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Abstract

A national clean energy standard, modeled upon existing state-level Renewable Portfolio

Standards, has been proposed to decarbonize the U.S. electric grid. Most such state poli-

cies include municipal solid waste incineration as a form of “renewable” energy, despite

incinerators’ prominent contributions to air pollution, primarily in environmental justice com-

munities. This study finds that incinerators emit more greenhouse gas emissions per unit of

electricity produced (1707 g CO2e/kWh) than any other power source (range: 2.4 to 991.1 g

CO2e/kWh). They also emit more criteria air pollutants than replacement sources of energy,

such as natural gas. Incineration’s inclusion in “renewable” or “clean” energy standards is

thus counterproductive, as they also divert more than $40 million in subsidies annually from

cleaner energy sources. As the electric grid decarbonizes, these disparities will only grow.

With most U.S. incinerators nearing their end of life, policy choices about their eligibility for

subsidies may well decide whether they shut down or undertake expensive capital improve-

ments to continue operating. Extending incinerators’ operational lives by 20 years would

result in excess emissions of up to 637.7 million tonnes CO2e, 61.9 million tonnes NOx, and

161,200 tonnes SO2. Conversely, a rapid shutdown of existing incinerators would help

decarbonize the electric grid and reduce criteria air pollution, particularly in environmental

justice communities, which are disproportionately burdened by environmental health

hazards.

1. Introduction

A variety of greenhouse gas (GHG) mitigation policies have been proposed to enable the

United States to reach the Paris Agreement goal of zero net emissions by mid-century. The

electric grid is widely considered the easiest and quickest sector to decarbonize and the Biden

administration has pledged to achieve a climate-neutral electric grid by 2035 [1–3]. A leading

candidate for achieving this goal is a national clean electricity standard, modeled upon existing

state-level policies [3,4]. These policies, generally known as Renewable Portfolio Standards

(RPS), require electric grid operators to buy a minimum percentage of electricity from renew-

able energy sources. Renewable Energy Credits (RECs) serve to track the amount of renewable

electricity produced; as RECs are separable from the electricity supply, parallel REC markets
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have been created, and the surrender of RECs to a regulatory authority does not necessarily

correspond to the generation of renewable electricity within that state [5]. Moreover, there is

no consistent definition of “renewable”: each state determines which energy sources qualify

for its RPS. The GHG emissions impact of existing RPS policies is debated: most researchers

find significant reductions while a few find minimal effects [6,7]. The inclusion of energy

sources with large carbon footprints within the definition of “renewable” may be one reason

for the policies’ weak mitigation impact.

Due to their air pollution impacts, municipal solid waste incinerators (MSWI or “incinera-

tors”) are one of the more controversial technologies subsidized by RPS programs. The US is a

large generator of municipal waste– 2.2 kg per person per day–of which 11.8% is incinerated,

50% landfilled, and 32% composted or recycled [8]. Incinerators have frequently attracted the

ire of their host communities [9,10]. In addition to greenhouse gas emissions, incinerators are

major sources of toxic air emissions including dioxins, lead, mercury, nitrogen and sulfur

oxides, particulates, and other organic pollutants of emerging concern [11,12]. In some cities,

the incinerator is the single largest source of criteria air pollutants [13]. Nevertheless, the evi-

dence directly linking incinerators to local, adverse health outcomes is mixed [14–16]. This

may be due to methodological shortcomings and confounding variables such as socio-eco-

nomic status, which is a primary determinant of health outcomes [17,18]. Incinerators are pri-

marily (79%) located in communities of color and low-income communities whose residents

are subject to multiple, cumulative health impacts [18,19]. This discriminatory pattern of

incinerator siting is one of the primary issues that gave rise to the environmental justice move-

ment [20]. Their presence has served to attract other polluting industries and requires large

volumes of heavy truck traffic, with its ensuing emissions [19]. While permitting standards

consider the facility in isolation, most host communities struggle with multiple environmental

health stressors, which exacerbate incinerators’ impact. As such, environmental justice move-

ments have frequently targeted incinerators for closure [21].

