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® Anaerobic digestion can increase the income of (dairy) farmers.
® >3000 cows per farm are required for an economically viable plant operation.
® Joint, cooperative anaerobic digestion plants allows a higher manure utilization.

ARTICLE INFO ABSTRACT

Farm operations in the USA and Europe have seen a radical change in the last decades: small sized farms are
disappearing, and farm size and total livestock on larger farms are increasing. The resulting spatial density of
animals causes several environmental impacts. Anaerobic digestion is one promising technical solution to al-
leviate most of these impacts while simultaneously providing a regional energy source. This analysis assesses the
economic viability of using dairy-cow manure for either (i) the on-farm production and use of biogas to generate
electricity and heat or (ii) the upgrading biogas to biomethane, a natural-gas substitute. A non-linear optimi-
zation model was developed to optimize plant capacity for anaerobic digestion and maximize the net present
value for each option by farm size. In this study, we used Idaho‘s dairy farms as a case study. The analysis implies
that at least 3000 cows per farm are required for an economically viable anaerobic-digestion plant operation. For
farms with up to 3600 animals, the highest net present value was achieved for the on-farm use of biogas. Farms
larger than that achieved their best economic results via the production of biomethane. In total about 45% of
Idaho’s dairy manure could be utilized by economically feasible biogas and biomethane plants. A higher manure
utilization rate could be achieved through joint, cooperative anaerobic digestion plants and manure transpor-
tation. The results can be transferred to other regions and countries, respectively, to reduce the negative impact
of intensive livestock farming.
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1. Introduction

The European and American dairy sectors have been subject to
significant changes: The number of dairy farms has been continuously
decreasing, whereas, the average number of cows per farm has been
increasing [1,2]. For example, over the last three decades, Idaho has
become the third largest milk-producing state in the USA. This process
was characterized by two main developments: compared to 1980, the
annual milk production per cow in 2012 almost doubled, and the ab-
solute number of milk cows increased from 153,000 to 592,000 by 2017
[3,4]. Due to, among other factors, economies of scale, the state wit-
nessed a reduction in the total number of dairy farms within the last
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three decades while the average farm size increased to 1240 cows per
farm in 2017 [3,4]. In 2007, the average farm size in Idaho was 633
cows [5]. Besides the United States (U.S.), similar developments have
been observed in Western European countries, such as the Netherlands
[6].

Due to the increasing size of dairy farms and their spatial con-
centration, the environmental impact of intensive livestock farming has
become problematic. According to [7-9], areas with dairy farms are
characterized by a high mean nitrate concentration in the groundwater
and soil. Besides the increasing concentration of nitrates, dairy farms
may also be a health risk when water systems and soil are polluted by
manure and pathogens [10]. Several sites with multiple total coliform
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Fig. 1. The effect of anaerobic digestion on environmental impacts caused by
the spatial concentration of intensive livestock.
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bacteria were located near large dairy farms. In addition, the spatial
concentration of livestock result in odor emissions that decrease the life
quality of neighboring communities and impact human health, e.g., eye
and nose irritation or headache [11].

In summary, there is an urgent need to reduce the environmental
impact of intensive and spatially concentrated livestock farming. One
technical option to reduce these impacts is anaerobic digestion of re-
lated effluents (Fig. 1). Anaerobic digestion reduces both odor emis-
sions and pathogens [12,13]. Compounds of odor emissions are broken
down to odorless or less-offensive odor compounds [12,14]. Anaerobic
digestion of swine-manure slurry destroys 97.94-100% of total in-
digenous coliform populations and at least 99.67% of indigenous Es-
cherichia coli populations. Similar effects on the bacteria concentration
of cattle slurry were shown by [15]. Furthermore, oxygen is required to
break down manure in water systems. Anaerobic digestion helps to
reduce water contamination through organic material, thereby de-
creasing total oxygen demand (TOD) level. TOD measures the amount
of oxygen needed to break down organic material [16]. However,
anaerobic digestion cannot prevent the negative impact of nitrogen
contamination imposed by concentrated livestock farming on water
systems. Indeed, anaerobic digestion increases the value of manure due
to the conversion to ammonia or nitrogen, which is characterized by a
higher plant availability; however, the total concentration of nitrogen
remains constant [14,16]. Besides the reduction of odor and pathogens,
anaerobic digestion decreases greenhouse-gas (GHG) emission from
manure used as fertilizer on fields, mainly methane [17-21]. Methane
contributes to global warming with 25 times the global-warming po-
tential of CO, over a period of 100 years [22]. Electricity generated by
manure-based biogas reduces the GHG emission significantly; a German
case study calculated a reduction about 1.45 kg CO,e kWh ™! generated
power due to the improved manure management and the substitution of
the German electricity mix [23].1 According to [24], the reduction of
methane emissions in the U.S. can be one cost-effective measure to
decrease the negative impact of climate change. In this paper, we cal-
culate the economic viability of anaerobic-digestion plants to reduce
the negative environmental impacts of dairy farms using the state of
Idaho as a case study.

Anaerobic digestion plants have been slow to take off in the U.S.,
and a limited number of studies have analyzed the economic rationale
(e.g., [25-28]). The U.S. Environmental Protection Agency (EPA) sug-
gests that biogas plants are economically viable at a farm size of 500
dairy cows or more [29]. Klavon et al. [30] analyzed the profitability of
small-scale digesters in the U.S. for farm sizes of 250 dairy cows or
fewer. All digesters considered in these studies are character-
ized—without cost sharing—by a negative cash flow under the chosen
assumptions. Similarly, Yiridoe et al. [12] carried out the effect of

1 Further benefits of anaerobic digestion are shown, for example, in [12].
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nonmarket co-benefits, such as odor or pathogen reduction, on the
economic viability of on-farm biogas energy production. Without the
consideration of nonmarket co-benefits, energy production from biogas
on dairy farms for sizes up to 500 cows is not economically feasible
[12]. Murray et al. [31] determined potential levelized costs and po-
tential of biomethane (also based on manure) in the U.S., i.e., defined as
biogas upgraded to natural-gas properties for the injection and sub-
stitution of fossil natural-gas in the natural-gas grid. Biomethane may
cover 3-5% of the national gas market in the U.S. at a calculated price
of $5-6/MMBtu. In addition, biomethane produced by manure would
enter the natural-gas market if the price is above $6/MMBtu [31].

