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ABSTRACT: Livestock husbandry in the U.S. significantly contributes to many environmental
problems, including the release of methane, a potent greenhouse gas (GHG). Anaerobic digesters
(ADs) break down organic wastes using bacteria that produce methane, which can be collected and
combusted to generate electricity. ADs also reduce odors and pathogens that are common with
manure storage and the digested manure can be used as a fertilizer. There are relatively few ADs in the
U.S., mainly due to their high capital costs. We use the MIT Emissions Prediction and Policy Analysis
(EPPA) model to test the effects of a representative U.S. climate stabilization policy on the adoption of
ADs which sell electricity and generate methane mitigation credits. Under such policy, ADs become
competitive at producing electricity in 2025, when they receive methane reduction credits and
electricity from fossil fuels becomes more expensive. We find that ADs have the potential to generate

5.5% of U.S. electricity.

B INTRODUCTION

As demand for food and energy grows, innovative ways to
meet demand while enhancing environmental quality will be
needed. Anaerobic digesters (ADs) can produce renewable
energy from livestock manure, prevent the release of methane,
and reduce air and water pollution, and digested manure can be
applied to crops as a fertilizer.' Most ADs in the U.S. sell
electricity and digested manure, but the net present value of
most systems is insufficient to promote widespread adoption.”
Placing an economic value on the climate, energy, and environ-
mental benefits that ADs provide can help to accelerate their
deployment.

Deployment of renewable energy technologies grows under
climate policy compared to business-as-usual.* Although support
for ADs in the U.S. has been limited,® countries such as China,6
India,” and Germany ® have higher rates of AD adoption, mostly
due to government support and financial incentives. The in-
centives currently available at the local, state, and federal levels in
the U.S. have stimulated some AD projects. Comprehensive
inclusion of the GHG mitigation benefits and low-carbon energy
generation of AD projects within a federal climate and energy
policy would further enhance prospects for new projects.

Although economic and environmental models have tested
the integration of many renewable energy technologies,*”'* a
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rigorous evaluation of ADs within a computable general equilib-
rium model has yet to be completed. We used an economic
model to test the effects of a representative climate stabilization
policy on the penetration of ADs as a GHG mitigation and low-
carbon energy generation technology in the U.S. agriculture
sector. Engineering and life-cycle data were used to calculate the
cost of electricity from a t;rpical AD system.""'? Spatially explicit
livestock density maps'> and state-level methane emissions
data'* were used to estimate potential electricity generation
capacity and emissions reductions from livestock manure. The
climate policy scenarios simulated in the economic model
included a reference case and an emissions reduction of 50%
below 2005 levels by 2050.* As carbon dioxide equivalent
(CO,e) emissions prices increased under more stringent caps,
AD systems became competitive, in part, because of additional
credits for methane mitigation. Unlike most other low-carbon
energy sources, ADs deliver additional nonmarket environmental
benefits.
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B ANAEROBIC DIGESTERS

Over the last century, as farms have become more specialized,
nutrient czfcling between crops and livestock has been
decoupled.”® Crop nutrient needs are increasingly met with
off-farm resources, while the storage and land application of
manure from livestock operations continues to have negative
environmental impacts.'® Agriculture accounts for 6% of green-
house gas emissions in the United States.'"* Manure stored in
anaerobic pits or lagoons supports environmental conditions for
methane-producing bacteria, and these emissions account for
0.8% of U.S. emissions (26% of agricultural methane emissions
and 9% of CO,e emissions from agriculture).14 Diverting manure
away from traditional management techniques to ADs can have
multiple benefits.'” First, biogas, which is a mixture of methane,
carbon dioxide, and trace gases such as hydrogen sulfide, can be
combusted on-site in a generator. The electricity produced may
offset purchased power or be fed into the electricity grid.
Alternatively, biogas can undergo an upgrading process that
results in an almost pure stream of methane that can be injected
into natural gas pipelines.'® Energy generated by ADs can attract
low-carbon energy subsidies if life-cycle emissions are taken into
account.'® Second, digested manure that remains after the AD
process can be separated into solids that may be used as a soil
amendment or replacement for livestock bedding, and liquid that
can be used as fertilizer. The AD process mineralizes nutrients,
leading to improved crop uptake and increased crop yields.*

Whereas the sale of energy has direct economic benefits,
anaerobic digestion of manure also performs several functions
that have little current market value. First, during the typical 21
days that manure travels through a mesophilic AD, microbial
activity and a constant ~38 °C temperature break down the
volatile compounds which are responsible for the malodorous
qualities of other manure management systems, and kill weed
seeds and pathogens such as Salmonella spp. and E. coli.!”*'
Second, when manure is separated postdigestion, most of the
phosphorus remains in the solid portion, which can be recycled
as livestock bedding or added to phosphorus-deficient soils.”
The liquid portion of manure contains most of the nitrogen,
which is converted in the digestion process to ammonium and is
more readily available for plant uptake.>® Separation of nutrients
provides the opportunity to divert digestate from areas where
soils are already nutrient enriched and additional nutrient loading
could harm water quality. Processes to remove phosphorus in
solid form are currently under development, but not ready for
widespread deployment.”*** Finally, both market and nonmarket
benefits of ADs, when compared to traditional manure manage-
ment techniques, can increase and diversify farm income and
maintain farmland.”® Although factors in the decision to install an
AD are primarily economic, valuing environmental benefits that
are currently outside of the traditional market system may
increase the financial viability of projects and accelerate their
deployment.

