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ARTICLE INFO ABSTRACT

Keywords: Current market potential for biogas-to-energy projects in the United States is analyzed based on levelized cost of
Aflaer‘?bic energy (LCOE) estimates for producing renewable electricity, compressed natural gas (bio-CNG) and renewable
Digestion natural gas at 2,837 landfills, wastewater treatment plants and swine farms in North Carolina having biogas
3:3::;1 resource potentials of 13 m®/d to > 380,000 m®/d. The LCOE estimates are generated using new approaches for
LCOE modeling biogas collection from multiple sources via physical pipeline networks or tanker truck transport (a.k.a.

CNG “virtual” pipelines) in combination with recent production and cost functions published elsewhere. Whereas the
LCOE estimates end up being significantly higher than 2022-23 prices for electricity and natural gas in regional
U.S. energy markets, bio-CNG projects collecting > 100 MMBtu/d (1 MMBtu ~ 1 GJ) of biomethane yield LCOEs
on par with recent prices for CNG for transportation of $26-$51/MMBtu. When incentives available through
federal and certain state government programs are considered, sites in pipeline networks or in virtual pipelines
with biomethane collection rates as low as 45 MMBtu/d could become economically viable. The results of this
study help quantify the potential for monetizing an underutilized energy resource in the U.S. that can contribute
to decarbonizing the nation’s energy production.

Introduction

Biomethane in biogas generated from organic waste streams like
municipal solid waste, wastewater, livestock and crop waste offers a
sustainable alternative to fossil fuels for various purposes; from gener-
ating heat and electricity to fueling transportation and industrial pro-
cesses [1]. Biomethane can be integrated into existing natural gas
infrastructure [2], thus bolstering domestic energy security [3,4], and it
can fuel backup generators for intermittent renewable energy sources
like wind and solar to ensure reliable clean energy [5-7]. Additionally,
capturing and combusting the 40 %-75 % of biomethane in biogas [8]
reduces greenhouse gas emissions by oxidizing the biomethane, which
has 100-year global warming potential 27-30 times that of carbon

dioxide (CO3) [9].

Biogas has proponents in many developing countries where con-
ventional energy tends to be expensive and infrastructure for supplying
rural areas and/or islands is lacking [10-12]. The largest producers of
biogas and biomethane, however, are in Europe and North America,
where production remains at just a fraction of these countries’ potential,
often despite government incentives [13,14]. In these regions, conven-
tional energy is more affordable, and the infrastructure for delivering
that energy connects to all but the most remote and least inhabited
regions.

A case in point is the United States. The U.S. generates the most waste
per capita [15] and ranks second only to China in both consuming pri-
mary energy [16] and producing greenhouse gas (GHG) emissions [17].

Abbreviations: AD, anaerobic digester; bio-electricity, electricity generated from biogas/biomethane; bio-CNG, compressed biomethane; CNG, compressed natural
gas; CAPEX, capital expense; EPA, U.S. Environmental Protection Agency; GGE, gallon of gasoline equivalent; GHG, greenhouse gas; LCFS, California Air Resources
Board Low-Carbon Fuel Standard Program; LCOE, levelized cost of energy; LMOP, EPA Landfill Methane Outreach Program; MSC, marginal supply curve; NC, North
Carolina, U.S.A.; NMAE, normalized mean absolute error; ODM, organic dry matter; OPEX, operating expense; RFS, EPA Renewable Fuel Standard Program; RIN, RFS
Renewable Identification Number; RNG, renewable natural gas (biomethane); SFPN, Swine Farm Physical Pipeline Network Modeling Scenario; SFVPBC, Swine Farm
Virtual Pipeline Base Case Modeling Scenario; SFVP2X, Swine Farm Virtual Pipeline Costs-Doubled Modeling Scenario; VP, virtual pipeline; WWTP, wastewater
treatment plant; WWTP1, WWTPs assumed to have an installed AD and flare system; WWTP2, WWTPs assumed to lack AD and flare system.
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At the same time, the U.S. is one of the world’s largest producers of fossil
fuels, and domestic energy prices are relatively low [18]. Furthermore,
innovative policies for incentivizing biogas and biomethane production
have been in place in the U.S. at the federal and state levels for over a
decade, but investment in such production remains nascent, particularly
compared to European counterparts Germany and Denmark [19].

For use of biogas/biomethane to expand significantly in the U.S.,
these fuels and/or the other forms of renewable energy that can be
produced from them will need to become both more accessible and cost-
competitive in the nation’s wholesale/retail energy markets. While
there are opportunities to increase use of biogas/biomethane at facilities
that both process large volumes of organic waste and consume signifi-
cant energy like wastewater treatment plants (WWTPs) [20-22], these
are niche markets with limited growth potential. Much greater potential
lies in selling renewable electricity on the national electric grid or
injecting biomethane into the natural gas pipeline system. In these two
markets, biogas/biomethane production has a far better chance of
achieving cost reductions through economies of scale while offsetting
fossil fuel use and decreasing fugitive GHG emissions from decomposing
organic waste.

Here we update existing cost estimates for using biogas to produce
renewable natural gas (RNG), bio-CNG, and biogas-generated electricity
(bio-electricity), and then benchmark these new estimates against cur-
rent prices for natural gas, CNG, and electricity in regional markets
across the U.S. The cost of biogas/biomethane production depends on
such factors as the type and amount of organic waste, and the technol-
ogy needed to collect, process, and convert raw biogas into one of the
three forms of energy being considered. To account for these factors, we
estimate biogas-to-energy project costs at 11 landfills, 784 WWTPs and
2,042 swine farms in North Carolina (NC), a state that has been ranked
as having the third-largest biogas resource potential in the U.S. [23]
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Fig. 1. Locations of (A) landfills, (B) WWTPs, and (C) swine farms analyzed.
Dots marking locations are sized according to each facility’s annual biogas
production. Sizing is uniform across all three maps. Note that most swine farms
are concentrated in the eastern part of the State. 1 MMBtu ~ 1 GJ.
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(Fig. 1). The three types of sites analyzed are the largest biogas point-
sources in NC, with biogas potentials of as little as 13 m3/d to almost
400,000 m3/d [24]. Additionally, the concentration of swine farms in
the eastern part of NC (Fig. 1C) allows us to explore the feasibility of
achieving economies of scale by potentially networking the biogas
output of multiple farms, either by pipeline or using tanker trucks.

Previous assessments of biogas potential in the U.S. have gauged the
status of anaerobic digestion of food waste [25], biogas production and
utilization at WWTPs [26], the role that recent federal policy could play
in increasing electricity generation from livestock farms [27], and the
national waste-to-energy potential [14,23,28]. Of these, our analysis is
most like that of Murray, et al. [14], who modeled aggregate marginal
supply curves of biomethane and renewable electricity production for
the entire U.S. based on the biogas potential of the same organic waste
sources that we consider here along with livestock and crop waste.

Although our analysis involves a smaller, more geographically
limited set of biogas sources, we have updated and expanded upon the
work of Murray, et al. [14] by using the range in type and scale of
prospective biogas projects in NC as a proxy for assessing the production
potential and economic competitiveness of similar projects elsewhere in
the U.S. We carry out this assessment in two ways. The first is to
assemble marginal supply curves (MSCs) as a function of LCOE for
producing bio-electricity, bio-CNG, and RNG in NC and evaluate the
MSCs in the context of the State’s recent consumption of and prices for
electricity, CNG, and natural gas. The comparison suggests that the
amount of energy that technically could be produced from biogas
sources for commercial sale in the U.S. is likely smaller and more costly
than previous estimates.

