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S1 Feedstock Characterization and System Streams

S1.1 Dairy manure

The baseline dairy farm was modeled with a herd size of 1,000 cows (Neows)- All are assumed to be adult
cows, classified into dry and lactating cows with no heifers or calves included. Based on reported herd
composition, 85% are lactating (fiact) [1, 2].

Wastewater produced from the milking parlor was assumed to be combined with barn manure in a
lagoon. Barn waste was assumed to be scraped without using flush water. Parlor cleaning was modeled as
a hose system [3]. Equation S1 was adapted to estimate the wastewater flow (Fy, gal d=1) as function of
herd size [3].

Fgw = 477.5 4 (0.625 Noows ) (S1)

The wastewater flowrate was converted to kg d~! using a water density of 1000 kg m~3.

The total manure flowrate (Fipanure) entering the system was calculated as the weighted sum of manure
from dry and lactating cows plus the generated wastewater:

Fmanure = Ncows (]- - flact) Fdry + Ncows flact Eact + Fww (82)

Fary and Flae are the manure production rates per cow dry and lactating cow, respectively (see Table
S1). The total manure flowrate was converted to kg h™! for simulation consistency.

Dairy manure was modeled as a mixture of manure streams from dry cows and lactating cows, with the
overall composition determined by the composition and relative quantities of each stream. The resulting
dairy manure composition used in the process is detailed in Table S1. Physical and thermophysical properties
of dairy manure are shown in Table S2.

Table S1 Dairy manure flowrate and composition.

Parameter Dry cow! Lactating cow! Dairy manure? Unit
Manure production 38 68 68 kg/cow-day
Water content 87.0 87.0 87.8 % w.b.2
Total solids 13.0 13.0 12.2 % w.b.
Volatile solids 11.1 10.9 10.3 % w.b.
Total Carbon 6.1 6.0 5.7 % w.b.
Total Nitrogen 0.6 0.7 0.6 % w.b.
C/N ratio 10.2 8.6 9.2

LAll values for dry and lactating cow from [4], except total carbon from [5].

2Dairy manure was modeled as a mixture of manure streams from dry cows and lactating
COWS.

3w.b. = wet basis.

Table S2 Dairy manure physical and thermophysical properties.

Parameter Symbol Dairy manure Units Reference
Inlet temperature T; 20 °C [6]
Density p 1,001.86 kg/m? [7]
Viscosity u 0.92 Pa-s [8]
Heat capacity Cp 2.68 kJ/kg-°C 9]
Thermal conductivity &k 0.60 W/m-°C [9]




S1.2 Lignocellulosic feedstocks

Three lignocellulosic feedstocks are considered: corn stover (Zea mays), switchgrass (Panicum virgatum),
and winter rye (Secale cereale). Each crop has two source options: on-farm grown and purchased. In the on-
farm scenario, the dairy farm grows its own crop for the AD system. Meanwhile, for the purchased scenario
biomass was purchased from an external source.

In the model and throughout the text, the feedstocks are abbreviated as follow: corn stover (CORN),
switchgrass (SWG), and winter rye (WR). Once a specific feedstock was selected, it was referenced in the
model as grass, which represents the chosen lignocellulosic feedstock.

The composition and physical properties of the biomass used in the model are detailed in Tables S3 and
S4.

Table S3 Lignocellulosic feedstocks composition and
characteristics.

Parameter CORN'! SWG2? WR? Units

Water content 5.2 15.0 4.1 % w.b.
Total solids 94.8 85.0 95.9 % w.b.
Volatile solids  88.0 77.5 88.5 % w.b.
Total carbon 43.3 46.5 37.0 % w.b.
Total nitrogen 0.6 0.4 1.0 % w.Db.
C/N ratio 67.6 116.2 37.0

1Composition from [10].

2Total solids and volatile solids from [11]. Total carbon
and nitrogen from [12].

3Water content, total solids, and volatile solids from [13].
Total carbon and nitrogen from [14].

Table S4 Lignocellulosic feedstocks physical and thermophysical properties.