Nevertheless, the above-mentioned studies do not combine the
economic viability of anaerobic digestion from the perspective of dairy
farmers with the reduction of environmental concerns. In Idaho, the
number of large dairy farms is comparably high relative to other states
in the U.S. [32]; for this reason, anaerobic digestion may be one option
to reduce the environmental impact of intensive livestock farming of
dairy cows and to increase the economic viability of Idaho’s dairy
farmer. The present paper intends to fill this gap by using Idaho as a
case study for the calculation of the economic viability of anaerobic
digestion.

We assess the economic viability of two alternative (yet not mu-
tually exclusive) technical options for anaerobic digestion: (i) the on-
farm use of biogas to generate electricity and heat; (ii) the upgrading of
biogas to biomethane and the injection into the grid to substitute nat-
ural gas.

The objectives are defined as follows:

i Assess the biogas potential by calculating the size class distribution

of dairy farms in Idaho

ii Calculate the economic viability of on-farm biogas use and the in-
jection of biomethane into the natural-gas grid via a non-linear
optimization model to optimize the net present value of anaerobic
digestion by farm size

iii Characterize the results and perform sensitivity analysis to de-
termine alternative ways to increase the economic potential of
manure utilization.

2. Methodology
2.1. Size distribution of dairy farms in Idaho

The economic viability of anaerobic digestion in Idahés dairy in-
dustry is related to the number of cows per farm. Utilizing data from the
Idaho Department of Agriculture [4], we calculated the size class dis-
tribution of the farms, depending on the number of cows as well as the
number of farms per size class to show the suitability of Idaho as a case
study. We defined 81 size classes, each with a size of 100 cows. The
largest dairy farm in Idaho has 18,000 cows compared to 8000 cows of
the second largest one; consequently, we summarized the largest size
class (no. 33) defined by more than 8000 cows per farm. To assess the
economic potential of anaerobic digestion across the technology op-
tions, the accumulated proportion of the farms’ sizes must be de-
termined.

2.2. Economic assessment

The economic viability of anaerobic-digestion plants using manure
from Idahés dairy cows depends on the economic feasibility of the
project from the perspective of the operator/investor. Thus, the net
present value (NPV) method was used to assess the profitability of the
project from dairy farmer’s perspective. The NPV method summed the
annual discounted cash flow, consisting of the difference of cash inflows
(benefits) and cash outflows (costs) over a certain period, resulting in
the NPV. If the NPV becomes positive, the investment decision will be
economically feasible based on the assumptions chosen [33]. Therefore,
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Fig. 2. Schematic representations of the on-farm use of biogas (upper figure) and the biomethane injection (lower figure).

we calculated for each technology option (on-farm use of biogas or
biomethane) the net present value based on the farm size. Starting with
a farm size of 100 cows and ending with 8000 cows per farm using
increments of 100 cows. The largest farm with 18,000 cows was cal-
culated separately.

2.3. Assumptions on the economic assessment

2.3.1. Components

The two technology scenarios required different components, re-
sulting in different total investment costs. In both cases, a digester
produces biogas, and a flare prevents the release of methane. When the
biogas production is comparably higher than the biogas consumption of
the plant over a certain time, and the biogas cannot be stored in the on-
plant biogas storage, excess biogas is flared. Three different digester
types were considered: covered lagoon (CL), complete-mix (CM), and
plug-flow (PF) digester.

Covered lagoons are ponds, covered by impermeable plastic film to
capture the methane. They are usually used for liquid materials with a
solid content up to 2% and a hydraulic-retention time (HRT) of
35-60 days. Solid material has to be removed pre-digestion [34]. Ty-
pical feedstocks of covered-lagoon systems are dairy and swine manure,
collected by flush systems. Components of these digester type are well-
established [35].

Complete-mix digesters consist of steel tank reactors, where the di-
gestion is mixed by agitators. The HRT is between 20 and 25 days, and
these digester types allow a solid material content of 3-10%. Solid
materials can be removed pre- and post-digestion [34]. Complete-mix
systems are especially used in dairy, beef, and swine operations. The
manure is collected by flush or scrape collection systems [35].

Plug-flow digesters are horizontal tanks; the feedstock flows inter-
mittently into the reactor. Consequently, the content of solid materials
can be higher (i.e., 10-14%). The HRT is similar to that of complete-mix
digesters, 20-30 days. Solid material is separated post-digestion [34]. A
higher share of solid material is needed to maintain a homogenous
mixture in the digester without the use of agitators. Due to the optimal
characteristics of dairy manure, plug-flow digesters are predominantly
used on dairy farms (in the U.S.) [35].

In the biogas scenario, a hydrogen-sulfide treatment is needed be-
fore the biogas can be used in a combined heat and power unit (CHPU)
to generate electricity and heat. By contrast, in the biomethane sce-
nario, biogas is upgraded to a natural-gas substitute, compressed, and
injected to the grid. In order to produce biomethane, a conditioning
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plant to reduce the concentration of carbon dioxide and hydrogen
sulfide, as well as a compression plant, must be installed (Fig. 2).

All components were defined as cost functions based on the number
of cows per farm and/or the hourly biogas production (Table 1).? Table
Al and Table A2 (see Appendix) provide an overview of all sets, indices,
variables and parameters that are used in the model.

Where cows are the number of cows per farm, I is capital invest-
ments in varying components defined by the set dig € DIG, that de-
scribes the different digester types: covered lagoon CL, complete-mix
CM and plug-flow PF. Capital investments in other components are
described by the indices flare (flare), H2S, for hydrogen-sulfide treat-
ment unit, CHPU, combined heat and power unit, cond, conditioning
unit, comp, compression unit, and SSN, solid separation unit. RPI CI is
the annual rate of price increase of capital investments, opt cap is the
optimal installed capacity of the anaerobic digestion plant, cap_CHPU is
the installed capacity of the CHPU, BCH4 is the hourly biogas pro-
duction, max_cap_CHPU is the maximum installed capacity of the CHPU,
max BCH4 is the maximum hourly biogas production, biogas_cow is the
daily biogas production per cow, 74ig is the manure collection efficiency
of the digester type, npiogas is the efficiency of the biogas control system
and CH4 biogas is the concentration of methane in biogas, CH4 energy is
the energy content of methane, 7, is the electrical efficiency of the
CHPU, fih bm are the annual full load hours of the conditioning and
compression unit, year is the commissioning year of the plant and nc,nq
is the efficiency of the conditioning unit.

