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• In the last decade, coal alternatives became more affordable.

• In the same period, coal plant owners (utilities) invested $29 billion in upgrades.

 Why?
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This Paper
Studies the drivers of upgrade and closure decisions on US coal power plants in the 2008-2019 period.
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The Setup

1. Coal mining is a major sector in some US states. +

− Most mines extract high-sulfur coal.
− Wyoming extracts low-sulfur coal.

2. Coal power plant owners (utilities).
− By 2016 had to invest in sulfur filters, or close. MATS

− Two filter types: standard and expensive Cost

− Standard filters require low-sulfur coal.
− Expensive filters are compatible with local coal.

3. State electricity regulators. +

− Set the electricity price that plant owners charge.
− Influence filter investment through the regulated price.

Standard

Filter

Expensive

Filter

Low-sulfur Coal ✓

Local Coal ✓

→ The regulator tradeoff: Expensive filters increase prices but may help the state mining sector. +
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Figure 3: Oklahoma, 2014 Figure 4: Minnesota, 2012

Figure 5: West Virginia, 2011 Figure 6: New Hampshire, 2014
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Descriptive Exercise

Test whether state regulators promoted expensive filter investment to protect local mines.

My specification exploits two sources of variation:

1. Whether the plant charges a regulated price.

→ Non-regulated plants do not charge a regulated price.

2. Whether the regulator is from a mining state.

→ Regulated plants in mining states are more likely to

install expensive filters.

Figure 7: US coal plants, regulated 2008

Literature Liberalization ISO map Data Sources Balance Table Suggestive Evidence
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Empirical Specification

• Multinomial logit with four outcomes j ∈ { Standard, Expensive, Close}, J = No Filter

log

(
pj(x)
pJ(x)

)
=

∑
j

β0j +
∑
j

β1j × Xi +
∑
j

β2j ×mi +
∑
j

β3j × Regi +
∑
j

β4j × Regi ×mi

• Xi generator covariates: age, size...

• mi size of close-by mining sector, inside state border. +

• Regi indicator for regulated plants.

• β4j local mine protection channel.
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Results

log

(
pj(x)
pJ(x)

)
=

∑
β0j +

∑
β1j × Xi +

∑
β2j ×mi +

∑
β3j × Regi +

∑
β4j × Regi ×mi

Dependent variable

j = retire j = standard j = expensive

Regulated
0.243

(0.349)

1.034∗

(0.590)

1.122∗∗∗

(0.372)

Mine Size (Million Ton, 2008)
0.024

(0.017)

0.008

(0.027)

-0.004

(0.020)

Regulated x Mine Size
0.044

(0.030)

0.005

(0.045)

0.075∗∗

(0.033)

McFadden R2 0.218

N 707

→ +1 million Ton in mining sector increases expensive filter adoption relative probability by 7.7%.

Mine State Indicator Mine Share Miners
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Why Do I Need a Model?

So far...
Regulated plants from mining states are more likely to invest in expensive filters.

1. Establish a link between filter investment and plant retirement decisions.

2. Quantify the importance of the local mine protection mechanism.

3. Perform counterfactual exercises.

Closure Specification
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Model Summary

• Dynamic model, infinite horizon. Two state variables:
− Cost of natural gas, falling over time.
− Countdown to 2016, filter becomes compulsory.

• Discrete-choice model
− Remain open or retire.
− Standard filter or expensive.

• Principal-agent model
− The regulator (principal) cares about welfare and state

mining revenue.
− The coal plant owner (agent) is a profit maximizer.

• Estimation:
− As in Rust 1987.
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Timing

The regulator offers a menu of four prices p(ωt), depending on filter ωt ∈ {expensive, standard , none}.

p(expensive), p(standard), p(none)

The coal plant owner (agent): chooses a filter ω ∈ {expensive, standard , none} to maximize profits:

π(ωt) = q(ωt) · (p(ωt)− c(ωt))− Fωt

Regulator

chooses ω, closure

Regulator

chooses

p(ω)

1. Cost of service regulation π = 0

2. No asymmetric information

3. Full commitment
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Mechanisms and Estimation Result

Regulator Utility Function

Welfare + α1 · Revenue

• Parameter α1 weights the importance of local mine revenue for the regulator.

Standard Filter Expensive filter

Low-sulfur Coal

↓ Fixed Cost → ↑ Welfare

↑ Unit Costs → ↓ Welfare

↓ Local mine Revenue

Local Coal

↑ Fixed Cost → ↓ Welfare

↓ Unit Cost → ↑ Welfare

↑ Local Mine Revenue

→ The average regulator from a mining state values mining revenue twice as much as welfare.
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Mechanisms and Estimation Result

Regulator Utility Function

Welfare + 2.03 · Revenue

• Parameter α1 weights the importance of local mine revenue for the regulator.