We then plot our LCOE estimates for individual bio-electricity, bio-
CNG, and RNG projects as a function of collectable biomethane amounts
and compare the LCOEs to recent prices for electricity, CNG, and natural
gas in regional markets across the U.S. (New England, the Gulf Coast, the
West Coast, etc.). We find that the greatest market potential for bio-CNG
and RNG is as transportation fuel, a market that was just being estab-
lished at the time of the study by Murray, et al. [14], and thus one they
did not assess.

Methods and data
Systems overview

Biogas is collected at landfills (Fig. 2.A) using wells that feed into
gathering pipelines, while at WWTPs (Fig. 2.B) and swine farms (Fig. 2.
C), the collection is accomplished using anaerobic digesters (ADs)
(Fig. 2.D). We assume that the ADs at WWTPs are one or more mixed
digester tanks, while those at swine farms are covered in-ground lagoons
into which the swine waste is washed.

After dewatering, further processing of the biogas depends on the
form of energy it will be turned into. To generate electricity, secondary
processing of the biogas involves chilling to precipitate out any water
remaining as vapor and treating to remove sulfur and/or siloxane
(Fig. 2.F.i). The gas is then compressed (Fig. 2.F.ii) and pumped into a
generator that burns the gas as fuel (Fig. 2.F.iii) and feeds the bio-
electricity into the grid (Fig. 2.G).

Conversion of biogas into CNG or RNG requires not only the sec-
ondary processing (i.e., chilling and siloxane/sulfur removal), but also
additional treatments to remove CO,, nitrogen, oxygen, and any volatile
organic compounds in the gas (Fig. 2.H.i). Afterward, the gas, which is
now pipeline-quality methane, is either compressed (Fig. 2.H.ii) for
direct sale as a transportation fuel (bio-CNG) (Fig. 2.I) or injected into a
natural gas pipeline (RNG) (Fig. 2.J) for sale to another party.

Systems modeling

Like in Murray, et al. [14], we size and cost the biogas collection
systems for landfills (wells with gathering pipelines), WWTPs (mixing-
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Fig. 2. Schematic of biogas collection and energy production systems analyzed in this study. Sources: (A) landfill, (B) wastewater, and (C) swine waste. Collection
and primary processing system: (D) anaerobic digester, (E.i) blower, (E.ii) knockout pot, and (E.iii) flare. Bio-electricity production system: (F.i) secondary processing
to remove water vapor, sulfur, and/or siloxane, (F.ii) compressor, (F.iii) electric generator, and (G) electric grid. Bio-CNG and RNG production system: (H.i) advanced
processing to also remove CO», N, O,, and any volatile organic compounds, (H.ii) compressor, (I) CNG station, (J) natural gas pipeline, (K) tanker truck.

tank ADs) and swine farms (covered, in-ground ADs) (Fig. 2A-C) using
empirical functions from other sources. But whereas Murray, et al. [14]
relied on functions in Krich, et al. [29], Cooley, et al. [30], ICF Inter-
national [31], and Prasodjo, et al. [32], we use functions from more
recent modeling tools, reports, and scientific studies. Functions for
landfill wells and gathering pipelines are from the LFGcost-Web
spreadsheet model (v. 3.5) created by the Landfill Methane Outreach
Program (LMOP) of the U.S. Environmental Protection Agency (EPA)
[33]. The functions for WWTP ADs are those developed by Michailos,
et al. [34] and El Ibrahimi, et al. [35]. And the functions for swine farm
ADs are from Parvathikar, et al. [24]. For the sake of brevity, all are
provided in the supplemental information (SI, Section 2.1).

We model the remaining steps for transforming the collected wet
biogas into either bio-electricity (Fig. 2.E-F-G), bio-CNG (Fig. 2.E-H-I),
or RNG (Fig. 2.E-H-J) using empirical functions from the LFGcost-Web
model [36]. We also use functions from the same model to estimate
direct and avoided methane emissions reductions. Although they are in a
model for landfills, these functions are for components that also make up
the other types of biogas-to-energy projects we analyze. Again, for the
sake of brevity, the functions are provided in the SI (Section 2.2). We
note that the LFGcost-Web capital cost (CAPEX) functions and operation
and maintenance cost (OPEX) functions for the different energy con-
version technologies are suitable only for specific ranges of biogas
production rates.' Consequently, we assume that if the flux of biogas at a
prospective project (e.g., a landfill) is outside the specified range of a
given technology (e.g., a standard turbine generator), that technology is
not an option for the project.

Additional modeling for RNG systems
In the LFGcost-Web model, RNG project costs are valid only if the

prospective project site produces biogas at high rates of

! The functions include those for sizing and costing four different types of
generators: a small reciprocating engine (100 kW-1 MW), a microturbine
(30-750 kW), a reciprocating engine (>800 kW), or a turbine (>3 MW).

40,750-244,660 m3/d. Furthermore, the model considers only the case
of connecting the single site to a nearby natural gas pipeline using a
dedicated RNG pipeline. However, existing RNG projects have been
structured in at least two other ways. One achieves economies of scale
from smaller biogas sources by using a network of pipelines to gather the
output and send it to a central RNG processing site. The central site, in
turn, is connected by an RNG pipeline to a nearby natural gas pipeline.
This method has operated on a small scale in the Optima-KV project, a
network of five swine farms in Kenansville, NC, that inject ~ 80,000
MMBtu/y of RNG into an adjacent natural gas pipeline, where it is
purchased by the electric utility Duke Energy [37]. The other approach
involves first converting biogas into CNG. At an onsite fueling station,
the CNG is then loaded onto a tanker truck that transports the fuel to an
RNG injection site, where it is slightly depressurized and pumped into
the line for sale (Fig. 3K). This type of “virtual pipeline” (VP) is being
used by Smithfield’s Ruckman Farm in Albany, MO, which is selling its
~ 244,000 MMBtu/y production of RNG also to Duke Energy [38].

To assess these other ways of structuring an RNG project, we
developed two additional modeling approaches. The more complex
approach simulates the pipeline networking of multiple swine farms to a
central RNG processing site. Similar models published by others indicate
that such networking can be economically viable [32,37,39-44]. Our
model differs from previous approaches in that it successively adds
swine farms, from largest to smallest biogas potential, to networks that
grow with each farm addition. In the process, the economics of the
networks at each stage in their evolution are computed. This approach
offers significant advantages over previous methods because it allows us
to establish not only when during the growth of a network there are
enough participating farms for the network to qualify for an RNG
project, but also the point afterward at which the buildout achieves its
lowest LCOE. Factored into this LCOE are (1) the cost of each pipe
segment in the network based on its length and diameter as determined
from the pressure in the pipe segment; (2) the cost of capture, primary
processing, and compression of biogas at each farm in the network; and
(3) the cost of the central RNG processing and injection sites for the
network. Further explanation of how the model works is provided in the
SI (Section 3).
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Fig. 3. Modeling results for NC sites already converting biogas into electricity as compared to reported values for (in clockwise order) (A) biogas collected, (B)
installed and operated electric generator capacity, (C) annual electricity production, and (D) emissions reductions. Open squares in (B) represent correct predictions
of generator type, while filled squares are predictions that differ from reported type. Dashed lines in plots delineate what would be a one-to-one relationship between
modeled and reported values. Modeled values in all plots have a normalized mean absolute error of < 35 %.