For each digester type, the total capital cost per additional cow
decreases, exhibiting economies of scale in farm size. Furthermore, the
cost functions of the digesters also include the investments in the CHPU
(1-3); we subtracted these costs for the biomethane scenario (9) from
the digester cost formulas. The capital investments in digesters (and
digestion solid separation) depend on the optimal capacity of the biogas
or biomethane plant (4-6), which is calculated by the non-linear opti-
mization model. To calculate the optimal capacity the maximum biogas
production of the farm, depending on the farm sizes, has to be taken
into account. The optimal capacity is defined by the capacity with the
highest NPV that considers the maximum biogas potential of the farm
size. According to the cost functions of the digester type, the capital
investments in plug-flow digester types are the highest for each farm
size (between 100 and 8000 cows). Covered lagoon digesters are
characterized by the lowest capital investments; however, their

2 All capital and annual costs were converted to 2017 USS$.
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Table 1

Capital investments in components needed for the operation of the biogas and biomethane plant.
Component Biogas Biomethane Source/Comment
Digester

Covered lagoon (CL)
@
Complete-mix (CM)
2)
Plug-flow (PF)
3)

max cap CHPU

. cap CHPU (blogas)
optcap =
max BCH4 (biomethane)
BCH4
(©)]

Icr, = ("$"400 X cows + "$599,566) X (1 + RPICI)¥¢@=2010) x optcap

maxcapCHPU = biogascow X 7gig X Npjggqs X CH4biogas X CH4energy + 24 X 1y X cows

(5)
maxBCH4 = biogascow X 7gig X Mpiggas X COWS + 24 +

©

Flare

fih bm
8760

Ifiare = laig X 0.033
(7)

Hydrogen sulfide Ir2s = Igig % 0.031(8)

treatment
CHPU Icupy = ("$'1642 x BCH417) x (1 + RPICI)ear—2013)
9
Conditioning
(10)
Compression

X (1 + RPICI)0ear=2013)
1n
Solid separation

(SSN) a12)

Issy = ("$"29.11 X cows + "$"55,584) x (1 + RPICI)0ear=2007) » optcap

The cost functions including the digester
and the CHPU are modified from [36]

Iy = ("$'563 X cows + "$"320,864) X (1 + RPICI)¥ear=2010) » opteap

Ipr = ("$'617 X cows + "$"566,006) X (1 4+ RPICI)¥ear=2010) 5 opteap

[36]

Own equations according to data by [37]

Icond = (—"$"0.076 x BCH4? + "$"1534.7 X BCH4 + "$'10%) x (1 + RPICI)0ear—2013)

Icomp = (="$"0.0077 X (BCH4 X f)cong)® + "$'122.6 X BCH4 X f)ypq + "$'111,872)

Own equation according to data by [38]

manure-collection efficiency is also lower compared to complete-mix
and plug-flow digesters. We assume that turnkey plants can be provided
at any size. The digestion solid separation allows the reuse of solid
materials that substitute current bedding materials (2). The operational
life of the biogas and biomethane plants was set to 15 years based on
[35].

2.3.2. Biogas production and capturing

The daily biogas production varies across publications. For instance,
[27] found values between 1.5 and 3.9m® per cow and day. In this
study, we assumed 2m? of biogas per cow and day, in-line with [30].
According to [35], the manure collection efficiency from cows depends
on the digester type: 75% for covered-lagoon digester and 90% for
complete-mix and plug-flow digesters. Furthermore, we considered an
efficiency of 98% for the biogas control system. This assumes that 2% of
the annual biogas production is released into the atmosphere.

2.3.3. Annual costs

2.3.3.1. Operating and maintenance. To operate the biogas or
biomethane plant, cost for labor and new parts occur and are
summarized in operating and maintenance (O&M). We defined cost
functions for the annual O&M of the components used for anaerobic
digestion (Table 2). Table 2 also shows the internal energy consumption
of the anaerobic digestion plant for heating the digester (to maintain
the biological process) and operating components such as pumps and
agitators. In contrast with biogas plants, biomethane plants need an
external energy supply.

Where t is the year of operation, OM are the annual operation and
maintenance costs, OMF is the annual O&M costs factor, RPI OM is the
annual rate of price increase of O&M, Demand_ht is the proportion of the
CHPU'’s generated heating that has to be used for the digester, Int is the
internal electricity consumption of the biogas plant, U is the annual
utility rate of the biomethane plant and UC is the annual utility charge.
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2.3.3.2. Transport of biomethane. In this paper, biomethane is
compressed and injected into the natural-gas grid, which must be
extended by the operator or a third party to connect the biomethane
plant. According to [31], it is assumed that a third party will invest in
and operate the distribution lines. Hence, the operator has to pay a
transmission tariff to transport the biomethane to the end-user:

Trans; = Injectbm X fee x (1 + RPITR)0e@r—2014+-1) (20)

Injectbm; = BCH4 X cypq X Neomp X flnbm 21)

where Trans, are the annual costs of the biomethane transportation,
Inject bm is the annual amount of biomethane that is injected into the
natural gas grid, fee is the marginal costs of the pipeline transportation,
RPI TR is the annual rate of price increase of the biomethane transport
and neomp is the efficiency of the compression unit.