Parameter Symbol CORN? SWG3 WR* Units
Inlet temperature! Tin 14 14 14 °C
Particle density p 861.70 1,195.00 1,195.00 kg/m3
Heat capacity Cp 1.67 1.44 1.45 kJ/kg-°C
Thermal conductivity k& 0.20 0.62 0.62 W/m-°C

!nlet temperature correspond to Pennsylvania average temperature through the
year [15].

2Particle density was taken from [16]. Heat capacity was obtained from [17]. Ther-
mal conductivity was obtained from [18].

3Particle density was taken from [19]. Heat capacity and thermal conductivity
were obtained from [20].

4Particle density and thermal conductivity were assumed to be the same as switch-
grass. Heat capacity was obtained from [21].

On-farm biomass scenario

In the on-farm scenario, the cropland area (Agam, ac cow 1) was estimated as 1.5 acres per cow [2]. A
fraction of this land (fiana,;) was dedicated to each feedstock according to the assumptions of the scenario.
For corn stover, 50% of the cropland was designated for corn grain. Switchgrass was assumed to be grown
on 50% of the cropland, leaving the remaining land available for feed. Winter rye was grown as a cover crop,



using 70% of the cropland during winter; the remaining 30% is typically dedicated to perennial crops such
as haylage or alfalfa [22]. The total area for feedstock ¢ was calculated as:

Ai = Afarm Ncows fland,i 1= CORN» SWG7 WR (83)

Where N_ows is the herd size.

The yield of each crop (Y;, d.m. Mg ac™! yr=!) was obtained from literature. Corn yield corresponds
to the U.S. national average for 2025 [23], switchgrass assumes full productivity which is achieved after the
third year [24], and winter rye is grown after corn grain before full maturity to ensure cellulosic content for
further incentives [25, 26]. The total annual production is calculated as:

1

Yomi = A4;Y;  i=SWG, WR (S4)

For corn stover, a residue to grain ratio (R) of 1.0 was used to obtain the above ground biomass to be
collected, and a yield of 0.7 d.m. Mg ac™! of residue was left in the field for conservation allowance (Y;es)
[27]. It has been reported that 30-40% of corn residue can be collect after harvest to maintain and enhance
soil quality, and the yield used fulfills that requirement [28, 29]. Therefore, the annual corn that can be
collected is calculated by:

Yann, corn = ACOI‘II }/COI'II R - (}/res ACOI‘H) (85)

Biomass losses during field operations (Lgeiq) and storage (Lstorage) Were also accounted for in the model.
Literature reports up to 30% field losses for baled biomass and additional 0-15% losses during storage
depending on conditions [27, 30, 31]. In this project, all harvested biomass undergoes field operations and
is stored to supply the digester for one year. It is assumed that biomass is covered with a plastic tarp and
stored outside for a maximum of eleven months, while one month of feedstock is stored in a pole barn prior
to digestion. Consequently, since part of the bales are outside (covered) and part inside the pole barn, an
overall 6% d.m. loss was assumed in the model. Equation S6 calculates the annual feedstock flowrate of each
feedstock on a wet basis.

Yanmi (1 - Lﬁeld)(l - Lstorage)
1- Lmoisture,i

The denominator term converts the dry-matter yield to an equivalent wet-basis flowrate, where Tmoisture,i
is the moisture fraction of each feedstock as reported in Table S3. The resulting annual production (Fann,;)
was converted to the corresponding feedstock flowrate (F;) used in the simulation, assuming continuous
operation throughout the year. The model operates on an hourly basis while the on-farm feedstock avail-
ability is estimated annually; therefore, both flowrates are reported for direct comparison across scenarios.
Table S5 summarizes the feedstock production in the on-farm scenario described above.

Fanni = i = CORN, SWG, WR (S6)

Table S5 Lignocellulosic feedstocks production for on-farm scenario.