Standard Filter Expensive filter
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Identification - Distance to Wyoming

• How to disentangle the ambiguous effect of filter types on welfare?

• Exploit the distance d between the plant and Wyoming.

Standard Filter → ↑
Wyoming

d−−−−→ ↑
Unit Cost

→ ↓
Welfare

↑d−−−−−→ ↑ ↑
Unit Cost

→ ↓ ↓
Welfare

→ Welfare maximizing regulators only install expensive filters if far from Wyoming.
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Identification - Presence of in-State Mines

• How to identify the local mine protection parameter?

• The effect of filter on local mine revenue depends on the presence of mines within its state borders.

Expensive Filter mines Yes−−−−−−−−−→ ↑
Revenue

mines No−−−−−−−−−→ 0
Revenue

→ Mine-friendly regulators always install expensive filters regardless the distance to Wyoming.
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Local Mine Protection

How many coal plants would have closed, absent local mine protection?

1. Simulate regulator decisions, original parameters.

2. Simulate decisions without local mine protection

α1 = 0

3. Results:
− ↓ 15% regulated plants in mining states.
− ↓ 0.4% of US CO2 emissions.
− ↓ 1.3% of mining states’ CO2 emissions. +
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Figure 10: Coal capacity, mining states (GW)
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Carbon Tax

How would a 100 $/ Ton carbon tax interact with local mine protection?

1. Simulate regulator decisions, original parameters.

2. Simulate decisions with tax and no mine protection:

Tax and α1 = 0

− ↓ 78% regulated plants in mining states.

3. Simulate with tax and mine protection.

Tax and α1 = 2.03

− ↓ 68% regulated plants in mining states.
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Conclusion

This paper
Novel mechanism delaying the energy transition: the protection of coal mines by electricity regulators.

• I start by testing the existence of the mechanism in the data.
− Local mining sector drives expensive filter adoption, for regulated plants.

• I next introduce a novel principal-agent model on filter investment and closure.
− Model estimates show that regulators value mining revenue twice as much as consumer surplus.

• Lastly, I employ the model structural estimation to find that...
− Mine protection reduces the effectiveness of environmental policies like a carbon tax.
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Thank You!

pello.aspuru@cemfi.edu.es



Institutional Context The Model Estimation

The Mercury Air Toxic Standards - MATS

• MATS is a federal emission standard by the Environmental Protection Agency (EPA).

• Introduced in 2011, enforced since 2016.

• Establishes sulfur emission threshold S per output unit.

s · (1 − ω)︸ ︷︷ ︸
Sulfur Emissions

≤ S

− s is the average sulfur concentration of the coal blend.
− ω ∈ {h, l , 0} is the efficiency of the filter, where 1 > h > l > 0

• MATS effectively forced filter adoption. MATS threshold
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Institutional Context The Model Estimation

Coal Mining in the US
s · (1 − ω) ≤ S

• Plant owners purchase coal from two sources, which determine s.
1. Local coal, with high sulfur concentration and little transport cost: ↑ s.

2. Wyoming coal, with low sulfur concentration high transport cost: ↓ s.

→ Tradeoff between low-sulfur Wyoming coal and transportation cost.

(12.1) Sulfur of coal (12.2) US coal plants and basins.
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Institutional Context The Model Estimation

Coal Blend and Filter Efficiency
s · (1 − ω) ≤ S

• Standard filters ω = l require low-sulfur Wyoming coal ↓ s. WY - Appalachia WY - South

• Expensive filters ω = h > l are compatible with a higher share of local coal ↑ s.

→ Tradeoff between filter fixed cost and local coal. Filter Cost

Local

OtherWyoming

Coal origin for Regulated plants from coalmining states (WY plants excluded) 
                          Scrubber type: None 

                          Period 2014−2019. Total coal millions of short tons:  221.67Figure 13: Coal blend - Standard filters
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Institutional Context The Model Estimation

Model Agents

Principal-agent model: the regulator indirectly chooses the filter through the regulated price.

The electricity regulator (principal): offers a menu of electricity prices p(ω), depending on filter ω.

• The regulator utility function values welfare W (p) and mine revenue R(ω).

U = W (p) + α1 · R(ω)
→ α1 weights the mine revenue.

The coal plant owner (agent): chooses a filter ω ∈ {h, l}, pays fixed cost Fω.

π = q · (p(ω)− c)− Fω

• More efficient filters are more expensive Fh > Fl .
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Institutional Context The Model Estimation

Mechanisms

U = W (p) + α1 · R(ω)

• Expensive filters may decrease or increase welfare.