To model the VP RNG approach, we added the cost of tanker truck
transport to a nearby injection site to our estimated bio-CNG production
costs.” We evaluated two cases for this scenario. In the base case, we set
transport costs to the 2021 marginal cost of trucking in the Southeastern
U.S. of $1.16/km [47] and added a 15 % surcharge for unaccounted
costs. The common distance we used in the base case was 18 km, which
is the average driving distance between every swine farm and the
nearest terminus of a natural gas transmission pipeline (i.e., a City Gate
where an interstate pipeline connects with a local utility’s distribution
lines). Additionally, the median number of farms linked by shortest
routes to a pipeline terminus is five, so every facility shipping to an
injection site is assumed to pay one fifth of the injection site’s one-time
interconnection fee of $1.2 M plus an ongoing OPEX fee of $2.50/
MMBtu (same as in the LFGcost-Web model for RNG projects). In the
“2X” case, trucking costs and distances are doubled (to $2.31/km and 36
km, respectively), and the interconnection cost of an injection site is split
between two rather than among five users. Using these two sets of in-
puts, we calculated a total LCOE for every swine farm that could produce
enough biogas to meet the modeling threshold for a CNG project. For
further details, see Section 4 in the SI.

2 This approach differs from that of O’Shea, et al. [40], Sarker, et al. [45], and
Ghafoori, Flynn [46], who assumed that the biogas source material (e.g., crop
waste to animal manure) was transferred by truck or pipeline from a feedstock
source to one or more hubs where the material was turned into biogas and
upgraded (either there or elsewhere) to biomethane before being transported by
truck or pipeline to a demand center.

Financial modeling

We evaluated the cost-benefit of each prospective biogas-to-energy
project based on a project LCOE that we solved for using the same
equation as in Murray, et al. [14], i.e.,

P | (CAPEX,+OPEX,)
2o {T]

P i

LCOE = (@)

P in the equation is the project duration in years, t is project year, r is the
project discount rate, and E is the annual amount of saleable energy
produced by the project. We chose Eq. (1) over more sophisticated ap-
proaches to computing LCOE for its ease of use both in replicating the
analysis results and in computing comparable LCOEs using different
project durations and/or discount rates.

For this analysis, we set P to 15 years, the default project length in
the LFGcost-Web model, and we fixed r at 8 %. This latter value not only
aligns with commonly cited discount rates for renewable energy projects
[48], but also yields LCOEs that are within 5 % of LCOEs produced using
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a net present value (NPV) optimization method for LCOE [36,49]
(Section 6 of the SI).

Modeling input

The single input to the biogas-to-energy modeling was each source’s
annual biogas production. For landfills, production amounts come from
the EPA LMOP database [33]. The estimates for annual biogas produc-
tion at swine farms and WWTPs are those reported in Parvathikar, et al.
[24]. The WWTP amounts are based on annual flows of treated waste-
water given by the NC Department of Environmental Quality (NCDEQ)
permitting database [50]. Harvestable biogas from these flows was
calculated assuming an average mass of organic dry matter (ODM) per
unit volume of wastewater of 0.94 kg/1,000 [51] and an average volume
of biogas produced per unit mass of ODM of 500 L/kg [52]. A list of
biogas potentials for all sources, along with additional information (e.g.,
waste accumulation rates at landfills, flow rates of water treated at
WWTPs, and head and waste production at swine farms), is provided in
the data and results tables (worksheets 1-3) in the SI.

Results
Modeling validation

We first constrained the accuracy of our modeling system using
available data from landfills, WWTPs, and swine farms in NC with
already operating biogas-to-energy projects. Of the 34 such sites listed in
the data and results table provided with the SI (worksheet 4), 27 were of
the type we modeled for this analysis, and all of them use biogas to
generate electricity. The extent of quantitative information reported for
these projects varied by biogas source, and none included financial
information.

Reported and modeled amounts are compared in terms of biogas
collected (Fig. 3A), installed electric generator capacity (Fig. 3B), annual
electricity production (Fig. 3C), and total emissions reductions (Fig. 3D).
The sites involved in the four comparisons are mostly landfills. There are
three swine farms in three of the comparisons and two WWTPs in the
fourth, the one for installed generator capacity. The comparison in the
latter, however, is not direct because the WWTPs have combined heat
and power (CHP) systems, systems not modeled here.

In all four comparisons, our modeling results exhibit a good one-to-
one relationship with reported values. The systems modeling correctly
predicts the type of generator for 84 % of the projects (Fig. 3B), while the
normalized mean absolute errors (NMAE) of the predictions are 32 % for
biogas collected (Fig. 3A), 33 % (28 % excluding outlier) for annual
electricity production (Fig. 3C), and 29 % for annual emissions re-
ductions (Fig. 3D). For installed generator capacity, the NMAE is a
slightly larger 35 %, and the modeled capacities tend to increasingly
underestimate installed capacities at landfills with higher biogas pro-
duction rates (Fig. 3B). The LMOP database [33], however, reports not
only installed capacities for these landfills, but also the average capacity
the generators were operated at over the course of a year. When we
plotted these operated capacities against the model results, which are
based on the average annual amount of waste received by the landfills,
the comparison improved considerably (Fig. 3B), dropping the NMAE
for the predictions to 19 %. This suggests that the generators installed at
the landfills have been oversized, presumably to handle projected future
biogas production rates when annual waste deliveries become higher

3 Note that for landfill projects, annual energy output will change with time
depending on when the landfill opened and when it is scheduled to close (see
Tbl. SI-2), so using a fixed amount of energy production as in Eq. (1) will result
in an LCOE that is up to 10% different from one calculated using the NPV
optimization approach. For completeness, we included LCOEs computed both
ways in the modeling results in the SI
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and/or the landfills approach being filled.

The comparisons in Fig. 3 suggest that at least when it comes to
sizing project infrastructure, the systems modeling predictions are ac-
curate to within 35 % across project scales spanning three orders of
magnitude.

Marginal supply curves

As previously mentioned, NC ranked third for biogas potential in the
U.S. in 2013, the last time such a survey was published the National
Renewable Energy Lab [23]. NC is also a large energy consuming state.
In 2022, the state was in the top ten in population, state gross domestic
product (GDP), the manufacturing component of state GDP, and vehicle
miles traveled in 2022 [53]. It was also twelfth in the U.S in total pri-
mary energy consumption, and in the top ten for consumption of gaso-
line and electricity. At the same time, per capita use of natural gas is
among the lowest in the U.S. These contrasting attributes make NC an
attractive case study for evaluating the role that locally produced biogas
might be able to play in increasing sustainable energy production in the
U.s.

Fig. 4 shows MSCs for bio-electricity, bio-CNG, and RNG constructed
from our modeling results. Apart from landfills in Fig. 4C, only results
for sites not known to already be producing energy are included in the
MSCs. Due to uncertainty as to which WWTPs already have ADs and
flares, two sets of results are shown for this source; one in which LCOEs
include the CAPEX and OPEX costs for an AD and flare system (WWTP1),
and in which the LCOEs do not (WWTP2). As noted previously, the
production and cost functions from the LFGcost-Web model imposed
constraints on the minimum and, in all but one case (turbine genera-
tors), maximum biogas flux needed to support a particular type of en-
ergy production. Consequently, the number of sites included in each plot
differs. Additionally, since many sites qualified to produce bio-
electricity with more than one type of generator (e.g., either a micro-
turbine or a small reciprocating engine), only the project assessment
with the generator that led to the lowest LCOE is plotted in the bio-
electricity MSC. All modeling results are tabulated in spreadsheets 5-9
in the Excel workbook provided as part of the SI.

