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Abstract: Public attention to climate change challenges our locked-in fossil fuel-dependent energy
sector. Natural gas is replacing other fossil fuels in our energy mix. One way to reduce the greenhouse
gas (GHG) impact of fossil natural gas is to replace it with renewable natural gas (RNG). The benefits
of utilizing RNG are that it has no climate change impact when combusted and utilized in the same
applications as fossil natural gas. RNG can be injected into the gas grid, used as a transportation fuel,
or used for heating and electricity generation. Less common applications include utilizing RNG to
produce chemicals, such as methanol, dimethyl ether, and ammonia. The GHG impact should be
quantified before committing to RNG. This study quantifies the potential production of biogas (i.e.,
the precursor to RNG) and RNG from agricultural and waste sources in New York State (NYS). It
is unique because it is the first study to provide this analysis. The results showed that only about
10% of the state’s resources are used to generate biogas, of which a small fraction is processed to
RNG on the only two operational RNG facilities in the state. The impact of incorporating a second
renewable substitute for fossil natural gas, “green” hydrogen, is also analyzed. It revealed that
injecting RNG and “green” hydrogen gas into the pipeline system can reduce up to 20% of the state’s
carbon emissions resulting from fossil natural gas usage, which is a significant GHG reduction. Policy
analysis for NYS shows that several state and federal policies support RNG production. However,
the value of RNG can be increased 10-fold by applying a similar incentive policy to California’s Low
Carbon Fuel Standard (LCFS).

Keywords: renewable natural gas; biogas; fossil fuels; renewable energy; energy transformation;
energy systems; energy assessment

1. Introduction

Global climate change, resulting from the use of fossil fuels to generate energy, is the
defining issue of our times. The generation of energy is a locked-in technological system,
but creating reforms to the existing structure is a difficult, albeit not impossible, matter [1].
Some have identified natural gas as a “bridge” energy source because it produces fewer
emissions/kJ than other fossil fuels. As a result, its share of the United States energy mix
has increased over the past decade [2,3]. “Greening” of the natural gas portion of fossil
fuel energy production, by introducing zero-emission gas products, would be a means of
reducing greenhouse gas (GHG) impacts from the energy system.

There are two substitutes for fossil fuel natural gas in the natural gas grid. One is
hydrogen gas produced from the electrolysis of water. If the electrolysis is powered by solar
or wind power, it provides a means of reducing the intermittency of these renewable energy
sources and produces “green” hydrogen, meaning there are little-to-no GHG impacts [4].
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However, the amount of “green” hydrogen that can be mixed into a natural gas system is
5–15% by volume [5].

The second low-carbon substitute for natural gas is renewable natural gas (RNG). Al-
though the combustion of RNG releases carbon dioxide (i.e., unlike hydrogen combustion),
it is considered “carbon neutral”. This is because the carbon sources for RNG are part of
the atmospheric carbon cycle, so their release does not add carbon to the atmosphere as
fossil fuels do. However, the use of geologically sourced fuels releases large amounts of
carbon, stored for millions to hundreds of millions of years, increasing the carbon in the
atmosphere and, subsequently, increasing GHGs [6].

Biogas produced through the anaerobic digestion of organic material is the precursor
to RNG. Biogas is typically 25% to 50% carbon dioxide and 50% to 75% methane, with
minor amounts of nitrogen, hydrogen, ammonia, and hydrogen sulfide [7]. Biogas can be
directly combusted for electricity generation, heat, or combined heat and power (CHP)
production [8]. Processing to remove hydrogen sulfide trace concentrations that corrode
combustion engines is common [9]. Biogas has a long history of use as a fuel for cooking
stoves and provides light in developing countries where electrical power is limited. Biomass
is the primary resource utilized for biogas production. China had an extensive program
to develop small network biogas production in the 1970s, and India is pursuing similar
projects currently [10,11].

Pipeline-grade RNG is produced from biogas through two steps. First, biogas purifica-
tion removes harmful elements to the gas grid, such as siloxanes, which are abrasive, and
hydrogen sulfide. Second, biogas upgrading removes most of the carbon dioxide, creating
nearly pure methane by scrubbing out the carbon dioxide with water or organic solvents
(i.e., polyethylene glycol), or by utilizing pressure swing adsorption with activated carbon
or molecular sieves. The removal of carbon dioxide improves the heating value and density
of the biogas, so it meets pipeline-grade specifications. These can vary, but generally, RNG
must have a 95% or greater methane content to be interchangeable with pipeline-grade
fossil natural gas [9]. Once it is created, RNG can be mixed into the existing natural gas
pipeline system as a primary energy source and so it is less affected by technological lock-in
than other renewable alternatives. RNG can be used as a fuel in the same applications as
fossil natural gas (i.e., heat, electricity, CHP, and transportation) [12]. In the United States,
it is more commonly used as a transportation fuel, such as liquified biomethane (LBM) or
bio-compressed natural gas (bio-CNG) [13,14]. Less common applications of RNG include
its utilization to produce platform chemicals, such as methanol, ammonia, and dimethyl
ether (DME) [15].