2.3.4. Annual revenues

2.3.4.1. Electricity substituted. To calculate the substituted electricity,
the hourly demand of the dairy farm was calculated by using a standard
load profile, which is used by network operators to estimate the
electricity demand of a specific consumer. Hourly values of the
standard load profiles are normalized to an annual sum of 1;
consequently, we had to multiply them with the consumption of the
farm depending on the number of cows. The standard load profile
differentiates between the four seasons and working days, Saturdays
and Sundays/holidays. According to their numbers per year, these days
were weighted. To determine the annual demand of the farm, we
defined an equation depending on the farm size (22) using the data of
[40]. This study was published in 1994, thus, we took an annual
decrease of the electricity demand by 1% into account starting with the
second year of operation. This factor describes the increasing energy
efficiency of dairy farms.
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Table 2
Annual operating and maintenance of components needed for the operation of the biogas and biomethane plant.
Component Biogas Biomethane Source/Comment
Digester OMuig = Idig X OMF x (1 + RPIOM)~V dig Annual O&M costs
13) according to [35,36]
Flare OM;r2s,+ = Irras X OMF x (1 + RPIOM)! 1
14)
Hydrogen sulfide OMp25,¢ = Irzs X OMF x (1 + RPIOM)'~!
treatment (15)
Conditioning OMcona = "$'249.57 x BCH4%9317 % (1 + RPIOM)'~! Own equations
(16) according to data by
Compression OMomp = "$"27.90 X (BCH4 X 1100, )" 7% x (1 + RPIOM)=1  [37]

Solid separation (SSN) OMssn .+ = Ipp X OMF x (1 + RPIOM)!~!

(18)

1/3 of the energy equivalent of the produced biogas for
heating (Demand ht)N! and 7% of the electrical CHPU

generation (In)N?

Internal consumption/
utility

17)

U; = Ipp X UC x (1 + RPIel)'~!
(19)

Annual O&M costs
according to [35,36]
N300

N2 according to [39];
U according to [36]

Demandel; = (0.3024 kWh x cows? + 41.584 kWh X cows

+ 33,469 KWh) X (1=7;0r050)' (22)

where Demand el is the electricity demand of the farm and #increqse is the
annual reduction of the electricity demand of the farm.

The hourly electricity demand can be calculated by the following
equation:

Demandely,, = Demandel; X SLP, (23)

where h is one hour within the operational year t and SLP is the hourly
value of the standard load profile.

The electricity substituted results from the hourly electricity con-
sumption of the farm and the net hourly electricity generation of the
CHPU that is defined as the gross electricity generation less the internal
consumption of the anaerobic digestion plan (24). To calculate the
annual electricity substituted, the hourly values will be summed (28).

Demandely,; X Purchaseel;, if Demandel,; < NetCHPUy,,
Substely,: = NetCHPU,,; X Purchaseel,, if Demandel,; > Net CHPU,;

24

NetCHPUy; = GrossCHPU,, ,—Int X GrossCHPUj,; (25)

GrossCHPUy; = capCHPU X flh/8760 (26)

Purchaseel; = Purchaseely X (1 + RPIel)‘~D 27)
Substel, = z Substely,

h (28)

where Subst el is the electricity substituted, Purchase_el the costs for
electricity purchased, RPLel is the annual rate of price increase of
purchased electricity, Net CHPU is the net electricity generation of the
CHPU, Gross CHPU is the gross electricity generation of the CHPU and
fih are the annual full load hours of the CHPU.

2.3.4.2. Electricity sold. Likewise, the electricity sold depends on the
electricity demand of the farm and the net generation of the CHPU and
can be described as follows:

(Net CHPU,, ;—Demandely, ;) X (Priceel

Soldel,; = + REC), if Demandel,, < NetCHPUj,,
0, if Demandel,; > Net CHPUj
f ht =z ht (28)
Soldel, = )’ Soldel,
n (29)

where Sold el is the excess electricity that is fed into the electricity grid,
Price el is the hourly wholesale price of electricity and REC are

Renewable Energy Certificates.

An hourly wholesale price of $0.03kWh ™! over the whole opera-
tional life was taken into consideration. In addition, we assume that the
biogas plant operator receives a Renewable Energy Certificate (REC) for
each MWh that is fed into grid. These are purchased by companies to
reduce their environmental impact [41]. RECs are sold to a utility
company and generate an additional revenue source; for the purpose of
this study, we set the value for each REC constant over the simulation
period at $0.03kWh !,

Besides the REC, the state of Idaho enables customers to offset the
electricity purchased from the grid by the use of net metering. Net
metering allows the operators of renewable energy plants to offset their
electricity consumption through these generators. If excess electricity
on the dairy farm is fed into the grid, the operator receives a credit per
kWh to offset the electricity consumption. However, the net metering
system is limited to a maximum installed capacity of 100 kW [42].
Compared to the combination of the hourly wholesale price and REC,
the costs for electricity purchased from the grid are higher; therefore,
small biogas plants (<100kW) may choose the net metering system.
However, due to the credit system, the amount of electricity that is fed
into the grid is limited to the electricity consumption that is not sub-
stituted by the CHPU electricity generation of the dairy farm. The op-
timization model, described in Section 2.4, calculates the most cost-
effective way to sell the biogas plant’s electricity.

2.3.4.3. Heating substituted. Due to the use of manure as feedstock the
majority of generated heat is used to maintain the biological process in
the digester. Nevertheless, surplus heat can be used to substitute the
demand for generated heat on the farm. In contrast with the electricity
substituted, we calculated the heating substituted without the
consideration of a thermal load profile. Nevertheless, heating from
biogas plants can also be used to substitute for heating demands for hot
water during the summer. Consequently, we took the wholesale
natural-gas price into consideration to avoid the overestimation of the
revenues from heating substituted. The annual heating substituted by
the biogas plant is defined by the following equations:

capCHPU

Substht; = X (,—Demandht) X flh X Prodht; (30)

el

Prodht; = Pricegas, X Np,yq;,, ~ CH4energy + CHANG 31
where Subst ht is the substituted annual heating, 7, is the thermal
efficiency of the CHPU, Prod_ht, is the annual price of generated heat by
the farm (natural gas), 7proq ne is the efficiency of the heating generation
of the farm (gas heating) and CH4 NG is the concentration of methane
in natural gas.
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2.3.4.4. Animal bedding substituted. A digestion solid separation
extracts reusable solids pre- or post-digestion that can be used to
substitute for animal bedding material. According to [43], reused solid
material can be sold at the local level. The amount of substituted
bedding depends on the optimized capacity of the biogas or biomethane
plant (33). Consequently, the revenues from animal bedding substituted
can be calculated by the following equations:

Substbed, = Rebed X cows X Pricebd, X optcap (33)

Pricebd, = Pricebdy X (1 + RPIbd)¥ear—2011)+(t=1) (34)

where Subst bed is the annual revenue from substituted bedding, Re_bed
are the reusable solids per cow and day from the digester, Price_bd is the
annual price of animal bedding material (Table A2), biogas_cow is the
daily biogas production per cow, 7qig is the manure-collection efficiency
of the digester type, nbiogas is the efficiency of the biogas control system
and RPL bd is the annual rate of price increase of animal bedding.