Incinerator proponents, however, argue that incinerators serve both to treat municipal

waste and as a source of “clean” or low-carbon energy [22,23]. For example, Castaldi & Theme-

lis [24] write that, “increasing the usage of WTE [incineration] facilities world wide has the

potential to satisfy a large part of the global energy demand while reducing greenhouse gas

emissions and providing a safe waste disposal option.” Themelis and Millrath [25] conclude,

“Since WTE is environmentally better than landfilling and, in addition, it generates electricity

thus reducing our dependence on fossil fuels, it should be included in the benefits to be pro-

vided to other sources of renewable energy.” Michaels [26] opens with the lines, “There is a

national need for energy sources that promote energy independence, avoid fossil fuel use, and

reduce greenhouse gas emissions. Waste-to-energy is well-positioned to deliver these qualities

while also providing for safe and reliable disposal of household trash.” Rather than focus on

incineration as a waste management technique these authors emphasize instead its potential to

generate “renewable” energy and claims to reducing overall GHG emissions. These arguments

rest upon three assertions: 1) the biogenic CO2 emissions from incinerators are climate neu-

tral; 2) incineration is the only way to avoid landfill methane emissions; and 3) the energy pro-

duced by incinerators displaces fossil fuel-based energy.

Incinerators’ claims to renewability hinge upon the assertion that biogenic CO2 emissions,

i.e., those from the combustion or decomposition of the biomass component of solid waste,

including food waste, paper, cardboard, wood and yard waste, are climate neutral [e.g., 27].

The question of how, and even whether, to count biogenic emissions is controversial. The bio-

mass industry argues that biogenic CO2 emissions are inherently climate-neutral because they

form part of a natural biological cycle; this position has found its way into policy, including the

massive COVID relief bill passed in December 2020 [28]. Such arguments ignore the
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overwhelming evidence that human perturbance of natural carbon cycles, including through

deforestation and soil degradation, contribute significantly to atmospheric carbon loading

[29,30]. As the radiative forcing of atmospheric CO2 is virtually identical for biogenic and fos-

sil CO2, it is imperative to minimize emissions of both [31]. Accurate assessments of the cli-

mate impact of energy production thus require accounting for both biogenic and fossil CO2.

In its guidelines for national GHG emissions accounting, the Intergovernmental Panel on Cli-

mate Change (IPCC) requires reporting biogenic CO2 emissions separately from fossil fuel

emissions but not including them in the power sector total, as this would lead to double-count-

ing; such emissions are already counted under Agriculture, Forestry, and Other Land Uses

[32]. Here, we follow IPCC guidance and report biogenic emissions separately.

The second rationale for considering incineration to be renewable energy centers on meth-

ane. Methane is a powerful, short-lived GHG and reducing methane emissions is now a top

priority [33]. Landfill methane arises from the anaerobic decomposition of the putrescible

component of solid waste in landfills. Incinerator proponents often argue that incinerating

waste is the only or primary way to avoid landfill methane emissions [e.g., 24,25,34]. These

analyses, while numerous, are generally of poor quality [35]. In fact, the waste management lit-

erature contains extensive analysis of a range of approaches to landfill methane mitigation.

Besides incineration, these include composting [33,36–41], animal feed [42,43], insect/vermi-

composting [44,45]; anaerobic digestion [46–48], mechanical-biological treatment [49–51],

improved landfill gas collection [52,53], and biologically active landfill cover [54–56]. Individ-

ually, these approaches have been shown to reach 90% efficacy in landfill gas reduction; in

combination, they hold the potential to virtually eliminate landfill methane emissions [57]. In

any case, such debates about incineration’s role in waste management are distinct from the

question of what constitutes renewable or low-carbon electricity.

The third leg of the incinerators-as-renewable energy argument is about energy replace-

ment. In analyzing the emissions impact of adding or removing an energy source to the elec-

tric grid, it is standard practice to assume one-to-one replacement by other energy sources. In

other words, if incinerators were to shut down, their electricity production would have to be

compensated by an equal quantity of increased generation from other sources. However, an

examination of 50 years of international panel data found that this is often not the case: in

practice, alternative energy sources displace on average only 10% of their electricity output

[58]. For biomass and waste incineration, no displacement is discernible. Similar dynamics

have been observed with biofuels [59]. Reasons for the lack of displacement may include lock-

in to the existing electric system, the political and economic power of the fossil fuel industry,

elasticity effects, and simply the relatively small electricity output of incinerators.