The EPA estimates that the number of ADs in operation on
U.S. farms has grown from 30 to 150 between 2002 and 2010 and
can be attributed to demonstrated production and reliability,
reduction of environmental impacts, state and federal funding
programs, energy utility interest, and revenue potential.”” Even
with the 5-fold growth of ADs in the past decade, many road-
blocks need to be removed in order to realize the climate, air,
water, and development benefits that would accompany a wide-
spread adoption. These barriers include high initial capital costs,

uncertain accounting for current nonmarket benefits (including

methane emissions), low farmer acceptance, difficult utilit
. 282

connections, and state and federal government regulations.

B METHODS

The MIT Emissions Prediction and Policy Analysis (EPPA)
model was used to test a range of scenarios to quantify the
economic and environmental responses to the introduction of
ADs. EPPA is a recursive dynamic, multiregional, multisector
computable general equilibrium model that simulates the world
economy.”® The model has been applied to a range of policy-
relevant topics including energy legislation,”' health,>
biofuels,” agricu.lture,33 and alternative energy technologies.34
In this study, we compared the impacts of three scenarios on the
use of electricity from ADs as a substitute for more carbon-
intensive sources.

Anaerobic digesters are introduced into the model as a low-
carbon alternative technology, in which the electricity produced
competes with traditional electricity sources based on the
levelized cost of electricity (LCOE) across sources with addi-
tional consideration of intermittency and experience with
technology.® The LCOE takes into consideration the capital,
operations, and fuel costs of electricity produced over the lifetime
of the plant.'* With no climate policy in place, alternative
electricity generation technologies such as solar and wind power
are one to four times more expensive than fossil-fuel-based
generation.12

We compare three scenarios in EPPA to gauge the impact of
ADs under climate legislation. The first, or reference scenario,
assumed no climate policy. The policy scenarios described in refs
4 and 31 cover the range of recent Congressional proposals and
are referred to by the cumulative number of GHG emission
allowances each policy issues between 2012 and 2050. Our
remaining scenarios implemented a representative U.S. climate
policy, one with ADs available and one without. The policy
specified an economy-wide emissions cap on all GHGs beginning
in 2010. The 2010 cap was 95% of 2005 emissions in 2010 and
was progressively lowered to 50% of 2005 emissions by 2050.

Version S of EPPA disaggregates the agricultural sector into
separate crop, livestock, forestry, and biofuels production struc-
tures as described by ref 36. We modified the model to include
livestock manure output and separate livestock production into
traditional livestock, for which manure is treated as a byproduct,
and livestock for which manure can potentially be used in ADs.
Detailed changes to the model are described in the Supporting
Information (SI) Methods and Figure S1. Livestock within the
new production function is eligible for offsets from reduced
emissions of methane, and income from the sale of electricity.
The AD production structure employs capital, labor, and inter-
mediate inputs from other industries to produce electricity
(Figure S1).

ADs enter endogenously in EPPA when they become eco-
nomically competitive with other forms of generation. Similar to
other technologies within EPPA, ADs are parameterized using
bottom-up engineering, life cycle and fuel cost data.'" There are
several types of ADs currently in use that range in size from 50 to
2800 kW (n = 55, mean = 573).%” Acknowledging that there are
several digester designs that operate best with certain feedstocks
or in certain geographies, we based our analysis on capital cost
data from horizontal plug flow ADs, as the most data were
available from this technology.”” The LCOE from ADs is
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Figure 1. Readily available manure resources can contribute over 11 000 MW of electricity generation potential. Each colored grid cell is included in a
cluster less than 900 km” that can support an AD of a given capacity. Electricity cost for each cluster is based on AD capital costs and manure
transportation costs. AD electricity generation is initially uncompetitive with conventional electricity but enters as the cost of conventional

electricity rises.

determined by two factors: capital costs and transportation costs.
ADs exhibit capital cost trends similar to other energy generation
technologies: larger, centralized units are less expensive to
operate per unit of energy produced.”® Data collected by EPA
AgSTAR on generator capacity and capital costs exhibit a power
law relationship (+* = 0.911).>” We assumed that each system had
a postdigestion solids separation system and hydrogen sulfide
(H,S) treatment at an added cost of 9.5% of capital costs.”’
Although centralized ADs might be less expensive to operate,
there are additional logistical and coordination factors that need
to be considered for optimal day-to-day management. There are
currently more centralized ADs outside the U.S.>***!

As AD size increases, the amount of manure needed to supply
the generator increases proportionally. Large AD systems often
require manure inputs from several farms in order to take
advantage of lower capital costs per kWh for larger generator
systems. We assumed that the manure input from multiple
sources was optimized for total solid content, pH, and other
physical characteristics important to the digestion process. The
cost of hauling large amounts of manure can be a significant
portion of the final LCOE. In this study, we represent the trade-
off between low capital cost with high transportation cost of
larger systems, and high capital cost with low transportation cost
of smaller systems, by including 1000, 500, and 250 kW ADs and
spatially grouping manure resources according to system size.
For each system, we assumed that 50% of the manure was
available on-site, while the other half was transported via truck.**
We further assumed that biogas was combusted on-site at 40%
thermodynamic efficiency, and the electricity generated was sold
to a utility at market prices averaged across users and states.****
Waste heat collected from the generator was used to maintain the
digester within the mesophilic temperature range (~38 °C). We
assumed that digested manure was used as a fertilizer substitute,
but not given an economic value. LCOE values for each digester

size were computed using the methods described in ref 12 with
operations and maintenance assumed to be 3% of capital
costs™*® (Table S2).