↑ ω
Filter

→


↑ Fω

Fixed Cost
→ ↑ p(ω)

Price
→ ↓ W (p)

Welfare

↑ ρ
Local Coal

→ ↓ c
Unit Cost

→ ↓ p(ω)
Price

→ ↑ W (p)
Welfare

→ Main tradeoff in no-mining states.

• Expensive filters always increase local-mine revenue.

↑ ω
Filter

→ ↑ ρ
Local Coal

→ ↑ R(ω)
Mine Revenue

→ Additional force for expensive filters, in mining states. Scatter
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Institutional Context The Model Estimation

Coal Plant Dispatch

• Electricity supply.

1. Coal power plant with unit capacity constraint (1MW) supplies at price p.
2. Competitive fringe of natural gas plants sell at price pgas ∼ ϕ(pgas |µ)

→ µ is the centering parameter of the natural gas price distribution.

• Electricity demand.
− Demand is inelastic Q ≥ 1
− Consumers only buy from coal plant when p ≤ pgas .
− Coal plant expected output is

q = Pr(p ≤ pgas) = 1 − Φ(p|µ)

• Welfare contribution: W (p) =
∫∞
p

(pgas − p) · ϕ (pgas | µ) · dpgas

• Local mine revenue: R(ω) = q · ρ · cm

 U = W (p) + α1 · R(ω)
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Institutional Context The Model Estimation

The Regulator Problem

Regulator

chooses ω, closure

Regulator

chooses

p(ω)

1. Cost of service regulation π = 0

2. No asymmetric information

3. Full commitment

1. For plant without filter: max
{
maxω∈{h,l,0} {W (ω) + α1 · R(ω)} , Γ0

}
Four choices.

− Γ0 is the payoff of closing the plant, net of owner compensation.

2. For plants with filter efficiency ω∗: max {W (ω∗) + α1 · R(ω∗), Γ} Two choices
− Γ is the payoff of closing, after installing a filter.
− As observed in the data, filter adoption is assumed to be irreversible.

Equilibrium Comparative Statics
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Introducing Dynamics

• During 2008-2019, the price of natural gas pgas ∼ ϕ(pgas |µ) fell significantly.
− Regulators made filter investment and closure decisions in a context of falling µ.
− Allow for a dynamic µt , that changes every year t.

• The regulator problem becomes an infinite-horizon dynamic discrete-choice model:

1. For plant with no filter yet, four-fold choice:

V (ωt = 0 | µt) = max

{
max

ωt+1∈{h,l,0}
{U (0 | µt) + βE [V (ωt+1 | µt+1)]} , U (0 | µt) + β · Γ0

}

2. For plans with a filter ωt ∈ {h, l}, two-fold choice:

V (ωt | µt) = max {U (ωt | µt) + βE [V (ωt | µt+1)] , U (ωt | µt) + β · Γ}

• Assumption: filter investment and closure decisions are realized in the next period.
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Estimation Overview

• Each generator i is characterized by a covariate vector χi , which includes age, size...

• Regulator utility becomes i-specific, includes EV-T1 shock ϵEVT1
it with scale parameter σ

U(ωit |χi , µit) = W (ωit |χi , µit) + α1 · R(µit |χi , µit) + σ · ϵEVT1
it

• The cost of standard and expensive filters becomes i-specific, parameterized on generator size.

Fω=h
i = β1 + β2 · Sizei + ϵit Fω=l

i = β3 + β4 · Sizei + ϵit

− ϕ unobserved cost parameter: plant adaptation, coal storage systems...

• The generator retirement payoffs become i-specific, parameterized on size and age:

Γi = γ2 · Agei + γ3 · Sizei Γ0i = γ1 + Γi

→ Six structural parameters to be estimated, remaining parameters β imputed.
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Estimation Results

U = W + α1 · R

Parameter Note Point-estimates Standard Errors

α1 Coal Revenue Rit 2.03∗∗ 0.62

ϕ Standard filter, Unobserved Cost 1581.64∗∗ 304.66

γ1 Closure - no filter 5698.67∗∗ 645.85

γ2 Closure - age 203.56∗∗ 27.17

γ3 Closure - size 9.72∗∗ 2.58

σ Scale Parameter 1392.04∗∗ 172.22

→ The average regulator from a mining state values mining revenue twice as much as welfare.