The production and use of RNG have increased significantly, particularly in European
countries, such as Sweden and Germany [16]. In Sweden, over half of the biogas is
upgraded to RNG, mainly for transportation purposes [16]. It is worth noting that Sweden
does not have access to a natural gas pipeline system, but has built up a refueling network
in the southern half of the country and is expanding it into the northern part [17]. The RNG
is transported as bio-CNG in mobile storage units, but other solutions, such as transporting
it as LBM, are under development [17]. Germany is the largest biomethane producer in
the world [18]. It produces biomethane predominantly for electricity generation and CHP
generation [19]. Germany has announced that 10% of its natural gas consumption will be
replaced with RNG in the gas grid by 2030 [16]. The RNG industry is greatly helped by
Germany having a well-developed gas pipeline network all over the country [16]. In North
America, the United States has a well-established RNG industry, driven predominantly by
California [16,20].

Changing to renewable energy from technologically locked-in systems that utilize
fossil fuels is difficult, even when the change seems relatively straightforward, such as
substituting RNG for fossil natural gas. One way to incentivize switching to RNG is by
improving the operational energy performance [21]. A study found that co-digestion with
biomass or increasing the concentration of the feedstocks in the anaerobic digesters could
be used to increase the overall efficiency [22]. Other methods for improving efficiency
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include replacing the conventional method of upgrading biogas with multistage membrane
technology. It requires less energy, but produces a high RNG yield and high RNG recov-
ery [23]. Germany, for example, predominantly uses membrane technology to upgrade
biogas [19].

Change can also be promoted by pushes from externalities and pulled into place by
government policies. The external push for change is clearly the existential threat of climate
change. Several critical policies in the United States provide an impetus for the adoption of
RNG as a pipeline substitute.

In 1978, the Public Utilities Regulatory Policy Act (PURPA) required utilities to pur-
chase independent power generation at “avoided costs”. The act was intended to increase
the demand for energy sources other than imported oil, including renewable energy [24].
However, the restructuring of electricity markets in the 1990s reduced minimal production
costs (i.e., commonly used for the avoided costs computation), leading to decreased market
rates for renewable energy and lower negotiated rates for long-term contracts for alternate
energy producers. This led to stagnation in renewable energy production. However, the
market began to revive some, due to actions taken in individual states, such as creat-
ing net-metering programs, public benefits funds to support “green” energy, voluntary
green energy purchase programs, and other subsidies and scattered tax credits. A federal
production tax credit was also supportive [25].

A significant change occurred through the federal Energy Policy Act of 2005, espe-
cially the creation of Renewable Fuel Standards (RFS2) [26]. The act’s overall intent was to
reduce GHGs, expand the renewable fuels sector, and reduce reliance on imported fuels.
Specifically, the RFS2 mandates that 36 million gallons of renewable fuel be added to the
fuel pool by 2022 [26]. The standard will be met by requiring fuel producers to blend
a certain number of gallons of renewable fuels into their current fuel supply [26]. The
amount of renewable fuel each producer is expected to blend is known as the renewable
volume obligation (RVO) [26]. The RVO of each producer is determined by how much of
the total United States fuel capacity their production makes up [26,27]. The four renewable
fuel categories are biomass-based diesel, cellulosic biofuel, advanced biofuel, and total
renewable fuel [26]. Cellulosic biofuels refer to biofuels produced from cellulose, hemi-
cellulose, or lignin [26]. In contrast, advanced biofuels refer to biofuels produced from
renewable biomass (i.e., not including corn starch). Total renewable fuel includes corn
starch ethanol [28,29].

The United States Environmental Protection Agency (EPA) enforces the RFS2. It cre-
ated renewable identification numbers (RINs). RINs are credits generated when a producer
produces a gallon of renewable fuel [26]. Fuel producers must purchase enough RINs to
meet their RVOs [26]. Producers can also purchase RINs from other producers [26]. The
need for producers to obtain RINs has created a market for their purchase, fostering the
demand to produce renewable transportation fuels [26]. Biogas production facilities have
been registered as RIN generators under the cellulosic biofuel and advanced biofuel cate-
gories [26]. The production of biogas earns 11.727 RINs/decatherm (1 decatherm = 1 mil-
lion Btu = 1.05 million kJ = ~500 m3 biogas) [29,30]. The RINS associate with either biogas
or RNG [26].

Three California policies have converted the state into the epicenter of the RNG
industry. Two of them are the Renewable Energy Fund (REF) (1988) and the Renewable
Portfolio Standard (RPS) (2003). The REF subsidizes in-state renewable energy producers
and purchasers. The RPS requires 60% of retail electricity sales to come from renewable
energy by 2030 and requires all the state’s electricity to come from carbon-free resources by
2045 [31,32]. This increases California’s demand for green power products and supports
the overall RNG environment.