Manure availability was estimated using spatially explicit maps
of livestock density, manure production and management para-
meters, and identification of areas with high manure densities.
Gridded densities of cattle, pigs, and poultry available at 0.05°
spatial resolution (~$ km) adjusted to match FAOSTAT 2005
national totals for the U.S. were used to estimate livestock
populations."* Reference 14 provided state-level parameters on
the excretion rate of volatile solids, maximum methane produ-
cing capacity, and typical animal mass needed to calculate
methane production for dairy cattle, beef cattle, swine, and
poultry in each state. The U.S. Department of Agriculture
National Agricultural Statistics Service QuickStats database®”
provided a breakdown of state swine and poultry data by animal
type, while the Cattle Enteric Fermentation Model*® provided
the distribution of cattle types. It was assumed that all manure
was available for digestion, except manure from animals managed
in pastured systems, as manure collection would be uneconomi-
cal under current conditions. Given these data, statewide coeffi-
cients for methane production potential were computed for each
livestock group over the contiguous U.S. To determine the
manure input for a typical AD, the proportion of potential
methane for each livestock type was used to compute the
percentage of manure input into a typical digester. Using ref 14
manure management data, average methane emissions from
livestock manure not diverted to an AD were calculated as the
potential project offset value.

To assess the full LCOE of ADs, costs for digesters that
transport manure from off-site were estimated. Given the gridded
methane production potential, clusters were identified that met
the minimum amount of methane needed for a given digester size
and were contained in the smallest number of contiguous grid
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cells. The ArcGIS Spatial Order tool constructed a Peano curve
over the input data set to quantify the proximity of a given cell to
its neighbors. Next, the ArcGIS Collocate tool grouped points
based on the Spatial Order value until a specified threshold of
methane production potential was met. Clusters of grid cells less
than 900 km” in area were identified as areas compact enough to
support an AD without excessive manure hauling costs. Remain-
ing clusters were separated into groupings less than 225, 400,
625, and 900 km? and it was assumed that each cluster was
square and manure densities were higher in cells closer to the
central cell (where the AD would be located). Transport
distances were calculated by summing the distance of every cell
to the central cell. Transport costs for each cluster size were
computed with distance-cost hauling relationships from refs 40
and 49.

We identified three potential AD sizes based on clusters of
available manure. We first identified clusters of grid cells that met
the biogas requirements of a 1000 kW AD and were within a
reasonable transportation distance (900 km?), and the remaining
cells were recursively analyzed to identify clusters that met the
biogas production potential threshold for 500 and 250 kw ADs.
For ADs of each size, we determined the LCOE by calculating the
weighted average of AD clusters from each of the four transpor-
tation distance categories. ADs were represented in EPPA as
alternative electricity generation technologies. We assumed that
manure located near an AD of a particular size could not be used
in an AD of a different size. This approach is suitable for
determining the potential methane production potential across
a region, but has limitations for siting a specific AD.

B RESULTS

Manure Resource Availability. Over two billion cattle, swine
and poultry in the U.S. produce manure that can be diverted to
ADs to produce energy and then used as fertilizer. Our estimates
show that manure collected and deposited in lagoons or pits
currently has the potential to produce 11 000 megawatts (MW)
of electricity, while manure from pastured animals could produce
an additional 7000MW with modified collection practices. In our
core scenarios, only manure collected and stored in lagoons or
pits, and not pasture manure, is available for use in ADs. The
greatest density of manure available for ADs is located in the
Southeast, Midwest, and Western regions, and 14% of electricity
demand in Iowa and Nebraska could potentially be met by ADs.
(Figure 1, Table S1).

Economies of scale for ADs, and variable distances between
manure sources and ADs, result in a range of generation costs for
electricity from manure. We first identified three potential AD
sizes based on manure density: 1000, 500, and 250 kW. We
estimate that, ignoring transport costs, a 1000 kW AD is able to
produce electricity at $0.086/kWh, while a 250 kW AD is 58%
more expensive at $0.136/kWh. Electricity from a 500 kW AD is
$0.107/kWh (Table S2). The cost to transport manure ranges
from 30 to 53% of total electricity cost (capital + transportation
cost), based on digester size and transportation distance. Trans-
portation costs are $0.060/kWh for the smallest (225 km?) and
$0.096 for the largest (900km®) clusters. Total electricity costs
range from $0.128/kWh to $0.204/kWh, which is 1.52 to 2.44
times the cost of conventional electricity in the base year (2004)
of our modeling framework.

