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SCIENCE FOR SOCIETY An immediate shift away from coal and oil for energy is necessary to limit rising
temperatures but is challenging due to energy needs, particularly in areas like heating and cooling that
require substantial energy supply all year round. Natural gas is presently being used as a bridging fuel. It
delivers the same performance as coal and oil but has lower CO2 emissions. However, natural gas releases
methane (CH4), which is a more powerful warming agent than CO2. Biomethane and biogas have emerged
as strong candidates to replace gas and lower CO2 and CH4 emissions. However, these replacement fuels
are not CH4 emission free. Indeed, CH4 is released at various points during production and distribution, but
a thorough understanding of where, when, and howmuch CH4 is released remains absent. A synthesis and
analysis of existing biomethane and biogas CH4 emission data reveal that CH4 emissions throughout the
supply chains have been underestimated. The majority of CH4 comes from just a few super-emitters and
mainly at the digestate stage. Mitigating CH4 throughout biomethane and biogas supply chains is urgently
needed if we are to limit global warming to 1.5�C.
SUMMARY
Although natural gas generates lower CO2 emissions, gas extraction, processing, and distribution all release
methane, which has a greater global warming potential than CO2. Biomethane and biogas that use organic
wastes as a feedstock have emerged as alternatives to natural gas, with lower carbon andmethane emissions.
However, the extent to which methane is still emitted at various stages along biogas and biomethane supply
chains remains unclear. Here, we adopt a Monte Carlo approach to systematically synthesize the distribution
ofmethane emissions at each key biomethane andbiogas supply chain stage usingdata collected from the ex-
isting literature.We show that the top 5%of emitters are responsible for 62%of emissions.Methane emissions
could be more than two times of greater than previously estimated, with the digestate handling stage respon-
sible for themajority ofmethane released.Toensure theclimatebenefitsof biomethaneandbiogasproduction,
effective methane-mitigation strategies must be designed and deployed at each supply chain stage.
INTRODUCTION

As we move further into the 21st century, energy systems must

move away from fossil fuels and grow in renewable energy ca-

pacity if Paris Agreement temperature targets are to be met.

However, due to challenges in adopting low-carbon technolo-

gies, certain areas of global energy systems are difficult to

decarbonize. These include heavy industry, transport, and heat-

ing and cooling systems, which together account for a significant

portion of carbon dioxide (CO2) emissions.1 Natural gas has

therefore been used as an important alternative fuel, which can

offer large-scale energy supply, especially for domestic space
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heating and hot water needs, electricity generation, and indus-

trial applications, with much lower CO2 emissions compared

with oil and coal. Although replacing oil and coal with natural

gas reduces CO2 emissions, fugitive emissions from the supply

chain of natural gas—gas extraction, processing, and distribu-

tion—can all release CH4. Around 39.6 million tonnes of CH4

were emitted in 2021,2 representing 61% of oil and gas emis-

sions and 30% of total-energy-sector CH4 emissions. Since

CH4 has a much stronger global warming potential than CO2

and is currently responsible for at least one-quarter of global

warming, there are strong calls for natural gas use to be reduced

by at least 35% by 2050 and 70% by 2100 relative to 2019;3
lished by Elsevier Inc.
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therefore, alternative clean-energy methods are vital to replace

natural gas to limit global warming to 1.5�C.
An alternative method of decarbonizing natural gas is via re-

placing it with biomethane or biogas, which is a mixture of gases

(mostly CH4 and CO2) produced from biodegradable materials.

Biomethane and biogas production and use have been put for-

ward as part of mitigation efforts,4 with up to 37 exajoule (EJ)/

year of biomass-based gases in Intergovernmental Panel on

Climate Change Special Report on Global Warming of 1.5�C
(IPCC SR1.5C) scenarios,5 which limits temperature rises to

below 2�C. The International Energy Agency (IEA)6 reported

that global biomethane and biogas production could satisfy

nearly 20% of global gas demand if its sustainable potential

was fully utilized.6 Because biomethane is similar to natural

gas, it can be easily stored and injected into the existing natural

gas infrastructure, potentially providing reliable and affordable

energy.7 At the time of writing, Europe is the world leader in

biomethane production by upgrading biogas, followed by the

United States, China, and Canada.8 According to the World

Biogas Association (2019), 700 biogas-upgrading plants are

operatingworldwide, with 195 in Germany (the largest producer),

with biogas currently dominating biomethane production. Bio-

methane and biogas production are expected to grow further,

with demand predicted to grow 9-fold by 2040 compared with

2018 levels,6,9 driven by increases in the volume of organic waste

generated bymodern societies, changes in waste practices, and

the phasing out of fossil fuels aimed at reducing greenhouse gas

(GHG) emissions and meeting government targets. Given this

host of commitments, investments, and developments, bio-

methane and biogas could be crucial in helping to establish a

clean, reliable, and affordable global energy system.