Parameter Symbol CORN SWG WR  Units

Land allocation fland,s 0.5 0.5 0.7

Crop area A; 303 303 424 ha

Yield Y; 11.7 15.7 9.0 d.m. Mg/ha-yr
Residue to grain R 1.0

Residue left Yies 0.7 d.m. Mg/ac
Field loss Lfield 30 30 30 % d.m.
Storage loss Lstorage 6 6 6 % d.m.
Annual flowrate Fannual,s 2,095 3,686 2,621 w.b. Mg/yr
Flowrate F; 240 420 300 w.b. kg/h




Purchased biomass scenario

In the purchased scenario, lignocellulosic feedstock was assumed to be obtained from neighboring farms with
no limitations in availability. Feedstock quantities were calculated to achieve a target C/N ratio between 20
to 30 after mixing with dairy manure. The C/N ratios of the feedstocks were taken as 68, 116, and 37 for corn
stover, switchgrass, and winter rye, respectively [10, 12, 14]. Because switchgrass has the highest C/N ratio
among the evaluated feedstocks, it was used to determine the maximum biomass input rate. Switchgrass
reached the target C/N ratio at a feed rate of 1175 kg h™!, which was then used as the reference biomass
input rate for the purchased scenarios. At this input rate, corn stover achieved a C/N ratio of 26 and winter
rye a C/N ratio of 20, both within the optimal range for anaerobic digestion. Equation S7 determined the
flowrate of each feedstock on a desired C/N ratio.

F = FC, manure (RCN FN, manurc)
L=
(Ren2Ni) — ey

Where F; is the flowrate of each grass (kg h™1), Fc, manure @a0d FN, manure are the carbon and nitrogen
flowrate of manure (kg h™'), Rcy is the desired C/N ratio after mixing, z¢; and zx,; are the carbon and
nitrogen composition in the grass. Figure S1 shows the influence of lignocellulosic biomass flowrates on the
overall C/N ratio of the AD inputs.

Carbon and nitrogen flowrates of manure and grasses were derived from the compositions in Tables S1
and 33, respectively. Table S6 shows the quantities of each feedstock that must be purchased to achieve the
desired C/N ratio in the digester.

i = CORN, SWG, WR (S7)

S1.3 Water

A complete mix anaerobic digester was modeled for all scenarios, operating at a maximum total solids (TS)
content of 10% (T'Starget) [32-34]. Water was added as needed to dilute the feed mixture to the TS target.
The added water was assumed to be groundwater, consistent with typical operations in Pennsylvania [35].
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Fig. S1 C/N ratio after mixing biomass with dairy manure across a range of biomass input rates for each co-digestion scenario.
Dotted colored lines represent on-farm scenarios, while the black line represents the purchased biomass scenario. SWG =
switchgrass, CORN = corn stover, WR = winter rye.



Table S6 Lignocellulosic feedstocks bought for purchased scenario.

Parameter Symbol CORN SWG WR  Units
Annual flowrate  Fannual,s 9,778 9,778 9,778  w.b. Mg/yr
Flowrate F; 1,175 1,175 1,175 w.b. kg/h

For recirculation, the water requirement was dynamically calculated within the mixing tank unit to
account for the additional solids introduced by the recirculated digestate. See Section S2 for more detail.
The physical and thermophysical properties of water used in the model are summarized in Table S7.

Table S7 Water thermophysical properties.

Parameter Water Units Reference
Inlet temperature 10 °C (36]
Cp 4.18 kJ/kg-°C  [37]
k 0.61 W/m-°C [38]




S2 Unit Operations

The on-farm AD system changes regarding the final biogas end-use pathway. However, both systems include
anaerobic digestion, biogas utilization, storage, pre- and post-processing operations, and auxiliary units
sections. A steady-state mass balance was assumed for all units. In both cases, dairy manure and lignocellu-
losic biomass are processed in an anaerobic digester. The biogas produced is directed either to a combined
heat and power (CHP) unit or to an upgrading process for RNG injection (Figure S2). Detailed descriptions
of each unit operation are provided in the following subsections:

RNG
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Fig. S2 AD process model for the RNG pathway (yellow) and electricity pathway (blue). Dashed lines indicate that only a
fraction of the stream is processed.