2.3.4.5. Biomethane sold. The biomethane plant operator receives two
revenues by compressing the natural-gas substitute into the grid: the
natural-gas price and the so-called Renewable Identification Number
(RIN) that is used as a certificate to trade biofuels in the U.S. We used
RIN revenues of $1 per gallon gasoline equivalent by $1 [44]; this
corresponds to $0.2815Nm~> for compressed biomethane. The
revenues from biomethane sold are described by the following
equations:

Soldbm; = Injectbm X (Pricegas, + RIN) (34)

Pricegas, = Pricegas, X (1 + RPIgas)‘~V (35)

where Sold bm, is the annual revenue from biomethane sold, Price_gas; is
the annual average natural-gas price, RIN is the price for each
certificate of the RIN and RPI gas is the annual rate of price increase
of natural-gas.

2.4. Optimization model

In order to optimize the NPV for each farm size and scenario we
programmed a non-linear optimization model, which maximizes the
NPV with regard to the maximum biogas yield of the dairy farm de-
pending on their number of cows. The optimization model was im-
plemented in MATLAB (R2017b) using the interior-point algorithm
(fmincon). Details of the model are given in the following equations and
inequalities. The code and the input data of the model are published in
the supplementary material section.

(Revt,scenario_ COS tst,scenario)

maxNPV = I scenario + z - V scenario
. a+ (36)
Idlg + IHZS + Iﬂare + IPastD’ lf IO,blogas
Ip scenari .
O.scenario Idig_ICHPU + Iﬂare + IPostD + ICond + ICampa lf IO,biDmethane
37)

Substel, + Soldel, + Netmetel; + Substht; + Substbed, if Iypiogas
Reviscenario = Soldbm; + Bed, if Iopiomethane vi

(38)
OMyjg; + OMiyas, + OMpare; + OMps,y, if I piogas
CostS; seenario = 1 OMaigr—=OMcrryc + OMparer + OMps, + OMcond, v ¢
+ OMcomp,) + U + Transy, if Iopiomethane
(39)

subject to
on-farm use of biogas
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Z Substely,

Netmetely,; < Demandel, - ———
; S ; it Purchaseel,

(40)
Netmetel, = 0, if capCHPU > 100 (41)
capCHPU > 0 (42)
capCHPU < maxcapCHPU (43)
biomethane
BCH4 >0 (44
BCH4 < maxBCH4 (45)

where i is the discount rate for the calculation of the NPV, based on the
interest rate of farmers.

The optimization model takes the investments and the discounted
annual revenues and costs (present value) into account (37). According
to the scenario considered, the capital costs are varying on the com-
ponents required (38). In contrast to the biomethane scenario, elec-
tricity and heat can also be used on-farm to substitute energy (39). Due
to the production of biomethane, the electricity demand has to be
purchased (40). Annual credits for net-metering are limited to the
electricity demand on the farm that is not substituted by the CHPU
electricity generation (41). Furthermore, in Idaho the net metering
system is limited to a maximum installed capacity of 100 kW (42). The
maximum capacity is defined by the biogas production of the cows and
the efficiency of the digester type, the CHPU, and the biogas control
system, as well as the energy and methane content of the biogas (44).
Likewise, in the biomethane scenario, the maximum hourly biogas
production is also limited by the biogas production of the cows and the
efficiency of the biomethane plant (46).

2.5. Effect on the income of Idaho’s farmers

To calculate the annual effect on the income of Idaho’s dairy
farmers, we chose, for each economically feasible farm size, the sce-
nario (on-farm use of biogas/biomethane) and digester type char-
acterized by the highest NPV. Those NPV were converted to the annuity
A by the following equation [33]:

ix(i+1)”)

A=NPV x|
i+ 1)1

(46)
where NPV is the net present value and n is the operational life of the
anaerobic digestion plant.

The annuities per farm size were multiplied by the number of farms
per size class and then summed. In contrast to the maximization of the
NPV, we counted the number of farms per size class by the use of a
range of = 50 cows for each size class considered. The range was used
to avoid the overestimating of anaerobic digestion plants on the addi-
tional income of farmers and the GHG emission savings in Idaho.

2.6. GHG emission savings

In this paper, we give an overview about potential GHG-emission
savings. To calculate the GHG-emission savings in a more detailed way,
a lifecycle assessment of the scenarios and different farm sizes would
need to be carried out. As a consequence, in our analysis, the en-
vironmental impact of the whole anaerobic digestion plant was not
taken into account; e.g., we did not account for transport emissions or
potential road improvements. We approximate the GHG-emission sav-
ings through a comparison of methane emission from dairy cows and
the amount of methane that could theoretically be captured and con-
verted to CO, through anaerobic digestion, taking the methane capture
efficiency of the varying digester types and the methane losses of the
biogas production process into account. Both parameters describe the
quantity of methane captured, i.e., the fraction that does not enter the
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atmosphere directly. The captured methane in the varying digester
types is converted to CO,. To calculate the CO, emissions of the com-
bustion of methane, we considered a methane density of 0.6797 kg m>
(1 atm, 288 K) [45] and multiplied the annual methane emissions [kg]
with the quotient of the molecular mass of CO, and methane (2.75). As
a result, the combustion of 1 m® methane leads to CO, emissions of
about 1.87 kg.

2.7. Cooperation scenario

To increase the economic potential of anaerobic digestion, in this
scenario, various dairy farmers cooperate to invest in a biogas or bio-
methane plant [46,47]. As a consequence, the manure must be trans-
ported by truck or pipeline to the anaerobic digestion plant. According
to [48], the transport of manure by truck is more economically feasible
than by pipeline up to the manure production of 90,000 beef cattle.
This is why we took the transport of manure by trucks into account. We
investigated for each farm size and every scenario the maximum pro-
portion of manure that can be transported 5 and 10 km. Due to the
environmental impact, higher transport distances were not considered.
To do so, we calculated the NPV for the chosen transport distances and
divided the result by the NPV of the scenario. The resulting proportion
can be interpreted as the maximum manure proportion that can be
economically transported.