The third, which impacts producers outside of California more than the other two, is
the Low Carbon Fuel Standard (LCFS). The purpose of the LCFS is to reduce the average
carbon intensity (CI) of California transportation fuels by 20% by 2030 [33]. The CI of a fuel
is defined as the amount of GHG emissions associated with its production, transportation,
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and consumption. It is typically measured in grams of carbon dioxide equivalent per
megajoule (gCO2e/MJ)). Under the LCFS, the CI of retailed fuels in California must be
reduced, or credits need to be purchased as an offset. The LCFS is managed and enforced
by the California Air Resources Board (CARB). Transportation fuels in California must
have lower CIs than CARB targets to produce LCFS credits. One LCFS credit equals one
metric ton of carbon dioxide reduced. Fuels that have a low CI include ethanol, biodiesel,
renewable diesel, compressed natural gas (CNG), liquefied natural gas (LNG), CNG and
LNG derived from RNG, and hydrogen and electricity for electric vehicles [29]. Therefore,
the LCFS has created a credit market for renewable fuels.

The programs work in concert because the RFS2 and LCFS incentivize the use of
renewable fuels and generate LCFS credits that can then be sold in a market. Renewable
fuels for transportation generate RINs and LCFS credits if it can be shown that the fuel is
transported to, and used in, the transportation sector in California, specifically when the
fuel has a lower CI score than the target established by CARB [29]. Thus, east coast RNG
that could flow to California can generate RINs and LCFS credits that can be applied in the
credit markets, enhancing the value of RNG above its base value as natural gas.

Most other states have adopted their own energy policies. For instance, New York
State established its integrated energy policy in 2014, called Reforming the Energy Vision
(REV). REV was amended in 2019 to increase its carbon release reduction goals. REV targets
include the following:

• 40% reduction in GHG emissions from 1990 levels by 2030, 85% reductions by 2050;
• 50% of electricity to come from renewable energy resources by 2030, 70% renewable

by 2050;
• Zero carbon electric sector by 2040;
• 600 trillion Btu increase in statewide energy efficiency [34].

A core means to implement REV is the Clean Energy Standard (2016). It requires
utility companies to procure 70% of the state’s electricity from eligible clean energy sources
by 2050 [35]. Biogas sources (i.e., anaerobic digesters or landfills) used to produce electricity
qualify under the Clean Energy Standard [36].

Other legislation can promote biogas/RNG production. For instance, in 2019, New
York State passed the Food Donation and Food Scraps Act. It mandates a phased adoption
of source separation of food waste, beginning with large generators in 2022, and anticipates
expanding the requirement to other generators subsequently. Although other management
means, such as food donations, are listed above in the management hierarchy, anaerobic
digestion is one means of meeting the requirements of the law. As a result, the law is
anticipated to increase anaerobic digester development projects in New York State [37].

Our intention here is to describe the potential to reduce the GHG impact of natural
gas through RNG production. RNG production and use are impacted by available gas-
generating stocks, technology choices, and policy environments, particularly to certain
places and times. Therefore, we will ground our concepts by examining current and
potential RNG production in New York State. Similar studies have been carried out for
New Jersey, Long Island, NY, Chile, Poland, Italy, and many other regions. The study
concerning Chile revealed that the forest and wood sector provided the largest biomethane
potential and significantly reduced GHG emissions [38]. Poland’s resource assessment
showed a high RNG potential from its agricultural sector, municipal solid waste (MSW),
and sewage sludge [39]. The study in New Jersey focused on potential RNG production
from landfills and sewage sludge [40]. It showed that landfills can produce more RNG than
sewage sludge and confirmed the potential for RNG production utilizing existing waste
streams [40]. The study on Italy’s RNG potential demonstrated that the agricultural sector
can produce more than three times the domestic fossil natural gas production [41]. That is
significant for Italy, a country dependent on imports for 78% of its energy consumption [41].
The results of the Long Island, NY study revealed 234 × 106 m3 of RNG can be produced
annually, generating 2.52 TW-h of power [42]. That is nearly 12% of the total electricity
consumed on Long Island yearly [42]. The lessons learned from this study on New York
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State can be applied to draw broader conclusions regarding general prospects for RNG and
the natural gas grid.

The rest of the study is organized as follows: Section 2 describes the method utilized
to calculate the current and potential biogas and RNG production values. Section 3
discusses the potential biogas and RNG production from each resource. In contrast,
Section 4 discusses the current biogas and RNG production from each resource. Finally,
Section 5 provides a production summary for biogas and RNG, while Section 6 presents
the conclusions.

2. Materials and Methods

Since the precursor of RNG is biogas, biogas production must first be calculated.
Potential biogas production was calculated based on the production available for each
resource in New York State, its volatile solids (VS) content, and its respective biogas
yield. VS content is the organic material that can be converted into biogas. These values
were collected from the literature and reports. Then, the potential RNG production for
each resource was calculated. For example, the potential RNG from landfilled MSW was
generated, assuming biogas is approximately 60% methane and RNG is 100% methane [42].
In other words, there is no loss of methane when upgrading from biogas to RNG [42]. The
remaining feedstocks are anaerobically digested and contain, on average, 40% methane [43].
Therefore, RNG values for the remaining feedstocks were calculated, assuming biogas is
40% methane.

The current biogas and RNG production values were collected from sources such as the
New York State Department of Environmental Conservation (NYSDEC), the Environmental
Protection Agency (EPA), Water Environment Federation (WEF), and others.