However, large quantities of CH4 can still be emitted from the

biomethane and biogas supply chains, including digestate

handling, anaerobic digesters, upgrading units, feedstock stor-

ages and transmission, and storage and distribution stages.4

CH4 is a relatively short-lived GHG but has a global warming po-

tential (GWP) 27.2 ± 11 times larger thanCO2 over a 100-year ho-

rizon and 80.8 ± 25.8 times larger over a 20-year time horizon for

biogenic sources.10 The importance of reducing CH4 emissions

to meet Paris Agreement11 targets has been demonstrated by

Rogelj et al.,12 as it is an important GHG in terms of potential

overshooting of Paris Agreement targets, where warming ex-

ceeds ‘‘well below 2�C’’ and then returns to the target level by

2100,10 leading to potential tipping points in physical and so-

cio-economic systems. The IPCC (Intergovernmental Panel on

Climate Change) Sixth Assessment Report (AR6) (Working

Group III)13 highlighted CH4 as playing a significant role in deter-

mining whether or when 1.5�C is achieved, as reducing CH4

emissions will offset global temperature increase much more

quickly than CO2, due to its relatively short lifetime and higher

GHG potency. The AR6 report also noted that reductions to

CH4 emissions will need to occur more rapidly than CO2 and

that reducing CH4 (and other non-CO2 GHG) emissions is essen-

tial for lowering warming.13 As the AR6 scenarios predict bio-

methane capacity to increase by up to 200-fold between 2020

and 2050,14 understanding where CH4 emissions occur and

how much is emitted is crucial.

There are some emissions-measurement studies to date

focusing on specific biomethane facilities,4,15–22 which have
measured on site (measurement of emissions at each individual

point source) and off site (measurement of emissions based on

observations made away from the site). These can also be

referred to as bottom-up (on-site) and top-down (off-site)

studies. These have found that emissions from biomethane

facilities can be up to 97 kg h�1 CH4.
4,16–24 However, a compre-

hensive evaluation by characterizing the distribution of CH4

emissions at each biomethane and biogas supply chain stage re-

mains unclear.

Here, we bring together the published emissions data from

CH4-measurement studies to assess and synthesize the distribu-

tion of emissions from each supply chain stage in order to char-

acterize the emissions profile of the biomethane and biogas sup-

ply chain (see experimental procedures and Figure S1 for the

selected supply chain route). A Monte Carlo aggregation exam-

ines the distribution of supply chain emissions. This allows for

the emission profile of biomethane and biogas supply chains to

be characterized. We find that, while the biomethane and biogas

supply chain emits less CH4 than the oil and natural gas supply

chain, the emission rate is higher. Furthermore, we find that

62% of cumulative emissions are released by just the top 5% of

emitters. We also find that methane emissions could be more

than two times higher than previously estimated, and the diges-

tate-handling stage contributed to the largest CH4 emissions

along the supply chain. Our results will allow for a greater under-

standing of how to improve the sustainability of biomethane and

biogas production by providing plant operators, investors in the

supply chain, and policymakers with information on where im-

provements can be made in biomethane and biogas supply

chains to reduce CH4 emissions, as well as whether existing or

proposed CH4 regulations are sufficient or need to be revised.

RESULTS

Method summary
To assess overall supply chain emissions, the biomethane sup-

ply chain is divided into five major stages: (1) feedstock; (2)

biogas production; (3) biogas upgrading; (4) transmission, distri-

bution, and gas storage; and (5) digestate storage. This study

was compiled from several published studies and the data

from on-site (taken at each individual emission source) and off-

site measurements (reported for the entire site). The kernel

density estimation (KDE) function was used to assess the

characteristics of the data distribution gathered from individual

sources for each stage of the supply chain. Following that, a

Monte Carlo simulation was performed to estimate total supply

chain emissions, which were then compared with the off-site

emissions reported from whole-site measurements in previously

published studies (see the experimental procedures for further

details).

Total supply chain emissions
The cumulative distribution of the supply chain CH4 emissions is

shown in Figure 1A.Median andmean emissions are 40.0–42.3 g

CO2-eq./MJHHV (41.1–41.3 at the 95% confidence interval [CI])

and 51.4–52.7 g CO2-eq./MJHHV (52.2–52.4 at the 95% CI),

respectively, with a 5th percentile of 11.0–16.3 g CO2-eq./MJHHV
(15.6–15.7 at the 95% CI) and a 95th percentile between 118.2

and 144.0 g CO2-eq./MJHHV (131–133 at the 95% CI) using
One Earth 5, 724–736, June 17, 2022 725



Figure 1. Cumulative distribution of CH4

emissions from the total supply chain

(A) Cumulative distribution of total supply chain CH4

emissions for the 10,000 Monte Carlo runs and 100

curves described in the experimental procedures,

expressed as g CO2-eq./MJHHV.

(B) Cumulative distribution of total supply chain CH4

emissions for the 10,000 Monte Carlo runs and 100

curves, expressed as percentage of total CH4 pro-

duction.

