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Abstract
The Regional Greenhouse Gas Initiative (RGGI) was passed by an original collection
of 10 northeastern states and is the first cap-and-trade policy in the United States to
specifically target carbon dioxide emissions from the electricity sector. We exploit the
introduction of this policy and subsequent tightening of the carbon cap to assess how
carbon dioxide emissions have changed within RGGI states while also re-evaluating
emissions leakages that may have occurred. While RGGI auction prices are relatively
low compared to estimates of the social cost of carbon, the policy represents a direct increase in the cost of production and should elicit a behavioral response from producers.
Using plant-level data and several identification strategies, we find that there are reductions in emissions from coal-fired plants in RGGI states, but there is mixed evidence
at natural gas-fired plants. We also show that the emissions cap reductions enacted
in 2014 is where the policy began to have more significant impacts on emissions, and
that prior work that found emissions leakage suffers from bias. These conclusions are
strongest with careful evaluation of control states since spillover effects of the policy
to non-RGGI states are possible within the Eastern Interconnection.
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Introduction

The warming effect of greenhouse gas accumulation is widely accepted in the scientific community, however the regulation of greenhouse gas emissions remains a hotly contested and
debated topic — especially in the United States. Despite global collaboration efforts and
agreements to reduce greenhouse gasses, specific policies intended to reduce these emissions
have not been widely applied and are mostly regionally-based. In the European Union an
Emissions Trading Scheme has been in place since 2005, and similar policy interventions
have been adopted in Switzerland, New Zealand, and many Asian countries including China
and Vietnam (Narassimhan et al. (2018); Cl (2010); Nong et al. (2020)). Within the United
States, market-based instruments like emissions taxes or carbon permit trading systems have
been proposed at both state and Federal levels, but they have been met with limited political support.1 One market-based emissions trading system that has been put in place is the
Regional Greenhouse Gas Initiative (RGGI) which is a coalition of eleven states (originally
10 states) in the northeastern United States that have voluntarily agreed to a gradually more
restrictive cap on carbon dioxide emissions from the electric power sector.
The RGGI was the first cap and trade system for carbon dioxide emissions put in place
in the United States, and this carbon trading system has been in force since 2009. When
the policy began, the RGGI implemented a carbon cap of 188 million allowances for the 10
state region which tightened incrementally on an annual basis. The original coalition of 10
states included Connecticut, Delaware, Maine, Maryland, Massachusetts, New Hampshire,
New Jersey, New York, Rhode Island, and Vermont. In 2012 New Jersey left the coalition
but rejoined the RGGI in 2020. Virginia also joined the RGGI in 2020 while Pennsylvania
passed legislation to join the RGGI in 2022, which will bring total membership to twelve
states.
1

For example, California has passed an emissions trading scheme, while the state of Washington has
proposed a carbon tax that failed to garner enough votes to pass. They have since established a cap-andtrade bill.
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In the time since the policy’s original implementation, the consortium of states within the
RGGI voted to lower their emissions cap in 2014. This was done because the emissions cap
was effectively non-binding due to an unanticipated abundance of cheap natural gas as prices
collapsed from more than $13 per million BTU in July 2008 to just over $3 per million BTU
one year later in July 2009. Natural gas prices continued to decline, motivating an organic
market driven substitution away from coal and hence lower emissions nationwide. However,
the newly enacted emission cap reductions from 2014 were far more strict. For example,
the original 2020 cap was 78,175,215 allowances which equated to 41% of the emissions
allowances in 2009. The new adjusted RGGI cap for 2020 is 56,283,807 allowances or 29.9%
of the 2009 level. After more than 50 quarterly auctions in the 13-year existence of the
policy, more than $4 Billion has been collected in revenues which have been proportionally
dispersed back to individual RGGI states.2 This results in an average of more than $350
million per year that has been extracted from the utilities sector alone in these RGGI states,
a sum large enough that should affect production activities of power producing plants.3
Carbon dioxide emissions have been falling across the United States due to coal plant
retirements, the cost-competitiveness of natural gas since the price collapse, and increased
renewable energy capacity. Even in an environment of declining emissions, early analyses
of the RGGI indicate that over half of the observed decline in emissions in the RGGI-area
are due to the policy (Murray and Maniloff (2015)) which means that the RGGI has lead to
greater reductions than what would have occurred absent a carbon dioxide pricing policy.
However, the RGGI is a regional initiative that takes place within a larger body of electricity
flow between both adopting and non-adopting states. Because of this, there is potential for
spillover effects or “carbon leakage” because power generators that are not subject to carbon
2