Because the range of biogas fluxes that qualified for modeling bio-
electricity production was the most expansive, the number of quali-
fying sites for this type of project was the greatest. The MSC (Fig. 4A)
includes 64 % of all swine farms analyzed, 23 % of all WWTPs, and 100
% of all landfills not already producing energy. Of these, the cheapest
sources are landfills and WWTP2. The former and most of the latter
appear capable of producing electricity at < 10¢/kWh. Production is
more costly at swine farms and WWTP1. The LCOE:s at these sites start at
around 20¢/kWh and climb to over 50¢/kWh. Production of electricity
at all the sites would reduce their current GHG emissions by 77 %. This
finding factors in not only direct methane emissions from the sources but
also emissions avoided by displacing output from existing fossil-fuel
generators in the state. The cumulative power capacity of all 1,527
potential biogas-to-electricity projects, however, would sum to less than
170 MW and produce just 1 % of the state’s total annual electricity
consumption in 2022 (1.8 million MWh vs. > 140 million MWh [54]).

The bio-CNG functions in our model required higher biogas fluxes,
leading to fewer qualified projects for this type of energy production.
The sites include 64 % of the candidate landfills analyzed, 11 % of the
WWTPs, and just 6 % of the swine farms. As a result, the total potential
reduction in GHG emissions from all sources analyzed would reach only
33 % (Fig. 4B). The modeled production of bio-CNG exceeded one
million barrels of oil equivalent per year (BOE/y) (Fig. 4B). This is
slightly more than the amount of natural gas used for transportation in
NC in 2021 [53], indicating that the state has more than enough biogas
resources to meet recent vehicle demand for CNG. As with bio-
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the 2X case.

electricity, we estimated that landfills and WWTP2 had the lowest
production costs. LCOEs for these facilities were ~$2-$3 per gallon of
gas equivalent (GGE).* Production at qualifying swine farms and
WWTP1 would be more expensive. LCOEs at these sites started at ~
$3.50/GGE and rose to almost $6/GGE.

Direct production of RNG required the highest flux of biogas in our
modeling. Of the all the sources analyzed, only one not currently pro-
ducing energy, a landfill (solid red circle, Fig. 4C), met this criterion.
Eleven other landfills already generating heat/electricity (open red
circles, Fig. 4C), also met the criterion. In fact, one of these, the South
Wake Landfill in Apex, NC, is in the construction phase of switching
from electricity to RNG production [55].

RNG also could be produced among the sites we analyzed if sources
were connected via physical or virtual pipelines. Again, because they are
so densely concentrated in the eastern part of NC, we used only swine
farms to assess these scenarios. Among the physical pipeline networks
modeled, only six ended up collecting enough biogas annually to sup-
port direct RNG production (Fig. 4C). The largest and most costly of
these involved 46 swine farms, while the smallest and lowest cost had
eight farms. Importantly, these were the network extents that yielded
both the minimum biogas flux needed for direct RNG production and
each network’s lowest LCOE. As more farms were added to the net-
works, LCOEs increased. These additional iterations of the networks are
included in the SI, but only the lowest-cost versions of the networks are
shown in the RNG MSC (Fig. 4C). The LCOEs for these were $30-$61/

4 GGE = gallon of gas equivalent—i.e., volume of bio-CNG that equals the
energy content of a gallon (3.8 L) of gasoline.

MMBtu.

LCOEs for the virtual pipeline scenario were comparable. These
values were $31-$41/MMBtu for the base case, and $45-$73/MMBtu
for the 2X case (Fig. 4C). Under this scenario, however, cumulative
production potential rose from 6.2 to 8.2 trillion Btu per year (TBtu/y),
or ~ 1 % of total natural gas consumption in NC in 2022 (735 TBtu
[53]), while potential reductions in total annual GHG emissions from all
sources changed from 11 % to 16 %. This result occurred despite there
being fewer swine farms involved in the virtual pipeline scenario than in
the pipeline network scenario (124 vs. 181). The reason is that the
former scenario involved only farms with biogas fluxes high enough to
qualify for bio-CNG production, while in the latter scenario, smaller
farms proximal to the pipeline networks got incorporated into them as
they grew.

Project scale vs. cost competitiveness

The MSCs in Fig. 4 reflect both the cumulative amount of bio-
electricity, bio-CNG, and RNG producible from biogas in NC, and the
energy prices that in theory would attract investment in biogas-to-
energy projects needed to achieve that potential. More difficult to
establish from the MSCs, however, are the project scales and energy
market(s) that would offer the greatest potential for economic viability,
not just in NC, but also elsewhere in the U.S. Figs. 5-7 compare project
LCOEs as a function of biomethane in the biogas collected to recent
prices for substitutable energies in different regional U.S. markets and,
where applicable, to major federal and state incentives that the projects
would be eligible for.

In terms of bio-electricity, the most cost-competitive sites for project
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development were landfills and WWTP2 with methane fluxes of ~ 500
MMBtu/d or higher—i.e., fluxes large enough to fuel a reciprocating-
engine or combustion-turbine generator. Estimated LCOEs at these
sites were comparable to the 2022 median peak day-ahead locational
marginal price for electricity at seven major electricity trading hubs
located across the U.S. (midline in boxes, Fig. 5B). These prices, which
are what utilities paid generators for electricity, are notably consistent
among the trading hubs, indicating that on most days, day-ahead
wholesale prices for electricity are relatively uniform across the U.S.
Furthermore, the prices are far below those needed to support bio-
electricity generation at WWTP1 and at livestock farms with methane
fluxes equivalent to those of swine farms in NC. Presently, there are no
major federal incentives for electricity generation from biogas. And
while states with renewable portfolio standards (i.e., policies that
require/encourage suppliers to generate a minimum amount of elec-
tricity from renewable energy sources) offer market incentives for
renewable electricity, the type and maximum power capacity of gener-
ators that qualify for these incentives vary from state to state.

Greater market opportunity in the U.S. currently exists for bio-CNG
projects. We found that such projects at landfills and WWTP2 would
have LCOEs comparable to the recent price of CNG across all continental
U.S. Petroleum Administration Defense Districts (PADDs) (Fig. 6A and
6B). This finding held regardless of whether the energy content of the
CNG was expressed in terms of GGE or gallons of diesel equivalent. The
higher LCOEs for bio-CNG produced at large livestock farms also appear
cost-competitive with conventional CNG in at least two PADDs, the West
Coast and New England.

Note that the LCOEs for bio-CNG are comparable to current market
prices before inclusion of two significant incentive programs that the
three types of bio-CNG projects analyzed here could apply to participate
in. The first is the EPA’s Renewable Fuel Standard (RFS). In this pro-
gram, each gallon of bio-CNG produced from any of the three sources
would, when sold, generate one D-3 Q-pathway renewable identification
number (RIN) [63]. Bio-CNG producers can then sell their RINs to
“obligated parties” (refiners and distributors) who must purchase
enough of them for the fuel they sell to federally register as having a
minimum required fraction of biofuel. During 2022 through mid-2023,
D-3 Q RINS were selling on average for $2.78 + $0.90°/gal, an amount
greater than the LCOEs for bio-CNG from landfills and large WWTP2s,
and an amount that when combined with the recent prices for CNG
would meet or exceed the LCOEs of bio-CNG projects at livestock farms
with methane capture rates exceeding 100 MMBtu/d (Fig. 6A and 6C).

The second major incentive program that bio-CNG projects can apply
for is the State of California’s Low Carbon Fuel Standard (LCFS). Because
projects located outside California typically inject their bio-CNG output
as RNG into a natural gas pipeline, we also considered the program in
the context of the current market opportunity for RNG, which is shown
in Fig. 7.