The range of 5th, 50th, and 95th percentile estimates

are shown as dotted black lines. CI: confidence in-

terval.
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GWP100 values. Each curve defines the cumulative distribution

for a single Monte Carlo simulation and shows that total supply

chain emissions range from 2.5 to 343 g CO2-eq./MJHHV. The

emissions distribution is highly upward skewed (Figure 1A),

which is indicative of disproportionately high emitting sites

referred to as ‘‘super-emitters’’ (see the identification of super-

emitters section for details). Our findings are consistent with

those observed for oil and natural-gas supply chains.25–30 Using

global biogas and biomethane production of 35 megatonnes of

oil equivalent (Mtoe) (1.473 1012 MJ) in 2018,6 our model-based

estimate of 2018 biomethane supply chain emissions may ac-

count for up to 18.5 teragram (Tg) CH4 per year (6.4–7.8 Tg

CH4 year�1 at the 95th percentile and an average of 2.8–2.9 Tg

CH4 year
�1), which is more than two times greater than the Inter-

national Energy Agency’s (IEA’s) estimate of CH4 emissions from

bioenergy (9.1 Tg in 2021).2 Our estimate of global biogas and

biomethane CH4 emissions is significantly lower than in the

global oil and natural-gas supply chain (82.5 Tg in 2021);2 on

the other hand, it is comparable to the production segment of

the US oil and natural-gas supply chain (6.1–7.1 Tg year�1)31

based on site measurements.

The cumulative distribution of emissions as a percentage of

total CH4 produced is shown in Figure 1B. The 5th percentile is
726 One Earth 5, 724–736, June 17, 2022
1.7%–2.0% (1.94%–2.0% at the 95% CI)

of CH4 production, and the 95th percen-

tile is 12.3%–13.4% (12.6%–12.8% at

the 95% CI) of total gas production.

The ranges in minimum, median, mean,

and maximum values were fairly consis-

tent across all estimates (Figure 1). While

the low and median estimates are nearly

identical, the disparity between bio-

methane and natural gas varies widely

in the highest estimates. The median

ranged from 5.1% to 5.3% (5.1%–5.2%

at the 95% CI), with mean emission rates

of 5.90%–6.04% (5.9%–6.0% at the 95%

CI) of total CH4 production, which is

higher than natural gas (0.8%–2.2% of

CH4 production).25,26 Rutherford et al.31

found CH4 emissions in the oil and natu-

ral-gas-production segment to be 1.3%

(1.2%–1.4% at the 95% CI), which is

significantly lower than our findings. On

the other hand, despite declining gas
production, one of the highest reported CH4 emissions from

oil and gas production (Uinta Basin from a multi-year record

of in-site observations) reveals a higher emission rate than

our results (6%–8%).32 Although emissions from the bio-

methane supply chain are comparable to oil and natural-gas

production in terms of Tg CH4 year�1, the production-normal-

ized emission rate is considerably higher. This could be due to

a variety of factors, including poorly managed production fa-

cilities; a lack of attention to the biomethane industry resulting

in lower investments for modernization, operation, and moni-

toring; and employment of highly skilled plant operators16,21

when compared with oil and natural gas. In addition, poor

design and management of feedstock and digestate storage

units33 as well as a limited interest in infrastructure emissions

may result in higher emission rates compared with the amount

of gas produced. Because oil and natural-gas supply chains

have been primarily operated by large companies for de-

cades, they have invested more in leak detection and

repair.34,35 On the other hand, given the growth in biomethane

generation due to national decarbonization strategies, more

urgent efforts are also needed for the biomethane supply

chain to address not only CH4 emissions but also the sustain-

ability of biomethane.



Figure 2. Literature CH4 emissions from

different stages of biomethane supply chain

(A) Emissions range of feedstock (n = 49), biogas

processing (n = 100), biogas upgrading (n = 35), TSD

(n = 44), and digestate storage (n = 119) stages in g

CO2-eq./MJHHV.

(B) Emissions range of feedstock (n = 52), biogas

processing (n = 95), biogas upgrading (n = 84),

TSD (n = 48), and digestate storage (n = 120) stages

in terms of total CH4 emissions as a percentage of

the total gas production rate.

Individual estimates are shown as circles in the

same color at each stage of the supply chain, with

median and 25th and 75th percentile boxes. Sample

sizes for each stage are demonstrated in the Fig-

ure 3.
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Identification of super-emitters
A small proportion of facilities or equipment with dispropor-

tionately large emission rates are labeled super-emitters,36,37

causing the heavy-tailed distribution (see Figure S4). A small

number of high emitters may cause under- or overestimations

of emissions rates38 if they have intermittent emissions pat-

terns, insufficient process equipment usage, or inadequate

operations and maintenance strategies. In this study, super-

emitters have been investigated at various stages across the

supply chain, including feeding systems; substrate storage;

runoff ponds; pressure relief valves on the anaerobic digesters

and gas holders; exhausts and aeration lines of upgrading

units; ventilation of units, such as compressors or closed di-

gestate tanks; open digestate storage; and flaring. Within

the heavy-tail distribution (Figures 1A and 1B) and the boxplot

of each stage’s emissions (Figure 2), the mean emission rate

is higher than the median because of super-emitters (see
Table S1 for details). Since we lack