Auction results and accumulated proceeds can be found here: https://www.rggi.org/auctions/auctionresults
3
Once dispersed to states, these permit revenues have been used to fund activities like energy efficiency
audits and improvements, renewable energy development, low-carbon city services and consumer billing
credits to offset higher prices. A report on state by state investments is available in RGGI (2016) which can
be found here: https://www.rggi.org/investments/proceeds-investments
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dioxide pricing may be dispatched to supply electricity in high demand areas that are within
the RGGI region. In fact, early predictions expected carbon-intensive power generation to
flow from non-adopting states into RGGI adopting states (Chen 2009). Early empirical
research concerning the RGGI has largely borne out this expectation, though our work casts
doubt on this finding. Kim and Kim (2016) determine that leakage has occurred by using
synthetic control methods and yearly state-level data on the share of natural gas used to
generate electricity. Lee and Melstrom (2018) also make use of state-level electricity flows,
though at a quarterly interval. Fell and Maniloff (2018) and Chan and Morrow (2019)
use plant-level data to show that leakage has occurred. Fell and Maniloff (2018) use the
proximity of Ohio and Pennsylvania and designate them ‘leaker’ states. They find that the
capacity factor of natural gas-fired plants has increased in these leaker states following the
implementation of the RGGI. Chan and Morrow (2019) also show that leakage has occurred
for both carbon dioxide emissions and associated emissions. Yan (2021) finds that natural
gas consumption has increased by more than 200% in regions outside the RGGI. Pham and
Roach (2022) study the effect of the RGGI on toxic metal releases and find that metals
have significantly declined in RGGI-adopting states, but do not find evidence of spillover.
The bulk of prior research focuses on the how the RGGI policy affects electricity supply,
but Gittings and Roach (2022) provide a look into how the RGGI affects demand channels.
Specifically, they determine how the new carbon dioxide pricing policy affects labor demand
across industries as electricity is an input to production at all levels. They find limited
evidence that the RGGI has significantly disrupted labor markets but do find that workers
and jobs are reallocated.
The consensus of the early RGGI literature is that policy spillovers or “carbon leakage”
is occurring through increased power production in neighboring (non-adopting) states at
natural gas-fired plants. In our research, we show that this conclusion may be biased due to
the composition of control group plants. In our work we are able to replicate similar evidence
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that spillover has occurred,4 but find that the parallel trends assumption that is critical for
identification fails in those specifications. Moreover, the mere existence of policy spillover
into neighboring states violates one of the critical assumptions of difference-in-differences
(DD) methodology that these studies use.5 The estimated treatment effect of a policy
intervention in DD models is a comparison over time in the policy intervention area, in our
case RGGI-adopting states, compared to what would have occurred if the policy intervention
never occurred. The counterfactual assumption is that emissions within the RGGI would
behave as they do in the policy-free comparison or ‘control’ group that is subject to the
same global phenomena. The potential for policy spillovers into controls requires careful
consideration of a clean control group that cannot be affected by RGGI policy changes.
Our paper makes several contributions to the existing literature looking at emissions
trading schemes in general and the RGGI in particular. First, we are able to identify the
differential effect of the RGGI on plant-level emissions for both coal and natural gas-fired
units. Given the differing carbon content and production costs of each primary fossil-fuel,
and existing evidence from the literature, it is possible that the RGGI has had a differential
impact on plant-level emissions depending on the fuel source. This delineation between coal
and natural gas plants is important because we ultimately find robust evidence of emissions
falling at coal plants and mixed evidence at natural gas plants. Prior work that has shown a
decline in natural gas emissions is sensitive to changes to control group composition. Second,
we assess not only the introduction of the RGGI as prior authors have done, but also measure
how the tightening of the cap since 2014 has changed emissions. The RGGI is not unique
in its need to lower the emissions quota from the original policy design. Haites (2018)
notes that all emissions trading systems have accumulated surplus allowances and therefore
lowered their carbon caps. By evaluating the two policy interventions separately we are able
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This comes primarily through increased natural gas emissions.
Commonly known by the acronym, SUTVA (Stable Unit Treatment Value Assumption), which we
discuss in more detail below.
5
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to determine the incremental effects of the RGGI on emissions under what amounts to a nonbinding and then binding cap. We also show that prior findings of carbon leakage outside
the RGGI may suffer bias. Lastly, we determine how the RGGI has impacted co-pollutants
at both the state-level and plant-level cumulatively and by policy intervention period.
The balance of this paper continues accordingly: Section two discusses our data sources
and econometric methodologies; Section three briefly discusses changes in emissions observed
at the state-level and why a plant-level analysis is more appropriate; Section 4 presents results
of the RGGI policy within the RGGI region and highlights the need for a clean control group
to evaluate the treatment effect of the RGGI policy; Section 5 discusses carbon leakage and
the methodological difficulties in addressing this issue; Section 6 concludes.

2

Empirical Strategy

The RGGI is sharply defined along state lines, so electricity generating sources outside of
the RGGI are used as a ‘treatment-free’ comparison group subject to the same global factors
that both treated and untreated units face (e.g. commodity price changes). As we discuss
below, however, the composition of the treatment-free comparison group requires careful
consideration because electricity flows between RGGI and non-RGGI regions. There is a
clear start date to the carbon trading policy in 2009 which we identify as the beginning
of the first policy intervention period.6 Fortunately, we are not concerned with issues of
staggered adoption that have been brought to the forefront of modern difference-in-differences
methodology because the policy was instituted in all adopting states simultaneously (despite
staggered ratification by state governments).7 We are also able to use variation in the
intensity of treatment because the cap on emissions was lowered in 2014. This subsequent
cap reduction serves as our second policy intervention period. Our study is the first to
6

The first auction took place on September 25, 2008 but the permits are for future emissions so we begin
our treatment policy in 2009.
7
See, for example, Goodman-Bacon (2018) and Callaway and SantAnna (2020)
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separately measure the increased stringency on emissions.
Our analysis begins with a brief state-level examination of the RGGI effect on emissions relative to non-RGGI states as in prior work. This analysis does not distinguish the
fuel source of electricity generating plants and takes the form of a standard differences-indifferences (DD) model. These models are problematic for three reasons. First, spillover
effects and leakage into controls violates the standard Stable Unit Treatment Value Assumption that requires the controls to be ‘treatment-free’ (most commonly known by the
acronym, SUTVA). If the control group is tainted by policy spillovers, then the estimated
treatment effect is biased. Second, we also show in our event study analysis that the parallel trends assumption is violated in specifications that allow spillover states to be used as
controls. Third, aggregating plant-level emissions to the state-level masks the effects of the
policy. Some plants may reduce emissions (i.e., coal powered plants) while other plants may
increase emissions (i.e., natural gas plants). In aggregation, these effects may cancel each
other out potentially yielding a muted effect of the policy – even if the policy has a strong
bite at the plant-level. However, presenting these state-level results also serves two purposes. One is that our work can be compared to previous research investigating the RGGI
and emissions reductions at the state-level. The second is that it helps provide context to
the value added of using plant-level data.
One benefit of using plant-level data we are able to distinguish the fuel source of each
plant. To identify the differential effect of the RGGI based on the fuel source each plant
uses, we measure the impact of the RGGI on plant-level emissions using a triple difference-indifferences (DDD) framework. This is an important source of variation because plants that
use coal or natural gas will likely be impacted by carbon pricing differently since these fuel
sources have different carbon factors.8 In the plant-level analyses we evaluate the viability of
different control groups to combat the violation of SUTVA in the standard model. We also