3. Resources for RNG Production in New York State

Natural gas consumption in New York State in 2016 was the equivalent of 1335 TBtu,
which converts to approximately 40 × 109 m3 [44]. If this were to be combusted with 100%
efficiency, it would produce about 70 × 106 tons of carbon dioxide.

RNG can substitute fossil natural gas. However, the amount of RNG produced is de-
pendent on the composition of the biogas, which varies according to the resources available
locally. For instance, New York State does not produce sugar cane wastes (i.e., bagasse),
which are a common stock for biogas facilities worldwide. The resources for biogas pro-
duction assessed here include agricultural sources, such as cow manure, poultry manure,
energy crops, other agricultural waste, and human-derived wastes, such as wastewater
sludge, MSW landfills, food waste, yard waste, and paper mill waste [45]. The assessment
includes the potential and current biogas and RNG production for New York State.

3.1. Agricultural Sources

The use of a single agricultural waste as feedstock in anaerobic digestion is not
common. Instead, agricultural waste and livestock waste are typically mixed to reduce
process inhibition, making the primary feedstock more digestible. Animal waste tends
to increase methane yield and dilutes the production of substances that cause process
upsets. Additionally, the introduction of enzymes and nutrients has been shown to increase
biomethane potential [46].

New York State ranked third in the United States in dairy farming in 2016, with
620,000 dairy cows on 4420 farms [47,48]. Each cow produces 0.068 tons of manure per
day [49]. Further, 20 m3 of biogas is produced per ton of cow manure, for a potential annual
biogas generation of 3 × 108 m3 [50,51].

Chickens produce 80 g of manure per day. Ducks produce 150 g [52]. About 40 m3

of biogas is produced per ton of poultry manure [53]. In 2012, there were 7 million
chickens and 225,000 ducks in New York State, a potential annual biogas generation of
1 × 107 m3 [48,54].
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Herbaceous energy crops, such as corn, sorghum, and soybeans, are grown in New
York State. Other crops, such as miscanthus, switchgrass, poplar, and willow trees, are
also grown in New York State. However, they are not used for commercial purposes (i.e.,
not quantified for New York State by the United States Department of Agriculture). A
calculation of the annual biogas potential for herbaceous energy crops (Table 1) set the
value at 3.3 × 109 m3.

Corn and sorghum can be used as grains for food consumption. However, their
profitability as energy crops has caused farmers to divert from their original purpose, food,
sparking a food versus fuel debate and tensions over land use [55]. Shifting from food to
energy crops also impacts dairy and cattle production. For example, in the United States,
more than 80% of agricultural output is utilized as animal feed [55]. With the inevitable
growth of the global population, the demand for crops and meat will grow as well [55].
Meanwhile, land for growing crops is set to become increasingly scarce. Therefore, farming
practices need to be improved to increase agricultural productivity to keep up with the
demand for food and energy crops [55]. Genetic modification has been discussed to enhance
agricultural productivity by making crops more pest-, salt-, and drought-resistant [55].

Table 1. Biogas production potential from energy crops in New York State.

Energy Crops 2012 Production
(Tons)

VS Content
(%)

Biogas Yield
(m3/ton)

Biogas Potential
(m3)

Corn for grain 2,227,126 [48] 96.57 [56] 325 [57] 699,000,000
Corn for silage 8,230,187 [48] 96.57 [56] 325 [57] 2,580,000,000

Sorghum for grain 617 [48] 92 [58] 334 [57] 189,000
Sorghum for silage 18,391 [48] 92 [58] 334 [57] 5,650,000

Miscanthus NA 32.7 [59] 186 [59] NA
Switchgrass NA 95.8 [60] 191 [61] NA
Poplar trees NA 77.3 [62] 127.2 [62] NA
Willow trees NA 97.8 [63] 200 [64] NA

Total 3.3 × 109

Agricultural waste is produced when crops are grown for non-energy purposes.
Common crop residues in New York State include corn stover, wheat straw, barley straw,
oat straw, sorghum stubble, sunflower residue, and soybean straw (i.e., note that the
anaerobic digestion of soybean straw and sunflower residues has not been studied) [65].
Crop straws and residues from the wood industry represent valuable biomass for the solid
biofuel industry and subsequent production of syngas [66]. However, this downstream
processing is not the focus of this review. Based on crop production data from the United
States Department of Agriculture (USDA), the amount of crop residues that might be used
for energy purposes was determined (see Appendix A). These data were then used to
estimate the annual potential for biogas production for agricultural residues (Table 2),
which is about 4 × 108 m3.

Table 2. Biogas production potential from agricultural residues in New York State.

Agricultural
Residues

2012 Production
(Tons) VS Content (%) Biogas Yield

(m3/ton)
Biogas Potential

(m3)

Corn stover 942,314 90 [67] 420 [68] 356,000,000
Wheat straw 85,450 94 [69] 400 [27] 32,000,000
Barley straw 3778 97 [70] 230 [71] 843,000

Oat straw 26,204 86 [27] 670 [27] 15,000,000
Sorghum straw 308 92 [71] 330 [57] 115,000

Total 4 × 108
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3.2. Municipal Waste Sources

Waste sources for biogas production include sanitary wastes, undifferentiated solid
wastes, food wastes, yard waste, and paper mill wastes.