information on on-site CH4 sources, we

identify them as the top 5% of highest

emissions based on the cumulative den-

sity function of CH4 emissions, parallel to

natural-gas production sites.29,36,39 The

highest 5% of total emissions (199–

224.8 g CO2-eq./MJHHV) account for

62% (CI: 58%–66%) of cumulative

emissions, with a threshold of 211.9 g

CO2-eq./MJHHV. The characteristics of su-

per-emitters in the biomethane supply

chain are similar to those of super-emit-

ters in the oil and natural-gas supply

chain (the largest 5% of leaks contribute

to 50%–60% of total emissions).29,36

Since super-emitters are unlikely to

remain constant over time, continual

monitoring will be required to detect

intermittent emission patterns or unpre-

dictable leaks from the biomethane

supply chain. Future work is necessary

to understand the characteristics of

individual super-emitter sites in the

biomethane supply chain. The efficiency
of mitigation efforts could be improved by investing in the un-

derlying cause of preventable operational conditions at a

component level.30

Contribution of each supply chain stage
The contribution of each stage of the biomethane supply chain is

illustrated in Figure 2A in g CO2-eq./MJHHV and as a percentage of

total production in Figure 2B. The distributions are almost iden-

tical. Emissions are mainly from digestate storage, followed by

production and upgrading stages. Similar results were observed

by Reinelt et al.,17 where the highest emissions are from open di-

gestate storage and pressure-release valves. Similarly, Alvarez

et al.39 found production and gathering units to be themain emis-

sion source in the US oil and natural-gas supply chain. Overall,

the lowest emissions are exhibited in the transmission, storage,

and distribution (TSD) stage, similar to the US oil and natural-gas

supply chain.39
One Earth 5, 724–736, June 17, 2022 727



Figure 3. Literature CH4 emissions of open

and closed digestate storage

(A) Emissions from digestate handling from open

(n = 98) and closed (n = 21) storage tanks in g CO2-

eq./MJHHV.

(B) In terms of the percentage of total biomethane

produced, illustrating emissions from the open (n =

95) and closed (n = 25) storage tanks.

Closed tank emissions originate mainly from leaks

of covered material and ventilation of stockpile

building.
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Of particular note here is that the digestate storage stage is a

significant source of CH4, ranging between 0.05 and 242.1 g

CO2-eq./MJHHV (Figure 2A) or 0.005% and 14.8% of the total bio-

methane produced (Figure 2B). Sources of emissions are open

or covered digestate (liquid and solid) storage tanks and la-

goons. The emissions from digestate handling, such as post-

composting processes, application of digestate, thickening

exhaust, dewatering units, and leaks from centrifuges, were

excluded from the biomethane supply chain in this study. Our

analysis revealed that CH4 emissions from this stage are 23%

higher than previously reported,40 while they still form a substan-

tial portion of previous studies.19,40

The biogas production stage is the second biggest emission

source, ranging from 0.002 to 106.5 g CO2-eq./MJHHV (Figure 2A)

or 0.001% to 9.9% of CH4 production (Figure 2B). Biogas-pro-

duction emissions are mainly from the anaerobic digester and

hygienization tank. Hygienization tanks represent a relatively

small fraction of the emissions from this stage. Emissions from

the anaerobic digester are highly variable, depending on fugitive
728 One Earth 5, 724–736, June 17, 2022
emissions from different cover types and

control of venting from pressure-release

valves. In addition, Zeng et al.41 found

that the fermentation temperature and

quality of the feeding material have an ef-

fect on the CH4 emissions from anaerobic

digesters. Following biogas production,

estimates of emissions from biogas up-

grading are 0.002–72.4 g CO2-eq./MJHHV
(Figure 2A) or 0.001% to 5.5% of CH4 pro-

duction (Figure 2B), which are slightly

higher than what was reported by Dumont

et al.40 The emissions from the biomethane

production stage arise from the exhaust or

aeration of units, ventilation ducts, booster

pumps, safely valves on upgrading facil-

ities, water or chemical scrubbers, and

membranes.

In addition, feedstock emissions, result-

ing from fugitives and vents from substrate

storage, are the fourth highest contributor

to the supply chain, accounting for

0.0003 to 28.8 g CO2-eq./MJHHV (Figure 2A)

or 0.0003% to 3.1% of the total CH4 pro-

duction (Figure 2B), and represent the

smallest proportion of total supply chain

emissions. Higher emissions are associ-
ated with substrate storage. Dumont et al.40 reported a larger

range in CH4 emission (0.2%–0.5% of CH4 production) for feed-

stock storage.40 However, their results were based on a smaller

dataset than ours, and emissions may have reduced through

technology improvements since their study was published.

Digestate-handling approaches
As discussed above, digestate storage is the largest emission

source in the biomethane supply chain. This is because of the

accumulation of organic material, which leads to CH4 production

from fermentation. According to Döhler et al.,42 digestate stor-

age may account for nearly 27% of global CO2eq. emissions

from anaerobic digestion processes. How digestate is handled

has a major impact on emissions, with open digestate storage

tanks and lagoons emitting more than closed tanks similar to

the results from Paolini et al.33 (Figure 3). The residual gas

potential, digestate temperature, substrate amount, level of

filling, and meteorological conditions all have a significant influ-

ence on the emission rate from open digestate storage tanks



Figure 4. Literature CH4 emissions from

different biogas-upgrading technologies

(A) Emissions from biogas-upgrading technologies

in g CO2-eq./MJHHV, pressure swing adsorption

(PSA) with activated carbon filters (n = 22), water

scrubber (n = 4), chemical scrubber (n = 5), and

membrane (n = 4).