Nevertheless, incineration is included in 26 of the 42 state-level RPS programs (S1 Table).

(For the purposes of this analysis, we refer to the District of Columbia, Guam, the Northern

Marianas Islands, Puerto Rico, and the U.S. Virgin Islands, which all have RPS programs, as

“states.”) Industry analysts claim that the subsidy afforded by RPS programs is critical to the

expansion and maintenance of the country’s incinerator fleet, which would otherwise be

uneconomical to operate [19,60]. Most U.S. incinerators are nearing the end of their expected

operating lives and would require major capital investments to continue operations [19]. The

decisions to decommission or refurbish incinerators–or to build new ones–may hinge on

incineration’s inclusion in federal and state RPS programs.

In contrast to extensive discussion of incineration as a waste management strategy, its role

in the energy system has received little scrutiny in the academic literature. In this paper, we

focus on municipal waste incinerators as an energy source in the context of efforts to decar-

bonize the electricity sector.
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2. Data and methods

We used annual emissions and electricity generation data from the U.S. Environmental Pro-

tection Agency’s 2018 Emissions and Generation Resource Integrated Database version 2

(eGRID), a database commonly used for power system analysis [61]. For combined heat and

power (CHP; also known as cogeneration) plants, we used eGRID’s allocation factor to appor-

tion emissions between electricity and heat production. We report fossil carbon dioxide

(CO2), biogenic CO2, and the gases with high global warming potential (GWP)–methane

(CH4) and nitrous oxide (N2O)–separately. In addition, we conduct similar analyses for sulfur

dioxide (SO2) and nitrogen oxides (NOx), non-greenhouse gases included in the eGRID data-

base that are important contributors to poor air quality and acid rain. Mercury emissions are

also included in eGRID but, as of 2018, data coverage is too sparse for meaningful analysis

[62]. See S1 Text for additional methodological details.

We assess incineration’s impact on U.S. electricity grid greenhouse gas emissions by calcu-

lating incinerators’ excess emissions. We define a plant’s excess emissions as the plant’s emis-

sions minus the emissions that would be generated by replacement power sources. Previous

analyses have found that the climate impact of waste-to-energy is heavily dependent on

assumptions made about replacement electricity [35,51,63–65]. In constructing likely scenar-

ios for replacement electricity, several factors need to be considered: geographic area, replace-

ment ratio, and marginal vs. average emissions.

The task of matching electricity generation to demand falls to 73 balancing authorities, each

with authority over a section of the U.S. electric grid. However, replacement sources of elec-

tricity are not necessarily located within the geographic area of a balancing authority, due to

large-scale transfers of electricity between balancing authorities. Accounting for these transfers

and their associated emissions is impractical, if not impossible [66]. The Environmental Pro-

tection Agency (EPA) has defined subregions (an intermediate geographic area between bal-

ancing authorities and regions defined by the North America Electric Reliability Corporation)

so as to minimize the import and export of electricity across boundaries [62]. Subregional

analysis allows the closest match between electricity demand and associated emissions, so we

use the EPA’s subregion as the geographic unit of analysis (S1 Fig).

We calculated the excess, or net, emissions from incinerators in 2018 by deducting the

emissions associated with replacement energy–both heat and electricity–from each incinera-

tor’s emissions. As many CHP incinerators are connected to district heating systems, we

assumed that each CHP incinerator would be replaced by a natural gas facility of median emis-

sions intensity with an overall energy output equal to the replaced incinerator’s (i.e., 100%

replacement). For electricity-only incinerators, we evaluated three scenarios, with replacement

coefficients of 0%, 50%, and 100%, to capture the range of possible replacement effects.

Incinerators typically operate 24 hours a day, throughout the year; compared to time-vari-

ant generators such as wind, solar, and natural gas “peaker” plants, their electricity output is

relatively constant. As such, they are likely to be replaced by sources that reflect the full mix of

grid sources, and we use mean rather than marginal emissions intensity to calculate replace-

ment emissions [67].

