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Abstract: Dairy farms are challenged to increase productivity while achieving environmental sustainability, where greenhouse gas (GHG) emissions are at the center of the discussion. The U.S.
dairy industry leadership has committed to a Net Zero Initiative to achieve GHG neutrality, but
the specifics on how to achieve this are still uncertain. Life cycle assessment methods were used to
quantify GHGs and net energy intensity (NEI) of a large (1000 cows) and a small (150 cows) farm
in Wisconsin. The GHGs are 1.0 and 1.3 kg CO2 -eq/kg FPCM and the NEI is 2.4 and 3.2 MJ/kg
FPCM for the large and small farm, respectively. The GHG benefits from anaerobic digestion (AD,
sized to process all manure on both farms) and PV (sized to match AD electricity production) are
not enough to achieve GHG neutrality. Increasing the capacity of these systems showed that AD is
more cost-effective for the larger farm, but the challenges and costs related to securing and disposing
the extra manure needed for energy production limit its feasibility. For the smaller farm, the total
annualized costs to achieve GHG neutrality are lower for PV vs. AD, even before accounting for any
transportation costs related to handling the extra manure.
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1. Introduction
In 2020, the Innovation Center for U.S. Dairy set forth the “Net Zero Initiative” (NZI)
to achieve greenhouse gas (GHG) neutrality and other environmental stewardship goals
related to water and manure nutrient use by 2050 [1]. The purpose of this article is to
determine if this goal is achievable using anaerobic digestion (AD) and solar photovoltaics
(PV) to generate renewable electrical energy and displace grid electrical energy. In 2019,
agriculture contributed 9.6% of total U.S. GHG emissions, with dairy being a major contributor [2]. In addition, consumers have been shifting their buying preferences and behavior
toward more sustainable products. Between 2017 and 2019, the percentage of consumers
purchasing products classified as “sustainable” because of earth/environmental reasons
rose from 31% to 51%, surpassing family and community reasons [3]. Capper et al. [4],
and Capper and Cady [5] quantified continuous efficiency improvements in the U.S. dairy
industry from 1944 to 2017, resulting in reduced GHG emissions per unit of milk produced,
However, achieving GHG neutrality will require additional improvements.
The “Net Zero” GHG goal is a common goal among many industries. GHG neutrality
describes systems that do not increase atmospheric GHGs through the avoidance, reduction,
or offsetting of emissions [6]. Pathways to net zero dairy production are system-specific
and currently largely theoretical. Eckard and Clark [7] predicted that already-high organic
carbon levels in soils will limit the role of the soil as a carbon sink in the Australian dairy
industry’s NZI. For Italy, De Vivo and Zicarelli [8] suggested carbon fixation by vegetation
grown for livestock feed exceeds that emitted by the animals, making carbon neutrality
a likely reality. The NZI is usually envisioned as voluntary actions of the industry as a
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whole, accounting for variable farm sizes and geographies, and using current but also yetto-be-discovered technologies [1]. In the U.S., different studies have evaluated alternative
feeding, field, manure, and barn management practices at the farm level to reduce GHG
emissions [9–11]. In addition, different dairy cooperatives are targeting cover crops, crop
rotations, rotational grazing to promote carbon capture [12]. However, the overall impact
on farm GHG is still uncertain. There is a business case to reach GHG neutrality in the
U.S., with supportive technology and market developments [13]. Among these evaluated
practices, the integration of dairy farms with renewable energy production is positioned
as a feasible pathway to both reduce GHG emissions and turn the farm into a net energy
producer. This is possible when considering the benefits of replacing fossil energy [10,14,15],
an approach already adopted in the U.S. by the Renewable Energy Standard (RES) and the
California Low Carbon Fuel Standard (LCFS). However, there are additional challenges
when installing a renewable energy system on a dairy farm, including the required costs,
inputs, and areas that need to be evaluated. Moreover, the systems need to be properly
sized if the objective is to achieve GHG neutrality on-farm, resulting in additional costs and
inputs which might make a specific renewable energy system more feasible than others. A
study addressing all these issues is not available in the literature.
At the dairy farm level, energy and carbon are parts of the processes of growing feed,
raising a dairy calf, and sustaining a cow through her productive life, and are directly
related to the emission of GHGs. The energy and carbon flows entering, within, and exiting
the system manifest in many forms. Fossil fuel use contributes to both carbon and energy
flows, as an energy source entering the system and a source of GHG emissions during
conversion of the energy for various purposes on farm. Developed countries have a greater
reliance on fossil fuels for agricultural production, and expanded supply chains requiring
processing, transportation, and refrigeration, which increase GHG emissions from energy
use [16]. Feed production, enteric fermentation, and manure storage further contribute
to emissions of methane (CH4 ) and nitrous oxide (N2 O). Thus, two key environmental
stewardship metrics for dairy farms are GHG emissions (commonly referred to as carbon
emissions) and net energy intensity (NEI).