Carbon Prices, Anaerobic Digesters, and Economic Wel-
fare. Electricity from ADs competes with electricity from

Electricity Generation (PWh)
-~

2
0
2005 2015 2025 2035 2045
Year
Fossil | Adv. Fossil / Nuclear Renewable
Coal Advanced Fossil Anaerobic Digester
Gas | 245 Nuclear Hydro
00| oil Wind
Legend values are percent of 00 Bioelectric
electrical generation in 2050 Reduced Use

Figure 2. Simulated U.S. electricity generation 2005—2050 under a
climate policy. Electricity generation under reference and climate policy
without digesters are shown in Figure S2. Note: Advanced fossil includes
natural gas combined cycle (NGCC), NGCC with sequestration,
integrated gasification with combined cycle and sequestration, and wind
with gas backup.

traditional sources based on generation costs. Under a climate
policy that includes emissions from all sectors, electricity from
fossil fuels becomes more expensive, and renewable and low-
carbon electricity sources become more competitive. We con-
sider a policy where between 2010 and 2050 the emissions cap is
progressively reduced. Under the cap, the price per tonne of
emissions increases to $316/tCO,e (Figure 3a, Table S3) by
2050. This COye price is much higher than prices currently
observed in the E.U,, but is consistent with other studies that
consider emission limits that decrease over time.>® CO,e prices
increase faster in the later years of the scenario, as more costly
emission reductions are put into place. There is a sharp increase
in the CO,e price after 2045, as prior to this date the cap is largely
met by switching electricity generation from coal to gas, but more
radical measures are required to meet the cap after this date. The
availability of ADs reduces CO,e prices by $42 in 2050 relative to
when ADs are not available, since ADs are able to produce energy
less expensively than other low-carbon energy technologies and
reduce agricultural methane emissions. By 2050, relative to a
scenario with climate policy without ADs, ADs displace electri-
city from natural gas combined cycle (0.1 petawatt-hours, PWh)
and wind (0.03 PWh) in 2050.

Under the climate policy, ADs are first introduced in 2025 when
the price of CO,e is $76/tonne and electricity is $0.15/kWh. In
the first year ADs are economically available, assuming that
potential AD electricity generation is maximized, they produce
0.1 PWh of electricity, which is 2.6% of national electricity
generation. In 2050, ADs contribute 0.24 PWh of electricity, or
5.5% of national generation (Figure 2, Figure S2). This increase is
mainly driven by the expansion of the livestock sector, but the
introduction of more costly AD electricity generation as the price
of electricity increases also plays a role. Compared to the climate
policy scenario without ADs, the livestock sector grows faster
when ADs are available, as increased profits from electricity sales
and methane mitigation credits are realized.

As carbon prices rise, the cost to produce electricity from ADs
becomes competitive with other electricity generating technologies
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Figure 3. Changes in reference and policy scenarios until 2050 for (a) carbon prices, (b) economic welfare, (c) livestock greenhouse gas emissions, and
(d) greenhouse gas mitigation (there is a net increase in GHGs from electricity production between 2020 and 2025 when ADs displace expensive,

low-carbon).

and AD market penetration increases. The least expensive elec-
tricity is available from 1000 kW ADs, which enter in 2025. Further
increases in the CO,e price are required before smaller digesters
become competitive. Electricity production from 500 kW and
250 kW begins in, respectively, 2035 and 2040.

Changes in consumer welfare, measured as equivalent varia-
tion changes in annual income, are often used as an indicator to
measure the economic effects of a policy.”" Not accounting for
climate benefits, welfare under climate policy (without ADs)
decreased by 3.5% relative to the reference scenario in 2050
(Figure 3b). When ADs were included, welfare increased by 0.2%
($33 billion), as they provided an additional mitigation option.
This indicator of consumer welfare measures only changes due to
the cost of GHG mitigation, and does not take into account
potential social and environmental benefits of implementing this
technology. Although important, analysis of these benefits is
beyond the scope of this study.

Greenhouse Gas Emissions. Manure collected and managed
under anaerobic conditions releases methane, a potent GHG. By
diverting the manure to ADs, an opportunity to capture and
combust the methane is created. Mitigating these emissions
enables livestock operations to sell emissions permits, thereby
increasing the economic viability of the projects. By 2050, ADs
are able to mitigate 151 million metric tons (Mt) of CO,e, mostly
from methane abatement (Figure 3¢, Table S3). In the reference
scenario, the livestock sector emits 477 Mt CO,e of methane in
2050, which is reduced to 250 Mt CO,e under a climate policy
without ADs as technologies are used to mitigate livestock
emissions. Introducing ADs decreased livestock methane emis-
sion to 151 Mt CO,e by 2050.

As electricity from ADs was introduced, electricity from other
sources decreased. If electricity from ADs displaces an electricity
generation technology with higher emissions intensity per unit
of electricity, then additional GHGs are mitigated. In 2050,
31 Mt CO,e of electricity emissions are displaced by digesters

(Figure 3d). This was mainly due to a decrease in electricity
generation from natural gas-combined cycle (NGCC) and under
the emissions cap, economy-wide emissions remained constant.

Interestingly, ADs do not necessarily displace high-carbon
electricity production, such as coal. In our framework electricity
generation sources compete with each other. The electricity mix
is determined endogenously so as to minimize the cost of
meeting the emissions cap. When ADs are available (and are
profitable), ADs reduce the CO, price, which reduces the costs of
electricity from high-carbon sources, relative to when ADs are
not available.