8

Carbon factors are the amount of carbon released per unit of heat (BTU).
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use the plant-level data to conduct event study analyses and evaluate the parallel trends
assumption. This approach is an update to the prior RGGI literature born before the
renaissance of recent advances in DD methodology and practice.9

2.1

Data Description

The data on plant-level emissions are collected from the Energy Information Administration.
These data measure the amount of carbon dioxide (CO2 ), sulphur dioxide (SO2 ), and nitrogen oxide (N Ox ) emissions produced by each power-plant and are at an annual frequency
from 2001-2018. We merge the reported emissions for each plant with data on yearly generation by fuel input to determine the thermal input for each plant (e.g. bituminous or lignite
coal versus natural gas, etc.). The universe of all electricity generating plants are included
in the data - this includes coal powered plants, natural gas powered plants, nuclear powered
plants, and plants that use renewable inputs such as wind, solar, geothermal, and biomass.
A small number of individual plants use multiple fuel sources - e.g., a plant that uses both
natural gas and coal as fuels to generate electricity - but these cases are rare.
Table 1 shows state-level and plant-level summary statistics for each pollutant. We see
that CO2 emissions are by far the largest share of total emissions across all plant types, and
coal fired plants emit approximately 5 to 6 times more CO2 than natural gas plants. Also,
there is a tremendous amount of variation in emissions across plants with some plants emitting zero or near zero emissions while other plants have many magnitudes greater emissions
than the mean. This highlights the importance of conducting the analysis at the plant-level
rather than higher level aggregations since the RGGI policy (and subsequent cap reductions)
will not be binding across all plants but will impose meaningful constraints on others.

9

Goodman-Bacon (2018); Callaway and SantAnna (2020)
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Table 1. Summary Statistics
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2.2

Econometric Specifications

The basis of our analysis uses the method of differences-in-differences (DD). The state-level
version of the benchmark model is given by equation (1).

CO2st = β1 Begint + β2 Lowert + β3 RGGIs

(1a)

+γ1 Begint ∗ RGGIs + γ2 Lowert ∗ RGGIs + εst

εst = µs + λt + tµs + νst

(1b)

The plant-level benchmark model is shown in equation (2). Here, instead of aggregating all
emissions to the state-level we are able to measure the differential impacts that the RGGI
policy has had on plant-level emissions depending on their primary fuel source.

CO2ist = β1 Begint + β2 Lowert + β3 RGGIs + β4 Ci + β5 N Gi + β6 Begint ∗ RGGIs

(2a)

+β7 Begint ∗ Ci + β8 Begint ∗ N Gi + β9 Lowert ∗ RGGIs + β10 Lowert ∗ Ci
+β11 Lowert ∗ N Gi + β12 RGGIs ∗ Ci + β13 RGGIs ∗ N Gi
+γ1 Begint ∗ RGGIs ∗ Ci + γ2 Lowert ∗ RGGIs ∗ Ci
+γ3 Begint ∗ RGGIs ∗ N Gi + γ4 Lowert ∗ RGGIs ∗ N Gi + εist

εist = µi + λt + tµs + νist

(2b)

The outcome CO2ist is the amount of carbon dioxide emissions (in natural logarithm) from
plant i in state s in year t. The variable RGGIs is a dichotomous indicator for RGGI adopting
states, Begint is a dichotomous indicator that is set to 1 for the first policy intervention of
the RGGI before the cap reductions took place (2009-2013). The second policy intervention
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variable (Lowert ) indicates when the cap on emissions was updated and lowered in 2014
which is set to a value of 1 from 2014 to the end of the sample period 2018. Addressing the
cap reduction in this manner is new to the empirical literature on the RGGI. The variables,
Ci and N Gi indicate whether the generating source uses coal or natural gas as a fuel source.
The stochastic component εist contains plant fixed effects (µi ), year fixed effects (λt ), and
state-specific linear time trends (tµs ). These parameters are important as they capture
unobserved heterogeneity across plants and over time. For example, the plant fixed effect
controls for the average effect that a plant’s size or the plant’s heat rate has on its associated
emissions. All models are estimated by least squares where standard errors are clustered by
plant for plant-level estimates, and clustered by state for state-level estimates.10
A method of gauging model validity that has become commonplace in modern papers
that use DD methodology is the estimation of an event-study model. The benchmark version
of the model is outlined in equation (3) and can be amended to include additional parameters
for unobserved heterogeneity. Here, the model produces an estimated effect of the RGGI
for each year in the data. The hypothesis is that if the parallel trends assumption is valid,
then the evolution of the estimated effects of the policy (β2t ) should be statistically zero in
the pre-period and only deviate from zero in the post-period. Furthermore, the models in
equations (1) and (2) produce the estimated effect of the RGGI averaged over two distinct
time periods in the post-period, but the event study model in equation (3) allows one to see
the evolution of the policy effects year-to-year.