(B) Emissions from upgrading biogas technologies

in terms of the percentage of total biomethane

produced, with PSA with activated carbon filters

(n = 30), water scrubber (n = 9), chemical scrubber

(n = 25), chemical absorption (n = 14), and mem-

brane technologies (n = 6).

Scrubber emissions include chemical (e.g., amine)

and water scrubber emissions.
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and lagoons.15,19,43,44 Figure 3 clearly demonstrates that the

closed tanks can still emit CH4, although emissions from closed

tanks can be avoidedwith improved coveringmaterials, effective

design, and regular maintenance. The facilities should consider

becoming accredited under the Publicly Available Specification

(PAS) 110 standards,45 which recommend coverage of digestate

to diminish emissions. Therefore, we recommend using closed

digestate storage with vapor-recovery systems directed to the

upgrading unit where economically viable to address emissions

from this stage. Targeting reductions in digestate-handling emis-

sions provides the greatest environmental improvements,

though it is noted that detection and mitigation strategies would

require additional expense and regulation.

Impact of biogas-upgrading technologies
Upgrading biogas to biomethane can cause significant emis-

sions. The literature provides scant data on specific upgrading

technologies, though available evidence shows that membrane

filters and chemical absorption leads to lower emissions than
pressure swing adsorption (PSA) and wa-

ter and chemical scrubbers (see Figures

4A and 4B). Therefore, initial indications

are that chemical absorption technology

is the best available technology for

upgrading to reduce CH4 emissions, which

is the line with previously reported

values.46,47 PSA and water scrubber utili-

zation should be avoided, though more

measurements should be conducted.

Total supply chain emission
estimates versus whole-site mobile
measurements
Alongside the on-site (aggregation of

component-based emission) Monte Carlo

approach described above, whole-site

(off-site) measurements are a useful

benchmark. In the literature, CH4 emis-

sions from 792 whole-site measurements

varied between 0.1 and 483 g CO2-eq./

MJHHV, with an average of 51.7 and a me-

dian of 24.6 g CO2-eq./MJHHV (see Fig-

ure 5A). This is a larger range with lower
median and higher estimate of upper limit than our Monte Carlo

simulation of on-site measurements. While the mean of the

Monte Carlo runs (51.4–52.7 g CO2-eq./MJHHV) and whole-site

measurements (51.7 g CO2-eq./MJHHV) are comparable, the me-

dian of the Monte Carlo runs (40.0–42.3 g CO2-eq./MJHHV) are

greater than the whole-site measurements (24.6 g CO2-eq./

MJHHV) due to the heavy-tailed distribution of the Monte Carlo

runs. Before running the Monte Carlo simulation, the emissions

probability density function of each stage is identified to estab-

lish a good fit. The heavy-tailed distribution is due to the pres-

ence of super-emitters in each supply chain stage in the Monte

Carlo runs, while whole-site emissions data did not exhibit this

heavy tail.48 However, super-emitters are certainly observed in

the whole-site measurements and the maximum emission is

greater than in the Monte Carlo runs, but these are insufficient

in quantity and magnitude to raise the median above the

mean. This discrepancy between the distribution of whole-site

measurements and that observed in the Monte Carlo approach

(i.e., from aggregation of measurements from each stage) is
One Earth 5, 724–736, June 17, 2022 729



Figure 5. Each stage of emissions with the

whole-site measurements and MC runs

(A) Literature emissions range for feedstock (n = 49),

biogas processing (n = 100), biogas upgrading (n =

35), TSD (n = 44), and digestate storage (n = 119)

stages with whole-site measurements (n = 792) and

10,000Monte Carlo runs (MC total) with respect to g

CO2-eq./MJHHV.

(B)Miscellaneous sources (n = 19) were added as an

additional stage emission and MC total was reas-

sessed to compare with whole-site emissions (off-

site measurements).

Individual estimates are shown as circles in the

same color at each stage of the supply chain, with

median and 25th and 75th percentile boxes. Sample

size for each stage andwhole-site emissions are de-

picted. The median of the MC run is substantially

higher than the medians of the five stages added

together because (1) the medians of the derived

KDE functions for each supply chain stage are sub-

stantially higher than those of the raw data and, (2) in

any case, it is not expected that the sum of medians

from each supply chain stage necessarily approxi-

mates the median of the sum of stages (see the

experimental procedures for details).
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worthy of further research in the future. A number of factors are

known to affect measurements, including meteorological condi-

tions during the survey, duration of measurements, uncertainties

in emissions rate calculation models, the presence of super-

emitters, and process conditions of facilities.18 It is also likely

to be influenced by miscellaneous sources (see Figure 5B),19

such as biofilters used for odor reduction, stored solids causing

fermentation, emissions from service opening,19 or leakages

located on top of units,49 which are not quantified by the on-

site measurement studies. We combined the miscellaneous

sources reported in a few studies19,23,50,51 and estimated their

impacts on total emissions using a Monte Carlo simulation (see

Figure S2) after identifying the associated KDE (see the experi-

mental procedures), which impacts the data distribution.
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Figure 5B demonstrated that miscella-