Average emissions intensity is changing over time, as natural gas and zero-carbon sources

replace coal; such changes will need to accelerate if the U.S. is to meet Paris Agreement goals

of net zero emissions by 2050. We construct two future decarbonization scenarios [68]. In the

“No policy” scenario, each subregion of the grid decarbonizes at 2.3% annually, the rate that

best fits the U.S. Power Sector Carbon Index from 2001–2019 [69]. In the “Paris” scenario, we

combine emissions data from Grubert’s [70] reference scenario for plant retirements with elec-

tricity generation data from the Energy Information Agency’s reference projections [71]. This

PLOS CLIMATE Waste incinerators undermine clean energy goals

PLOS Climate | https://doi.org/10.1371/journal.pclm.0000100 June 1, 2023 4 / 18

https://doi.org/10.1371/journal.pclm.0000100


results in an annual 9.9% decarbonization rate for fossil CO2, which we apply to all emissions

categories. We do not alter future waste composition, despite the growing proportion of plastic

(a fossil fuel) in the waste stream [72], nor do we posit decarbonization for CHP replacement

energy.

For incinerators that produce only electricity, these assumptions result in the following for-

mula:

Xg;i;;y ¼ Mg;i � Ei∗Fg;k∗r∗ds;y ð1Þ

Where Xg,i,y indicates the excess emissions of gas g from incinerator i in year y, M the actual

emissions, E the electricity produced, Fg,k the mean emissions factor for gas g in subregion k
containing incinerator i, r the replacement coefficient (0, 0.5 or 1), and ds,y the decarbonization

coefficient for scenario s (either “no policy” or “Paris”) in year y.

For CHP (cogeneration) incinerators, the formula is:

Xg;i ¼ Mg;i � Gi∗Fg;n ð2Þ

Here, Gi refers to all energy exported by incinerator i, both heat and electricity, and Fg,n is

the national median emissions factor for gas g from natural gas plants. The rationale behind

using a national emissions factor for CHP plants instead of the subregional emissions factor

used for electricity-only plants is that, if an electricity-only incinerator is shut down, replace-

ment electricity would be drawn from the local subregion of the grid. If a CHP incinerator is

shut down, the most likely replacement source would be a natural gas plant and there is no

prima facie reason to presume that new plants would vary in efficiency by region.

Throughout the analysis, we have used conservative assumptions–i.e., assumptions that

would tend to understate the emissions impact of incinerators. These include the use of 100%

replacement of both electricity and heat; the use of 100-year GWPs [73]; stable waste composi-

tion; and assuming no decarbonization in the CHP sector through 2050. As such, our esti-

mates of excess emissions from incinerators should be seen as a lower bound.

3. Results

Of the nation’s 76 operating incinerators, 69 were analyzed; of these, 56 are electricity-only

plants and 13 are CHP facilities. Incinerators are the most emissions-intensive form of power

generation: per unit of electricity produced, incinerators emit 1.7 times as much GHGs, 4.8

times as much NOx but only 0.4 times as much SO2 as coal, the next most polluting fuel. 46 of

69 (67%) incinerators are equipped with selective catalytic or non-catalytic reduction equip-

ment for NOx control and 61 (88%) have scrubbers for SO2 control [74]. In contrast, 77% of

coal generation has similar technologies installed [75]. Compared to the national grid average,

incinerators emit 3.8 times as much GHGs, 14 times as much NOx, and 1.3 times as much SO2

(Figs 1, 2 and S2; Table 1). Coal-fired plants emit 19% more fossil CO2 than incinerators but

negligible biogenic emissions. Biomass plants emit low levels of fossil CO2 and 17% less bio-

genic CO2 than waste incinerators. In eGRID, CO2 emissions from the combustion of landfill

gas, which is primarily methane, are also classified as biogenic. 49% of incinerator CO2 emis-

sions are classified as biogenic in comparison to 2.8% for the national grid as a whole, reflect-

ing the small role of biomass and biofuels in the nation’s electricity system. Waste incinerators

stand out as the only generation source that emits large quantities of both fossil and biogenic

emissions for each unit of electricity produced.