The life cycle assessment (LCA) is a common tool for evaluating environmental impacts, such as GHG emissions and NEI. Baldini et al. [17] summarized 44 LCAs applied
to milk production in the last 10 years, with 29 and 17 studies evaluating global warming
potential and energy use, respectively. Life cycle analyses of NEI—the difference between
the energy required by the system and the energy supplied by the system—have considered
direct (energy consumed at a system point) and indirect sources of energy use (cumulative
upstream or embodied energy requirements) [16]. Direct on-farm energy use (excluding
feed production) is a minor contributor to cradle-to-farm gate GHG emissions [5,14]. However, for an example dairy farm in Wisconsin, on-farm energy use was a major component
to net energy use for ventilation within the dairy cow rearing area to collect and safely
store milk prior to processing. In addition, on-farm energy use was also vital to supporting
the cows’ environment via ventilation and/or manure management [14]. Herd size and
production practices influence both the NEI and GHG [18]. On-farm energy generation can
serve to reduce both of these and support the industry goals of the NZI.
In terms of the renewable energy systems that can be integrated on a dairy farm, AD
of manure (with and without additional agricultural byproducts) is a recognized form of
manure treatment that can reduce GHGs through CH4 conversion to usable energy forms,
which offsets energy use [19,20], contributing to improve both GHG and NEI indicators.
Whereas the AD process is well known, numerous reviews have recounted the feedstock,
digester design and management factors that influence biogas production [21–23]. Among
the 17 factors, the net present value for solid state anaerobic digesters was most sensitive
to electricity or bio-methane price, digestate price, and labor price [24]. Despite technical
and economic challenges, there were 317 manure-based anaerobic digesters in the U.S. in
2021 [25]. Photovoltaic energy is another means of on-farm energy generation, for direct
use or to offset energy use. The capture and conversion of solar energy to electricity is
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regarded as clean and renewable. Agrivoltaics, the combined use of PV and agriculture
(e.g., use of solar panels for shading livestock), have received increasing attention from
farms [26,27]. Despite the advantages of both renewable energy systems, the benefits and
trade-offs of installing AD and PV to achieve NZI in dairy farms has yet to be evaluated.
This paper quantifies GHG emissions and NEI of modeled dairy farms in Wisconsin and
evaluates the costs, inputs (e.g., land and manure), and environmental trade-offs for the
farm to reach GHG neutrality by installing a renewable energy system based on AD and
solar PV.
2. Materials and Methods
2.1. LCA Model Description: System Boundaries, Functional Unit, and Data
GHG emissions and NEI from two dairy farms representative of Wisconsin practices
were quantified using a partial LCA model, from cradle-to-farm gate, as described by
Aguirre-Villegas et al. [14]. This model replicates a dairy farm by considering daily dietary
requirements and feed composition for each animal type, following the guidelines recommended by the National Research Council [28]. The model keeps track of all materials
(e.g., commercial fertilizers, lime, seed, pesticides, herbicides) and energy inputs (e.g.,
gasoline, diesel, natural gas, and electricity) consumed at the farm and all outputs (e.g.,
GHG emissions, milk, and meat) during feed production, herd management, milking,
and manure management. Embedded GHG emissions and energy consumed during the
production of material and energy inputs are also included as this study considers a life
cycle approach.
GHG emissions are expressed in kilograms of carbon dioxide equivalents (kg CO2 -eq)
and include the characterization factors of 28, 265, and 1 for CH4 , N2 O, and CO2 from
fossil sources, respectively, over 100 years [29]. NEI is expressed in MJ and defined as the
difference between the life cycle energy required by the system and the energy supplied
by the system (negative energy indicates that the system is producing energy). Both GHG
emissions and NEI were normalized per kg of fat- and protein-corrected milk (FPCM),
corrected to 4% fat and 3.3% protein [30]. A nutritional allocation approach based on the
fat and protein content in milk and meat assigned 99% of the GHG emissions and NEI to
milk [14]. The GHG emissions and energy involved in the production of infrastructure and
machinery were not included in the analysis.
Three modeling steps were taken to quantify environmental impacts and evaluate the
resources and costs needed to achieve GHG neutrality: (1) A large and a small dairy farm
without the production of renewable energy were defined as “base-cases”, and the GHG
and NEI from these base-cases were estimated. (2) AD and solar PV systems were added
to each of these dairy farm base-cases, where the AD systems in both farms were sized
to process all manure generated by the base-case farms and the PV systems were sized to
match the electricity production of the AD systems. (3) The capacity in both the AD and the
PV systems was increased to the point where the benefits of producing renewable energy
offset the total GHG emissions at the base-case farms and GHG neutrality was achieved
(Figure 1). The description of the farms, as well as the AD and solar PV systems used to
model the GHG and NEI, are presented below.
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Figure 1. System boundaries of the study (solid lines). Dashed lines define the steps included at the
small and large base-case dairy farms, where anaerobic digestion (AD) and solar PV systems were
posteriorly added to evaluate the effects on environmental impacts.