Identification Intuition Algorithm Aggregate state Imputation Model Fit
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US Coal Mining Sector

US West Virginia Kentucky Pennsylvania Illinois Wyoming

GDP

($Billion)

45.84

0.18%

7.14

7.46%

1.9

0.75%

3.59

0.39%

2.85

0.28%

4.3

9.02%

Labor income

($Billion)

21.98

0.22%

3.35

10%

0.95

0.93%

2.24

0.62%

1.12

0.27%

1.14

7.4

Employment

(#)

291,943

0.17%

45,633

6.05%

20,620

1.04%

35,864

0.57%

14,809

0.2%

15,353

5.46%

Table 1: The importance of coal mining in selected states, 2021

Back to introduction
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Public Utilities Commission Election Method

Figure 15: Electricity regulator election method

Back
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Coal Electricity Production, Selected Countries

Figure 16: Coal electricity production, US

Figure 17: Coal electricity production, China

Back to introduction
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CO2 Emissions Accounting

• Coal intensity is 900 gr CO2 / KWh.

• Natural Gas intensity is 450 gr CO2 / KWh.

• Absent local mine protection, the cal capacity is reduced in 10 GW
− Assuming 50% capacity of coal power plants, these produced: 10 GW x 175 x 24 = 4.2 e4 GWh

• Emissions reduction: (900 - 4500) e6 gr CO2 / GWh x 4.2 e4 GWh = 18.9 e12 gr CO2.

• Emission reduction, relative terms
− US CO2 emissions in 2023 were 5,000 million Ton Co2 → 0.4% of all US emissions
− US mining state CO2 emissions in 2022 were 1,892 million Ton Co2 → 1.1%.
− US electricity sector CO2 emissions in 2022 were 1,542 million Ton Co2 → 1.3%.
− US mining state electricity sector CO2 emissions in 2022 were 675 million Ton Co2 → 2,96%.

Back to intro Back to counterfactuals
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Filter Types in Detail

Filter efficiency ω Fixed Cost

Standard l = 95% Fl ≈ 100M$

Expensive h = 99% Fh ≈ 200M$

Back
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MATS threshold and Coal Types

s · (1 − ω) ≤ S

• MATS threshold is S = 0.2 lbs/mm Btu
− Equivalent to 1.5 SO2 lbs/MWh.

• S is below the lowest-sulfur coal s...

• ...which forced the adoption of a filter ω. 0

1

2

3

4

5

Indiana

West V
irginia

Wyoming

S
ul

fu
r 

D
yo

xi
de

Average SO2 concentration of coal, measured in lbs/MMBtu, by state. Year 2008−2019. Red line represents MATS threshold

Figure 18: MATS threshold (lbs/MM Btu).

Back to MATS



Institutional Context The Model Estimation

Related Literature Back

1. Coal plant upgrades and phase-out. Gowrisankaran, Langer and Reguant (WP, 2023);
Gowrisankaran, Langer and Zhang (WP, 2023); Fowlie (AER, 2010)

* Contribution: protection of local mines as a novel obstacle for the energy transition.

* Contribution: A theoretical and structural model on filter investment by regulated plants.

2. Political economy of regulation. Lim and Yurukoglu (JPE, 2018); Besley and Coate (JEEA, 2003)

* Contribution: local mine interests as a new source of sub-optimal regulation.

3. Coal procurement. Preonas (REStud, forthcoming); Cicala (AER, 2015); Jha (QE, 2023)

* Contribution: the complementary between high-efficiency filters and local coal.
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The (Patchy) Liberalization of the US Electricity Sector Back

• Vertical integration. π1 = q1 · (p1 − c1)− Fω

• Liberalization

1. Wholesale market that sets pmkt , q2, q3.

2. Plant divestures → Plant 3 turns non-regulated.

• Regulated plant profits still depend on p1.

π2 = q2 · (p2 − c2)︸ ︷︷ ︸
Regulated Plant

+(Q − q2) · (p2 − pmkt)︸ ︷︷ ︸
Import

−Fω

• Non-regulated plant profits do not depend on p3.

π3 = q3 · (pmkt − c3)− Fω ⊥ p3

p1

c2 q2

Retailer 2

Customer 2

Retailer 1

Customer 1

c1 q1

p2

c3 q3

Retailer 3

Customer 3

p3
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US Wholesale Electricity Markets

Figure 19: Wholesale electricity markets

Back
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Wyoming Coal Destinations - Appalachia
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Wyoming coal bought by Appalachia states 2008−2019.

Figure 20: Wyoming Coal bought by Appalachian states 2008-2019
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Wyoming Coal Destinations - South
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Figure 21: Wyoming Coal bought by Southern states 2008-2019
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Data Back

1. Panel of the universe of coal generators i .
− Filter efficiency at each year.
− Annual electricity output.
− Covariates: size, age, productivity etc.