Across all seven PADDs, prices received for natural gas during 2022
to mid-2023, either at the City Gate or from electricity generators and
industrial customers (i.e., lowest-cost buyers who receive natural gas
directly from transmission pipelines), were about half of the lowest RNG
project LCOEs in our analysis, i.e., those involving large landfills (Fig. 7A
and 7B). If the gas is purchased explicitly for use as transportation fuel,
however, sellers of RNG or bio-CNG that qualify for the RFS would also
receive the same RINs discussed above, which when converted to gas
units would equate to ~$36 + $12/MMBtu (Fig. 7C). And, if the
transportation fuel were being sold into California, sellers qualified for
the LCFS would receive carbon credits that obligated parties in that state
also would have to obtain in addition to RINs. The number of LCFS
credits the sellers would receive depend on the carbon intensity (CI) of
the seller’s biomethane relative to that of gasoline or diesel (93 and 94
gC0O2e/MJ, respectively), where Cl is the life-cycle emissions of each fuel

5 Error = 2 x standard deviation.
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per unit of energy. Based on current carbon intensities for active LCFS-
approved projects producing RNG/bio-CNG from landfills, WWTPs, and
swine farms, in combination with the value of LCFS credits sold during
2022 to mid-2023 ($85 =+ $54/mtCO.e), this additional incentive
equates to $3.43 + $1.64/MMBtu (or $0.39 + $0.19/gal) for landfill
biomethane, $4.40 + $1.35/MMBtu (or $0.50 + $0.15/gal) for WWTP
biomethane, and $43.82 + $4.51/MMBtu ($4.96 + $0.51/gal) for
swine farm biomethane (Fig. 6C and 7C). The greater value of RNG/bio-
CNG from swine farms is due to their significantly lower life-cycle
emissions, which have resulted in current CIs for active swine farm
projects in the LCFS of —402 + 40 gCO2e/MJ (vs. 49 + 29 gCOze/MJ for
landfills and 38 + 24 gCOe/MJ for WWTPs).

Thus, in the U.S., the most valuable market for biogas-to-energy
projects is currently the transportation fuel market, especially the
market in California where approved sellers can receive $40-$80 +
$13/MMBtu (or $3.17-$7.75 + $1.41/gal, Fig. 6) on top of the going
price for CNG. At such price levels, many to all the prospective bio-CNG
and RNG projects in NC that we analyzed would be profitable, including
large, high-LCOE WWTP1 projects.

Discussion

Although our techno-economic analysis considered only three types
of biogas sources, all of which were limited to NC, the results have
broader implications for the potential scale, markets, and cost compet-
itiveness of biogas-to-energy projects in the U.S. Estimates for the total
annual energy resource potential in the nation’s organic waste range
from 431 TBtu/y [23] to 815 TBtu/y [28] and possibly higher [14]. A
recent report on biogas resources in North Carolina placed the state’s
potential at 45 TBtu/y (this excludes energy in crop waste, which is not
currently extracted using ADs) [24]. Of this amount, 62 % (28 TBtu/y) is
stored in landfills, WWTPs, and swine farms. Based on our modeling
results, the fraction of energy from these same NC sources producible
from qualifying projects lies between 22 % of their resource potential if
the energy being generated is electricity (6.2 TBtu/y or 1,824 GWh/y)
and 29 % (8.2 TBtu/y) if the energy is RNG. This finding implies that
about a quarter of the U.S. biogas resource potential in animal manure,
wastewater, and landfills, as well as industrial, institutional, and com-
mercial organic waste (IIC), is technically recoverable for commercial
sale. It further implies that the amount of natural gas that could be
displaced by biomethane from these sources is likely < 1 % of the na-
tion’s natural gas consumption in 2022 (33,600 TBtu)[65], a percentage
at least several times lower than previous estimates [14,23].

Relatedly, MSCs similar to those in Fig. 4A,C were developed by
Murray, et al. [14] using data at the time from all U.S. states. Their MSCs
projected that much of the nation’s biomethane potential could be
produced at an LCOE of $5-$6/MMBtu (1.7¢-2.0¢/kWh). In contrast,
our LCOE estimates start at two or more times that level (Fig. 4A,C). This
is partially the result of our having used a higher discount rate (8 % vs. 5
%) and shorter project length (15 y vs. 20 y) in calculating LCOE (eq. (1).
Inflation since Murray, et al. [14] published their study is also a factor.
However, calculating LCOE as they did and adjusting for inflation
reduced our estimated LCOEs by only 17 %-24 %. Our still higher LCOEs
may be due to our having used a smaller sample size of prospective
biogas-to-energy projects, but because the set is still large and diverse,
we suspect that our updated LCOEs are more realistic.

Nonetheless, producing energy from biogas is sustainable, reduces
GHG emissions, and, at a large enough scale, can also be profitable,
particularly in markets with incentives for boosting renewable energy
production and/or reducing emissions. While many studies of biogas
potential have focused on using the gas to generate electricity, our
analysis makes clear that the far more attractive market for biogas-to-
energy projects in the U.S. is transportation fuel. Wholesale electricity
prices can certainly reach or exceed the bio-electricity LCOEs that we
estimated (Fig. 5), particularly in the real-time market, but to receive
these prices, biogas generators must either have must-run status or be
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dispatchable and thus able to store accumulating biogas/biomethane
onsite until called upon. Furthermore, such peak prices tend to be
relatively infrequent and short lived, so barring some form of regular
payment, there might not be enough such events in a year for a bio-
electricity project to break even.

In contrast, bio-CNG and RNG projects that succeed in selling their
output as transportation fuel are more likely to generate a steadier, more
predictable revenue stream, particularly if they can establish multiyear
contracts for injecting their biomethane into a natural gas pipeline. And
unlike for the bio-electricity results, there are at least two regional CNG
markets in the U.S. where prices have recently exceeded the LCOE es-
timates for large biogas-to-biomethane prospects in NC even before
including available incentives (Fig. 6A,B). When the value of RFS RINs is
factored in, with or even without the added value of LCFS credits, even
smaller, more expensive-to-develop biogas-to-fuel projects become
profitable (Figs. 6 and 7). In fact, the incentives are so lucrative that they
could attract existing bio-electricity projects to shift to producing bio-
CNG. Possible examples include the landfill in Apex, NC [55], dis-
cussed previously, and the energy-intensive WWTPs currently selling
bio-CNG into the LCFS program rather than using that energy to offset
these facilities’ own energy purchases [66].

Our analysis also suggests that like in NC, the national production
potential of bio-CNG and RNG could meet or even exceed current de-
mand for CNG in the U.S. A major reason for this result is the relatively
low number of CNG vehicles in the nation. At present, these constitute <
0.1 % of the U.S. vehicle fleet (175,000 CNG vs. > 278,000,000 total
[67,68]). And given the auto industry’s shift toward producing electric
vehicles (EVs), further growth of the CNG market in the U.S. will likely
depend on greater adoption of heavy-duty CNG/LNG trucks [69].

Even so, both near- and long-term demand for biofuels looks to
remain strong. The EPA has set volume targets for renewable fuel con-
sumption through 2025, and given the current value of RINs, their future
value could well remain in the tens of dollars per MMBtu. Similarly, the
California LCFS program has been extended through 2030, and though
the value of LCFS credits for landfill and WWTP biofuels could decline as
the net CI of the state’s fuel mix drops toward zero, the much lower CI of
bio-CNG and RNG from livestock manure should ensure that the value of
LCFS credits for qualifying projects of this type will remain high. De-
mand for bio-CNG and RNG is now also coming from more recently
established LCFS programs in Oregon, Washington State, and the Ca-
nadian Province of British Columbia, and if proposed legislation in New
York, Vermont, Michigan, Illinois, Minnesota and New Mexico is enac-
ted, these states will implement LCFS programs as well [70].