2.2. Large Farm Characteristics
The large farm example has 1000 Holstein milking cows (650 kg/animal), 286 mature
heifers and dry cows (650 kg/animal), 605 growing heifers less than 21 months old
(347 kg/animal), and 31 calves (52 kg/animal), for a total of 2306 animal units (1 AU = 454 kg
of animal). The daily milk production is set at 35 kg/day at 3.5% fat and 3.0% protein. The
dairy ration is presented in Table 1. This ration defines the nutrient flows from feed to milk
and manure (NRC, 2001). It was assumed that all crops, except for cottonseed and soybean
meal, were produced on farm. It was assumed that manure was land-applied on-farm, and
any remaining N, P, and K needs were met with synthetic fertilizers.
Table 1. Diet composition of the large farm (1000 Holstein lactating cows) for lactating and nonlactating cows grouped into young heifers (1–10 months), growing heifers (11–21 months), and old heifers
(>21 months) and dry cows [14].

Feed

Lactating Cows

Young Heifers

Growing Heifers

Old Heifers and
Dry Cows

kg of DMI/Animal/Day
Alfalfa silage
Corn silage
Cottonseed
Corn grain
Soybean meal *
Total

8.0
5.0
2.0
6.6
0.8
22.3

2.01
1.77
0.46
0.81
5.05

6.55
5.36
11.91

3.99
3.26
7.25

* Yield for soybeans.

Material and energy inputs consumed on- and off-farm for crop production, as well as
their related impacts, were presented by Aguirre-Villegas et al. [14]. The total solids (TS)
and volatile solids (VS) content of excreted manure, which determine the overall production
of biogas, were estimated for each animal type based on [31]. After excretion, manure is
tracked during collection, transportation, processing, storage, and land application. It was
assumed that manure was collected, along with chopped straw used as bedding, by an
electric alley scraper. Then, the manure was transported to storage. Manure was stored for
6 months as a slurry in a lined basin structure where a crust form on top of the manure,
which was then land-applied by surface application twice a year in April and October.
Life cycle inventory data of materials and energy and equations used to estimate GHG
emissions from manure were presented by Aguirre-Villegas et al. [14].
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2.3. Small Farm Characteristics
To capture the differences of farm management, a small organic dairy farm, representative of Wisconsin, was modeled based on data provided by the Cooperative Regions of
Organic Producers Pools (CROPP), marketed as Organic Valley (OV), the largest organic
dairy cooperative in the U.S. Farm characteristics. Data about herd management, milk
production, crop production, energy use, manure, and cropping management for each
farm type and region were provided by OV and compiled through internal surveys, and
interviews with farmers, in-house veterinarians, and feed specialists. The small dairy farm
is composed of 150 lactating Holstein cows, 38 mature heifers and dry cows, 78 growing
heifers, and 8 calves. The daily milk production is 22.7 kg, at 4.2% fat and 3.1% protein,
with the dairy ration presented in Figure 2. This farm maximizes grazing, which occurs for
6 months (May to October). Crop production areas receive manure as the only nitrogen
and P fertilizer source, with some crops supplemented with potassium, gypsum, lime, and
micronutrients. Cows are housed in a free stall. Manure is handled in its slurry form and
stored for 6 months before land application in spring and fall. It is assumed that 90% of
manure is collected during the non-grazing season and 50% of manure is collected during
the grazing season.

Figure 2. Diet composition of the small farm (150 Holstein lactating cows) for lactating and nonlactating cows during the grazing and non-grazing seasons.