CO2ist = β0 + β1 RGGIs +

t
h
X

i
β2t RGGI ∗ I(Y ear = t) + εist

(3a)

t=t0
t6=2008

εist = µi + λt + tµs + νist
10

(3a)

There are more than 9,000 plants in the data and therefore estimating a model that includes plantspecific effects and plant-specific linear time trends (an additional 9,000 parameters to estimate) is computationally burdensome. Including state-specific trends in the plant-level model imposes the assumption that
all plant-level trends within a state are the same.

10

2.3

Identification

Mechanically, the parameter on RGGIs is identified because New Jersey left and then reentered the RGGI during the sample period. Similarly, the parameters on Ci and N Gi are
identified due to the small number of plants that produce electricity using both coal and
natural gas as fuel sources where those cases are coded as both a coal plant and a natural
gas plant. The main effects Begint and Lowert are included in equations (1) and (2) but
are absorbed by the year fixed effects. The primary coefficients of interest are the DD/DDD
parameters: γ1 and γ2 in the state-level model and those attached to the triple interactions
(γ1 through γ4 ) in the plant-level model. These represent the treatment effect of the RGGI
carbon dioxide pricing policy emissions. In the plant-level model this treatment effect is
defined as the change in emissions by fuel-type in RGGI adopting states relative to the
change in plant-level emissions at same-fuel-type plants outside of the RGGI area that are in
the policy-free control group. In the tables that follow, we only show DD/DDD parameter
estimates from the treatment interactions for the sake of brevity.
One fundamental issue with estimating the effect of the RGGI on emissions or other
outcomes is that natural gas prices went through a strong and continual decline during the
period in which the RGGI was enacted. As natural gas became less expensive relative to coal,
producers had a natural incentive to substitute away from coal to natural gas which would
lead to a decline in emissions even without the RGGI policy. Without accounting for this
event, the decline in natural gas prices would generate downward bias in our estimates of the
independent effect of the RGGI on emissions. The parameter λt captures nonlinear period
specific shocks that vary over time but are common across states and plants. Therefore,
this parameter accounts for the evolution of the market price of natural gas over time.
Furthermore, to the extent that the decline in natural gas prices affected plant emissions
in states differently (e.g., accessibility through pipelines and distribution), our models also
include state-specific time trends (tµs ) that capture changes in emissions that vary across
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states. Conditional on these parameters and the plant fixed effects also in the model, any
remaining impacts on plant emissions due to the decline in natural gas prices are likely
random.
We have particular concerns with interpreting the estimated parameters as causal in the
benchmark specifications. The first is that identification requires that the parallel trends
assumption is satisfied, and while our inclusion of state-specific time trends may alleviate
those issues, it may not be sufficient if agents respond to the policy before it was enacted
because the policy was announced in advance and the early response was differential across
treated and control units. The second is that we are interested in spillover affects outside
the RGGI region which would contaminate the controls in the benchmark specification and
violate SUTVA by definition. However, RGGI states are part of the Eastern Interconnection
grid and PJM balancing authority, and non-RGGI states who would contribute to the control
group also belong to this grid and balancing authority. These institutional constructs that
control electricity flows in and out of RGGI states present a near certain violation of SUTVA.
To combat this source of bias, we carefully construct alternative control groups that should be
free from policy spillovers. To address the parallel trends concern, we conduct event study
analyses and show under which specifications and alternative control groups the parallel
trends assumption holds.

3

State-level Emissions

Figure 1 offers a first look at our eventual state-level findings. In this figure, we chart
average state-level emissions in the RGGI region and average state-level emissions in nonRGGI states.11 Included is a horizontal dotted line that equals the pre-implementation mean
of emissions for the RGGI region. The vertical lines identify the beginning points when
11

Recall, that we use a monotonic transformation of actual emissions using the natural logarithm. This
does not affect relative time paths for either group.
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Figure 1: State-level Emissions by Region

the RGGI was first implemented and when the cap reduction was enacted. The state-level
emissions data shows a decline for both adopting and non-adopting regions – implying a small
treatment effect that may not be statistically discernible from aggregate trends. Note the
difference between this state-level time-series and Figure (2) that presents emissions data at
the plant-level across groups. In Figure (2) emissions from each fuel source visually decreases
relative to plants in non-RGGI states in the post-period. This suggests that analyses at a
state-level aggregation may miss important differences across plants. Nevertheless, in Figure
1 it is more evident that emissions have fallen for both RGGI and non-RGGI states and
there does not appear to be much of a difference between the paths of each group. This
drop in emissions is likely driven by many factors, some of which are common to both RGGI
and non-RGGI adopting states, including: macroeconomic distress, increases in the amount
of installed capacity of renewable energy and its infusion into the generation mix, the 2009
stimulus bill which subsidized wind and solar power, Obama-era coal regulations, and the
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Table 2. State-level Estimates

drop in the price of natural gas which has driven an increase in the quantity demanded of
natural gas-powered electricity.
We test whether or not the RGGI has impacted emissions at the state-level in Table
2 by pollutant. All models in columns (1) to (3) are specified according to equation (1).
Here, we see that carbon dioxide emissions have fallen in the RGGI, but this effect is not
statistically discernible from similar reductions outside of the RGGI. There is evidence that
sulphur dioxide emissions fell in both periods which harmonizes with our later result that
emissions from coal plants fell in the RGGI region. There is also not a statistically discernible
change in nitrogen oxide emissions due to the RGGI in this state-level analysis. An extended
analysis of non-regulated emissions at both the state-level and plant-level is presented in the
appendix.