We took a daily total manure production of 36.29 kg cow™ "~ into
account” [50]. The transport costs were calculated by the cost formula
of [48] and those costs were converted to 2017 dollars by an annual
cost increase of 1%, which was also used for the calculation of future
biomethane transport costs. The calculation, based on slurry and lagoon
manures is characterized by a moisture content between 95 and 99%,
respectively. Furthermore, the manure is transported by 40-ton trucks
with an average utilization rate of 85% [48].

1

3. Results
3.1. Idaho’s dairy farms

To visualize the class size distribution of Idaho’s dairy farms, the
class size distribution depending on the number of cows per farm
(Fig. 3) and depending on the number of farms per size class (Fig. 4)
were divided into increments of 250 cows. In Fig. 3, besides the class
size distribution of number of cows per farm, the proportion of cows
less than or equal the mentioned farm size is shown. Idaho is char-
acterized by a high proportion of large dairy farms. The two farm sizes
with the highest number of cows per size class are farms with
1251-1500 and 2751-3000 cows. In general, the size class distribution
of Idaho’s dairy farms allows a comparably high use of the manure
potential by a low number of anaerobic digestion plants. For example,
farms with 2000 and more cows represents about 55% of the total
manure potential in Idaho. Although, more than 50% of the total dairy
farms in Idaho are represented by farms with a maximum of 750 cows
(Fig. 4); even one third of the farms have a maximum of 250 cows.

3.2. On-farm use of biogas and biomethane

The net present value depending on the farm size and the digester
types of the on-farm biogas use are shown in Fig. 5 A. At least, 3000
cows per farm are needed for an economically feasible use of dairy
manure for the production of biogas. Thus, the covered-lagoon digester
type is characterized by low capital costs, representing the highest NPV
for farms with 2600 cows and more. Below 2500 cows, the complete-
mix digester achieves a higher NPV, but does not allow an economically

31In this study, the average weight of a mature dairy cow was calculated by 450 kg
[49].
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feasible use of the manure potential. The most cost-intensive digester
type, namely plug-flow, becomes economically feasible without co-di-
gestion on farms with 6600 cows and more. Due to the highest NPV for
the covered-lagoon digester type, the results assume that in the biogas
scenario, lower capital-costs have a lower impact on the NPV than the
higher methane-capture efficiency of complete-mix and plug-flow di-
gester types. Furthermore, in all scenarios (on-farm use of biogas and
biomethane), the highest NPV was achieved when the whole manure
potential of the farm was used to maximize the production of biogas or
biomethane. From the perspective of the operator or investor, the
payback period of anaerobic digestion plants has a major influence on
the investment decision. Depending on the chosen digester type, the
payback period in the biogas scenario varies between 5 and 8 years
(Fig. 5B). The plug-flow digester has the highest payback period of
8 years, whereas the complete-mix digester differs between 6 and
7 years. Depending on the number of cows per farm, the payback period
of the covered lagoon digester is between 5 and 8 years.

In contrast to the biogas scenario, upgrading biogas to biomethane
requires a higher number of cows per farm to make the operation
economically feasible (Fig. 5C). The complete-mix digester up to farms
of 5900 cows shows the highest NPV. For larger farms, the covered-
lagoon digester achieves higher NPVs. At least 3200 cows per farm are
needed, under the assumptions taken into account, to operate the bio-
methane plant economically. Furthermore, the NPV difference between
the digester types is smaller than the same difference for the on-farm
use of biogas. The most cost-intensive digester type, plug-flow, becomes
economically feasible on farms with 4600 cows and more. As a result,
the methane-capture efficiency has a higher impact on the NPV than in
the biogas scenario. This is why the complete-mix digester is often the
more cost-effective solution to capture methane for the injection into
the natural gas grid. As a consequence the variation of the payback
period between the digester types is lower than in the biogas scenario
(Fig. 5D). Overall, the payback period is characterized, with the ex-
ception of the plug-flow digester, by a period of 4-8 years. Furthermore,
the NPV increase is more sensitive in the biomethane scenario. The NPV
is higher for large dairy farms, and the payback period can be reduced
up to 4 years on farms with a maximum of 8000 cows.

3.3. Combined analysis of the scenarios

3.3.1. Optimal combination of biogas and biomethane plants

Results with the highest NPV in the biogas and biomethane scenario
are summarized in Fig. 6. Up to a farm size of 3600 cows, the on-farm
use of biogas and the covered-lagoon digester type achieve the highest
NPV. The conversion to biomethane becomes more economically fea-
sible on farms with 3700 and more cows. Between farm sizes of 3700
and 5900 cows, the complete-mix digester achieves better results than
the covered-lagoon type. Farms larger than 6000 cows are character-
ized by the highest NPV when the covered-lagoon digester type is used.
If farms with 3000 and more cows operate anaerobic digestion plants,
about 45% of Idaho’s total manure potential can be used.

3.3.2. Effect on the income of Idaho’s farmers

Based on the optimal combination of biogas and biomethane plants,
the annual additional income of Idaho’s farmers using manure to pro-
duce biogas or biomethane is about $93.53 M. However, Idaho’s largest
dairy farm (with 18,000 cows) is characterized by an annuity of
$20.2Myr~! and contributes to more than one fifth of the additional
income. Without the cooperation of farms to construct and operate an
anaerobic digestion plant together, the effect on the income of Idaho’s
farmers would especially be concentrated on very large farms that al-
ready benefit from the economies of scale (Fig. 7).

3.3.3. GHG emission savings
The total annual methane emissions of dairy cows in Idaho are
equivalent to 4.39M t CO, yr_1 (Table 3). If the manure is captured in
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the considered digester types, according to the achieved NPV in the
Sections 3.2 and 3.3, and the produced methane is converted to CO,
through combustion, the GHG emissions can be reduced up to 33%. As
a result, the total GHG emissions regarding to anaerobic digestion
might be about 2.95M t COe yr~! in the state of Idaho by the con-
sideration of the economic potential of dairy manure.