2.4. Anaerobic Digestion System
For both farm types, a plug-flow anaerobic digester paired to a cogeneration system
(combined heat and power) was sized to process all manure from the dairy herd and
produce electricity and thermal energy. Biogas-based electricity production was determined
by the CH4 content in biogas, which, at the same time, was determined by the VS content
in manure (Table 2). Digestate was separated by a screw press following the separation
efficiencies presented by Aguirre-Villegas et al. [32]. Both the liquid and solid fractions
were stored for 6 months before on-farm land application.
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Table 2. Variables considered to estimate energy production from anaerobic digestion.
Variable

Value

Reference

Hydraulic retention time

28 days

[33]

Generator efficiency

Electric: 35%
Thermal: 50%

[34]

Energy consumed by the
digester (of produced energy)

Electricity: 17%
Thermal: 20%

[33]

Biogas composition

CH4 production

65% CH4
35% CO2

 

Bo ∗ So
CH4 =
∗ 1 − HRT ∗ µK −1 + K
HRT
m
CH4 = Methane production rate (volume of gas
produced per volume of digester per day,
L/L/day); Bo = Ultimate methane yield per
gram of volatile solids added (L/g/VS);
HRT = Hydraulic retention time (days);
So = Influent volatile solids concentration (g/L);
µm = Bacterial growth rate (per day,
µm = 0.013 × T − 0.129); T = Temperature of the
digester (◦ C); K = kinetic parameter
[dimensionless, K = 0.8 + 0.0016 × exp(0.06 × So ) ]

[34]

[35]

Lower heating value of CH4

36 MJ/m3

[36]

VS destruction

30%

[37]

Increase in ammoniacal
nitrogen after digestion

15%

[32]

CH4 leaks from digester

1.0%

[38]

After digestion, the GHG emission reductions come from the manure itself, the production of renewable electricity, and the production of thermal energy. Both the digestion
and separation processes (referred as the AD system) reduce the overall VS content in the
stored liquid manure, which reduce the CH4 emissions from manure storage. The produced biogas-based electricity replaces grid electricity and avoids the impacts associated
with its generation. It was assumed that all biogas-based electricity was injected into the
Wisconsin grid. As a result, the GHG emission and NEI benefits (−0.207 kg CO2 -eq/MJ
and −10.97 MJ/kWh, respectively [39]) of replacing grid-based electricity have a negative
value. This also happens with the production of thermal energy that is modeled to replace
thermal heat produced by natural gas, with benefits of −72 g CO2 -eq/MJ for GHG and
−1.1 MJ/MJ for EI [39]. There are also changes after digestion that result in GHG emission
increments. The reduction in TS content avoids the formation of a natural crust on top of the
manure during storage, which creates anaerobic conditions that promote CH4 emissions.
In addition, a 1% CH4 leakage rate was considered from the digester [38].
Capital costs, as well as operation and maintenance costs, were included in the analysis.
As expected, costs decreased with the increasing system size. Capital costs for the digester,
generator, hydrogen sulfide removal system, and screw press were estimated with: Cost
(US$) = −0.2485 × (number of lactating cows)2 + 1584.1 × number of lactating cows + 212,907
(R2 = 1), based on Lazarus [40]. Operation costs were set at USD 40,000/year [41], and
maintenance costs were set at USD 0.0175/kWh [40]. The lifetime of the anaerobic digestor
was considered to be 20 years [42].
Different studies have highlighted that despite important GHG emission reductions
from AD, the dairy farm is still a source of emissions [9,14,38]. This study quantifies
the additional capacity of the AD system modeled at the dairy farm to achieve GHG
neutrality. This was achieved by applying the electricity production rate from the manure
estimated for the AD system. It was assumed that this additional manure was imported
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from neighboring farms with no related environmental benefits or burdens. Transportation
costs were considered, but it was assumed that the manure itself was free.
2.5. Solar PV System
A solar system matching the electricity rate produced by the AD system was evaluated
to compare the GHG, NEI, and cost trade-offs for both dairy farm base-cases. For Wisconsin,
a 14% capacity factor was used in the model [43]. Based on this size, a ground-mounted
system was assumed with a lifetime of 25 years [44]. An average land requirement of
1.7 HA/GWh/year was considered for PV systems between 1 and 20 MW of capacity [45]. It
was assumed that the produced solar-based electricity was also injected into the Wisconsin
grid. As a result, the avoided GHG emissions and NEI were the same per MJ of produced
electricity. However, the net GHG emissions from the dairy farm were different than with
the AD system because there were no reductions in the CH4 from storage nor production
of thermal energy. As with AD, the costs also decreased, with the increasing system size
averaging USD 1.5/watt for capital costs and USD 18.7/kW/year for operation. The
maintenance costs for the systems averaged between 3 and 4 MW, with USD 1.2/watt for
capital costs (average fixed-tilt and one-axis tracker) and USD 16.9/kW/year for operation
and maintenance costs for systems between 6 and 10 MW [46]. To achieve GHG neutrality
with solar-based electricity, the dairy farm must increase the system PV capacity until the
GHG emission benefits offset all GHG emissions at the farm level. Additional land and
costs were considered based on the size of the system.
3. Results
3.1. Net Energy Intensity
The farm NEI is 2.4 and MJ/kg FPCM (77,756 MJ/farm/day) for the large farm and
3.2 MJ/kg FPCM (11,053 MJ/farm/day) for the small farm, with most of the energy inputs
coming from the consumption of liquid fossil fuels and electricity (Figure 3). Interestingly,
electricity consumption is lower per unit of milk produced at the larger farm, suggesting
higher efficiencies than the smaller farm. This is also the case for fossil fuels use, suggesting
that the small farm relies more heavily on machinery that consumes liquid fuels instead of
electricity (e.g., skid steer for manure collection). The production of renewable electricity
makes the large farm an energy-producing system as the production of both biogas-based
and solar-based electricity is higher than the total lifecycle energy consumed by the farm.
This also holds for the small farm with an AD system, but not for the PV system, as the
electricity production in the latter is just enough to make the farm energy neutral. For both
farms, the AD system results in lower NEI (more energy produced) due to the thermal
energy available from the digestion process. However, it is not common for existing dairy
farms with AD systems to use all this available heat on-farm. Without the thermal benefits,
NEI from farms with AD systems would be similar to those from farms with PV systems.
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Figure 3. Net Energy Intensity (NEI) from the base-case large and small dairy farms (no renewable
energy production), the same farms with AD systems (including solid-liquid separation), and the
same farms with solar PV systems producing the same electricity than the corresponding AD system.