Sanitary wastes are managed at wastewater treatment plants (WWTP). Since 2018,
there were 625 industrial wastewater treatment plants (WWTPs) and 600 municipal WWTPs
that processed a total of 97,347,125,748 L of wastewater per day in New York State [37,72].
Each 1000 L of wastewater produces about 0.0002 tons of sludge, which is 22,746 tons of
sludge per day [73]. Generally, 5% of the sludge is total solids, and 65% of the total solids
are VS. Therefore, New York State WWTPs should produce 1137 tons of total solids per
day (739 tons of VS). One ton of VS produces about 210 m3 of biogas. Therefore, the total
New York State WWTP potential biogas production is 150,000 m3/d (5.5 107 m3/yr) [74].

Most disposed municipal solid waste (MSW) in the United States is managed through
landfilling [75]. There were 27 active MSW landfills in New York State in 2017 [72]. All
the MSW landfills are located at least 100 km north of New York City. MSW landfills no
longer exist in New York City, since the Fresh Kills landfill closed in 2001. There have
been no MSW landfills open on Long Island since 1995 due to the Long Island Landfill
Law (1983). New York State generated close to 13 million tons of MSW in 2013; 42% was
landfilled (5,460,000 tons); the remaining 58% was exported out of the state, recycled, or
incinerated [75]. Long Island and New York City generate about 60% of New York State’s
MSW [76].

The organic fraction of landfilled MSW (OFMSW) is approximately 46% (i.e., food
scraps, yard waste, wood, and process residues) [77], which is equivalent to 2,511,600 tons.
OFMSW is landfilled upstate. Further, 200 m3 of biogas can be produced per ton of
OFMSW [78], resulting in a potential annual biogas yield of 5 × 108 m3.

Solid waste policies are trending towards source separation of food waste, due to
concerns regarding wasting food, and because landfilled food waste is thought to degrade
rapidly before gas controls are in place, leading to fugitive methane releases as GHGs.
Laws such as the Food Donation and Food Scraps Act [37] accelerate the adoption of new
processes. USEPA [79] has created the following management hierarchy for food waste:

Source reduction (i.e., reduce the generation of food waste);
Feed hungry people;
Feed animals;
Industrial uses (i.e., waste oils or biogas production);
Composting;
Disposal (i.e., landfills or incineration).
Although biogas production is not the preferred means to manage food waste, it is

the preferred engineering solution for food waste management. Food waste is estimated
to be 30% of New York State’s MSW. Therefore, 4,000,000 tons/yr of food waste might be
available to digest and produce biogas. About half of these wastes are currently landfilled in
New York State. The remainder is either incinerated or exported [76]. The potential amount
of biogas produced from New York State’s landfilled food waste is already accounted for
in the potential annual biogas generated from OFMSW. If the incinerated or exported food
waste instead were to be source-separated for anaerobic disposal, about 2,000,000 tons/yr
would be available. The average digester gas production is about 110 m3/ton of feedstock,
less than that of solid waste, due to its water content [80]. Therefore, the potential annual
biogas production from these wastes is equivalent to 2.2 × 108 m3.

Yard waste is an organic waste stream separated for management, primarily by
composting in New York State (one million tons are composted each year) [76]. Yard waste
is more degradable than undifferentiated solid waste, so the biogas generation estimate
was 500 m3/ton [81]. Therefore, if source-separated yard waste was diverted to anaerobic
digestion, it would likely produce 5 × 108 m3/yr of biogas.

The United States is currently the second largest paper producer in the world, after
China. Paper is used for written materials, packaging materials, and tissue and toilet paper.
The demand for paper products has declined due to the emergence of electronic document
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distribution. This trend outweighs the growing use of paper packaging in delivered goods.
As a result, United States producers have closed mills, with only two remaining in New
York State (i.e., International Papers in Ticonderoga and Finch Paper in Glens Falls) [82,83].
Paper mills generate wastewater, which results in sludge production (650 L sludge per ton
of paper) [84]. The two mills generate approximately 2.3 × 109 L of sludge per year. Paper
mill sludge is managed in the following two primary ways: burn it in a boiler to produce
energy, or landfill it. Anaerobic digestion is also potentially possible, due to its organic
nature and high moisture content [85,86]. Paper mill sludge produces 250 m3 of biogas per
ton of VS, and there are 6.6 × 10−2 tons of VS per 1000 L of sludge [87]. Thus, the potential
annual production of biogas from paper mill sludge is 4 × 107 m3. Bio-oil and syngas can
also be produced from paper mill sludge products, such as kraft lignin and black liquor,
through hydrothermal liquefaction [88]. However, this downstream processing is not the
focus of this review.

Another potential source of biogas from the paper mill industry is the wastewater
produced from kraft pulping, a chemical pulping process [89]. However, New York State
does not utilize this process in its paper mills. Therefore, estimates for biogas and RNG
production from kraft pulping will not be included in this report.