S2.1 Anaerobic digestion

The anaerobic digestion process is done in a continuous stirred tank reactor (CSTR) after the dairy manure,
lignocellulosic feedstock, and water are mixed in a mixing tank.

The anaerobic digester was designed to simulate a CSTR, meaning that the tank is simulated in steady-
state and there is continuous mixing. The digester was built to simulate The Pennsylvania State University
digester characteristics [39]. The digester is all above ground, the geometry is designed as a cylinder with
a height-to-diameter ratio of 1.5, and a roof modeled as a hemisphere. The tank was designed to have an
insulation layer preventing temperature drop of more than 1°C day~!. It has a concrete inside layer and an
outside styrofoam layer on the wall. The roof is made of urethane and galvanize steel. Figure S3 illustrates
the CSTR modeled in this study.

There are two agitators located on opposite sides of the digester and a heat exchanger at the bottom.
The digester has a hydraulic retention time (HRT) of 22 days, is operated at mesophilic conditions (37°C),
and a working volume (Vy,) of 70% [33, 34, 39, 40]. The tank dimensions are automatically scaled according
to the total volumetric flow of the inputs for each scenario.

Energy balances: An energy balance was developed for the anaerobic digester under the assumptions
of steady-state conditions and continuous mixing. The digester operates at constant temperature, and no
accumulation of energy occurs over time. The digester is simulated to have a heat exchanger at the bottom
and the mixing energy is considered as a source of internal energy dissipation and is included in the thermal
losses of the system.
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Fig. S3 Diagram of CSTR digester modeled.

The general steady-state energy balance for total heat quantities in a control volume with no work other
than shaft work and no energy accumulation is given by equation S8.

Qinput = Qheating + Qloss (SS)
Where Qinput (kJ h~1) is the total heat supplied by the external utilities, Qheating (kJ h™1) is the
energy required to heat the influent to the digester operating temperature, and Qjoss (kJ h™!) includes
both thermal losses to the environment and heat dissipated from mechanical mixing. Although biogas is
produced during digestion, it is not included in the digester energy balance because it forms at the reactor
operating temperature and exits the system without additional heating or cooling. Its contribution to the
overall heat load is considered negligible due to its low mass and heat capacity relative to the liquid phase.
The energy required to heat the slurry to the mesophilic operating temperature was calculated based on
the enthalpy change of the feedstock mixture entering the digester. The system assumes negligible kinetic
and potential energy. The heat required to raise the temperature of a fluid at constant pressure can be
expressed as [41]:

thating = Fcp AT (Sg)
Where F is the mass flowrate of the slurry, C'p is the specific heat capacity of that component, and A T
is the temperature difference between the operating temperature (Tyigester) and the inlet temperature (T3, )
of the feed. Only the temperature change of the incoming slurry was considered in the energy balance, as
the outlet temperature of the digester is assumed to be constant under mesophilic conditions.
Since the digester feed consists of a mixture of multiple feedstocks, the overall heat requirement was
calculated using the individual heat contributions of the components of the mixture. Equation S10 for
mass-weighted average was used to represent the overall temperature and heat capacity of the slurry.

Xav = Z FZ : Xl
g Z Fi

Where X; is the value of the parameter for feedstock 4, and M; is the corresponding mass flow entering
the digester.

Heat losses from the digester to the environment occur through the tank wall and are driven by the
temperature gradient between the internal slurry and the external ambient air. External air temperature
is considered 14 °C as this is the average temperature in Pennsylvania throughout the year [15]. The total
heat transfer process is modeled as a series of thermal resistances, including internal convection from the
slurry, conduction through the wall, and external convection to the air. The overall heat transfer rate is
calculated using:

1 = manure, grass, water (S10)

Qloss =UAAT (Sll)



Where A T is the overall temperature difference between the hot and cold fluids, A is the area for heat
transfer, and the overall heat transfer coefficient U. The surface area of the wall is assumed to be the same
for each term, so it is canceled from the equation. The total thermal resistance Rt is expressed as Equation
S12.