3.2. GHG Emissions
The GHG emissions from the large and small base-case dairy farms (no renewable
energy production) under the modeled management practices are 1.0 and 1.3 kg CO2 -eq/kg
FPCM (31,558 and 4408 kg CO2 -eq/farm/day), respectively. Whereas the small farm has
less material and energy inputs (e.g., fertilizers, diesel use for fertilizer application, etc.)
compared to the large farm, the overall carbon footprint per kg FPCM is higher in the
former due to the lower milk yields per cow (shown consistently for each GHG in Figure 4).
For both farms, the enteric CH4 represents more than 50% of the total emissions. This is
consistent with a recent study that quantified 0.99 kg CO2 -eq/kg FPCM in the Midwest
region, with enteric CH4 representing 43% of these emissions [47]. Feed management
strategies and genetics have been explored as potential practices to mitigate enteric CH4 .
However, the overall reduction is limited, and the implementation of these strategies at
the farm level is challenging [9]. Manure management is the second source of emissions
with CH4 from storage being the major contributor. Storage of liquid and slurry manure
for long periods of time and at warm temperatures provides the ideal conditions for CH4
emissions to occur. A natural crust forming on top of the storage limits these emissions
as it creates aerobic conditions on the surface, but manure remains a major source of
emissions. The consumption of energy and material inputs represent 16–18% (energy
12–13% and materials 4%) of the total emissions, and the land application of nitrogen
fertilizer (manure and synthetic fertilizers) represents 10–13% of GHGs in the form of N2 O.
Most of the energy-related emissions come from liquid fossil fuels used for crop production
and fertilizer application, highlighting the need to export electricity to the grid to achieve
important GHG emission mitigation goals.
When an AD system was installed at the farm, total GHG emissions were reduced
from 45% to 0.5 kg CO2 -eq/kg FPCM (17,322 kg CO2 -eq/farm/day) in the large basecase, and from 31% to 0.9 kg CO2 -eq/kg FPCM (3057 kg CO2 -eq/farm/day) in the small
base-case farm. At both farms, the installation of an AD system (including solid-liquid
separation) achieved higher GHG reductions than a PV system sized to match the biogasbased electricity due to the credits from thermal energy and the reduction of CH4 emissions
from manure storage. This trend remains even when credits from thermal energy are not
considered, as it is difficult for a small farm to use this available heat. Nearly 40% of the
reductions could be attributed to the reduced CH4 from manure storage due to the reduced
VS in manure as result of the digestion and separation processes. On the other hand, the
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digestion process increases indirect N2 O emissions from ammonia (NH3 ) volatilization
during manure storage and posterior land application due to the mineralization process
that converts part of the organic nitrogen into its inorganic form. In addition to the higher
inorganic nitrogen in the digestate, NH3 losses are promoted by the absence of the organic
crust formed on the manure storage surface due to reduced TS from the AD and solid-liquid
separation process. Moreover, the inexistence of this crust creates anerobic conditions on
the manure storage, limiting the reduction of CH4 emissions, while also reducing the direct
emissions of N2 O that need a mix of both aerobic and anaerobic conditions to occur.