B DISCUSSION

Our results demonstrate the potential for climate policy to
hasten the use of ADs, both to reduce GHG emissions from
livestock and to produce renewable energy. By including ADs
within an economic modeling framework, we illustrated the
opportunity for a win—win scenario where, by providing incen-
tives for the GHG benefits of digester operation, there are
additional nonmarket benefits, even though they were not
explicitly incentivized. This bundle of market and nonmarket
benefits may increase the adoption rates of ADs.

Although capital costs are a major barrier to further introduc-
tion of ADs, there are opportunities to improve the efliciency of
manure collection, processing, and subsequent biogas combus-
tion that would increase the economic competitiveness of the
technology. Most AD systems are currently installed at livestock
operations with existing manure management strategies that may
not be optimal for biogas extraction. Further research, develop-
ment, and innovation is needed to design manure collection
systems that simultaneously maximize biogas production and
animal well-being, while minimizing the release of nutrients and
GHGs. Siting ADs near energy-intensive industries would allow
for better utilization of the waste heat from the combustion
process.
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Although livestock that spend a majority of their time on
pasture were excluded from our core scenarios, financial incen-
tives to produce biogas may spur development of pasture-based
manure collection systems that allow for both grazing and
manure collection. These systems would realize both the envir-
onmental and animal welfare benefits of pasturing animals, and
the economic benefits of biogas production.

The assumptions and core data that are the backbone of EPPA
are routinely updated to the latest state of the science (SI and refs
4 and 31. While we parameterized the model with values from the
literature, and conducted sensitivity analyses, many social, eco-
nomic, and environmental trends cannot be modeled with
certainty far into the future. We assumed that there were no
major changes in consumer preferences, but as we move into an
increasingly energy and resource constrained future, these as-
sumptions may be optimistic. Therefore, less manure may be
available for ADs in the future than in our estimates. Additionally,
concern over environmental and health impacts of meat con-
sumption may also reduce future livestock production.*>**

Although we only considered livestock manure as an input to
ADs, they can also break down many other forms of organic
wastes to produce biogas, often at higher rates of biogas produc-
tion per unit input than manure, as manure has already been
digested by the animal.>* Co-digesting other organic materials
with manure can relieve pressure on other waste processing
facilities and increase biogas production without greatly increas-
ing the size and capital costs of the digester.> Several munici-
palities already collect household food scraps and waste grease,
and digestion of these materials could increase AD profitability
and further reduce the environmental impact of waste disposal.*®

We derived model parameters for AD GHG mitigation and
electricity generation from published sources, but we acknowl-
edge that there remains uncertainty about methane emission
rates from livestock under different management practices.>’
Even if methane credits increased by 30%, which we considered
in a sensitivity analysis, electricity generated by ADs only
increased by 0.003 PWh in this scenario, and 500 kW ADs
became economical five years earlier (Table S6). Improved
methods to measure GHG emissions from livestock, e.g. ref
58, will be needed to improve upon currently used generalized
emissions models. Life cycle assessment is one tool that can be
used to assess the release of GHGs and nutrients from a farm that
can lead to implementing the most effective mitigation options.*®

Even in the absence of a broad climate policy that prices carbon,
there are other mechanisms to encourage installation of additional
AD capacity. Several states have implemented renewable portfolio
standards that have driven the adoption of alternative energy
sources.”” Germany uses a feed-in-tariff to guarantee competitive
prices for energy groduced from ADs, and is a global leader in
biogas production. * California’s low carbon fuel standard (LCFS)
ranks transportation fuels by their life-cycle carbon intensity. For
illustration, biogas from dairy ADs can be used as a transportation
fuel if it undergoes upgrading and compression. It is then
comparable to traditional compressed natural gas with one-fifth
the carbon intensity because a credit is applied to the biogas owing
to decreased methane emissions compared to traditional manure
management techniques.”’ Some AD projects are intended to
reduce other environmental impacts such as nutrient runoff, and
GHG emissions may be a secondary concern.

ADs can provide energy for a single household, as seen in India
and China,®” or up to several thousand households such as in
Toronto, Canada.’’ While the technology is scalable, decisions

regarding sites, operations, and sources of digestable material are
outside the context of this study. Our approach matched digester
sizes (1000, 500, 250 kW) to resource density in order to minimize
the capital investment and transportation costs per unit of energy
generation. While this approximation is useful at a national level,
each potential AD project will need to survey the availability and
cost of manure and organic materials for codigestion to maximize
the environmental and economic efficiency of the project.

Using a computable general equilibrium model in this context
allows us to investigate the interactions among sectors, illustrated
here in the novel linkages between agriculture and energy
production. While economic welfare decreased across all scenar-
ios relative to the reference, the climatic benefits were excluded
from these values, mostly because such calculation will suffer
from much greater uncertainty and lack of information than on
the cost side. Additionally, there are few metrics to quantify
nonclimatic environmental benefits from ADs and thus these
were excluded from the analysis.> Caution should be used when
applying the results of this study to a specific project, since they
are estimated across the entire economy and the projected
changes in welfare do not include all costs and benefits to society.

Many of the fuel sources used today have social and environ-
mental impacts that are not accounted for in standard economic
transactions. Similar externalities exist within the agricultural sector,
which will increase as livestock operations expand. Implementing a
climate policy that places a value on carbon will ease the transition
from diverting livestock manure to ADs to provide energy. As the
external costs of fossil fuel energy are realized throughout the
economy, the environmental cobenefits of AD further increase the
societal value of avoiding traditional manure management.