L_ 1 B B 1
U hslurry kl k2 hair

The h is the individual heat transfer coefficient of the hot and cold fluid, slurry and air respectively. The
conduction term for the wall is given by the thickness B divided by the thermal conductivities k of the wall
layers, concrete (1) and styrofoam (2). Then, the rate of heat transfer through the wall is given by Equation
S13.

(S12)

Qloss = %Zj

To find the individual heat transfer coefficient for the liquid inside the digester, empirical correlations of

dimensionless numbers were used to modeled the continuous stirring tank. The system does not contains a

jacket, but the slurry in contact to the wall and ambient air behaves analogously to a cooling system with

a jacketed tank. Therefore, equations to simulate the jacketed stirred tank were applied to approximate the
convective coefficient of the slurry (Agiurry) [41]. The following equations were used:

(S13)

Nu kfb

hslurry = T (814)
0.14

Nu = 0.36 Rel:57 P33 (5") (S15)

Nim D12m
Reimp = 0 Zimp P (S16)

Kb
C
Pr— P Ky (S17)
ke,

The parameters in Equations S14 through S17 are as follows: Nu is the Nusselt number, kg, is the
thermal conductivity of the bulk fluid, D is the tank diameter, Rein;, is the impeller Reynolds number, Pr
is the Prandtl number, py, is the viscosity of the bulk fluid, py, is the viscosity of the fluid at the wall, Niy,p
is the rotational speed of the impeller, Diyy, is the impeller diameter, and p is the average density of the
fluid, and Cp is the average heat capacity of the fluid.

Thermal conductivity, heat capacity, and density of the fluid was found by mass-weighted average using
Equation S10. The diameter of the tank varies depending on the scenario. For the fluid viscosity, 1, and
are considered equal as there is no known data for viscosity of the fluid at the wall. Since we are considering
that the environment will be cooler than the slurry, the viscosity at the wall should be higher than that of the
bulk fluid. Theoretically, the relation between the viscosities should be less than one, therefore, considering
both as equal is a conservative approach. Apparent viscosity of dairy manure at digester temperature and
rate of shear was assumed.

A two-impeller (Nimpellers) approximation on opposite sides was considered [33, 40]. There is no sig-
nificant difference in digester performance between mixing intensities of 1 and 25 rpm [42]. Additionally,
reducing the mixing time in full-scale CSTR digesters does not affect nutrient distribution during the co-
digestion of energy crops and animal manure [43]. Therefore, a mixing speed of 20 rpm is assumed to
minimize energy costs. A marine propeller is selected as the impeller type due to its established use in
digesters [44]. This type of propeller induces axial flow, which increases mixing efficiency for liquid-solid
suspensions, providing good homogenization with low mixing power [41, 45-47].

To calculate the power requirement for the continuous mixing, Equation S18 was used [41].

P=N,pN}D; (S18)

Where P (kW) is the power and N, is the impeller power number. A summary of the assumed parame-
ters is shown in Table S8.
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Table S8 Digester properties and parameters.

Parameter Value Units Reference

Operating conditions

HRT 22 d [34]
Vw 70 % [39]
Tdigester 37 °C [33}
Tair 14 ° C [15}
hair 10 W/mQ'OC [48}
b 0.92 Pa-s [49]
Mixing and geometric parameters

D; 2.50 m

Nimpellers 2 [33}
N;j 20 rpm [42]
Np 0.35 [41]
Construction layers and insulation properties
B 10 cm [39]
Ba 10 cm [39]
ki 1.50 W/m-°C [50]
ko 0.03 W/m-°C [51]

S2.2 Biogas utilization

Biogas produced inside the digester follows two possible end-use pathways. The biogas can either enter a
CHP unit for electricity production or go through an upgrading process to generate RNG.

S2.2.1 Electricity production

In the electricity production scenario, a CHP unit was used to convert biogas into electricity while recovering
thermal energy. The CHP unit was modeled using a simplified gas combustion and energy conversion
approach, in which biogas is combusted with air to generate electricity and recover usable heat.