The electricity mix varies widely by subregion. In 11 of the 15 subregions containing incin-

erators, incineration is the most GHG-intensive source of electricity (S3 Fig). Exceptions

include Northeast Power Coordinating Council (NPCC) New York City/Westchester, where
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oil has a very high emissions intensity, on par with incineration; and Reliability First Corpora-

tion (RFC) Michigan, RFC West, and Southwest Power Pool (SPP) South, where incineration

emissions intensities are anomalously low. These low values may be due to issues in the calcu-

lation of CHP emissions (see section 4.3).

In 2018, with one exception, every incinerator produced excess emissions of each gas (fossil

CO2, N2O and CH4, biogenic CO2, NOx) other than SO2 (Figs 3 and 4). This is true regardless

of the energy replacement scenario. The one exception was the Pittsfield facility, which primar-

ily (95.2%) produces heat rather than electricity. In a 100% replacement scenario, its fossil CO2

emissions were 4.7% less than a natural gas replacement; but this difference is more than made

up for by its higher N2O and CH4 emissions.

Nationally, incinerators also produced excess SO2 emissions in 2018, but substantial vari-

ability in plant performance and replacement SO2 intensity produced wide variations in indi-

vidual excess emissions rates. Notably, Hawaii has very high SO2 grid intensity due to its

Fig 1. Generation-weighted mean national GHG emissions intensity by major fuel type for electricity. “MSWI” is

municipal solid waste incineration, “LFG” is landfill gas, and “Gas” is natural gas.

https://doi.org/10.1371/journal.pclm.0000100.g001

Fig 2. Generation-weighted mean national NOx and SO2 emissions intensity by major fuel type for electricity.

“MSWI” is municipal solid waste incineration, “LFG” is landfill gas, and “Gas” is natural gas.

https://doi.org/10.1371/journal.pclm.0000100.g002
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unique reliance on oil (69% of generation) and thus its incinerator produces substantially less

SO2 emissions than ostensible replacement sources (-1111 tonnes in 2018 under 100% energy

replacement). On the other hand, just nine heavy emitters produce all the national excess emis-

sions. Removing these ten outliers would reduce incinerators’ excess SO2 emissions nationally

by 75%.

The average age of incinerators operating at the beginning of 2021 is 32 ± 5 years; 48 incin-

erators are over the age of 30. Only one incinerator–Palm Beach #2 –has begun operations

since 1995; its estimated life extends through 2050. Retiring the current fleet of incinerators at

end-of-life, estimated to be 35 years, will incur 157.1 million tonnes CO2e, 16.8 million tonnes

NOx, and 39,700 tonnes SO2 in excess emissions under the “no policy” scenario to 2050 (Fig 5,

Table 2). In the Paris scenario, excess GHG emissions increase by 10.1 million tonnes, almost

all fossil CO2; and excess SO2 emissions increase by 5900 tonnes. Extending each functioning

incinerator’s life by 20 years will incur 585.7 million tonnes CO2e, 61.0 million tonnes NOx

and 125,500 tonnes SO2 additional emissions under the “no policy” scenario and 637.7 million

tonnes CO2e, 61.9 million tonnes NOx and 161,200 tonnes SO2 under the Paris scenario.

4. Discussion

4.1 Incineration is a high-carbon power source

The intensity and excess emissions analyses indicate that incineration is the most emissions-

intensive form of electricity production and its removal from the grid would improve overall

grid performance. Even under conservative assumptions–that electricity-only incinerators are

replaced by a mix of sources reflecting the 2018 average for each subregion, and CHP incinera-

tors are replaced by natural gas–every category of emissions but SO2 would be reduced in

every subregion, and SO2 would be reduced nationally. In fact, incinerators’ contribution to

the electric grid is minimal (0.3%) and could easily be replaced by zero-carbon energy sources.

This is particularly likely as incinerator removal would free up RPS subsidies to expand zero-

carbon sources. As the grid decarbonizes, the benefits of incinerator shutdowns will further

increase. Incineration cannot therefore be considered a “low-carbon” energy source, as it is

currently designated in many state laws.