2. Panel of the universe of coal mines.
− Mine location.
− Sulfur concentration.

3. Mine-plant transactions.
− Transaction payment.

4. Natural gas cost.

Figure 22: US coal plants, 2008

Plants and Generators
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Figure 22: US coal plants and mines, 2008
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Plants and Generators

Generator 1 Generator 2 Generator 3

Plant 1

Boiler 1 Boiler 2

+

Filter 1

Figure 23: Differences between plants, boilers and generators

Back
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Balance Table
Table 2: Characteristics of coal generators open in 2008, by regulation and state type. Mean values.

Regulated Non-regulated

Mine-state Non-mine state Mine-state Non-mine state

Age 40.38 40.98 37.84 35.05

Size 326.71 303.77 311.52 222.19

Heat rate 10099.13 10401.98 10015.13 9972.16

Closest mine distance 0.89 2.94 0.87 2.15

Closest mine sulfur 1.83 1.87 2.30 1.29

Distance to Wyoming 18.09 19.31 19.18 26.12

N 357 432 154 187

Back
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Suggestive Evidence Back
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Figure 24: Share of coal plants with expensive filters
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Figure 24: Share of coal plants with expensive filters
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Treatment Construction Back

1. Take one power plant location.

2. Take the mines within the plant’s state.

3. Draw a circle around the mine.
− Median distance of mine-plant transactions.

4. Select the in-state mines within the circle.
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Results - Mine State Indicator

log

(
pj(x)
pJ(x)

)
=

∑
j

β0j +
∑
j

β1j × Xi +
∑
j

β2j ×mi +
∑
j

β3j × Regi +
∑
j

β4j × Regi ×mi

Dependent variable

j = retire j = standard j = expensive

Regulated
0.039

(0.484)

-0.176

(0.720)

1.058∗∗

(0.531)

Mine state
-0.010

(0.543)

-2.257∗∗

(0.947)

0.175

(0.586)

Regulated x Mine state
0.315

(0.601)

1.886∗

(1.015)

0.735

(0.651)

McFadden R2 0.223
∗p<0.1 ∗∗p<0.05 ∗∗∗p<0.01

Back
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Results - Share of in-state mines

log

(
pj(x)
pJ(x)

)
=

∑
j

β0j +
∑
j

β1j × Xi +
∑
j

β2j ×mi +
∑
j

β3j × Regi +
∑
j

β4j × Regi ×mi

Dependent variable

j = retire j = standard j = expensive

Regulated
-0.787

(0.509)

-0.250

(0.762)

-0.218

(0.545)

Mine Share ∈ [0, 1]
-1.298∗∗

(0.660)

-2.555∗∗

(1.082)

-2.326∗∗∗

(0.744)

Regulated x Mine Share
1.884∗∗

(0.758)

2.041∗

(1.207)

3.480∗∗∗

(0.837)

McFadden R2 0.225
∗p<0.1 ∗∗p<0.05 ∗∗∗p<0.01

Back
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Results - Mine Employment Back

log

(
pj(x)
pJ(x)

)
=

∑
j

β0j +
∑
j

β1j × Xi +
∑
j

β2j ×mi +
∑
j

β3j × Regi +
∑
j

β4j × Regi ×mi

Dependent variable

j = retire j = standard j = expensive

Regulated
0.221

(0.341)

1.207∗∗

(0.571)

1.159∗∗∗

(0.363)

Miners (in Thousands, 2008)
0.542∗

(0.277)

0.443

(0.407)

0.183

(0.293)

Regulated x Miners
0.733

(0.469)

-0.113

(0.671)

0.954∗∗

(0.482)

McFadden R2 0.226
∗p<0.1 ∗∗p<0.05 ∗∗∗p<0.01

→ +100 miners increase expensive filter adoption relative probability by 10%.

• This effect is only observed in regulated plants.
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Coal Plant Closure - Empirical Specification Back

Test the correlation between filter investment on plant closure

• Cox Proportional-hazards model on filter investment and plant closure. Figure

h(t) = h0(t) exp (β1Xi + β2 · ωit)

− h(t) is the expected probability of closing at time t, having survived t − 1.
− Xi are generator covariates: age, size and heat rate.
− ωit is an indicator for generators with a filter.

• β2 < 0 Plants are less likely to close after investing in a filter.



Institutional Context The Model Estimation

Coal Plant Closure - Empirical Specification Back

Test the correlation between filter investment on plant closure

• Cox Proportional-hazards model on filter investment and plant closure. Figure

h(t) = h0(t) exp (β1Xi + β2 · ωit)

− h(t) is the expected probability of closing at time t, having survived t − 1.
− Xi are generator covariates: age, size and heat rate.
− ωit is an indicator for generators with a filter.

• β2 < 0 Plants are less likely to close after investing in a filter.