In this paper, we analyzed the economic viability of the mono-di-
gestion of dairy manure. In the case of mono-digestion, with the ex-
ception of soil sealing through the installation of anaerobic digestion
plants, we do not estimate further negative environmental impacts
when biogas is produced (compared to the use of manure for soil
amendment). However, the increase of the biogas production through
co-digestion can lead to increasing GHG emissions, marine eu-
trophication, and land-use changes [51]. The negative impacts of co-
digestion are lower if waste or residues, instead of energy crops (e.g.
maize silage), are used [51].
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4. Discussion
4.1. Sensitivity analysis

The calculation of the NPV in the biogas and biomethane scenario
indicates a different influence of capital costs and methane-capture
efficiency on the economic viability of an anaerobic-digestion plant. To
show the impact of the parameters on the NPV in both scenarios, we
carried out a sensitivity analysis for (i) the on-farm use of biogas, a
covered-lagoon digester with a farm size of 3500 cows (Fig. 8) as well
as for (ii) the biomethane scenario, a complete-mix digester with a farm
size of 4000 cows (Fig. 9). In the biogas scenario, the capital costs, the
bedding price, and the gas yield per cow are the most sensitive para-
meters. In particular, the capital costs show the highest impact on the
NPV. In this study, we calculated the capital costs and the bedding
revenues, the two most sensitive parameters, conservatively. Depending
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on the regional conditions of the planned biogas plant, the capital costs
can be lower, e.g. through synergy effects if another biogas plant is
planned in proximity. In addition, the spatial concentration of intensive
livestock farming may increase the price of local bedding material, and

the biogas plant may become economically feasible with a lower
number of cows per farm. Furthermore, the sensitivity analysis under-
lines the low influence of REC and the discount rate on the NPV.

In the biomethane scenario, the gas yield per cow has the highest
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Table 3
Comparison of GHG emissions with and without anaerobic digestion in Idaho
[t CO2e yr11.

Total methane emissions without anaerobic digestion 4,388,225
Savings through conversion of methane to CO, 1,436,698
Total emissions with anaerobic digestion 2,951,527

impact on the NPV in the considered combination of digester type and
farm size. This was also true in results of economic viability; in contrast
to the biogas scenario and due to higher methane-capture efficiency,

the technologies considered and the number of farms per size class.

the complete-mix digester was characterized by a higher NPV.
However, the capital costs and bedding price are also sensitive para-
meters in the biomethane scenario. Moreover, the RIN is more im-
portant for the economic feasibility of a biomethane plant than the REC
in the biogas scenario. Biomethane has to be transported to the end-
user; however, the pipeline transportation fee belongs among the less
sensitive parameters. In addition, a higher or lower natural-gas price is
also characterized by a low impact on the NPV. To summarize, in the
biogas scenario, the substituted heat and electricity have a higher effect
on economic feasibility than does purchased electricity. Conversely, the
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Fig. 8. Sensitivity analysis in the biogas scenario considering a covered lagoon digester and a farm size of 3500 cows.
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biomethane scenario is defined by one product and is, therefore, more
sensitive to the RIN or the gas yield per cow.

4.2. Cooperation scenario

The transport of manure and the cooperation of farmers to invest
and operate an anaerobic-digestion plant allows a smaller average farm
size and can increase the economic viability of Idaho’s use of dairy
manure. Table 4 gives an overview of the results in a biogas scenario. In
each case (farm size and digester type), the maximum proportion of
transported manure, which allows an economically feasible operation
of the plant, is shown. For example, the maximum transported pro-
portion of manure (5 km) for the cooperation of farms with a total of
3000 cows and a covered-lagoon digester type is 0.42. A smaller
summed farm size does not allow an economically feasible operation.
Larger cooperation (=3300 cows) using the same digester type can
theoretically transport up to 100% of their needed manure. In general,
the transport costs are comparably low, so that the transport of manure
becomes useful for a large number of cows. In addition, in the biogas
scenario, the economic feasibility of biogas plants is based on the
substitution of electricity and heat use on the farm. In the cooperation
scenario, however, we neglected the changed farm sizes. Therefore,
economic feasibility is dependent on the location of the digester, which
should be located on the farm with the highest demand for electricity
and heat.

Similar results were achieved for the biomethane scenario (Table 5).
Due to a different NPV depending on farm sizes, the combined farm size
and the maximum proportion of transported manure vary. According to
the chosen digester type above, the operation of a covered-lagoon di-
gester type requires at least a summed farm size of 3500 cows when
manure is transported 5km and biomethane is injected to the grid. In
contrast to the biogas scenario, the transport of manure in the

complete-mix digester type is more efficient (=3200 cows), and the
plug-flow digester allows an economically feasible cooperation with
smaller summed farm sizes.

Compared to large dairy operations, smaller-sized farms have a
weaker negotiating position for planned cooperation, requiring a
comparably higher share of investments in joint, cooperative anaerobic-
digestion plants. Therefore, smaller dairy farms make a profit by co-
operating when a larger dairy farm needs additional manure for to
ensure economically viable operation of an anaerobic-digestion plant.
However, a better position for smaller farms could be achieved by in-
centives provided by policy makers; for example, if regulation required
manure of smaller farms be pretreated in anaerobic-digestion plants
before it could be used as soil amendment.

To summarize, due to the comparably high number of large dairy
farms in Idaho, the transport of manure is one option to increase the
economic viability of anaerobic-digestion operation in the state.
Nevertheless, to calculate the potential for improvement through the
transport of manure, the spatial distribution of Idaho’s dairy farms has
to be taken into account. In general, the negative impact of manure
transport on the environment should also be part of a final evaluation.

4.3. Comparison to Germany

Germany is the world leader of anaerobic digestion technologies
[52]. Since the introduction of a remuneration system for renewable
energies, including biogas plants, in 2000, the number of biogas plants
has continuously increased. In 2016, more than 8500 biogas plants,
with an installed capacity of about 4400 MW and an average size of
530 kW, were operating in Germany [53]. Furthermore, a minority of
farmers joins a cooperative to operate a biogas plant. The most im-
portant feedstocks are corn and grass silage, as well as manure [54]. In
contrast to Idaho, Germany’s average dairy farm size is about 23 times
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Table 4
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Farm sizes and digester types characterized by an economically feasible proportion of transported manure in the biogas scenario.