neous sources could increase total supply

chain emissions by 22%. However, it is

noted that, because only four studies re-

ported emissions from biofilters and solid

separators, more detailed monitoring sur-

veys are required to better understand

the impact of miscellaneous emission

sources on supply chain emissions. The

high leakage rate reported in off-site mea-

surements could also be due to process

disturbances or extensive venting and flar-

ing caused by insufficient infrastructure,

which results in an intermittent and highly

unpredictable emissions pattern that can

overestimate or underestimate significant

CH4 sources.38 The divergence between

on-site and off-site measurements is

most likely due to abnormal operating con-

ditions resulting in high CH4 emissions pri-
marily from the production segment,31 which is consistent with

that of oil and natural-gas supply chains.39 We agree with

Zavala-Araiza et al.52 and Rutherford et al.31 that increasing

on-site, component-level emission data through continuous

emission monitoring and effective characterization of emission

sources can reduce the uncertainty and divergence between

on-site and off-site measurements.

DISCUSSION

Overall, this study showed that the broad features of the bio-

methane supply chain led to emission profiles similar to those

of oil and natural gas, although digestate handling, biogas pro-

duction, and upgrading are key differentiators. The synthesis of
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available data here showed that this leads to lower direct CH4

emissions than the oil and natural-gas supply chain but much

higher CH4 loss rates than the oil and natural-gas supply chain.

This conclusion is pertinent in the context of global efforts to

mitigate CH4 emissions, which to date largely focuses on natu-

ral-gas supply chains. It is also pertinent to broaden efforts to

mitigate climate change, where CH4 emissions are increasingly

recognized as a key climate forcer. Given the strong potential

role of biomethane in Paris Agreement compliant energy futures,

best available technology must be applied to detect and reduce

supply chain emissions, policy and regulation53 must consider

these emissions more systematically, and a better understand-

ing of the counterfactual life cycle emissions for waste and by-

product biomethane feedstocks must be developed. It should

be noted that, even if feedstocks are not used to generate bio-

methane, theymay still emit CH4; in fact, some studies have sug-

gested that treating manure for biomethane production could be

a mitigation strategy.54 We believe that this large amount of CH4

emissions from the biomethane supply chain, on the other hand,

can be avoided by taking appropriate emission identification,

detection, measurement, and quantification measurements. It

is critical to emphasize that, if biomethane is widely used in the

future to achieve decarbonization goals, biomethane supply

chain emissions should be avoided in order to achieve net

zero goals.

Reflecting on these results with respect to the EU Renewable

Directive (RED) 2009/28/EC,55 it is clear that cutting emissions

from digestate handling and gas engines could underpin more

sustainable biomethane production. According to an EU report56

on the sustainability of solid and gaseous biomass used for elec-

tricity, heating, and cooling, the GHG threshold for biomethane

production is 34.8 g CO2-eq./MJHHV,
56 excluding digestate emis-

sions. In contrast, CH4 emissions from the biomethane supply

chain are estimated in this study to range from 2.5 to 343 g

CO2-eq./MJHHV and 0.8 to 182 g CO2-eq./MJHHV (18.3–19.5 g

CO2-eq./MJHHV for the median and 64–74 g CO2-eq./MJHHV for

the 95th percentile) when digestate emissions are excluded

(see Figure S3). In view of CO2 and N2O (GWP100 = 273 ±

130)10 emissions from biomethane production, total GHG emis-

sions from the biomethane supply chain are likely to exceed this

threshold limit unless urgent actions are taken. Given the

different lifetimes and GWPs of CO2, CH4, and N2O, future

research can focus on integrating emissions across different

timescales in order to further expand the impact of the bio-

methane supply chains on global warming and climate change.

Clearly, under these operating conditions and in light of the

wide diversity of biogas production pathways, biomethane pro-

duction may lose its advantages as a clean-energy technology

and may jeopardize Paris Agreement targets if used extensively.

This study would serve as a guideline for the emission ranges

associated with each stage while also recommending appro-

priate measures for each stage to cut emissions and make

progress toward Paris Agreement goals. Therefore, emission-

minimizing technologies and techniques and more specific reg-

ulations on emissions and leak detection and repair are essential

to significantly reduce supply chain emissions. We are also

aware of the counterfactual case for what level of CH4 emissions

would occur if the feedstock had not been converted into

biomethane. Future studies should focus on counterfactual
analyses to assess theGHGcredits under various counterfactual

scenarios.

Our biomethane supply chain emissions model presented in

this study represents the most common technologies used in

the industry, but it has some limitations regarding data availabil-

ity and resolution. Firstly, input data were taken only from mea-

surement surveys, and the sample size is not large enough to

determine a probability distribution model for each supply chain.

As such, the KDE function was used rather than goodness of fit

since the data could not be fitted to certain distribution functions,

due to the lack of data and heavy-tailed distribution. Further-

more, much of the literature data were excluded, owing to the

use of default emission factors, especially in modeling studies.

Secondly, some studies could not be included because they

did not report biogas or biomethane production rates despite re-

porting CH4 emissions.