12
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Table A1 in the appendix shows state-level estimates for all pollutants along with estimates for any
state-level leakage effects. Table A2 shows the analogous plant-level estimates.
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Figure 2: Plant-level Emissions by Region; Coal (top) NG (bottom)

4

Plant-level Changes in CO2 Emissions

Figure 2 illustrates emissions by coal-fired (top lines) and natural gas-fired (bottom lines)
electricity plants over time for RGGI and non-RGGI regions. For both plant-types, the
horizontal dotted lines reflect the pre-implementation RGGI mean emissions.13 Vertical
lines reflect the dates of the two policy interventions: the beginning of the policy in 2009
and the cap reduction in 2014. Plant-level emissions appear to be stable across non-adopting
regions for both fuel types, but there are declines in mean plant-level emissions in RGGI
regions following each policy event. For coal-fired facilities, this effect is nearly one log-point
lower (about 63%) in post-treatment periods, but for natural gas facilities we notice a smaller
change over time.
Table 3 displays our initial results from estimating variations of equation (2) and reflect

13

Recall, emissions are in natural logarithm form.
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how the RGGI policy has effected plant-level emissions within RGGI-adopting states.14 In
columns (1) and (2), we do not differentiate by policy stringency and estimate an average
effect over the whole policy as prior authors have done using state-level data.15 The fully
specified model in column (2) indicates that over the entire period of the RGGI policy,
emissions have fallen by approximately 19.7% (0.22 log-units)16 on average per year at coalfired plants in the RGGI relative to plants outside the RGGI.
When the policy is separated to identify the effect of the early period (2009-2013) and
the cap reduction period (post-2013), it becomes clear that the emissions fell primarily after
cap was reduced. Columns (3) and (4) differentiate the treatment effect for the initial policy
implementation and the subsequent cap reduction in 2014 as originally described in Section
2.17 The fully specified model in column (4) suggests emissions fell by about 36.9% (0.46
log units) in RGGI coal plants during the cap reduction period relative to plants outside the
RGGI, but no statistically significant reduction in the early period of the RGGI.
We do not find any evidence that emissions have decreased at natural gas-fired plants
as a result of carbon pricing. On the one hand, this is surprising because carbon pricing
ultimately increases production costs of electricity produced by natural gas facilities as well
as coal plants. However, the dramatic decrease in natural gas prices likely offset much of the
costs imposed by the RGGI for natural gas plants. The lower carbon factor of natural gas
allows for the price-differential to decrease enough to cause inter-fuel substitution to natural
gas – even within the RGGI and during the tighter carbon cap period. For example, natural
gas produces 117 pounds of carbon dioxide per million BTU while coal produces between
14

Even numbered columns show our preferred specifications accounting for all fixed effects and trend
variables, odd columns exclude these parameters.
15
For columns (1) and (2) only, the Begint variable is coded differently than our benchmark specification.
In columns (1) and (2), Begint is set equal to one in 2009 and remains equal to one for the remainder of the
sample period.
16
These percentages are calculated as eβ̂ − 1.
17
Columns (5) and (6) are a robustness check to determine if the new cap-and-trade policy was preempted
by firms in the RGGI region who may have reduced emissions in advance given that the policy was preannounced.These results in columns (5) and (6) are discussed in the next section but are presented here for
ease of comparison to the main results.
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Table 3. Plant-level Estimates

205.7 - 251.6 pounds per million BTU depending on the type of coal.18 So, all else equal,
about twice as many carbon permits must be purchased for the same amount of heat output
in coal plants. We note for later comparison that although it is not statistically different
from zero, the point estimate in each specification is negative.

4.1

Alternative Specifications

In this section, we explore alternative sets of control units to evaluate the sensitivity of our
estimates. This analysis evaluates concerns of contaminated control units and violations of
the Stable Unit Treatment Value Assumption (SUTVA). We also perform additional robustness checks that account for more common concerns with the use of difference-in-differences
modeling. We use an event study analysis to evaluate the common trends assumption. We
also test whether or not electricity generating plants within the RGGI region pre-empted
18

Bituminous and Coke, respectively.
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the policy by making production changes in advance.
In our benchmark estimates above, the estimated treatment effects are with reference to
changes in plant-level emissions in all states that are not members of the RGGI. The mere
fact that previous research finds there may be spillover emissions to nearby regions highlights
that SUTVA may not hold and the estimated treatment effects might be biased. Column
(1) of Table 4 replicates our preferred specification from Table 3 for ease of comparison.19
The remaining columns make incremental changes to the type of unobserved parameters and
composition of the control group.
In column (2) of Table 4, we investigate how our estimates change when we include
trends based on the fuel-type a plant uses. This inclusion stands to capture unobserved
heterogeneity in trends in emissions by plant type, since coal-use specifically has declined
independent of the RGGI due to local and federal regulation of coal ash and other biproducts that are monitored in the toxic release inventory. Natural gas prices have also
declined significantly over the sample period. The estimated treatment effects in column (2)
for coal plants are nearly unchanged, but now there exists a statistically discernible decrease
at natural gas-fired facilities in the RGGI. Next in column (3), we exclude all plants located
in California from the set of controls. California implemented their own carbon dioxide
pricing scheme beginning in 2013. When we exclude California, we again find a consistent
emissions decrease for coal plants and also lower emissions at natural gas plants.
The final two columns make two drastic changes relative to one another to test how
defining the policy-free control group affects our results. Electricity generation and balancing
is dependent on supply and demand conditions across geopolitical barriers like state lines. For
instance, the New York ISO balances supply and demand within New York only, but the PJM
balancing authority balances generation and demand across West Virginia, Pennsylvania,
Ohio (and parts of other states) in addition to many of the RGGI states. Importantly,

19

Column (4) from Table 3.