Institutional Context The Model Estimation

Coal Plant Closure - Empirical Specification Back

Test the correlation between filter investment on plant closure

• Cox Proportional-hazards model on filter investment and plant closure. Figure

h(t) = h0(t) exp (β1Xi + β2 · ωit)

− h(t) is the expected probability of closing at time t, having survived t − 1.
− Xi are generator covariates: age, size and heat rate.
− ωit is an indicator for generators with a filter.

• β2 < 0 Plants are less likely to close after investing in a filter.



Institutional Context The Model Estimation

Coal Plant Closure - Empirical Specification Back

Test the correlation between filter investment on plant closure

• Cox Proportional-hazards model on filter investment and plant closure. Figure

h(t) = h0(t) exp (β1Xi + β2 · ωit)

− h(t) is the expected probability of closing at time t, having survived t − 1.
− Xi are generator covariates: age, size and heat rate.
− ωit is an indicator for generators with a filter.

• β2 < 0 Plants are less likely to close after investing in a filter.



Institutional Context The Model Estimation

Coal Plant Closure - Empirical Specification Back

Test the correlation between filter investment on plant closure

• Cox Proportional-hazards model on filter investment and plant closure. Figure

h(t) = h0(t) exp (β1Xi + β2 · ωit)

− h(t) is the expected probability of closing at time t, having survived t − 1.
− Xi are generator covariates: age, size and heat rate.
− ωit is an indicator for generators with a filter.

• β2 < 0 Plants are less likely to close after investing in a filter.



Institutional Context The Model Estimation

Coal Plant Closure - Results Back

h(t) = h0(t) exp (β1Xi + β2 · ωit)

Plant closure probability

(1) (2) (3)

Generator Age 0.037∗∗∗ 0.024∗∗∗ 0.021∗∗∗

(0.007) (0.008) (0.008)

Filter indicator −1.948∗∗∗ −2.009∗∗∗

(0.191) (0.196)

Coal capacity share 0.871∗∗

(0.424)

Observations 7,109 7,109 7,109

Pseudo R2 0.031 0.050 0.050
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Regulated Prices and Filter Investment Back to intro Back to model

Mining States

West Virginia

No−mining States
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Each dot represents a US state
                                     Scrubber investment by regulated plants only, 2008−2019 period. 

                                     Residential electricity price increase betwen 2008 and 2019. 
                                     Figure 25: Electricity Price and filter Investment, by state
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The Model - Equilibrium Conditions

1. Regulator chooses filter ω∗ that maximizes its utility.

2. Filter efficiency determines the share of local coal and unit cost of coal:

ω∗ → ρ(ω∗) → c(ω∗)

3. Coal plant output q∗ and regulated price p∗ are jointly determined:
− q∗(p∗|µ) = 1 − Φ(p∗|µ)
− Participation constraint: π = q∗(p∗|µ) · (p∗ − c(ω∗))− Fω∗ = 0

Back
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Comparative Statics - Filter Investment

• Regulators from non-mining states have no mining revenue to protect R(ω) = 0 ∀ω
• Install a filter ω ∈ {h, l}, if:

1. Filter provides more welfare than exit: W (ω) ≥ Γ0 and...

2. Filter provides more welfare than no-filter: W (ω) ≥ W (0)

→ Choose expensive filter over standard if it increases welfare W (h) ≥ W (l)

• Regulators from mining states want to protect mining revenue R(ω) ≥ 0:

1. Are more likely to install filter. W (ω) + α1 · R(ω) ≥ Γ0

2. provides more welfare and local coal revenue than remaining no-filter: W (ω) + α1 · R(ω) ≥ W (0)

→ Are more likely to install an expensive filter. W (h) + α1 · (R(h)− R(l)) ≥ W (l)

Back
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Comparative Statics - Plant Exit and Stranded Assets

• For a plant without filter, the regulator with some utility U(ω) = W (ω) + α1 · R(ω) retires it if...
− Closing is better than remaining: Γ0 ≥ U(0).
− Closing is better than investing: Γ0 ≥ U(ω) ∀ω.

• For a plant with a filter, the regulator closes it if:
− Closing is better than remaining: Γ ≥ U(ω).

• Stranded assets: plants with filters that would have otherwise closed.

Γ0 ≥ U(0) ≥ U(ω) ≥ Γ

→ Once a plant gets a filter, it becomes less likely to close, delaying the energy transition.
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The Model - Identification Back to Estimation

• The effect of filters on welfare depends on the

distance d between the plant and Wyoming.

↓ ω → ↑ (1 − ρ)︸ ︷︷ ︸
low-sulfur coal

d−−−−→ ↑ c → ↓ W

↑d−−−−−→ ↑ ↑c → ↓ ↓W

• The effect of filters on local mine revenue

depends on plant location, mining state.