The most detailed measurement surveys have been conduct-

ed in various regions of Europe and mainly at agricultural plants,

so this study substantially reflects European agriculture. Further

possible research directions associated with this work include

adapting the emissions profiles of theoretical supply chain

routes, for example, using life-cycle-assessment tools. Future

research should target data collection from various biomethane

supply chain routes in other countries to reduce uncertainty in

the data and improve size and representativeness of the sam-

ples, which can help to identify themost sustainable biomethane

production routes. This accumulated database can be used to

improve equipment, processes design, and operations that

would mitigate CH4 emissions.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will

be fulfilled by the lead contact, Semra Bakkaloglu (s.bakkaloglu@imperial.

ac.uk).

Materials availability

This study did not generate new unique materials.

Data and code availability

All original datasets used in thiswork weremade available as part of the publica-

tions referenced and described in the text. The Python code used for the Kernel

density estimation (KDE) function andMonte Carlo simulation with the data have

been deposited at Zenodo Data: https://doi.org/10.5281/zenodo.6550794.

Methodological approach

This study aims to estimate CH4 emissions from the biomethane supply chain

and characterize the emissions sources in the various stages of the supply

chain (described in Figure S1). The screening criteria for mobile CH4 emissions

measurements required on-site or off-site direct measurements be reported

by the study authors, rather than drawing on experimental, lab-scale, and

theoretical studies.

The existing literature reports emission rates in different units, and some

studies provide insufficient information to allow for unit conversion. In this

study, CH4 emission estimates were converted into percentage of total pro-

duction (volume of CH4 emitted/volume of produced gas) and grams of CO2

equivalent per megajoule of energy based on higher heating value (HHV).

These were chosen to allow for comparisons with the oil and natural-gas sup-

ply chain without inferring downstream services. The source emissions were

divided by the total expected volume of biomethane that would be generated

for energy utilization.

Assumptions were applied to convert published emission rates into metric

units. It was assumed that the GWP100 of CH4 is 27.2,10 with an HHV of
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38.1 MJ/m3 or 55.5 MJ/kg. The average volume percentages of CH4 in biogas

and biomethane were taken as 65% and 95%, respectively, unless otherwise

stated in a study. We assumed the CH4 content is 55% in biogas for manure

feedstock. We neglect uncertainty of measurements and GWP100 (±11),

althoughmeasurement uncertainty exists whenever an emissions rate is quan-

tified. Similar to Brandt et al.,28 we evaluate all emissions at their reported

levels and investigate the impact of emissions distribution. GHG emissions

other than CH4, such as CO2, N2O, and NH3, were not included because

they are out of the scope of this study. Moreover, CH4 emissions based on

GWP20 (80.8) were provided in the Figure S4. The three stages of this study are:

1. Building the emissions inventory

2. Assessing the supply chain emissions model

3. Applying Monte Carlo simulations to produce total emissions ranges.

Emissions inventory

Following systematic reviews of the existing evidence base, 51 papers report-

ing mobile CH4 emissions measurements were examined, including academic

papers as well as governmental and industry reports (see the supplemental

experimental procedures). We utilized the data from mobile CH4 measure-

ments using on-site leak detection and ground-based remote sensing

methods (off site). CH4 emissions from landfill were excluded because there

is a lack of data on the amount of biogas and biomethane generated from land-

fill-gas-collection system, which is mainly calculated using landfill-modeling

tools, and CH4 emissions depend on CH4 oxidation rate as well as top soil

cover material rather than infrastructure emissions.57 In addition, we only

considered the emissions fromwastewater treatment plants with anaerobic di-

gesters. The details of the chosen biomethane supply chain route employed in

this study are described in detail in the Figure S1.

Emission inventory data availability is highly variable, owing to variations in

the applied methodologies, differing plant design and operation, and insuffi-

cient data for each supply chain. Most emissions data were for Europe. Data-

sets for each emissions source were divided into subcategories, where there

was discernible variation between feedstock materials (see Table S1). The

stages in the biomethane supply chain are (1) collecting and storing organic

materials (feedstock); (2) converting them to biogas under anaerobic condi-

tions (AD); (3) upgrading biogas to biomethane (upgrading); (4) transportation,

gas storage, and distribution of generated gas (TSD); and (5) digestate storage.

Feedstock storage

Any biodegradable material, such as agricultural residues, maize, crops,

sewage sludges, or food and drink waste, utilized in anaerobic digestion is

called feedstock. The yield of biogas from a specific feedstock can vary based

on the dry-matter content, residence time in the digester, and feedstock pu-

rity.58 Feedstock transported from a third party to the production facility is

stored in the facility and pre-treated before being sent to the biogas-produc-

tion stage. This stage covers four major components: runoff ponds, screw

conveyor, mixing tank (homogenization tank), and substrate storage. Sub-

strate storage tanks and biomass-receiving units, such as feedstock piles,

runoff ponds, screw conveyors, and mixing (homogenization) tanks, are the

main sources of emissions, although few studies have investigated emissions

from this stage.15,17,19,22,46,49,59–61 Feeding system emissions are included in

substrate storage emissions (see Table S1). These emissions are mainly fugi-

tives, predominantly from open storage tanks and feeding units.