Although farm-scale anaerobic digestion systems typically employ reciprocating engines, the CHP unit
was represented as an equivalent thermodynamic system to capture overall electrical efficiency and heat
recovery [52, 53].

The recovered thermal energy from the exhaust gases was assumed to be available for process heating
and was modeled as steam to meet the digester heat demand.

The model considers biogas and water as inputs and electricity, steam, and exhaust gases as outputs.
System performance is characterized by the overall efficiency (noveran) and electric efficiency (Mgiectric) of
the gas turbine, defined on a high heating value (H HV') basis. The thermal efficiency (fThermal) corresponds
to the recoverable fraction of the total energy as heat (Equation S19).

NThermal = 7)Overall — TJElectric (Slg)
Combustion of methane (CHy) follows Equation S20, an exothermal reaction where part of the heat is
converted to electricity.

CH4 +209 — CO5 +2H50 (820)

The total energy released by combustion (Heomb, MJ hfl) is calculated from the methane mass flow
Fcn, in kg h™! and HHV (Equation S21).

Hcomb = FCH4 -HHV (821)
The electric power output (P, kW) is calculated from Equation S22.

_ Hcomb * NMElectric

22
3600 (522)

11



Steam generation requires heating water from groundwater temperature T}, to saturation temperature
(Tous = 100°C), plus the latent heat of vaporization. The change in enthalpy (Ah, kJ kg~!) from water to
steam is calculated as the sum of sensible heat and phase-change equations adopted from [41]:

Ahsensible = Op (Tout - T ) (823)
Athhsensible + Ahveup (824)
Then, steam production (Fyieam, kg h™1) is defined by:
Homb * MThermal
Fs eam — — A S25
t Ah ( )

Where hgensible is the sensible heat, hy,p is the latent heat of vaporization of water at 100°C and 101.3
kPa. See Table S7 for Cp and Tj, values.
The corresponding water demand (Fiater, kg h™1) is:

Fwater = Fsteam (826)

Steam produced is transported through a pipe and is used to heat the digester. Energy required (Qinput)
is calculated by Equation S8, and the amount of steam needed (Fyteam, digesters K& h~1) is given by:

Fsteam, digester = QZZUt (827)

The Table S9 summarizes the parameters considered for the CHP.

Table S9 CHP properties and parameters.

Parameter Value Units Reference

TOverall 1 68.5 % [52]
nElectricl 35.0 % [52]
7’]Tllerrru:ll2 33.5 %

HHV 55.5 MJ/kg  [54]
Ahyap 2256.4  kJ/kg  [41]

1Efficiencies defined on HHV basis.

2Thermal efficiency was manually calculated.

S2.2.2 RNG production

A two-stage membrane separation system was modeled to upgrade biogas into concentrated methane for
pipeline injection. The system consists of several steps, including prior compression of the gas, with CO;
permeating through the membrane while CHy is retained. The unit performance is defined by the methane
recovery (CHypec) and product purity (CH,purity) parameters. For most states, the energetic standards
require a CHy content of at least 95% v/v [55].

Prior to entering the membrane, biogas is cooled and dried to external temperature. Although gas
flowrates and equipment sizing are typically reported as volumetric flows (Nm? h=!), BioSTEAM operates
on a mass-flow basis. Therefore, volumetric and molar quantities were converted to mass flow using the
ideal gas law at normal conditions (0°C and 101.3 kPa).

The volumetric flow of methane, carbon dioxide, and biogas (Vin, Nm? h~!) entering the membrane
system are estimated as:

Min,i RT

Vvini:
’ P

i = CH,, CO, ($28)
Vbiogas = VeHy, in + Veo,, in (S29)

12



The molar flow of CH4, CO5 and RNG recovered in the product stream by Equations S30-S32.

N CHy, out = TCHy, in * CH4rec (830)
T'CH,, out

NG = CHa, out (S31)
CH4purity

NCO,, out = NMRNG — "CHy, out (832)

Finally, the mass flowrates (kg h™1) of the product and individual components are obtained from:

M;

Nout,i * .
Fouy = —— = CHy,
t, 1000 (3 C 4 C02 (833)
Frne = Fon,, out + Foo,, out (S34)

Power consumption (kW) of the unit is calculated in Equation S35.