4. Current Biogas and RNG Production in New York State

Two sectors have exploited available sources of biogas in New York State—dairy farms
and landfills. However, they are different in their motivation. Dairy farm biogas use was
fostered by explicit state financial support for the required digester infrastructure to create
biogas. Landfills, beginning in the 1980s, had entrepreneurial exploitation of the existing
landfill gas resource; this changed to regulatory compliance due to changes in the Clean
Air Act in 1991.

4.1. Agricultural Sector Use of Biogas

There are 28 dairy farms in New York State (43,000 cows) with anaerobic digesters,
and they have an estimated annual biogas production of 2 × 107 m3. Most of the sites
use the “complete mix” technology, which is aboveground, heated, insulated, with round
tanks where the waste is mixed using mechanical propellers with gas recirculation [90].
The systems were generally designed to generate electricity through onsite engines for
direct use or to sell into the electrical grid. Some of the farms accept food and agricultural
wastes or manage process waters from local food processors (i.e., typically dairy products)
in addition to manure [79]. The economics of dairy farm electricity production is poor.
New York State covered much of the capital cost of the digesters. In the absence of base
electricity price supports for small generators, operational costs to either remove hydrogen
sulfide and siloxanes, to minimize engine maintenance, or for the resulting maintenance
needs exceed electricity revenues considerably. Digestion of manure makes the ensuing
product easier to manage as a soil amendment in cropped fields or pasture, and controls
site odors. That way, digester use continues at dairies that flare the produced gas [91].

In Aquebogue, Long Island, the Crescent Duck Farm is the only New York State poul-
try farm equipped with an anaerobic digester. The farm has approximately 130,000 ducks.
The manure from the ducks is processed in a complete mix digester to produce about
9 × 105 m3 of biogas per year. Unfortunately, the gas is flared due to poor gas quality (i.e.,
the digester is used for waste volume reduction and odor control) [92].

No digesters in New York State are used solely for energy crops or crop residues.
Instead, some crops and crop residues are used to supplement dairy and poultry manure as
bulking agents. The produced biogas is accounted for under the animal manure amounts.

4.2. Waste Sector Biogas and RNG

There are 116 WWTPs in New York State that produce biogas. These plants generally
operate at 7.5 × 109 L/d, below their total daily capacity of 10 × 109 L/d. Thus, the WWTPs
produce approximately 4 × 106 m3/yr of biogas. Approximately two-thirds of the state’s



Energies 2021, 14, 3834 9 of 17

treatment capacity is in New York City (14 WWTPs), and they all produce biogas [93]. The
biogas is mainly utilized to heat the digester, and for the CHP of the WWTPs [74].

Seventeen of the 28 active landfills capture landfill gas and use it to produce electricity.
The total of biogas managed in this way is 4 × 108 m3/yr [72]. Several closed landfills
generated electricity, but they no longer do because of the declining gas quality and reduced
electricity reimbursement rates.

Two New York State landfills produce RNG. Seneca Meadows landfill, located in
Seneca Falls, New York, produces biogas for electricity, and 70,000 m3/yr of RNG is used
as vehicle fuel (i.e., 2500 L/d of diesel fuel equivalents) [72,94,95]. Once the largest active
landfill globally, Fresh Kills, located in Staten Island, New York, is now a park. It collects
produced landfill gas and processes it to a little more than 4 × 107 m3 of pipeline-grade
RNG annually. Because the local gas grid is connected to California, the site earns RINs and
LCFS credits, generating $12 million/yr (i.e., 90% from credits, 10% from gas sales) [96,97].

Food waste is typically co-digested with other feedstocks, such as animal manure,
wastewater sludge, and agricultural residues. The biogas produced from co-digestion is
credited to the predominant waste input. Five sites in New York State have food wastes as
the primary input. They produced nearly 2 × 107 m3 of biogas in 2017 [79,98–100].

There are no anaerobic digesters managing paper sludge in New York State. The
technology is still theoretical, in that large quantities of lignocellulose lead to slow and
incomplete hydrolysis during anaerobic digestion, which results in a longer retention
time and a decline in degradation efficiency [101]. Different physical, chemical, and
biological pretreatment methods for altering the lignocellulose content are currently being
investigated [86].

4.3. Planned Biogas/RNG Projects in New York State

Two projects have been permitted, but are not yet constructed. American Organic
Energy announced plans to build the first large-scale food digester facility on Long Island.
It is expected to process around 180,000 tons of local food waste, 30,000 tons of fats, oils
and greases, and 10,000 tons of grass clippings per year. The end uses of the biogas will be
the production of 6.0 megawatts of electricity and vehicle fuel, possibly including RNG.
The digestate will be processed for fertilizer and clean water. The project is slated to be
operational by late 2020 [102–105]. New York City is working with National Grid (i.e., the
local natural gas utility) to upgrade the 60% of biogas production at the Newtown Creek
WWTP to RNG for pipeline injection. The remainder of the biogas is used to produce
electricity onsite to power the plant. New York City’s experience with the Fresh Kills
landfill project makes the Newtown Creek WWTP project likely to be completed [100].

A related project is the Taylor Biomass Energy’s biomass gasification plant in Mont-
gomery, New York, which is permitted, but not yet constructed. The plant will pyrolyze
MSW, construction and demolition waste, and wood waste, to produce synthesis gas (i.e.,
syngas). The project has received provisional certification from New York State as meeting
tier 1 Renewable Energy Standard (RES) requirements, meaning the plant will produce
renewable energy credits (RECs) for sale, to help New York State utilities meet its renewable
energy goals [106].