18

these balancing authorities coordinate with one another to help electricity flow unimpeded
within the entire Eastern Interconnection that covers states east of Colorado and north
of Texas.20 This is because disruptions to supply, transmission congestion, and spikes in
load demand can have cascading effects across the entire interconnection. In the United
States there are three main interconnections: The Eastern Interconnection just discussed, the
Western Interconnection and the Texas ‘ERCOT’ interconnection. Electricity within each
interconnection flows at a different phase, so electricity physically cannot (and generally is
not) transported across interconnections without the phase of the current being transformed.
In column (4), we only include plants that are part of the Western Interconnection or
ERCOT as controls while still excluding California. This should be a very clean control group
because electricity does not flow between the separate interconnections and so there literally
cannot be spillover from the RGGI policy area into treatment-free comparison plants. In
this specification we see larger estimated reductions in coal plant emissions and both policy
periods are now statistically significant. For natural gas facilities the point estimate is now
positive for both periods, but not statistically different from zero. The larger and more precise
estimates for coal combined with a sign flip for natural gas is evidence that non-RGGI states
from the Eastern Interconnection are tainted control units.
Column (5) only uses plants located within the Eastern Interconnection as the control
group. Because balancing authorities in this region are connected, we may expect exogenous
weather and wind profiles to impact electricity dispatch and load demand profiles such that
plants in this area follow a similar trend. This set of controls is the most suspect to bias due
to policy spillovers and electricity flows between RGGI and non-RGGI states. We note that
this model is similar to the primary robustness check presented in Yan (2021) who finds very
large spillover effects. In this model, we again find a reduction in coal plant emissions in the
cap reduction (but muted compared to column (4)) and lower emissions in both periods at
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Including parts of northern Texas.
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Table 4. Alternate Controls

natural gas-fired facilities.
To summarize, across all model specifications we see that coal plant emissions fall relative
to non-RGGI plants as a direct result of the RGGI policy and the reductions are strongest
and most precisely estimated in the cap reduction period. The largest coal emissions reductions are estimated in the model with the cleanest control group (column (4)) and the
smallest coal emissions reductions are estimated using the most contaminated control group
(column (5)). For natural gas emissions, point estimates are consistently negative in all
models that incorporate potentially contaminated controls but turn positive with the cleanest control group (column (4)). This pattern of results is consistent with leakage from the
policy occurring in neighboring states outside the RGGI but within the Eastern Interconnection and PJM balancing authority. However, evaluating the extent of the leakage (policy
spillover) requires caution which we do in the next section.
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The RGGI was operational at the beginning of 2009, but the policy was discussed among
eventual member states as early as 2003. In late December 2005, seven of the RGGI states
announced an agreement to implement the RGGI, as outlined in a Memorandum of Understanding (MOU) signed by the Governors of Connecticut, Delaware, Maine, New Hampshire,
New Jersey, New York, and Vermont. This MOU, as amended, still provides the major
policy design elements and governance rules of the RGGI to this day. Two years later, Massachussets and Rhode Island both signed the MOU, and Maryland soon followed. Given the
foreknowledge of joining the RGGI and the delay before the policy officially began in 2009,
it is possible that plants within RGGI adopting states began to implement or change their
generation prior to the first compliance period. If this occurred, then the estimated effect
for emissions reductions in our benchmark models above would be biased toward zero.
To address this issue, we augment the model in equation (2) with an additional pre-2009
indicator (Earlyt ) and its interactions to determine whether or not plants within the RGGI
began to change behavior prior to the actual implementation of the carbon permit trading
system.21 The ‘pre-treatment’ effects (parameter estimates for RGGI ∗ Coal ∗ Early and
RGGI ∗ N atGas ∗ Early) are found in columns (5) and (6) of Table 3. We find no evidence
that natural gas plants pre-empted the policy, but that emissions strongly increased at coal
plants prior to the RGGI going live .

4.2

RGGI Event-study Models

In this subsection, we evaluate the effectiveness of the RGGI across the pre- and postadoption periods using an event study analysis outlined in Equation (3). Figure (3) displays
coefficients of the event-study model for coal plants and Figure (4) shows the same for natural
gas plants. In each figure: the top panel plots period specific coefficients analogous to our
benchmark model (Table 3, column 4); the middle panel plots period specific coefficients
21

Earlyt = 1 when a state signs the MOU.
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Figure 3: Coal Event Study Estimates
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when we include fuel-type trends (analogous to Table 4, column 2); and the bottom panel
plots period specific coefficients when we use the “clean” controls of plants outside of the
Eastern Interconnection as the treatment-free control group (analogous to Table 4, column
4). Note, that the y-axis scale is in log units. For reference, -0.5 is equivalent to a 39%
reduction, and -1.0 is a 63% reduction relative to plants in the policy-free control group.
Several findings emerge from Figures (3) and (4). First, is that the top panels of Figure
(3) illustrates the preemptive relative increase in coal emissions using the benchmark model,
and the inclusion of fuel-type trends does not alleviate this result. However, the bottom
panel that only includes plants in states outside the Eastern Interconnection as controls
does not indicate that RGGI states preempted the policy. This suggests that plants in nonRGGI states within the Eastern Interconnection behaved differently than plants within RGGI
states before the policy took effect, that the common trends assumption within this sample
is likely violated and that the controls are contaminated. The pre-policy point estimates
are stable and statistically zero when using the clean control group specification of plants
located outside of the Eastern Interconnection. This implies that the clean controls model
is not biased and does not suffer from non-parallel trends or pre-emption. Second, coal
emissions fell by even more when the cap became strict in the second policy intervention
period. With contaminated controls (top two panels), the early period of RGGI shows to
not have been consequential but with a clean control group (the bottom panel) the RGGI
induced meaningful coal emissions reductions from the beginning. This is to be expected
regardless of auction prices relative to the social cost of carbon since requiring the purchase
of emissions permits increase the cost of production directly and should influence behavior
on the margin – even with relatively low permit prices.
Some similar patterns emerge for natural gas emissions (Figure 4). With contaminated
controls (the top two panels), there appears to be a marginal difference in trend in the
pre-period but with the cleaner control group (bottom panel) the pre-period trend is stable
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Figure 4: Natural Gas Event Study Estimates
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and statistically indistinguishable from zero. Furthermore, there are periods of positive and
statistically significant increase in natural gas emissions in the bottom panel but not the
top two panels. Taken together with Figure (3), this suggests that the RGGI induced not
only a reduction in coal emissions, but potentially a meaningful substitution in fuel source
consumption toward natural gas (and hence more natural gas emissions).