Longer term, there are at least three emerging markets for biogas: (1)
the “clean” (i.e., non-fossil-fuel derived) hydrogen market, (2) the sus-
tainable aviation fuel market, and (3) a recently proposed update to the
RFS program. The U.S. market for clean hydrogen, which can be pro-
duced from biomethane among other sources [71], is still nascent, but is
now being accelerated by billions of dollars in federal funding that will
be directed at developing regional clean hydrogen hubs, expanding the
use of hydrogen in the industrial sector, and helping establish domestic
hydrogen supply chains [72,73]. The DOE along with other U.S. federal
agencies will also be issuing billions in federal funding to meet a shared
goal of producing 3 billion gallons per year of domestic sustainable
aviation fuel by 2030 and 100 % of projected aviation jet fuel use (35
Bgal/y) by 2050 [74]. Biomethane will be important source for
achieving such targets [75]. And finally, the EPA has proposed an up-
date to the RFS program that would allow electricity generated from
biogas that is purchased for EV fleets to qualify for a new type of RIN, an
eRIN [76]. The proposal is still under review, but if implemented, it
would spur EV manufacturers to secure new power purchase agreements
from biogas-fueled generators for all the manufacturers’ existing and
new light-duty vehicles.

Sustainable Energy Technologies and Assessments 60 (2023) 103557

Conclusions

We have used over 2,800 prospective biogas-to-energy projects in NC
with potential biogas yields spanning five orders of magnitude to
explore the possible scale, market potential, and current cost competi-
tiveness of bio-electricity, bio-CNG, and RNG projects in the U.S. Among
our principal findings is that the technical potential for producing
commercially saleable energy from biogas is about one quarter of the
total resource potential estimated for all sources analyzed. Project
LCOEs are also higher than previous estimates and exceed current en-
ergy prices for electricity and natural gas in regional energy markets
across the contiguous U.S. But whereas many previous studies have
focused on using biogas to produce electricity, we find that LCOEs for
bio-CNG projects collecting raw biomethane at rates of > 100 MMBtu/
d are most cost-competitive with recent prices for conventional CNG.
And when key federal and state-level incentives are factored in, smaller
bio-CNG projects with collection rates of as low as 45 MMBtu/d become
economically viable as well.

Despite the economic incentives for project development available
through the evolving RFS and expanding LCFS programs, adoption of
biogas-based energy in the U.S. has been slow. Several areas of future
research are needed to address this issue. Among the most important is
improving the technical and thus economic potential for extracting en-
ergy from biogas and thereby also increasing reductions in GHG emis-
sions. The low commercial energy recovery (~25 %) and low emissions
reductions (~2% of total NC GHG emissions in 2022 for bio-CNG/RNG
up to 8.5 % for bio-electricity [77]) estimated in this study are the result
of many of the prospective projects having biogas yields that were too
low for producing saleable energy, particularly bio-CNG and RNG.
Research is also needed on policies for permitting the addition of RNG
injection sites along natural gas pipelines. Federal U.S. legislation like
the Public Utility Regulatory Policies Act (PURPA) and the Energy Policy
Act of 1992 were critical in allowing renewable electricity generators
access to the nation’s electric grids [78]. A similar set of policies is now
needed for more biogas projects to access the natural gas pipeline sys-
tem. Establishing uniform policies, however, is likely to be difficult
because most gas lines where injection sites would be needed are
regulated by state public utility commissions, which often have different
priorities, policies, and permitting processes. Criteria for identifying the
best locations for injection sites also are necessary to minimize infra-
structure costs, optimize biogas/biomethane transportation routes, and
avoid adversely impacting local communities in which biogas-to-energy
projects might be established. The last issue is of particular importance
for projects relying on manure from industrial livestock operations [79].
In NC, for example, past pollution and health impacts to low-income
Black and Latino communities surrounding large industrial hog farms
has fueled opposition to producing energy from manure at these sites
[80]. There is a critical need for research into whether and how energy
projects at such farms could be developed to improve the local health,
environment, and economy of adjacent communities if manure from
such operations is going to be considered an acceptable source of sus-
tainable energy.

CRediT authorship contribution statement

Lincoln F. Pratson: Conceptualization, Methodology, Software,
Validation, Formal analysis, Investigation, Writing — original draft,
Writing — review & editing, Visualization, Project administration,
Funding acquisition. John Fay: Methodology, Software, Visualization,
Writing — review & editing. Sameer Parvathikar: Methodology, Vali-
dation, Writing — review & editing, Project administration, Funding
acquisition.

Declaration of Competing Interest

The authors declare the following financial interests/personal



L.F. Pratson et al.

relationships which may be considered as potential competing interests:
Lincoln Pratson reports financial support was provided by Duke Energy
Corporation. John Fay reports financial support was provided by Duke
Energy Corporation. Sameer Parvathikar reports financial support was
provided by Duke Energy Corporation.

Data availability
Data has been provided as part of Supplementary Material.
Acknowledgments

This work was supported by Duke Energy through the research fund
under the North Carolina Renewable Energy and Energy Efficiency
Portfolio Standard (REPS). We thank two anonymous reviewers for their
very helpful recommendations for improving the original version of this
manuscript. This study benefited from in depth discussions with T.
Vujic, who also kindly reviewed the initial manuscript. M. Deshusses
and T. Dupnock are thanked as well for their early input to the study.
The authors declare that they have no known competing financial in-
terests or personal relationships that could have influenced the work
reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.seta.2023.103557.

References
[1] Balat M, Balat H. Biogas as a renewable energy source—a review. Energy Sour Part

A 2009;31(14):1280-93.

Scarlat N, Dallemand J-F, Fahl F. Biogas: Developments and perspectives in

Europe. Renew Energy 2018;129:457-72.

Zhao X, Liu P. Focus on bioenergy industry development and energy security in

China. Renew Sustain Energy Rev 2014;32:302-12.

Thran D, Deprie K, Dotzauer M, Kornatz P, Nelles M, Radtke KS, et al. The potential

contribution of biogas to the security of gas supply in Germany. Energy Sustain Soc

2023;13(1):1-15.

Nawab F, Abd Hamid AS, Arif M, Khan TA, Naveed A, Sadiq M, et al. Solar-biogas

microgrid: a strategy for the sustainable development of rural communities in

Pakistan. Sustainability 2022;14(18):11124.

Sarkar T, Bhattacharjee A, Samanta H, Bhattacharya K, Saha H. Optimal design and

implementation of solar PV-wind-biogas-VRFB storage integrated smart hybrid

microgrid for ensuring zero loss of power supply probability. Energ Conver Manage

2019;191:102-18.

Xu D, Zhou B, Chan KW, Li C, Wu Q, Chen B, et al. Distributed multienergy

coordination of multimicrogrids with biogas-solar-wind renewables. IEEE Trans

Ind Inf 2018;15(6):3254-66.

Tilche A, Galatola M. The potential of bio-methane as bio-fuel/bio-energy for

reducing greenhouse gas emissions: a qualitative assessment for Europe in a life

cycle perspective. Water Sci Technol 2008;57(11):1683-92.

EPA. Understanding Global Warming Potentials, https://www.epa.gov/

ghgemissions/understanding-global-warming-potentials; 2023 [Accessed

September 12, 2023 2023].

Patinvoh RJ, Taherzadeh MJ. Challenges of biogas implementation in developing

countries. Curr Opin Environ Sci Health 2019;12:30-7.

Surendra K, Takara D, Hashimoto AG, Khanal SK. Biogas as a sustainable energy

source for developing countries: Opportunities and challenges. Renew Sustain

Energy Rev 2014;31:846-59.

Morgan Jr HM, Xie W, Liang J, Mao H, Lei H, Ruan R, et al. A techno-economic

evaluation of anaerobic biogas producing systems in developing countries.

Bioresour Technol 2018;250:910-21.