P=e- Vbiogas (835)

Where e is the specific energy consumption of the membrane system. Table S10 shows the properties
and parameters considered for the membrane separation system.

Table S10 Membrane separation system
properties and parameters.

Parameter Value Units Reference
CHyrec 99 % mol [56]
CHupurity 98 % mol [55]
€req 0.35 kWh/Nm?  [55]
R 8.31 J/mol - K [57]
Mcw, 16.04 g/mol (58]
Mco, 44.01 g/mol [59]

S2.3 Storage

Storage units are considered in the model for manure and lignocellulosic feedstocks. Dairy farms typically
have a lagoon for manure collection through the winter. This lagoon storage will be used for the liquid diges-
tate produced. In addition, a small covered lagoon storage unit is built for manure collection prior to the
mixing tank. Solid digestate will be continuously used as bedding, so storage is not considered on the farm.

S2.3.1 Manure storage

A storage lagoon is used to store dairy manure prior to the mixing tank. The lagoon volume (Viagoon, m®)
is calculated given the solid (Viiuage) and liquid (Viiguia) volume fraction of the manure through Equations
S36 to S38.

‘/élu(lge = Tsludge (Fmanure * Tsolids * 7—manure) (836)
Frnanure * Tmoisture * Tmanure
Viquid = (S37)
qui
Pmanure
Vvlagoon = Vsludge + Viiquid (838)

Where 7gudge is the sludge accumulation for dairy cattle, Fiyanure is the manure flow entering the lagoon,
Tsolids aNd Tmoisture are the solids and moisture fractions, and Tyanure 18 the retention time. These equations
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were adapted from the lagoon methodology presented by EPA [3]. Manure composition and density are
reported in Tables S1 and S2, respectively.

The lagoon geometry was defined following the design criteria established by EPA [3], assuming a
trapezoidal prism configuration. The maximum lagoon depth (Riagoon) Was obtained by adding the design
freeboard (hfreeboard) to the initial depth (Ainitial). The soil factor (fsi) accounts for soil volume changes
during excavation. The total volume excavated was given by Vixcavated- The top width (ws) and lagoon
length (L) were determined from the side slope ratio (s) and bottom width (w1 ), as shown in Equations S41-
S42. Finally, the total surface area to be covered (Acoverea) Was determined using Equation S43 to ensure
that biogas generated during storage is contained.

hlagoon = hinitial : (1 + hfreeboard) (839)
Vexcavated = Viagoon ' (1 + fsoil) (840)
wa = w1 + 2 5 Magoon (S41)
2Vexcavate
[ = — 2Vexcavated (S42)
hlagoon (’LU1 + w2)
Acovered = w2 - L (843)

Table S11 reflects the properties and design parameters used in the model.

Table S11 Lagoon storage properties and
parameters.

Parameter Value Units Reference

Tmanure 1 15 d

Tsludge 0.004 m3/kg [3]
hinitial 3.0 m [3]
ffreeboard 0.10 [3]
fsoil 0.05 3]
52 3

Whbottom 2 10.0 m

!Defined based on operational days of the sys-
tem, accounting for maintenance periods where
the digester is not working.

2Assumed based on typical values used in
lagoon designs.

S2.3.2 Lignocellulosic feedstocks storage

The storage system was modeled to determine the area requirements to house the lignocellulosic feedstock
prior to digestion, accounting for bale dimensions, density, and stacking configuration. For both scenarios,
a pole barn structure was used.