5

Policy Spillovers and ‘Leaked’ Emissions

It is evident that carbon emissions have fallen at coal-fired power generation plants within
the RGGI region. There is some evidence that natural gas-fired plants within the RGGI
may have increased emissions in response. However, it remains unclear whether or not these
emissions from the RGGI region have simply been replaced by emissions produced outside
the region as prior work suggests. In this section, we examine more closely how emissions
have changed at the plant and state levels outside of the RGGI region.
To identify whether or not leakage has occurred we rely on the fact that electricity supply
and demand is subject to the physical limitations of transmission. Moreover, we exploit
variation in the overlapping network of ‘balancing authorities’ whose job it is to dispatch
and curtail electricity transmission depending on the load demand profile of an area which
does not necessarily fall evenly across RGGI-adopting state lines. It is worth noting that
the overlapping grid network and interdependent systems immediately cast doubt on the
validity of the identification strategy used in prior studies to measure spillover and we will
evaluate this potential further.
We estimate the change in emissions from coal and natural gas-fired plants in non-RGGI
states that are part of the PJM balancing region as in Chan and Morrow (2019), as well
as in the ‘leaker’ states of Ohio and Pennsylvania as in Fell and Maniloff (2018) and Yan
(2021).22 The models in Table 5 use plants in all non-RGGI states as controls and are
22

These estimates are shown in Table 5 with columns (1) and (2) measuring leakage into ‘leaker’ states
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analogous to those in Table 3 with the exception that interactions for PJM or ’leaker’ states
are included. Columns (1) and (2) both consider how emissions have changed at plants in
Ohio or Pennsylvania (‘leaker’ states), but differ in their inclusion of state fixed effects and
state trends. Columns (3) and (4) investigate plants that are part of the PJM balancing
authority, but that are outside of the RGGI region. Table 5 is presented, in part, to show
how the DD methodology that is used in prior studies compares to our own. However, as
we will discuss below these estimates should be considered cautiously as both SUTVA and
the parallel trends assumptions are violated.
Focusing first on the estimated effects within the RGGI region in Table 5, we find the
changes in plant-level emissions are quantitatively similar to the estimates found before in
Table 3: a decrease in coal emissions and no discernible impact on natural gas emissions
for RGGI plants. As for emissions in neighboring areas, we see evidence that some carbon
emissions for natural gas were pushed out to the surrounding ‘leaker’ plants and plants
that are non-RGGI but in the PJM region. In both cases, the point estimates are slightly
attenuated when including state trends and fixed effects. This is consistent with the work
of prior authors and matches their conclusions.
While uncovering leakage and spillover effects of the RGGI are important components
of evaluating the overall effect of the policy, the results in Table 5 suffer the same concerns
as Table 3: are the control plants/states for PJM and leaker plants appropriate? We have
already provided evidence that including plants within the Eastern Interconnection as controls is problematic when estimating the effect of the RGGI within RGGI-adopting states.
The evidence of spillover effects in Table 5 again suggests that these controls may indeed be
tainted by the RGGI policy treatment. We also demonstrated earlier that it is the group of
plants outside the Eastern Interconnection that exhibits stable and common pre-treatment
trends with RGGI plants.
not in the PJM, and columns (3) and (4) measuring leakage into plants that reside in states that are in the
PJM region but are not signatories to the RGGI agreement.
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Table 5. Plant-level Leakage
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Figure 5: PJM Event Study Estimates, Coal (top row) Natural Gas (bottom row)

To evaluate whether the leaker and PJM estimates Table 5 are appropriate, we estimate
the modified version of our event study model in equation (3) below:

t
h
i
X
β2t RGGI ∗ I(Y ear = t) +

CO2ist = β0 + β1 RGGIs +

(4a)

t=t0
t6=2008
t
h
i
X
t
β3 P JMs +
β4 P JM ∗ I(Y ear = t) +
t=t0
t6=2008

β5 Leakers +

t
X

h

or
i
β6t Leaker ∗ I(Y ear = t) + εist

t=t0
t6=2008

εist = µi + λt + tµs + νist

(4b)

Figure (5) plots parameter estimates of β4t and Figure (6) parameter estimates of β6t .
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Figure 6: Leaker Event Study Estimates, Coal (top row) Natural Gas (bottom row)

In both figures, the top rows are the estimates specific to coal plants and the bottom rows
are the estimates specific to natural gas plants. The left two panels in both figures are
from models that incorporate all other plants in the control group and the right two panels
use clean controls which incorporate only plants outside the Eastern Interconnection in the
control group.
Figures (5) and (6) are problematic for conclusions regarding leakage in our Table 5
and other findings in the literature (Chan and Morrow (2019); Fell and Maniloff (2018);
Yan (2021)). The assumption of common trends in the pre-period fails for both coal and
natural gas plants regardless of the control group we utilize. Moreover, our earlier results
suggested that plants outside the Eastern Interconnection are appropriate controls for RGGI
plants, but this does not appear to be the case for plants in Leaker states or the PJM. There
is something fundamentally different about the evolution of emissions in Leaker and PJM
plants even after accounting for unobservables in the model. Each figure, varying only in the
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composition of policy-free control plants, indicates that any conclusion that there is carbon
leakage to neighboring areas is suspect.