5. Discussion and Results
5.1. Anthropogenic Biogas/RNG Potential Summary for New York State

Table 3 summarizes potential daily biogas and RNG production from agricultural
and waste sources (i.e., anthropogenic biogas sources). Figure 1 provides a breakdown of
potential RNG production by feedstock. Note that energy crops are the most significant
potential source of biogas and RNG. Thus, areas with more crop agriculture than New York
State could be well suited to creating robust RNG generation. For example, Germany, one
of the world’s leading biomethane and biogas producers, predominantly uses energy crops
as its feedstock [18].
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Table 3. Anthropogenic annual biogas generation potential in New York State.

Feedstock Potential Biogas
Production (m3)

Potential RNG
Production (m3)

Dairy Manure 3 × 108 1.2 × 108

Poultry Manure 1 × 107 4 × 106

Energy Crops 3.3 × 109 1.3 × 109

Other Agricultural Residues 4 × 108 1.6 × 108

Total Agricultural Output 4 × 109 1.6 × 109

Wastewater Sludge 5.5 × 107 2.2 × 107

Landfilled MSW 5 × 108 3 × 108

Other Food Waste 2.2 × 108 8.8 × 107

Currently Composted Yard Waste 5 × 108 2 × 108

Paper Mill Sludge 4 × 107 1.6 × 107

Total Wastes Output 1.3 × 109 6.3 × 108

Total Anthropogenic Sources 5.3 × 109 2.2 × 109

Figure 1. Anthropogenic annual RNG generation potential in New York State by feedstock.

Landfilled MSW is the second-largest source of RNG in New York State, followed by
yard waste. In similar studies completed for New Jersey and Washington State, landfills
were also one of the main sources for RNG [40,107].

Together, energy crops, landfills, and yard waste make up approximately 80% of the
biogas and RNG potential for New York State. The other waste categories sum up to
approximately as much as the landfilling generation rate for RNG. One-tenth of the overall
biogas potential comes from specific energy cropping and about as much residues from
New York State agriculture. Together, all manures and sludges have a potential biogas
production rate that is 80% of the potential from New York State landfills.

Unfortunately, managing organic wastes through landfills is not environmentally
sound, as small amounts of fugitive methane emissions cause GHG impacts that outweigh
the potential environmental benefits from RNG production. This is because methane is
25–30 times greater in GHG impacts than carbon dioxide, on a 100-year time horizon,
and is even less favorable on shorter time scales [6]. The diversion of OFMSW entirely to
anaerobic digestion would result in greater RNG production, with better efficiencies than
those realized at landfills. Studies show that the methane content in the biogas produced
from the anaerobic digestion of OFMSW is always higher than 60% [108]. Co-digestion
of solid wastes at existing digestion facilities would increase production further, and is a
currently favored management strategy. Gate fees from such combined operations cover
the costs of electricity generation from biogas. If pipeline access is possible, conversion of
the biogas to RNG should be much more profitable.
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The annual New York State consumption of natural gas is approximately 40 × 109 m3.
The estimate here is that agricultural and waste sectors could potentially provide about 6%
of this demand. New York State needs to change its practices in several important ways to
achieve this, such as developing a robust energy crop industry, diverting yard waste away
from composting, and re-directing OFMSW away from landfills to anaerobic digesters.
Energy crop production is the most important, as it accounts for about 60% of the potential
to produce biogas and RNG.

Replacing fossil natural gas with RNG produced from waste and agricultural sectors
can reduce the annual carbon emissions associated with fossil natural gas use by approxi-
mately 6%, which is equivalent to five million tons of carbon dioxide. This is about twice
the current use of fossil natural gas for transportation, the putative use of RNG to optimize
available economic subsidies. In addition, RNG used in conjunction with the substitution
of “green” hydrogen for fossil natural gas can eliminate up to 20% of GHGs from the
current fossil natural gas use in New York State.

Until this study, an analysis of a wide range of feedstocks available in New York State
for producing RNG was never done. The information presented is essential so decision-
makers can implement policies focusing on feedstocks that produce the most significant
amount of RNG, and to understand the impact RNG utilization can have on GHG emis-
sions. For example, instead of prioritizing RNG production from WWTPs, decisionmakers
can shift the focus to implementing policies that incentivize RNG production from large
RNG-producing feedstocks, such as energy crops, OFMSW, and yard waste. Additionally,
sewage sludge from WWTPs often contains contaminants introduced from domestic and
industrial wastewater, so sewage sludge is often not ideal for producing biogas.

5.2. Current Biogas/RNG New York State Production Summary

The primary producers of biogas in New York State are landfills (Table 4). State
regulations promote the recovery of biogas from landfills (i.e., current recovery of 80%).
Manure, food wastes, and WWTP sludges produce less than 5% of the landfill output. All
the current RNG produced in New York State is at landfills.

Table 4. Current annual biogas and RNG production for New York State.