While it is clear that removing incinerators would help decarbonize the electric grid, the

impact on emissions in the waste management sector is less clear, and largely depends on the

replacement waste management strategy. Replacing incinerators with landfills could lead to a

rise in GHG emissions, particularly methane, depending on various factors including landfill

Table 1. Generation-weighted national electricity emissions intensity by major fuel type in grams (CO2e for CH4, N2O) per kWh.

All MSWI Coal Biomass Oil LFG Gas Noncom

Fossil CO2 428.6 822.9 981.6 95 660.2 4.4 406.2 2.4

CH4 + N2O 2.9 42.6 8.5 13.4 3.7 0.8 0.5 0

Biogenic CO2 12.7 841.7 1.0 699.9 11.9 689.8 1.2 0

GHGs 444.2 1707.2 991.1 808.2 675.8 695.0 407.9 2.4

NOx 10.9 152.9 31.9 51.7 14.6 2.6 1.6 0

SO2 0.3 0.4 1.0 0.9 2.2 0.2 0.0 0

Plants 8590 69 336 264 662 338 1603 5247

Electricity 100% 0.3% 28.8% 1.0% 0.6% 0.2% 33.5% 34.9%

“GHGs” is the sum of all greenhouse gases. “Plants” is the number of facilities. “Electricity” is the percentage of grid power supplied, including electricity from

cogeneration (CHP) facilities. “Noncom” is all non-combustion sources. Percentages do not total 100% because of rounding.

https://doi.org/10.1371/journal.pclm.0000100.t001
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gas capture rates [65]. Landfill methane emission rates are not well-constrained, so there is

considerable uncertainty about the potential impact of greater landfilling [76,77]. On the other

hand, a waste management strategy based primarily on composting and recycling, as is now

required by California law, would reduce waste sector emissions considerably [39,63]. San

Francisco, for example, already recycles or composts more than 75% of its waste; [78,79].

Other countries have had even greater success: Thiruvananthapuram (India) recycles and

composts over 80% of its waste; Ljubljana (Slovenia) has reduced waste going to landfill by

95%; and the entire country of South Korea diverts 94% of its organics into animal feed and

Fig 3. Excess GHG emissions from incinerators in 2018 by state for three electricity replacement scenarios: a) 100%

replacement; b) 50% replacement; and c) 0% replacement. CHP incinerators are replaced at 100% of energy in all three

scenarios. Only states with incinerators are shown.

https://doi.org/10.1371/journal.pclm.0000100.g003
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compost. [43,80,81]. Another advantage of recycling and composting over incineration is that

these approaches generate 10–60 times as much employment [82].

Excess NOx and SO2 emissions track excess GHG emissions well, with r = 0.97, p<< 0.001

(NOx with fossil CO2) and r = 0.73, p<< 0.001 (SO2 with fossil CO2) on a state-by-state basis.

This indicates that incinerator removal would produce considerable co-benefits to host com-

munities. Indeed, on this question, beneficial climate policy and beneficial environmental jus-

tice policy are indistinguishable.

4.2 Sensitivity analysis

Consistent with earlier studies, the choice of replacement energy scenario made a dramatic dif-

ference in the excess emissions of fossil CO2 and SO2. However, it had little impact on other

excess emissions. Compared with a 100% replacement scenario, the 0% replacement scenario

increased excess fossil CO2 emissions by 59%, CH4 and N2O by 3%, biogenic CO2 by 2%, NOx

by 3%, and SO2 by 80% (S2 Table). This is due to the fact that, in 2018, replacement energy

sources are major sources of fossil CO2 and SO2 but emit minimal levels of the other gases.

Fig 4. Excess NOx (top) and SO2 (bottom) emissions from incinerators in 2018 by state, under a 100% energy replacement scenario.