6

Conclusions and Policy Implications

Despite global collaboration efforts and agreements to reduce greenhouse gasses, specific
policies intended to reduce greenhouse gas emissions have not been widely adopted and
are mostly regionally-based. In this paper, we analyze the efficacy of the first cap-andtrade program that was passed in the United States, the Regional Greenhouse Gas Initiative
(RGGI), and also discuss broader impacts of the policy such as leakage into neighboring
areas and effects on unregulated co-pollutants.
Our paper makes several contributions to the existing literature that has investigated
the RGGI and its effects. First, we are able to identify the differential effect of the RGGI
on plant-level emissions for both coal and natural gas-fired units. Second, we assess not
only the introduction of the RGGI as prior authors have done, but also measure how the
tightening of the cap since 2014 has changed emissions. Next, we assess leakage that may
have occurred as a result of the policy and carefully evaluate how this may bias our estimates
due to contamination of the control group. Lastly, we determine how the RGGI has impacted
co-pollutants (such as SO2 and N Ox ) at both the state-level and plant-level.
We find that plant-level emissions have declined in the RGGI region at coal-fired plants,
but the impact of the RGGI on natural gas plants is mixed. Averaged over the entire RGGI
policy period, emissions in coal fired plants fell by about 20% per year relative to coal plants
outside the RGGI. This effect is stronger in the period when the carbon cap was lowered
(an emissions drop of 40%). Our mixed evidence regarding natural gas plants is consistent
with the lower carbon content and large wholesale price declines for natural gas – both
of which stand to actually increase generation at natural gas-fired units even within the
RGGI. Concerning the RGGI’s total impact on emissions, some of our estimates replicate
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prior findings that carbon leakage is occurring, though we also argue and provide support
that these spillover effects contaminate the control group and generate bias. Specifically,
our event-study analyses cast doubt on the validity of any estimates implying that carbon
dioxide leakage is occurring – given the pre-existing trends in natural gas emissions in the
spillover regions we cannot safely conclude that the RGGI carbon-pricing policy was a causal
factor behind these ‘leaked’ emissions. This remains true regardless of how we define the
policy-free control group.
Our results offer insight into how future policies may better address carbon dioxide emissions and climate change as well as highlight some of the pitfalls and roadblocks associated
with formulating an effective policy. For example, a market-based policy intervention such
as the cap and trade RGGI policy (or a carbon tax) appears to be successful at reducing
emissions with two caveats: (1) External factors such as the recent decline in natural gas
and subsequent substitution away from coal or technological innovation can quickly make
existing caps ineffective or inappropriate. Although emissions in coal plants declined almost
immediately, the RGGI cap was clearly more binding after the 2014 cap reduction as electricity generation was already moving away from coal to cheaper natural gas. However, in
the case that natural gas prices would have increased rather than decreased, the caps could
have been too restrictive too quickly. It is important for future policies to be both flexible
to change and respond to external factors in the marketplace. Similar evidence is uncovered in the transportation sector in Andersson (2019) who shows that drivers respond more
strongly to changes in carbon tax rates than equivalent (market determined) gasoline price
changes. In our setting, it is possible that price movements due to changes in market forces
are perceived differently by electricity generating firms than equivalent carbon price changes.
(2) Addressing climate change with policies that are restrictive to geopolitical boundaries
could be less effective due to spillovers and the exportation or ‘leakage’ of emissions, though
we refute evidence that this has occurred around the RGGI. Domestically proposed climate
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change policies receive significant political push-back in part for this reason as well as the
differential effect on competitiveness for domestic firms. A broad reaching policy crossing political boundaries is clearly the more ideal approach, particularly if it should have meaningful
and identifiable enforcement mechanisms.
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7

Appendix - Non-regulated Emissions

To measure the full impact of the RGGI on electric power sector emissions we also investigate
whether or not associated emissions have changed as a result of the policy (those that are
not regulated under the RGGI carbon permit market). In this section we re-estimate both
the plant-level and state-level models with Sulphur Dioxide and Nitrogen Oxide emissions
as the dependent variable to see if state-level (Table A1) or plant-level (Table A2) emissions
have changed for these pollutants.
Beginning at the plant-level, we do find evidence that the RGGI has led to decreases in
SO2 and N Ox for both coal and natural gas plants but that the relative declines in these
pollutants is smaller for natural gas plants once the emissions caps were reduced. This
matches the narrative from before that more natural gas is used within the RGGI during the
cap-tightening period. As we saw with carbon-leakage, here we again find some evidence of
emissions leakage of SO2 in the non-RGGI PJM territory, though not in Pennsylvania and
Ohio. This finding is only statistically significant for natural gas plants in the non-RGGI
PJM territory. For N Ox emissions leakage, we find evidence of an increase in emissions
at natural gas plants in both outside regions. Again, though, these findings are subject to
the same control-group and SUTVA issues discussed before. Regarding state-level impacts
(columns (4) to (9) of Table A1), there is mixed evidence that the RGGI has impacted
non-regulated emissions in outside regions. There is some evidence of a decrease in SO2
emissions in Pennsylvania and Ohio due the introduction of the cap-and-trade system, but
these state-level estimates aggregate emissions across plant type and are difficult to interpret
as discussed before.
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Table A1. State-level Full Estimates
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Table A2. Plant-level Associated Emissions
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