B ASSOCIATED CONTENT

© Supporting Information. Expanded explanation of the
economic modeling framework with a focus on the modifications
made to the Emissions Prediction and Policy Analysis (EPPA)
model, documentation of the methods used to integrate anae-
robic digesters into an economic modeling framework, and an
explanation of the alternative scenarios. Supporting tables and
figures include model inputs and results from the modeling
scenarios. This material is available free of charge via the Internet
at http://pubs.acs.org.

Bl AUTHOR INFORMATION

Corresponding Author
*E-mail: zaks@wisc.edu; phone: +1-248-444-3040.

B ACKNOWLEDGMENT

We thank George Allez, Gregory Nemet, Gary Radloff, and
Ulrik Stridbak for their useful comments and suggestions. D.P.
M.Z. was supported by the National Science Foundation grant
144-144PT71. The Joint Program on the Science and Policy of
Global Change is funded by the U.S. Department of Energy and a
consortium of government and industrial and foundation spon-
sors (for the complete list see http://globalchange.mit.edu/
sponsors/ current.html).

B REFERENCES

(1) Weiland, P. Biogas production: Current state and perspectives.
Appl. Microbiol. Biotechnol. 2010, 85 (4), 849-860.

6740 dx.doi.org/10.1021/es104227y |Environ. Sci. Technol. 2011, 45, 6735-6742



Environmental Science & Technology

POLICY ANALYSIS

(2) Garrison, A. V.; Richard, T. L. Methane and manure: Feasibility
analysis of price and policy alternatives. Trans. ASAE 2005, 48 (3),
1287-1294.

(3) Verbruggen, A.; Fischedick, M.; Moomaw, W.; Weir, T.; Nadai,
A,; Nilsson, L. J; Nyboer, J; Sathaye, J. Renewable energy costs,
potentials, barriers: Conceptual issues. Energy Policy 2010, 38 (2),
850-861.

(4) Paltsev, S.; Reilly, J. M.; Jacoby, H. D.; Morris, J. F. The cost of
climate policy in the United States. Energy Econ. 2009, 31, S235-S243.

(5) Gan, L, Eskeland, G. S.; Kolshus, H. H. Green electricity market
development: Lessons from Europe and the US. Energy Policy 2007, 35
(1), 144-185.

(6) Chen, Y,; Yang, G.; Sweeney, S.; Feng, Y. Household biogas use
in rural China: A study of opportunities and constraints. Renewable
Sustainable Energy Rev. 2010, 14 (1), 545-549.

(7) Pathak, H.; Jain, N.; Bhatia, A.; Mohanty, S.; Gupta, N. Global
warming mitigation potential of biogas plants in India. Environ. Monit.
Assess. 2009, 157 (1—4), 407-418.

(8) Weiland, P. Anaerobic waste digestion in Germany - Status and
recent developments. Biodegradation 2000, 11 (6), 415-421.

(9) Gurgel, A.; Reilly, J. M.; Paltsev, S. Potential land use implications
of a global biofuels industry. J. Agric. Food Ind. Org. 2007, S (2), 1202.

(10) Melillo, J. M.; Reilly, J. M.; Kicklighter, D. W.; Gurgel, A. C,;
Cronin, T. W,; Paltsev, S.; Felzer, B. S.; Wang, X,; Sokolov, A. P.;
Schlosser, C. A. Indirect Emissions from Biofuels: How Important?
Science 2009, 326 (5958), 1397-1399.

(11) McFarland, J. R; Reilly, J. M; Herzog, H. J. Representing
Energy Technologies in Top-down Economic Models Using Bottom-up
Information. Energy Econ. 2004, 26 (4), 685-707.

(12) Morris, J.; Marcantonini, C.; Reilly, J. M.; Ereira, E.; Paltsev, S.
Levelized Cost of Electricity and the Emissions Prediction and Policy Analysis
Model; MIT Joint Program on the Science and Policy of Global Change:
Cambridge, MA, in press.

(13) Wint, W.; Robinson, T. Gridded Livestock of the World; FAO:
Rome, 2007; p 131.

(14) U.S. EPA. Inventory of U.S. Greenhouse Gas Emissions and Sinks:
1990 — 2008; EPA 430-R-10-006; Washington, DC, 2010.

(15) Potter, P.; Ramankutty, N.; Bennett, E. M.; Donner, S. D.
Characterizing the Spatial Patterns of Global Fertilizer Application and
Manure Production. Earth Interact. 2010, 14, 2.

(16) Carpenter, S. R;; Caraco, N. F; Correll, D. L.; Howarth, R. W,;
Sharpley, A. N.; Smith, V. H. Nonpoint pollution of surface waters with
phosphorus and nitrogen. Ecol. Appl. 1998, 8 (3), 559-568.

(17) Yiridoe, E. K.; Gordon, R.; Brown, B. B. Nonmarket cobenefits
and economic feasibility of on-farm biogas energy production. Energy
Policy 2009, 37 (3), 1170-1179.

(18) Cantrell, K. B.; Ducey, T.; Ro, K. S.; Hunt, P. G. Livestock
waste-to-bioenergy generation opportunities. Bioresour. Technol. 2008,
99 (17), 7941-7953.