Negative excess emissions indicates that incinerators emit less of the pollutant than replacement energy sources.

https://doi.org/10.1371/journal.pclm.0000100.g004
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The primary factor driving excess emissions to 2050 is the lifespan of incinerators. Extend-

ing the incinerator fleet’s operating life by 20 years increases total emissions by 3 to 4 times

(average: 3.67) in each emissions category. By contrast, the choice of decarbonization scenario

is significant but not large: in comparison with the “no policy” scenario, the faster, “Paris”

pathway increases excess emissions by 6.5% in the end-of-life case and 8.9% in the extended

life case. Indeed, as the 2018 analysis shows, incinerators produce excess emissions even with-

out grid decarbonization. State-to-state variation in the magnitude of excess emissions is pri-

marily due to variability in the emissions intensity of the replacement energy and whether the

incinerator is a CHP facility. Nevertheless, every incinerator produces excess GHG emissions

Fig 5. Annual excess GHG emissions resulting from extending incinerators’ operating lives by 20 years. Open circles indicate the no policy scenario and

crosses the Paris scenario, both with 100% energy replacement. The scenarios are almost identical for biogenic, N2O, and CH4 emissions.

https://doi.org/10.1371/journal.pclm.0000100.g005

Table 2. Excess incinerator emissions under four scenarios to 2050.

Closure: End of Life End of Life Extended Extended

Decarbonization scenario: No policy Paris No policy Paris

Fossil CO2 58.0 67.7 228.1 277.4

N2O and CH4 4.7 4.7 17.0 17.2

Biogenic CO2 94.3 94.7 340.6 343.1

NOx 16.8 17.0 61.0 61.9

SO2 39.7 45.8 125.5 161.2

All GHGs 157.1 167.2 585.7 637.7

All data in million tonnes (CO2e for N2O, CH4) except SO2, which is in thousand tonnes. End of life is estimated at 35 years; “Extended” adds an additional 20 years.

https://doi.org/10.1371/journal.pclm.0000100.t002
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and therefore every state’s GHG emissions intensity is higher than it would be without inciner-

ators. These results are consistent with those of Tabata [83], who analyzed 727 power-produc-

ing incinerators in Japan and found that only five did not produce excess fossil CO2 emissions.

4.3 CHP plants

Our analysis raises questions about eGRID’s reporting of thermal output from CHP plants.

CHP plants are generally more energy-efficient than electricity-only plants and therefore show

lower emissions intensity. For example, Pratt and Lenaghan [72] report that Scotland’s elec-

tricity-only incinerators are 61% more emissions intensive than its heat-only incinerator;

Healy [84] concludes that CHP can deliver approximately 20% savings in emissions intensity

for a grid intensity of ~0.45 kg CO2/kWh; Kelly [85] estimates 21% lower emissions intensity

from CHP; while Jarre [86] finds only marginal differences in emissions intensity between gas-

fired CHP and electricity-only plants. However, our analysis shows that electricity-only plants

are on average 3.5 to 4 times more emissions-intensive than CHP plants. The magnitude of

this difference is highly anomalous.

Among CHP plants, we would expect that facilities that dedicate more of their energy out-

put to electricity generation would be less efficient and thus more emissions-intensive. Yet the

data show the opposite: emissions intensity is negatively correlated with electricity allocation

across fuel types (Fig 6). The discrepancy in emissions intensity between plants that devote at

least 90% of their energy output to electricity and those that produce only electricity is particu-

larly stark (Table 3). The reason for these inconsistencies is not clear, but may lie in the meth-

odology for calculating plants’ heat and/or steam output. In the eGRID database, the useful

thermal output is not measured but estimated from fuel consumption and electricity produc-

tion; uniform efficiency factors are applied to all facilities, obscuring significant real-world var-

iations in efficiency [62]. A systematic overestimation of the heat/steam exported would

Fig 6. Relationship between energy allocation to electricity and emissions intensity for four fuel types. Each red

dot indicates a CHP plant. Black diamonds and lines indicate the median value and interquartile range for electricity-

only plants.

https://doi.org/10.1371/journal.pclm.0000100.g006
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explain both discrepancies. It would also result in over-allocating emissions to heat/steam pro-

duction, producing artificially low figures for electricity emissions intensity. To test this

hypothesis and rectify any reporting bias, we suggest that the Energy Information Agency col-

lect actual measurements of steam and heat output from CHP plants. Regardless of these dis-

crepancies, incinerators still perform poorly compared to other cogeneration facilities.