IEA. Outlook for biogas and biomethane: Prospects for organic growth. Paris; 2020.

Murray BC, Galik CS, Vegh T. Biogas in the United States: estimating future

production and learning from international experiences. Mitig Adapt Strat Glob

Chang 2017;22:485-501.

Sensoneo. Global Waste Index 2022: These are the biggest waste producers in the

world, https://sensoneo.com/global-waste-index/; 2023 [Accessed September 12,

2023 2023].

Energy Information Administration (EIA). Total energy consumption 2021,

https://www.eia.gov/international /rankings/world?

pa=44&u=2&f=A&v=none&y=01%2F01%2F2021&ev=false; 2021 [Accessed

September 12, 2023 2023].

Crippa M, Guizzardi D, Banja M, Solazzo E, Muntean M, Schaaf E, et al. CO2

emissions of all world countries. JRC Science for Policy Report, European

Commission, EUR 2022;31182.

[2

—

[3]
[4]

[5]

[6]

[7]

[8

[}

[91

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

10

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Sustainable Energy Technologies and Assessments 60 (2023) 103557

IEA. End-Use Prices Data Explorer, https://www.iea.org/data-and-statistics/data-
tools/end-use-prices-data-explorer?tab=Overview; 2023 [Accessed September 12,
2023 2023].

International Energy Agency (IEA). Outlook for biogas and biomethane: prospects
for organic growth. Paris, France: International Energy Agency; 2020.

Mastoni A, Czarnota J, Szaja A, Szulzyk-Cieplak J, Lagod G. The enhancement of
energy efficiency in a wastewater treatment plant through sustainable biogas use:
Case study from Poland. Energies 2020;13(22):6056.

Seiple TE, Coleman AM, Skaggs RL. Municipal wastewater sludge as a sustainable
bioresource in the United States. J Environ Manage 2017;197:673-80.

GuY, LiY, LiX, Luo P, Wang H, Robinson ZP, et al. The feasibility and challenges
of energy self-sufficient wastewater treatment plants. Appl Energy 2017;204:
1463-75.

Do E, editor. National Renewable Energy Laboratory (NREL). Energy analysis;
Biogas potential in the United States. Denver, CO: National Renewable Energy
Laboratory; 2013.

Parvathikar S, Rao V, Pratson L, Vujic T, Deshusses JM, Fay J, et al. Biogas
Utilization in. North Carolina: Opportunities and Impact Analysis; 2021.

Dalke R, Demro D, Khalid Y, Wu H, Urgun-Demirtas M. Current status of anaerobic
digestion of food waste in the United States. Renew Sustain Energy Rev 2021;151:
111554.

Shen Y, Linville JL, Urgun-Demirtas M, Mintz MM, Snyder SW. An overview of
biogas production and utilization at full-scale wastewater treatment plants
(WWTPs) in the United States: challenges and opportunities towards energy-
neutral WWTPs. Renew Sustain Energy Rev 2015;50:346-62.

Erickson ED, Tominac PA, Zavala VM. Biogas production in United States dairy
farms incentivized by electricity policy changes. Nat Sustain 2023:1-9.

Skaggs RL, Coleman AM, Seiple TE, Milbrandt AR. Waste-to-Energy biofuel
production potential for selected feedstocks in the conterminous United States.
Renew Sustain Energy Rev 2018;82:2640-51.

Krich K, Augenstein D, Batmale J, Benemann J, Rutledge B, Salour D. Biomethane
from Dairy Waste, a Sourcebook for the Production and Use of Renewable Natural
Gas. 2005.

Cooley D, Murray B, Ross M, Lee M-Y, Yeh K. May. An economic evaluation of
North Carolina’s landfill biogas development potential. Durham, NC: Duke
University; 2013.

ICF International. Greenhouse gas mitigation options and costs for agricultural
land and animal production within the United States. Washington, D.C.: ICF
International; 2013.

Prasodjo D, Vujic T, Cooley D, Yeh K, Lee M-Y. A spatial-economic optimization
study of swine waste-derived biogas infrastructure design in North Carolina.
Nicholas Institute for Environmental Policy Solutions and Duke Carbon Offsets
Initiative. Durham, NC: Duke University; 2013.

Landfill Methane Outreach Program (LMOP). LMOP database. Washington, DC: U.
S. Environmental Protection Agency, Landfill Methane Outreach Program; 2023.
Michailos S, Walker M, Moody A, Poggio D, Pourkashanian M. Biomethane
production using an integrated anaerobic digestion, gasification and CO2
biomethanation process in a real waste water treatment plant: A techno-economic
assessment. Energ Conver Manage 2020;209:112663.

El Ibrahimi M, Khay I, El Maakoul A, Bakhouya M. Techno-economic and
environmental assessment of anaerobic co-digestion plants under different energy
scenarios: A case study in Morocco. Energ Conver Manage 2021;245:114553.
Landfill Methane Outreach Program (LMOP). Landfill Gas Energy Cost Model
(LFGcost-Web) user manual, https://www.epa.gov/sites/default/files/2021-04/
documents/1fgcost_web_v3.5_usersmanual_mar2021.pdf; 2021.

Cavanaugh. The Next Evolution in Agricultural Biogas — The OPTIMA-KV Pipeline
Renewable Natural Gas Project, http://www.cavanaughsolutions.com/bioenergy/
projects/optima-kv/; 2023 [Accessed September 12, 2023 2023].

AgStar. Project Profile: Ruckman Farm. In: Agency EP, ed.: EPA; 2022.

Hoo PY, Hashim H, Ho WS. Opportunities and challenges: Landfill gas to
biomethane injection into natural gas distribution grid through pipeline. J Clean
Prod 2018;175:409-19.

O’Shea R, Wall D, Murphy J. An energy and greenhouse gas comparison of
centralised biogas production with road haulage of pig slurry, and decentralised
biogas production with biogas transportation in a low-pressure pipe network. Appl
Energy 2017;208:108-22.

Havrysh V, Nitsenko V, Bilan Y, Streimikiene D. Assessment of optimal location for
a centralized biogas upgrading facility. Energy Environ 2019;30(3):462-80.
Hengeveld EJ, Bekkering J, Van Gemert W, Broekhuis A. Biogas infrastructures
from farm to regional scale, prospects of biogas transport grids. Biomass Bioenergy
2016;86:43-52.

IEA Bioenergy. 37. Green Gas Hub: Provision of Biogas by Farmers by Pipe to a
Green Gas Hub with a Centralised Upgrading Process; 2017. 2018.

Jaffe AM, Dominguez-Faus R, Parker N, Scheitrum D, Wilcock J, Miller M. The
feasibility of renewable natural gas as a large-scale, low carbon substitute.
California Air Resources Board Final Draft Report Contract 2016(13-307).

Sarker BR, Wu B, Paudel KP. Modeling and optimization of a supply chain of
renewable biomass and biogas: Processing plant location. Appl Energy 2019;239:
343-55.

Ghafoori E, Flynn PC. Optimizing the logistics of anaerobic digestion of manure.
Applied Biochemistry and Biotecnology: The Twenty-Eighth Symposium Proceedings of
the Twenty-Eight Symposium on Biotechnology for Fuels and Chemicals Held April
30-May 3, 2006, in Nashville, Tennessee. Springer; 2007:625-37.