↑ ω → ↑ ρ
mines No−−−−−−−−−→ R = 0

mines Yes−−−−−−−−−→ ↑R
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Estimation Algorithm Back to Estimation

1. Outer loop: Candidate structural parameters

θ = (α, γ, ϕ, σ)

1.1 Obtain consumer welfare and local mine revenue for all generators i , at all aggregate state bins b and

for all filter types ω.

Wibω ,Ribω ∀ i × b × ω

1.2 Inner loop. Value function iteration to obtain conditional choice probabilities P̂ibω .

1.3 Compute the Log Likelihood comparing conditional choice probabilities with actual choices Pit :

LL =
∑
t

∑
i

log
(
P̂ibω − Pit

)
2. New candidate structural parameters θ′ by Nelder Mead.
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Aggregate State Space Discretization Back to Estimation

Challenge: Model the permanent fall of natural gas prices, as in Gowrisankaran et.. al. (WP, 2023).

1. µst : The average cost of natural gas electricity is obtained at state s and year t level.

2. µst sample is discretized into b = 1, 2, ...,B equal-size bins. Two-bin example B = 2:

µlow = 28.03$/MWh µhigh = 60.77$/MWh

3. Obtain transition probability matrix

µlow
t−1 µhigh

t−1

µlow
t 0.71 0.29

µhigh
t 0.17 0.83

→ P(low |high) > P(high|low) It is more likely to transition from high to low than vice-versa.
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Aggregate State Space Discretization, before and after MATS

cheap gas,

post MATS

expensive gas,

post MATS

cheap gas,

pre MATS

expensive gas,

pre MATS

cheap gas, post MATS 0.62 0.05 0.33 0.00

expensive gas, post MATS 0.17 0.44 0.17 0.22

cheap gas, pre MATS 0.00 0.00 0.53 0.48

expensive gas, pre MATS 0.00 0.00 0.15 0.85



Institutional Context The Model Estimation

Imputation Back to Estimation

• Model estimation requires the econometrician to observe {W ,R}ibω.
− For all i generators, b aggregate state bins and ω ∈ {h, l , 0} filter types.

• Welfare contribution

Wibω = Ki · qibω ·
(
µb − c ibω

)
− fiω

− Ki and µb are observed.
− qibω , c ibω and fiω are imputed using event-studies.

• Local mine revenue

Ribω = Ki · HRi · qibω · ρibω · cmibω

− Ki and HRi are observed.
− qibω , ρibω and cmiω are imputed using event-studies.

Imputation qit Imputation cit Imputation cit Imputation ρit Imputation Fit
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Filter Investment and Plant Closure - Sankey Diagram

No Scrubber

Scrubber − Dry

Scrubber − Wet

Closed

Open

Scrubber upgrade 2008−2019 Plant status 2019

Back
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Imputation - Dispatch

qit = α+ β1 · µst + β2 · Agei + β3 · Sizei + β4 · HRi + β5 · ωit + β6 · Xi + β7 · ωit × Xi + ϵit

Dependent variable: Number of active hours per year qit

(1) (2) (3) (4) (5) (6)

Intercept 6,492.710∗∗∗ 10,091.550∗∗∗ 9,872.666∗∗∗ 7,809.374∗∗∗ 10,471.750∗∗∗ 10,154.180∗∗∗

Natural gas cost (cent/MWh) 0.189∗∗∗ 0.231∗∗∗ 0.222∗∗∗ 0.154∗∗∗ 0.187∗∗∗ 0.186∗∗∗

Plant Age −22.569∗∗∗ −6.288∗ −6.763∗∗ −49.987∗∗∗ −35.786∗∗∗ −36.522∗∗∗

Plant Size (MW) 1.778∗∗∗ 1.644∗∗∗ 1.501∗∗∗ 0.534∗∗∗ 0.643∗∗∗ 0.625∗∗∗

Heat Rate (Btu/KWh) −0.054 −0.364∗∗∗ −0.364∗∗∗ −0.022 −0.221∗∗∗ −0.218∗∗∗

Filter Indicator −82.658 −136.703 330.408 −115.805∗ −34.753 366.443∗

Wyoming dist. −129.004∗∗∗ −103.052∗∗∗ −103.837∗∗∗ −99.502∗∗∗

Filter × Wyoming Dist. −48.375∗∗∗ −3.459

Filter type Standard Standard Standard Expensive Expensive Expensive

Observations 1,259 1,259 1,259 4,295 4,295 4,295

R2 0.140 0.369 0.382 0.172 0.287 0.290

∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01. Regulated plants, 2008-2019 period.
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Imputation - Coal Bundle Cost

c it = α+ β1 · ωit + β2 · ωit × Xi + ϵit

Dependent variable: Coal blend unit cost c it

(1) (2) (3) (4) (5) (6)