4.4 Role of renewable energy subsidies

One of the aims of RPS programs is to diversify energy sources by incentivizing the construc-

tion of new renewable energy capacity [7]. In the case of incineration, this has failed: incinera-

tor construction in the U.S. all but halted in the mid-1990s, just as state-level RPS laws became

widespread. However, analysts do credit RECs with extending the operating lifespan of exist-

ing incinerators [19,60].

REC sales data are fragmented and not public, so it is difficult to assess the financial impact

of RPS programs [5]. We estimate the value of REC sales to the incinerator industry at $41 to

$44 million in 2018 (see Appendix for details). Removing incinerators from existing RPS pro-

grams would free up substantial subsidies for zero-emissions forms of power generation.

At an average age of 32 years, most of the U.S. incinerator fleet is nearing retirement age. 31

incinerators retired between 2000 and 2020, at an average age of 25 ± 6 years. In the next few

years, most incinerator operators will have to decide whether to decommission their facilities

or invest extensive capital in refurbishment to extend their lifespans. Waste industry analyses

suggest that the availability of subsidies, in particular inclusion in state- or a national-level RPS

program, would be the deciding factor in most decommissioning decisions [13,19,87]. To eval-

uate the impact of continuing to subsidize waste incineration, we calculated the excess emis-

sions of each incinerator to the end of its expected operating life, which we took to be 35 years,

and the additional excess emissions that would result from extending each incinerator’s opera-

tions for another 20 years. The results indicate that extending the operating life of incinerators

would be counterproductive to the aim of decarbonizing the electric grid. On the other hand,

excluding incinerators from existing RPS programs might prompt many of them to close

early. Even if replaced by fossil fuel plants, this would still result in reduced emissions.

Another effect of new subsidies would be to encourage the construction of new incinera-

tors. Given the age of the existing fleet, one might expect new incinerators to be more efficient,

with implications for the emissions intensity of the electricity produced. However, the little

evidence available does not support this conjecture: the emissions intensity of the one inciner-

ator built in the 21st century, Palm Beach #2, (1662.6 g CO2e/kWh) is only marginally lower

than the national average (1707.2 g CO2e/kWh).

5. Conclusions and policy implications

Incinerators are the most emissions-intensive form of generating electricity in the U.S. today.

This is true regardless of the methodology employed (such as omitting biogenic emissions,

Table 3. Total GHG emissions intensity, in kg CO2e/kWh, for plants that export only electricity (top row); CHP plants that use 90% or more of their energy for elec-

tricity production (middle row); and all CHP plants (bottom row).

Energy production MSWI Coal Biomass Natural Gas

100% electricity 1.92 1.10 1.28 0.74

90%+ electricity n/a 0.06 0.01 0.02

All CHP plants 0.48 0.36 0.40 0.17

Total GHG emissions intensity is the sum of fossil CO2, biogenic CO2, CH4, and N2O emitted.

https://doi.org/10.1371/journal.pclm.0000100.t003
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using a different timescale for GWP, or analyzing subregions separately). As such, they are the

last energy source that should be incentivized through renewable or clean energy policies.

Incineration’s inclusion in current, state-level RPS programs has not led to a build-out of

incineration but may well be keeping alive the existing incinerator fleet; it has certainly

diverted subsidies from non-combustion energy sources that would have lowered overall grid

emissions. As these incinerators age, the availability of state and federal subsidies may be the

deciding factor in whether or not to prolong their operational lives. To lower emissions, legis-

lators should remove incineration from existing RPS and other subsidy programs, and avoid

including them in any future federal subsidy program such as a clean energy standard. Simul-

taneously, improved waste treatment strategies are needed to ensure that incinerator closures

do not result in increased landfill methane emissions. With these measures in place, incinera-

tor closures would result in both a cleaner electric grid and less air pollution in environmental

justice communities.

Hugo Guzmán conceived of this project and laid the groundwork. John Ribeiro-Broom-

head, Lizbeth Flores, Doun Moon, and Alexandra Rollings contributed invaluable research

assistance. Travis Johnson at EPA rapidly responded to questions and corrected errors in the

eGRID database.
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