Leslie A, Murray D. An Analysis of the Operational Costs of Trucking: 2022 Update.
Minneapolis, MN: American Transportation Research Institute; 2022. p. 53.


https://doi.org/10.1016/j.seta.2023.103557
https://doi.org/10.1016/j.seta.2023.103557
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0005
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0005
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0010
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0010
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0015
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0015
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0020
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0020
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0020
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0025
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0025
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0025
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0030
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0030
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0030
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0030
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0035
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0035
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0035
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0040
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0040
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0040
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0050
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0050
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0055
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0055
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0055
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0060
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0060
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0060
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0070
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0070
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0070
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0100
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0100
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0100
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0105
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0105
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0110
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0110
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0110
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0115
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0115
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0115
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0120
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0120
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0125
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0125
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0125
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0130
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0130
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0130
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0130
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0135
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0135
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0140
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0140
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0140
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0150
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0150
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0150
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0155
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0155
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0155
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0160
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0160
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0160
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0160
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0170
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0170
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0170
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0170
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0175
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0175
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0175
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0195
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0195
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0195
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0200
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0200
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0200
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0200
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0205
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0205
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0210
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0210
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0210
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0225
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0225
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0225
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0235
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0235

L.F. Pratson et al.

[48]
[49]

[50]

[51]

[52]

[531

[54]

[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]

[63]

[64]

Steffen B. Estimating the cost of capital for renewable energy projects. Energy Econ
2020;88:104783.

Lazard. Lazard’s Levelized Cost of Energy Analysis—Version 16.0. Lazard’s
Levelized Cost of Energy Analysis. 16.0. 2023.

North Carolina Department of Environmental Quality (NCDEQ). NPDES individual
permits list Dec 2022. In: Quality NCDoE, ed. Raleigh, NC: North Carolina
Environmental Quality; 2022.

National Research Council (NRC). Use of reclaimed water and sludge in food crop
production. Washington, DC: National Academies Press; 1996.

Bachmann N, la Cour JJ, Bochmann G, Montpart N. Sustainable biogas production
in municipal wastewater treatment plants. Switzerland: IEA Bioenergy Massongex;
2015.

EIA. North Carolina State Profile and Energy Estimates, https://www.eia.gov/
state/data.php?sid=NC; 2023 [Accessed September 12, 2023 2023].

EIA. Revenue, sales, customer counts, and retail price by state and sector. In:
Administration EI, ed. Monthly Form EIA-861M (formerly EIA-826) detailed data
(1990 - present). 2023.

Wake County North Carolina. South Wake Landfill to turn landfill gas into
renewable natural gas. News. Wake County North Carolina; 2022.

EIA. Wholesale Electricity and Natural Gas Market Data. In: Administration USEI,
ed. Washington D.C.; 2023.

AFDC. CLEAN CITIES Alternative Fuel Price Report, January 2022. Washington D.
C.: Energy Efficiency and Renewable Energy Alternative Fuels Data Center; 2022.
AFDC. CLEAN CITIES Alternative Fuel Price Report, April 2022. Washington D.C.:
Energy Efficiency and Renewable Energy Alternative Fuels Data Center; 2022.
AFDC. CLEAN CITIES Alternative Fuel Price Report, July 2022. Washington D.C.:
Energy Efficiency and Renewable Energy Alternative Fuels Data Center; 2022.
AFDC. CLEAN CITIES Alternative Fuel Price Report, October 2022. Washington D.
C.: Energy Efficiency and Renewable Energy Alternative Fuels Data Center; 2022.
AFDC. CLEAN CITIES Alternative Fuel Price Report, January 2023. Washington D.
C.: Energy Efficiency and Renewable Energy Alternative Fuels Data Center; 2023.
AFDC. CLEAN CITIES Alternative Fuel Price Report, April 2023. Washington D.C.:
Energy Efficiency and Renewable Energy Alternative Fuels Data Center; 2023.
EPA. What is a Fuel Pathway?, https://www.epa.gov/renewable-fuel-standard-
program/what-fuel-pathway#:~:text=biomass%20energy%20sources.-,To%
20qualify%20for%20the%20RFS%20program%2C%20the%20fuel%20must%
20be,and%20electricity%20from%20renewable%20biomass.; 2023 [Accessed
September 12, 2023 2023].

Eia. Natural Gas Prices. Washington D.C.: Energy Information Administration;
2023.

11

[65]

[66]

[67]

[68]
[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

771

[78]
[79]

[80]

Sustainable Energy Technologies and Assessments 60 (2023) 103557

EIA. Natural Gas Consumption by End Use. In: Administration EI, ed. Washington
D.C.; 2023.

CARB. LCFS Pathway Certified Carbon Intensities, https://ww2.arb.ca.gov/sites/
default/files/classic/fuels/lcfs/fuelpathways/current-pathways_all.xlsx; 2023
[Accessed September 12, 2023 2023].

Alternative Fuels Data Center (AFDC). CLEAN CITIES Alternative Fuel Price
Report, January 2022. Washington D.C.: Energy Efficiency and Renewable Energy
Alternative Fuels Data Center; 2022.

Tilford A, Megna M. Car Ownership Statistics 2023. Forbes Advisor. Forbes Media
LLGC; 2023.

Peters R, Breuer JL, Decker M, Grube T, Robinius M, Samsun RC, et al. Future
power train solutions for long-haul trucks. Sustainability 2021;13(4):2225.

Beta Analytic Testing Laboratory. Low carbon fuel standard programs in the US &
Canada, https://www.betalabservices.com/low-carbon-fuel-standard-programs-
us-canada/ 2023, May [Accessed Oct 16 2023].

Marcoberardino GD, Vitali D, Spinelli F, Binotti M, Manzolini G. Green hydrogen
production from raw biogas: A techno-economic investigation of conventional
processes using pressure swing adsorption unit. Processes 2018;6(3):19.

IEA. Infrastructure and Jobs act: Clean hydrogen initiatives, https://www.iea.org/
policies/14972-infrastructure-and-jobs-act-clean-hydrogen-initiatives#; 2023
[Accessed September 12, 2023 2023].

Kramer D. Clean hydrogen edges toward competitiveness. Phys Today 2022;75(8):
22-5.

Oakleaf B, Cary S, Meeker D, Arent D, Farrell J, Day M, et al. A Roadmap Toward a
Sustainable Aviation Ecosystem. National Renewable Energy Lab.(NREL), Golden,
CO (United States); 2022.

Gupta KK, Rehman A, Sarviya R. Bio-fuels for the gas turbine: A review. Renew
Sustain Energy Rev 2010;14(9):2946-55.

Energy Information Administration (EIA). Renewable Fuel Standard (RFS)
program: Standards for 2023-2025 and other changes. In: Agency USEP, ed. 87.
Washington D.C.: Federal Register; 2022.

NCDEQ. North Carolina Greenhouse Gas Inventory (1990-2030). In: Quality
NCDOE, ed. Raleigh, NC: North Carolina Department of Environmental Quality;
2022.

Martinot E, Wiser R, Hamrin J. Renewable energy policies and markets in the
United States. Center for Resource Solutions 2005.

Kelly-Reif K, Wing S. Urban-rural exploitation: An underappreciated dimension of
environmental injustice. J Rural Stud 2016;47:350-8.

Addison C. Wastelands: The True Story of Farm Country on Trial. Knopf; 2022.


http://refhub.elsevier.com/S2213-1388(23)00550-7/h0240
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0240
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0255
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0255
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0260
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0260
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0260
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0320
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0320
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0345
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0345
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0355
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0355
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0355
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0365
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0365
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0375
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0375
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0395
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0395
http://refhub.elsevier.com/S2213-1388(23)00550-7/h0400

	Market prospects for biogas-to-energy projects in the U.S.A. based on a techno-economic assessment of major biogas sources  ...
	Introduction
	Methods and data
	Systems overview
	Systems modeling
	Additional modeling for RNG systems
	Financial modeling
	Modeling input

	Results
	Modeling validation
	Marginal supply curves
	Project scale vs. cost competitiveness

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