Biogas production

The physically treated material is pasteurized and delivered to an anaerobic

digester to generate biogas. The CH4 concentration in the biogas depends

on the type of digestate feedstock, type of anaerobic digester, and conditions

in the digester, such as mesophilic and thermophilic. The biogas production

stage consists of a buffer (hygienization) tank and a reactor (anaerobic

digester). Previously reported CH4 emissions from hygienization tanks,

anaerobic digesters, and post-digesters are included in this stage (see

Table S1).15–17,19,41,49,50,59,62–76 These emissions are fugitives and venting.

Biomethane production: Biogas upgrading process

The biogas can be upgraded into biomethane by removing impurities.

Depending on the biogas quality and the end use, different upgrading

technologies can be used. Currently, water scrubbing is the most common

commercial technology, followed by chemical scrubbers, membrane, PSA,

organic physical scrubber, and cryogenic separation.77 CH4 emissions

from various upgrading processes, such as carbon filters, chemical and
732 One Earth 5, 724–736, June 17, 2022
water scrubbers, and membrane technologies, were reported in previous

studies17,19,46,47,49,50,71,78–81 and have been included in the upgrading pro-

cesses stage (see Table S1). These are fugitives and vent from PSA exhausts

and aeration and ventilation ducts.

Transmission, storage, and distribution

Biogas can be utilized to generate heat, electricity, or both. Biomethane can be

injected into a gas grid or used as a renewable transport fuel in vehicles. Pre-

vious studies reported exhaust CH4 from cogeneration, electricity production,

heat utilization, combined heat and power units, gas engine slip, flare, and gas

holder.17,19,23,41,59,62,67,71,82–85 Emissions from pipeline, flare, compressors,

and pressure-relief valves (PRVs) are considered in the transmission, storage,

and distribution stage (see Table S1) in order to compare with natural-gas sup-

ply chain. End-use emissions mainly coming from incomplete combustion

from combined heat and power (CHP), as well as fugitive leaks and vents

from energy production units, were not included into emissions from

this stage.

Digestate storage

Digestate can be used as is or can be further processed through different

methods to be used as fertilizer. The PAS 110 for digestate quality specification

is designed to ensure that digestate is no longer classified as waste and is safe

and reliable to use as a fertilizer, soil improver, or conditioner, and it recom-

mends that all types of digestate be covered.45 Although some facilities follow

the PAS 110 scheme, none of the published papers addresswhether the diges-

tate complies with the standard. The solids-liquids separators, such as

centrifuge and screw-press separators, membrane filters, biofilters, aerobic

treatment, and composting, are widely used to process digestate.86 The pro-

cessing and storage of liquid and solid digestate can also cause emissions,

depending on the temperature, wind, atmospheric pressure, plant process pa-

rameters, and storage tank filling level.19 Emissions data by digestate types

(e.g., solidor liquid) andstorageproperties (closedoropen tanks)werecollected

from previous studies (see Table S1).15–17,19,23,24,43,44,49,50,59,62,67,71–73,85,87–92

The emissions aremostly fugitives and venting from open PRVs. The emissions

associated with digestate use, such as fertilizer application and post-compost-

ing, were excluded from the supply chain because digestate is not always used

in the operation area and their emissions are only reported in a few studies.

Miscellaneous emissions

An additional emission stage has been added to account for a variety of sour-

ces that are not necessarily present in every biomethane supply chain. The

CH4 emissions from biofilters for odor reduction, compost filters, and separa-

tors have been reported in a few studies19,23,50,51 and are included as miscel-

laneous emissions.

Whole-site mobile measurements

Whole-sitemobilemeasurementswere included for comparisons to themodeled

of total emissions from each supply chain.17,19–23,46,49–51,61–65,71,73,75,88,93

Various emission-measurement techniques were used to quantify emissions

and their sources in the whole supply chain, which caused a large variation in

emissions.

Supply chain emission models

It is important to determine the probability density function (PDF) of emissions

in each stage before running the Monte Carlo simulation.48 The PDF estab-

lishes a good fit of the emissions for each stage, including an uncertainty

assessment. Because the emissions in each stage exhibit unique characteris-

tics, particularly with respect to various super-emitters, their data and proba-

bility distributions differ (see Table S2 for the characteristics of PDFs). Due to

the heavy-tailed distribution (Figure S3) and lack in the sample size, the

nonparametric PDF ,which is the KDE, were generated to investigate the

PDFs of the emissions from each stage using Python. KDE typically provides

more accurate estimates of data distributions than parametric ap-

proaches.94–96 The bandwidth of KDE for each stage was determined auto-

matically in Python’s SciPy library using Scott’s Rule,97 which is dependent

on the number of data points.97 The total sample size is 347 and 399 for g

CO2-eq./MJHHV and production normalized data, respectively.

Monte Carlo simulation

The total supply chain emissions were estimated using Monte Carlo simula-

tions,98 which has been widely applied to estimate CH4 emissions25,30 with
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uncertainty assessment. Each supply chain’s PDF, obtained from the KDE,

was defined in the simulation to sample from each stage, followed by summing

up each stage. Rather than separating the data by feedstock type, we divided

it by stage of the supply chain, as shown in Figure S1. The total CH4 emissions

were assessed 10,000 timeswith random draws from the distributions for each

stage. The 10,000 estimates were then used to assess the cumulative CH4 dis-

tribution across the supply chain models by the Python code.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

oneear.2022.05.012.
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