Figure 4. GHG emissions from the base-case large and small dairy farms (no renewable energy
production), the same farms with AD systems (including solid-liquid separation), and the same farms
with solar PV systems producing the same electricity than the corresponding AD system.

The solar PV systems at both base-case farms were sized to match the electricity
produced by the AD systems to conduct a fair comparison between systems, as it is unlikely
for a digester to be installed in a farm to process less than the amount of manure produced
at that farm. The solar PV systems were sized at 2.7 MW at the large farm and at 0.3 MW at
the small farm, with the electricity produced by these systems reducing emissions from
22% to 0.77 kg CO2 -eq/kg FPCM (or 24,765 kg CO2 -eq/farm/day) and from 16% to 1.1 kg
CO2 -eq/kg FPCM (or 3687 kg CO2 -eq/farm/day), respectively.
3.3. Manure, Land, and Costs to Install AD and PV Systems in the Base-Cases
A comparison of the costs and limiting resources use for the AD (available manure
on-farm) and the solar PV system (land footprint) was conducted for both base-case farms
(Table 3). In terms of capital costs at the large base-case farm, installing a digester with the
capacity to process all produced manure was more economically feasible than installing
a solar PV system producing the same electricity output as the AD system. However,
the AD system had higher annual operation and maintenance (O&M) costs, bringing the
total yearly costs closer to each other. It was assumed that this large dairy farm owned
all required land to produce the feed for the herd (2022 Ha), meaning that the solar PV
system would require less than 2% of the land. However, large facilities in Wisconsin
(>1000 AU) reported, on average, 0.17 Ha/AU of owned land and 0.19 Ha/AU of rented
land to produce part of the herd feed, with the rest purchased off-farm [10]. This means
that under these circumstances, the PV system would require approximately 10% of the
owned land by the farm. As a result, the land available to install a PV system might be
limited, where an agrivoltaics system may enable multiple simultaneous land uses.
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Table 3. Manure, land, and costs required to install an AD system and a solar PV system to produce
electricity at both base-case farms.
Resources Use
Manure (ton/day)
Area (HA)
Capital costs (US$ total)
O&M (US$/year)
Total costs (US$/year)

Base-Case Large

Base-Case Small

AD

Solar PV

AD

Solar PV

93
NA
1,734,328
98,120
184,836

NA
34
4,116,216
50,667
215,316

14
NA
498,322
56,700
81,616

NA
3
494,291
5222
24,993

Contrary to the large base-case farm, a comparison of the annualized costs for the
small base-case farm shows that the PV system is more competitive than the AD system
for electricity production (Table 3). This is explained by the economies of the scale of AD
systems that justify the installation of large digestors at dairy farms (generally processing
manure from >1000 cows). On the other hand, solar PV systems are more flexible and
modular, allowing lower investment costs for smaller systems. In addition, solar PV
systems have lower O&M costs and longer lifespans than AD systems, which is reflected in
the annualized cost estimations.
3.4. Adding AD and PV Capacity to Achieve GHG Neutrality
Neither the AD nor the PV systems achieved GHG neutrality at the current capacities,
highlighting the need to install an additional renewable energy capacity to reach net zero
GHGs at both base-case farms when the benefit of renewable energy production is the
only variable considered to do so. In the large base-case farm, the additional costs (capital,
operation, and maintenance) needed to achieve GHG neutrality were lower for the AD
system than the solar PV system (Table 4). The AD system would require three-times more
manure for the GHG emission benefits to offset the carbon footprint of the large dairy farm,
which translates to nearly three extra farms of the same size. The solar PV system would
require 3.6-times more land (in addition to the land already considered for the 2.7 MW
system) to achieve GHG neutrality.
Table 4. Additional (only related to AD and PV capacity expansion) costs, area, and manure for the
AD and solar PV systems needed to achieve GHG neutrality in the base-case farms.
Base-Case Large

Base-Case Small

Additional Resources Use for
GHG Neutrality

AD

Solar PV

AD

Solar PV

Manure (ton/day)
Area (HA)
Capital costs (US$ total)
O&M (US$/year)
Total costs (US$/year)