Covered lagoon Complete-mix

Plug-flow

Combined farm size Max. proportion of manure Combined farm size Max. proportion of manure Combined farm size Max. proportion of manure
[cows] transported [cows] transported [cows] transported
5km 10km 5km 10km 5km 10km
6600 0.03 0.02
6700 0.11 0.08
6800 0.19 0.15
6900 0.28 0.21
7000 0.36 0.27
7100 0.43 0.33
7200 0.51 0.38
7300 0.58 0.44
3200 0.17 0.13 7400 0.65 0.49
3300 0.41 0.31 7500 0.72 0.54
3400 0.64 0.48 7600 0.79 0.59
3000 0.42 0.32 3500 0.86 0.65 7700 0.85 0.64
3100 0.83 0.62 3600 1.00 0.80 7800 0.91 0.69
3200 1.00 0.92 3700 1.00 0.95 7900 0.97 0.74
=3300 1.00 1.00 =3800 1.00 1.00 8000 1.00 0.78
Table 5

Farm sizes and digester types characterized by an economically feasible proportion of transported manure in the biomethane scenario.

Covered lagoon Complete-mix

Plug-flow

Combined farm size Max. proportion of manure Combined farm size Max. proportion of manure Combined farm size Max. proportion of manure
[cows] transported [cows] transported [cows] transported
5km 10km 5km 10km 5km 10 km
3200 0.06 0.04 4600 0.36 0.27
3500 0.28 0.21 3300 0.69 0.53 4700 0.77 0.58
3600 0.94 0.71 3400 1.00 0.98 4800 1.00 0.87
=3700 1.00 1.00 =3500 1.00 1.00 =4900 1.00 1.00

smaller (54 dairy cows in 2013) [55] and the co-digestion of energy
crops and manure is required for economical operation [56]. For small
biogas plants (< 75kW), the German Renewable Energy Sources Act
guarantees a remuneration up to $0.27 kWh ™ for electricity that is fed
into the grid when at least 80% mass of the feedstock is manure [57].
Thus, significant gas-emission reductions are stated [23]. The re-
muneration for biogas plants with a higher installed capacity is lower,
but the proportion of energy crops in the feedstock mix generally in-
creases. In this paper, we show that, in contrast to Germany, the size
class distribution of Idaho’s dairy farms allows a higher economic po-
tential from the use of manure (without co-digestion) under the as-
sumptions considered. Furthermore, our results indicate that an im-
provement of the investment conditions of anaerobic-digestion plants,
through either political instruments or increasing revenue, may en-
hance the economic potential of manure use in Idaho and reduce ne-
gative impacts of intensive livestock farming significantly.

5. Conclusions

The size of farms operating in the USA and Western Europe has been
increasing. The concentration of intensive livestock causes several en-
vironmental and human-health concerns. Anaerobic digestion can
partially address these problems, and the spatial concentration of
farming operations would allow for a significant use of the accumulated
effluents from intensive livestock farming. We used a non-linear opti-
mization model to calculate the economic viability of anaerobic
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digestion in Idaho by farm size, considering the on-farm use of biogas
and the production of biomethane. We find that at least 3000 cows per
farm are required to make the operation of an anaerobic digestion
economically feasible. Furthermore, covered-lagoon and complete-mix
digester types achieved the best results. Due to the high number of large
dairy farms, about 45% of total manure potential can be used in
anaerobic digestion plants. Furthermore, we show that the use of
anaerobic digestion may increase the income of farmers and decrease
greenhouse-gas emissions through the use of manure as fertilizer.

Although electricity and gas prices in Idaho are comparably lower
than obtains in other states in the U.S. and other countries, especially in
Europe [58,59], we conclude that anaerobic digestion is an economic-
ally viable solution to decrease the negative environmental impacts of
intensive livestock farming. Consequently, the results of this paper can
be easily transferred to other countries characterized by a similar spa-
tial concentration of manure, but with higher energy prices. Further-
more, the results of this analysis are of relevance for the following
target groups:

e Farmers: Additional income through owned anaerobic-digestion
plants (for larger farms) or jointly operated cooperative plants (for
smaller farms) can be achieved.

e Scientists: The newly developed non-linear optimization model can
be further improved and adapted for additional research questions.

e Policy makers: The results can be used to increase manure utiliza-
tion and to reduce negative environmental concerns, for example,
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by a targeted support of smaller farms through encouraging co-
operation.

However, anaerobic digestion does not reduce the increased con-
centrations of nitrogen in the surface and groundwater caused by the
spatial concentration of livestock. To reduce this impact, anaerobic
digestion has to be combined with wastewater treatment units that
allow recycling of nutrients and reduce their concentration in the di-
gestate that is used as soil amendment. Under the assumptions con-
sidered, the use of manure as feedstock for anaerobic digestion is al-
ready economically feasible. Consequently, universities, research
institutes and biogas associations may improve the exchange of in-
formation and provide similar results to policy makers to use the ex-
isting economic potential to reduce the negative impact of spatially
concentrated livestock farming and their resulting external costs.
Another approach might be the involvement of existing anaerobic-di-
gestion plants in the U.S. (and other countries) to present best-practice
examples in operation and detail the advantages of these technologies
from the operator’s point of view.

For future research, we suggest analysis of the economic feasibility
of combination wastewater-treatment units and anaerobic-digestion
plants that would reuse nutrients (especially nitrogen) as well as to
reducing their negative impact on water quality. This might monetize
the impact of anaerobic-digestion plants on the reduction of environ-
mental and human-health problems, as well as verify the improvement
of business conditions for anaerobic-digestion plants in Idaho. In ad-
dition, a lifecycle assessment is needed for a comprehensive analysis of
the greenhouse and other gas emissions in the scenarios considered.
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Type Range Description Unit, Instance

Sets and indices

teT 1:15 Time Years

heH 1:8760 Time Hours

dig € DIG Digester type Covered lagoon, complete-mix,
plug-flow

Variables

BCH4 R=0 Hourly biogas production [Nm>*h~1]

cap_CHPU R=0 Installed capacity of the [kW]

CHPU
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Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.apenergy.2018.04.026.
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