(19) West, D. Capturing Carbon Credits through Manure Digestion.
Adv. Pork Prod. 2004, 15, 193-197.

(20) Arthurson, V. Closing the Global Energy and Nutrient Cycles
through Application of Biogas Residue to Agricultural Land - Potential
Benefits and Drawbacks. Energies 2009, 2 (2), 226-242.

(21) Martin, J. A Comparison of Dairy Cattle Manure Management
with and without Anaerobic Digestion and Biogas Utilization; EPA
Contract No. 68-W7-0068; 2004.

(22) Greaves, J.; Hobbs, P.; Chadwick, D.; Haygarth, P. Prospects
for the recovery of phosphorus from animal manures: A review. Environ.
Technol. 1999, 20 (7), 697-708.

(23) Smith, K; Grylls, J.; Metcalfe, P.; Jeffrey, B.; Sinclair, A. Nutrient
Value of Digestate from Farm-Based Biogas Plants in Scotland; Scottish Executive
Environment and Rural Affairs Department: Edinburgh, 2007; p 44.

(24) Moody, L. B.; Burns, R. T.; Stalder, K. J. Effect of Anaerobic
Digestion on Manure Characteristics for Phosphorus Precipitation from
Swine Waste. Appl. Eng. Agric. 2009, 25 (1), 97-102.

(25) Qureshi, A.; Lo, K. V.; Mavinic, D. S.; Liao, P. H.; Koch, F;
Kelly, H. Dairy manure treatment, digestion and nutrient recovery as a

phosphate fertilizer. J. Environ. Sci. Health, Part B 2006, 41 (7),
1221-1238S.

(26) U.S. EPA. Managing Manure with Biogas Recovery Systems
Improved Performance at Competitive Costs; EPA-430-F-02-004;
Washington DC, 2002.

(27) U.S. EPA. Anaerobic Digesters Continue to Grow in the U.S.
Livestock Market; Washington DC, 2010.

(28) Holm-Nielsen, J. B.; Al Seadi, T.; Oleskowicz-Popiel, P. The
future of anaerobic digestion and biogas utilization. Bioresour. Technol.
2009, 100 (22), 5478-5484.

(29) MacDonald, J. M.; Ribaudo, M. O.; Livingston, M. J.; Beckman,
J.; Huang, W. Manure Use for Fertilizer and for Energy - Report to Congress;
U.S. Department of Agriculture, Economic Research Service: Washington,
DC, 2009.

(30) Paltsev, S; Reilly, J. M; Jacoby, H. D.; Eckaus, R. S.; McFarland,
J; Sarofim, M.; Asadoorian, M.; Babiker, M. The MIT Emissions
Prediction and Policy Analysis (EPPA) Model: Version 4; Report 125;
MIT Joint Program on the Science and Policy of Global Change:
Cambridge, MA, 2005.

(31) Paltsev, S.; Reilly, J. M; Jacoby, H. D.; Gurgel, A.; Metcalf,
G. E,; Sokolov, A. P.; Holak, J. F. Assessment of US GHG cap-and-trade
proposals. Climate Policy 2008, 8, 395-420.

(32) Selin, N. E.; Wu, S.; Nam, K. M; Reilly, J. M; Paltsev, S.; Prinn,
R. G.; Webster, M. D. Global health and economic impacts of future
ozone pollution. Environ. Res. Lett. 2009, 4 (4), 044014.

(33) Reilly, J. M; Paltsev, S.; Felzer, B.; Wang, X; Kicklighter, D.;
Melillo, J.; Prinn, R,; Sarofim, M.; Sokolov, A; Wang, C. Global
economic effects of changes in crops, pasture, and forests due to
changing climate, carbon dioxide, and ozone. Energy Policy 2007, 35
(11), 5370-5383.

(34) McFarland, J. R; Herzog, H. J. Incorporating carbon capture
and storage technologies in integrated assessment models. Energy Econ.
2006, 28 (5—6), 632-652.

(35) Paltsev, S.; Jacoby, H. D.; Reilly, J. M.; Ejaz, Q. J.; O’Sullivan, F.;
Morris, J.; Rausch, S.; Winchester, N.; Kragha, O. The Future of U.S.
Natural Gas Production, Use, and Trade; Report 186; MIT Joint Program
on the Science and Policy of Global Change: Cambridge, MA, 2010.

(36) Wang, X. The Economic Impact of Global Climate and Tropo-
spheric Ozone on World Agricultural Production. Master of Science
Thesis, Massachusetts Institute of Technology, Cambridge, MA, 200S.

(37) U.S. EPA. Anaerobic Digester Database. http://www.epa.gov/
agstar/pdf/digesters_all.xls (August 3, 2010).

(38) Ghafoori, E;; Flynn, P. C. Optimizing the size of anaerobic
digesters. Trans. ASABE 2007, S0 (3), 1029-1036.

(39) U.S. EPA. Anaerobic Digestion Capital Costs for Dairy Farms;
Washington, DC, 2010.

(40) Ghafoori, E,; Flynn, P. C; Feddes, J. J. Pipeline vs. truck
transport of beef cattle manure. Biomass Bioenergy 2007, 31 (2—3),
168-175.