282
NA
3,058,961
246,609
399,557

NA
125
11,747,808
166,740
636,652

47
NA
1,044,693
75,009
127,244

NA
19
2,528,318
26,709
127,842

Whereas the costs increase more sharply with the solar PV system as the system size
increases, the annualized costs also show that the solar PV system is as competitive as the
AD system for the small farm when the target is to achieve GHG neutrality. This is further
reinforced by the additional transportation costs that would have to be included in the
digester scenario to both obtain the additional manure and to land-apply it at agronomic
rates (explanation below). Moreover, the solar PV system makes more economic sense
than the AD system in the small base-case per unit of milk produced (kg FPCM) and when
analyzing the costs of sizing an AD or a PV system to achieve GHG neutrality in the basecase farms without any renewable energy production (Figure 5). As with milk production,
the costs of installing a renewable energy system are higher for smaller dairy farms. In
2017, the cost of producing 1 kg of milk was USD 0.6 for a farm with 50–999 milking cows
(comparable to our large base-case), and nearly USD 0.8 for a farm with 100–199 milking
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cows (comparable to our small base-case) [48,49]. This means that becoming GHG neutral
would increase the production cost of the modeled small and large base-cases by 12–17%
and 8–12%. Adding such an increase to the cost production would most likely make the
farm economics not viable. However, consumers might be able to pay the extra USD
0.05–0.12/kg milk (USD 0.2–0.4/gallon) as they become more aware of their environmental
footprint. Moreover, at the current buyback price for renewable electricity in Wisconsin of
USD 0.05/kWh [50], the large farm and the small farm would be able to recover all of their
investments (USD 0.07/kg FPCM and USD 0.09/kg FPSM, respectively).

Figure 5. Capital, operation, and maintenance (O&M), and total annualized costs per unit of milk
produced (kg FPCM) of installing an AD or solar PV systems in the small and large base-case farms.
Costs consider sizing the AD and PV systems to achieve GHG neutrality in farms without any
renewable energy production.