Intercept 197.285∗∗∗ 92.918∗∗∗ 133.961∗∗∗ 261.291∗∗∗ 160.375∗∗∗ 71.488∗∗

Filter Indicator 5.442 14.677∗∗∗ −28.859 −10.520 −9.048 89.664∗∗∗

Distance to Wyoming 8.482∗∗∗ 0.252 8.717∗∗∗ 19.506∗∗∗

Filter × Dist. to Wyoming 8.988∗∗∗ −11.844∗∗∗

Filter type Standard Standard Standard Expensive Expensive Expensive

Observations 702 684 684 1,344 1,301 1,301

R2 0.001 0.626 0.638 0.001 0.473 0.484

Adjusted R2 −0.001 0.623 0.632 0.001 0.471 0.480

∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01. All coal plants, 2008-2019 period.
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Imputation - Share of Local Coal
ρit = α+ β1 · ωit + β2 · ωit × Xi + ϵit

Dependent variable: Share of Local Coal ρit

(1) (2) (3) (4) (5) (6)

Intercept 0.163∗∗∗ 0.550∗∗∗ 0.671∗∗∗ 0.279∗∗∗ 0.428∗∗∗ 0.964∗∗∗

Filter Indicator 0.137∗∗∗ 0.076∗ 0.088 0.234∗∗∗ 0.195∗∗∗ −0.471∗∗∗

Distance to Closest Mine −0.103∗∗∗ −0.163∗∗ −0.121∗∗∗ −0.277∗∗∗

Closest Mine Sulfur −0.122∗∗∗ −0.176∗∗∗ 0.0001 −0.262∗∗∗

Distance × Sulfur 0.033 0.075

Filter × Distance −0.034 0.283∗∗∗

Filter × Closest Sulfur −0.050 0.353∗∗∗

Filter × Distance × Sulfur 0.039 −0.188∗∗∗

Filter type Standard Standard Standard Expensive Expensive Expensive

Observations 443 443 443 1,144 1,144 1,144

Adjusted R2 0.017 0.174 0.200 0.022 0.156 0.232

∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01. All coal plants, 2008-2019 period.
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Imputation - Filter Fixed Cost

Fi = α+ β1 · hi + β2 · Sizei + β3 · hi × Sizei + ϵit

Dependent variable: Filter fixed cost Fi

(1) (2) (3)

Intercept 118.398∗∗∗ 96.072∗∗∗ 54.408∗∗

Expensive filter 81.613∗∗∗ 56.137∗∗∗ 116.842∗∗∗

Plant size (MW) 0.030∗∗ 0.085∗∗∗

Expensive × Plant Size −0.067∗∗

Observations 219 219 219

Adjusted R2 0.073 0.096 0.112

∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01. All filter installations 2008-2019.
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Model Fit Back

1. Take the sample of open regulated plants in 2008.

2. Simulate their investment and exit behavior according to the estimated parameters until 2019.

3. Compare 2019 simulated outcome with the actual 2019 outcome.
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                        Regulated coal power plant status by 2019. Light gray bars represents actual data. 

                        Confidence intervals represents 2 standard deviations obtained from 50 simulations.

Figure 26: Actual and predicted capacity by the end of the period (GW).
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Model Fit - Number of Generators
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                        Regulated coal power plant status by 2019. Light gray bars represents actual data. 

                        Confidence intervals represents 2 standard deviations obtained from 50 simulations.Figure 27: Actual and predicted capacity by the end of the period (number of generators).
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Model Fit - Investment
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Regulated coal power plant scrubber investments in the 2008−2019 period. 
                        Light gray bars represents actual data. 

                        Confidence intervals represents 2 standard deviations obtained from 50 simulations.

Figure 28: Actual and predicted capacity by the end of the period (GW).
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Model Fit - Investment
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Regulated coal power plant scrubber investments in the 2008−2019 period. 
                        Light gray bars represents actual data. 

                        Confidence intervals represents 2 standard deviations obtained from 50 simulations.

Figure 29: Actual and predicted capacity by the end of the period (number of generators).
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Model Fit - Dynamics
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Regulated coal power plants, in GW. 
                                         Black line represents actual realizations, gray intervals represent 50 simulations. 
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Regulated coal power plants with wet scrubbers, in GW. 
                                         Black line represents actual realizations, gray intervals represent 50 simulations. 
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Regulated coal power plants with dry scrubbers, in GW. 
                                         Black line represents actual realizations, gray intervals represent 50 simulations. 
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Figure 30: Actual and predicted regulated coal plant capacity in the US, 2010-2019
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