 2023 2024
Year Year
—e— NO, —4&—- S0, --O-- TSP

Notes: The volume includes transactions without consideration.

Sources: Ministry of Environment.

102



Figure A.5: Number of transactions by pollutant
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Figure A.6: Plant-level emissions distributions

Distribution of NOx near the eligibility cutoff
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Notes: These panels show positive plant-level emissions in regulated districts within twice the
pollutant-specific cutoff. Bin widths are 0.2 tons for NO, and SO, and 0.01 tons for TSP. Dashed
lines mark the cutoffs. Percentages are calculated separately within each displayed sample.
Sources: Ministry of Environment.

104



Figure A.7: Event dynamics: additional plant outcomes
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Notes: The upper panels report relative changes in electricity shares and employment at regulated
manufacturing plants. The lower panels report relative changes in electricity use and update-
weighted log equipment use at unregulated manufacturing affiliates. The results are calculated
from Equation (5). The 95% confidence intervals are shown jointly with the point estimates.
Sources: Ministry of Environment, Ministry of the Interior and Safety, Statistics Korea.
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Figure A.8: Caps by pollutant
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Notes: These panels plot the total amount of permits in each market, which is defined by a pollutant
and a policy area. Across all markets, there is a downward trend over time.

Sources: Ministry of Environment.
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Figure A.9: Average permit prices by pollutant
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Notes: The average transaction unit price is calculated as the annual transaction amount divided
by the annual transaction volume in each area, excluding transactions without consideration. Here
I use annual average spot exchange rates to convert prices from Korean won to U.S. dollars.
Sources: Ministry of Environment, Federal Reserve Bank of St. Louis.
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Figure A.10: Fuel-substitution and demand elasticities

Fuel-substitution elasticity Firm-level demand elasticity
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Notes: “All plants” includes plants belonging to both single-plant and multiplant firms; “Single-
plant firms” restricts the sample to plants belonging to single-plant firms. The panels report
the fuel-substitution elasticity A and the firm-level demand elasticity ¢, respectively. The outer
Cobb-Douglas elasticity is fixed at one in both samples. Sectors 1-10 follow the order in Table 4.
Bars show 95% confidence intervals.
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Figure A.11: Model fit: production distributions
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Notes: The panels compare pre-regulation manufacturing and power generation moments from the
data and those of the model. They are targeted for calibration. Cell-level sales and profit moments
are weighted by the corresponding firm or plant counts; the maximum-sales-share target consists
of 10 sector-level means. Because the firm—plant incidence matrix cannot be released, its model
counterpart is constructed from synthetic portfolios that preserve the released aggregate margins.
The sales and profit panels plot the logarithms of normalized, count-weighted cell totals for cells
with positive data and model values. The maximum-sales-share panel plots sector-level means
in levels. The 45-degree line indicates a perfect fit between the model and the data. Profits are
variable profits. There are 10 manufacturing sectors, 250 districts, and 4 power generation fuels.
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Figure A.12: Model fit: emissions distributions
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Notes: The panels compare pre- and post-regulation emissions distributions across pollutants and
districts. These emissions distributions are not targeted in estimation and serve as validation
moments. Each point represents a district—pollutant cell, combining manufacturing and power
generation. For each pollutant and period, emissions are divided by their respective data or model
totals over districts with positive values in both series, and the resulting shares are plotted in
natural logs. The 45-degree line indicates a perfect fit between the model and the data. There are 3
pollutants and 250 districts.
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