Feedstock Current Biogas
Production (m3)

Current RNG
Production (m3)

Potential RNG
Production (m3)

Dairy Manure 2 × 107 1.2 × 108

Poultry Manure 9 × 105 4 × 106

Sum of Agricultural Output 2 × 107 1.2 × 108

Wastewater Sludge 4 × 106 2.2 × 107

Landfills 4 × 108 2 × 107 3 × 108

Food Waste 2 × 107 8.8 × 107

Sum of Wastes Output 4 × 108 2 × 107 4.1 × 108

Sum of Anthropogenic Sources 4.2 × 108 2 × 107 5.3 × 108

Although crop residues were previously identified as the greatest potential source of
biogas in New York State, there is no significant utilization of the resource. While RNG
has practical, environmental, and economic advantages for using biogas, only 10% of the
generated biogas resource is currently upgraded to RNG.

If the technologically feasible feedstocks from Table 4 were entirely exploited as RNG,
which seems economically advantageous, more than 10 times the current RNG production
could be realized. The potential RNG production in Table 4 can make up approximately
1% of New York State’s natural gas demand. Currently, transportation fuel use of fossil
natural gas represents 2.5% of New York State’s gas demand, meaning that exploited biogas
production could meet approximately 50% of that demand. In other words, half of all New
York State’s natural gas used as transportation fuels could be “carbon emission-free.” An
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example of the impact of implementing RNG as a transportation fuel can be witnessed in
California, when in 2020, its natural gas vehicle fleet achieved carbon negative emissions for
the first time [109]. It is estimated that by 2024, California-produced RNG for transportation
will generate 3.4 million tons of GHG reductions annually [110].

6. Conclusions

RNG is eligible for various subsidies from the federal government and California,
through clever application of replacement transportation fuel policies, increasing the value
of the RNG by nearly an order of magnitude. The indirect cost from biogas contaminants
(i.e., impacts to engines or costs to prevent those impacts) means electricity generation from
biogas is often not economically favorable. Increasing the value of biogas through RINs and
LCFS credits, by converting the biogas to RNG, seems to be an easily selected alternative.

The results of the study revealed the following for New York State:

• New York State collects about 10% of its potential biogas production;
• A small fraction of the current biogas production is processed to RNG, despite RNG

being a technologically sound replacement for fossil natural gas;
• Energy crops can produce the most significant amount of RNG in New York State;
• Anaerobically digesting energy crops, OFMSW, and yard waste can produce nearly

80% of the potential RNG production calculated;
• About half of the RNG potential is technically feasible currently; it is also economically

favored if RINs and LCFs credits can be captured;
• 20% of GHG emissions associated with fossil natural gas can be eliminated when

replaced with RNG and “green” hydrogen.

Shifting energy systems to a more environmentally sound process is complex. How-
ever, currently, RNG is a means that can be easily applied from the energy use perspective,
and appears economically and technically possible to expand, judging from the New York
State example demonstrated here. Whether the impact is greater or less for other juris-
dictions depends upon local factors, but the assessment of potential RNG production is
not very difficult. This study provides a steppingstone for decisionmakers to begin this
assessment and implement policies that support the anaerobic digestion of key feedstocks,
followed by upgrading to RNG. Key feedstocks for New York State include energy crops,
yard waste, and OFMSW.
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LNG Liquified Natural Gas
MSW Municipal Solid Waste
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NYS New York State
OFMSW Organic Fraction of Municipal Solid Waste
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RNG Renewable Natural Gas
TW-h Terawatt-hour
USDA United States Department of Agriculture
VSWEF Volatile SolidsWater Environment Federation
WWTP Wastewater Treatment Plant

Appendix A. Agricultural Residues Estimate

The total amount of residues produced per crop was estimated based on 2012 USDA
data, assuming that 50% of the residue produced would be used as cover for soil protection
and other purposes, such as grazing and bedding [48].

Table A1. Agricultural residues estimate for New York State.

Agricultural Crop.
2012 Total Crop

Production
(Bushels/yr) [48]

Bushel Weight
(lbs.) [67]

Residue to Crop
Volume Ratio [67]

Dry Matter
(%) [67]

Agricultural
Residue

2012 Production
(Tons/yr)

Corn for grain 87,662,512 56 1.0 84.5 Corn stover 940,956
Corn for silage 8,230,187 tons/yr Not applicable 1.0 33 Corn stover 1358

Wheat 5,377,408 60 1.35 96.5 Wheat straw 85,450
Barley 338,294 48 1.2 85.5 Barley straw 3,778

Oat 3,229,581 32 1.3 86 Oat straw 26,204
Sorghum for grain 24,290 56 1.4 88 Sorghum straw 380

An example calculation for corn stover is shown.

56 lbs o f corn
1 bushel

∗ 84.5% dry matter =
47.32 dry lbs o f corn

1 bushel
(A1)

87, 677, 521 corn bushels ∗ 47.32 dry lbs o f corn
1 bushel ∗ 1 lb o f corn ctover

1 dry lb o f corn

∗ 1 kg
2.20462 lbs ∗

1 ton
1000 kg ∗ 50% utilization

= 940, 956 tons o f corn

(A2)
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