(41) Flotats, X;; Bonmati, A.; Fernandez, B.; Magri, A. Manure
treatment technologies: On-farm versus centralized strategies. NE Spain
as case study. Bioresour. Technol. 2009, 100, 5519-5526.

(42) Ghafoori, E.; Flynn, P. C. Economic Model to Evaluate Cost of
Biogas Power at Different Scales; University of Alberta: Edmonton, 2006.

(43) Cuellar, A. D.; Webber, M. E. Cow power: The energy and
emissions benefits of converting manure to biogas. Environ. Res. Lett.
2008, 3 (3), 034002.

(44) G.E.Energy. Jenbacher Type 4: The new version. http://www.
gepower.com/prod_serv/products/recip_engines/en/downloads/
ETS_US_T4 10_screen_August2010.pdf (4/10/2011).

(45) Beddoes, J.; Bracmort, K. S.; Burns, R. T.; Lazarus, W. F. An
Analysis of Energy Production Costs from Anaerobic Digestion Systems on
U.S. Livestock Production Facilities; Technical Note No. 1; U.S. Depart-
ment of Agriculture, Natural Resource Conservation Service: Washington,
DC, 2007.

(46) U.S.EPA. Protocol for Quantifying and Reporting the Performance
of Anaerobic Digestion Systems for Livestock Manures; Washington DC,
2011.

6741 dx.doi.org/10.1021/es104227y |Environ. Sci. Technol. 2011, 45, 6735-6742



Environmental Science & Technology

POLICY ANALYSIS

(47) USDA. Quick Stats. http:// www.nass.usda.gov/Data_and_
Statistics/Quick_Stats/index.asp (August 3, 2010).

(48) Mangino, J.; Peterson, K; Jacobs, H. Development of an
Emissions Model to Estimate Methane from Enteric Fermentation in
Cattle. In 12th International Emission Inventory Conference - “Emission
Inventories - Applying New Technologies”, San Diego, CA, 2003.

(49) Ribaudo, M. O.; Gollehon, N.; Aillery, M.; Kaplan, J.; Johansson,
R.; Agapoft, J.; Christensen, L.; Breneman, V.; Peters, M. Manure Manage-
ment for Water Quality: Costs to Animal Feeding Operations of Applying
Manure Nutrients to Land; U.S. Department of Agriculture, Economic
Research Service, Resource Economics Division: Washington, DC, 2003;
p97.

(50) Fawcett, A. A; Calvin, K. V.; de la Chesnaye, F. C.; Reilly, J. M.;
Weyant, J. P. Overview of EMF 22 U.S. transition scenarios. Energy Econ.
2009, 31, S198-S211.

(51) Morris, J.; Paltsev, S.; Reilly, J. M. Marginal Abatement Costs and
Marginal Welfare Costs for Greenhouse Gas Emissions Reductions: Results
from the EPPA Model; Report 164; MIT Joint Program on the Science
and Policy of Global Change: Cambridge, MA, 2008.

(52) McMichael, A. J.; Powles, J. W.; Butler, C. D.; Uauy, R. Food,
Livestock Production, Energy, Climate Change and Health. Lancet
2007, 370 (9594), 1253-1263.

(53) Stehfest, E.; Bouwman, L.; van Vuuren, D. P,; den Elzen,
M. G.]; Eickhout, B.; Kabat, P. Climate benefits of changing diet. Clim.
Change 2009, 95 (1—2), 83-102.

(54) Weiland, P. Biomass digestion in agriculture: A successful
pathway for the energy production and waste treatment in Germany.
Eng. Life Sci. 2006, 6 (3), 302-309.

(55) Taglia, P. Biogas: Rethinking the Midwest’s Potential; Clean
Wisconsin: Madison, 2010; pp 1—48.

(56) Lai, C-M,; Ke, G.-R;; Chung, M.-Y. Potentials of food wastes
for power generation and energy conservation in Taiwan. Renew. Energy
2009, 34 (8), 1913-1915.

(57) Lory, J. A;; Massey, R. E.; Zulovich, J. M. An Evaluation of the
USEPA Calculations of Greenhouse Gas Emissions from Anaerobic
Lagoons. J. Environ. Qual. 2010, 39 (3), 776-783.

(58) Sandars, D. L.; Audsley, E.; Canete, C.; Cumby, T. R.; Scotford,
I. M.; Williams, A. G. Environmental benefits of livestock manure
management practices and technology by life cycle assessment. Biosyst.
Eng. 2003, 84 (3), 267-281.

(59) Fischer, C.; Newell, R. G. Environmental and technology
policies for climate mitigation. J. Environ. Econ. Manage. 2008, SS (2),
142-162.

(60) CA-ARB. California’s Low Carbon Fuel Standard; State of
California Environmental Protection Agency Air Resources Board:
Sacramento, CA, 2009.

(61) City of Toronto. Generating Biogas from Source Separated
Organic Waste for Energy Production; Toronto, Canada, 2002.

(62) Maler, K.-G.; Aniyar, S.; Jansson, A. Accounting for ecosystem
services as a way to understand the requirements for sustainable
development. Proc. Natl. Acad. Sci. U.S.A. 2008, 105 (28), 9501-9506.

6742

dx.doi.org/10.1021/es104227y |Environ. Sci. Technol. 2011, 45, 6735-6742