The expansion of the AD system will only be feasible if there are existing neighboring
farms and if those farms are willing to dispose of their manure. Considering a transportation
cost for liquid manure of USD 0.024/gal/mile [51] and the annualized total costs based on a
20-year lifetime for the expanded AD system at the large base-case, it is estimated that extra
manure can be transported a maximum distance of 214 km to remain more competitive
than solar PV in order to achieve GHG neutrality. However, there is another problem
arising from the extra nutrients available in the digestate. These extra nutrients can be
either land-applied or transported back to their origin farms. Land application of dairy
manure in Wisconsin is generally limited by the phosphorus (P) content due to building of
this nutrient in the soil. The amount of P that can be land-applied depends on the type of
crop and the soil conditions. If the farm has available unproductive land with clover that
can take 120 lb of P2 O5 per acre under high yield and low P content in the soil [52] and
a P content in the separated liquid digestate of 0.91% on a dry basis, then the farm will
need an additional 4748 HA to land apply the digestate. This assumption considers that
the P in the separated digestate solids is sold off-farm. Having this extra land might be
unfeasible for many farms, and transporting the separated liquid digestate to the origin
farms would be the only option. Considering that the overall volume to be transported
back is reduced because of the separation process, manure can be transported a maximum
distance of 112 km for AD to remain more cost-competitive in relation to solar PV.
These uncertainties and issues associated with managing the extra manure for both
small and large dairy farms challenge the feasibility of achieving GHG neutrality by only by
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producing biogas-based electricity, even for the large farm that achieves economies of scale.
The flexibility, low maintenance, and resource availability of solar PV systems make this an
interesting technology to achieve the NZI goals set by the U.S. dairy industry. However,
AD systems have additional environmental benefits outside GHG emission reductions
related to water quality, odor reduction, and nutrient management that need to be realized.
As a result, combining AD, to treat manure management and perceive the economies of
scale of these systems, with PV systems sized to produce the additional renewable energy
to achieve GHG neutrality could be an interesting approach for large farms. On the other
hand, small farms could make a better investment by installing solar PV systems to reach
NZI goals.
This paper presents a case study to guide both small and dairy farms toward their
goals to achieve GHG neutrality with renewable energy production in Wisconsin. Our
results are expected to be generally applicable, but the specifics will vary in other parts
of the country and world due to differences in dairy farming practices (e.g., composition
of rations and associated difference in cropping practices, manure handling methods,
etc.) that result in different GHG emissions baselines. Moreover, both GHG estimations
and renewable energy production are affected by environmental factors such as solar
radiation, temperature, and precipitation. In addition, as the grid becomes decarbonized,
the GHG benefits of producing renewable energy for both the PV and AD systems will
diminish. However, regardless of location, GHG reduction strategies should also consider
changes in management practices (e.g., dairy diets, manure management, improvements
in fertilizer application, etc.) to increase the overall resilience of NZI goals in the mid
and long term. For example, enteric CH4 emissions can be reduced by improving feed
efficiency (e.g., decreasing the content of mature forages, and increasing lipids and fats
as feed additives), improving genetics (e.g., improving breeding and cow health), and
adopting management practices (e.g., reducing the number of unproductive animals in the
heard and cow disease) [53]. Emissions of CH4 from manure storage are another important
source of emissions, even after installing an AD system. Additional manure processing,
such as solid-liquid separation, can help further reduce these emissions [32]. Moreover,
installing manure storage covers can help reduce emissions of CH4 while also reducing
NH3 and the related indirect N2 O emissions [37]. Kim et al. [9] found that total GHG
emissions can be reduced 16% by adopting a cap-and-flare strategy. Nitrous oxide from
the application of manure is also an important contributor to GHG emissions. Practices
to reduce nitrogen losses from the soils include considering the time of application (e.g.,
avoid too hot or freezing temperatures, match application with plant uptake), and applying
manure and fertilizers at agronomic rates and to growing crops.
4. Conclusions
Greenhouse gas emissions (GHG) and net energy intensity (NEI) were quantified for a
modeled large dairy facility in Wisconsin. To achieve GHG neutrality, the installation of
anaerobic digestion and solar PV systems was evaluated in terms of resource requirements
(i.e., manure and land) and costs. Despite the fact that solar PV is more expensive, there are
less variables to consider for its expansion. A larger anaerobic digestion system will require
nearly three times the manure to achieve GHG neutrality, with the added complexities of
nutrient disposal and transportation costs. On the other hand, a larger solar PV system also
requires land that might not be available in dairy systems renting land or importing feed.
Co-location of solar PV panels in agricultural soils might be the only option for these types
of farms. Agrivoltaics strategies present multiple opportunities, as well as challenges, as
solar and vegetation configurations need to be designed jointly to maximize dual output. In
addition, this might be more challenging for conventional crops, such as corn and soybean,
that require heavy machinery for planting and harvesting. A smaller farm system was
also evaluated, where solar PV might be one of the few options to achieve GHG neutrality.
Moreover, co-location of solar PV might be easier in smaller farms that maximize grazing
as the feeding strategy. Future research on this topic includes evaluating representative
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farms in other states where farming practices are more intensive, the costs and extension
of agricultural land lost to solar PV vs. lost land to housing developments, the GHG
benefits under different electric grid fuel sources, and the replacement of transportation
fuels instead of electricity with the energy produced on-farm.
Author Contributions: Data collection, LCA modeling, and writing original draft—H.A.A.-V.; writing and supervision—E.C.; funding acquisition and supervision—D.J.R. All authors have read and
agreed to the published version of the manuscript.
Funding: This research was funded by the Midwest Rural Energy Council (MREC) and the U.S.
Department of Agriculture—National Institute of Food and Agriculture (USDA-NIFA, grant 202151106-35492).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: The authors would like to express their gratitude to the MREC and the USDANIFA that funded the elaboration of this paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.
5.
6.
7.
8.
9.

10.
11.

12.
13.

14.

15.

Dairy Management Inc. Dairy Environmental Sustainability. Available online: https://www.usdairy.com/sustainability/
environmental-sustainability (accessed on 15 January 2022).
U.S. Environmental Protection Agency (U.S. EPA). Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990–2019; U.S. EPA:
Washington, DC, USA, 2021. Available online: https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissionsand-sinks-1990-2019 (accessed on 21 January 2022).
The Hartman Group. Reason for Purchasing Sustainable Products. Available online: https://www.hartman-group.com/
infographics/98968421/reason-for-purchasing-sustainable-products (accessed on 15 January 2022).
Capper, J.L.; Cady, R.A.; Bauman, D.E. The Environmental Impact of Dairy Production: 1944 Compared with 2007. J. Anim. Sci.
2009, 87, 2160–2167. [CrossRef] [PubMed]
Capper, J.L.; Cady, R.A. The Effects of Improved Performance in the U.S. Dairy Cattle Industry on Environmental Impacts
between 2007 and 2017. J. Anim. Sci. 2020, 98, skz291. [CrossRef] [PubMed]
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