On-farm scenario
For the on-farm scenario, biomass is assumed to be stored using a plastic tarp on the side of the farm for
a maximum of eleven months, while one month of feedstock is stored inside the pole barn to reduce storage
losses [60]. Grasses were assumed to be collected in large square bales for stacking purposes, with dimensions
of h=3, w=4, [=8 ft [61-63]. Bale dimensions were converted to meters before performing calculations.
For each feedstock ¢, the number of bales produced annually (Bann,;) Was calculated from its total mass
(Fann,i), bale density (pbale,i), and bale volume (see Equation S44). The required barn area for one month

a
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of storage (Aparn,i) Was determined using Equation S45, accounting for number of bales stacked (Nspack),
period of storage in a year (Tgrass), and maneuvering space (fextra). The plastic tarp area was calculated by
Equation S46, which accounts for the months of outdoors storage (toutdoor)-

F, nn,: .

Buann,i = % i = CORN, SWG, WR (S44)

Phale,i W

B, wl (1 + fextra)
A arn,i — e 545
b ' Tgrass Nstack ( )
B nn,s I(1 xtr

Atarpﬂ' = toutdoor ann,i ( + fe ! a) (846)

Tgrass Nstack
Table S12 summarizes the parameters and results for the on-farm storage scenario.

Table S12 Parameters and results for lignocellulosic feedstock storage
in on-farm scenario.

Parameter' Corn stover Switchgrass Winter rye Units

Pbale,i” 164 175 169 kg/m?
Bann,i 4,698 10,848 10,757 bale/yr
Pole barn

Nstack 3 3 3 bale
fextra 0.2 0.2 0.2

Tgrass 12 12 12

Abarn,i 465 768 563 m?
Plastic tarp

toutdoor 11 11 11 month
Nstack 6 6 6 bale
fextra 01 01 01

Tgrass 12 12 12

Atarp,i 2,347 3,870 2,841 m?

! Ngtack was assumed based on typical values [60]. fextra was assumed
to account for maneuverability and sufficient coverage area. Bann,: and
Aparn,i were calculated using Equations S44 and S45.

?Bale density values for corn stover and switchgrass were obtained from
[64] and [65], respectively. The value for winter rye was estimated as the
average of these two.

Purchased scenario

Transportation of the biomass is excluded from the system boundaries, and included in the assumed
purchased price. Purchase biomass is assumed to be delivered to the farm and stored on-site for short-term
use. A storage capacity for 15 days was assumed, representing a moderate value between long-term on-farm
storage and continuous biorefinery operation [66]. This period provides sufficient capacity without extensive
infrastructure investment.

Grasses were assumed to be collected and transported in large square bales with the same dimensions
defined previously. For each feedstock ¢, Equation S44 was used to determine the number of bales delivered
annually, and Equation S45 was used to calculated the pole barn area for the amount (24) of 15 day periods
in a year.

Table S13 summarizes the parameters and calculated storage areas for the purchased scenario.

S2.4 Pre- and post-processing

Handling operations are carried out both prior to and after anaerobic digestion. Pre-processing improves
feedstock characteristics for digestion, while post-processing enables digestate management. Lignocellulosic
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Table S13 Parameters and results for lignocellulosic feedstock storage
in purchased scenario.

Parameter! Corn stover Switchgrass Winter rye Units

Pbale,i’ 164 175 169 kg/m3
Bann,i 23,100 21,650 22,350 bale/yr
Pole barn

Nstack 3 3 3 bale
Jextra 0.2 0.2 0.2

Tgrass 24 24 24

Abarn,i 2,287 2,143 2,212 m?

! Ngtack was assumed based on typical values [60]. fextra Was assumed
to account for maneuverability and sufficient coverage area. Bann,; and
Aparn,; were calculated using Equations S44 and S45.

2Bale density values for corn stover and switchgrass were obtained from
(64] and [65], respectively. The value for winter rye was estimated as the
average of these two.

biomass is shredded to reduce particle size before the mixing tank, and digestate is processed through a
solid-liquid separator to recover the fractions.

S2.4.1 Shredder

Pre-processing of raw lignocellulosic biomass is recommended to increase surface area and enhance microbial
accessibility, which improves the methane yield [67-69]. A hammermill shredder was modeled, operating
at a particle size of 12 mm [70]. The power requirement (P) was calculated as a function of the incoming
feedstock flowrate (Fi,;, Mg h™!) and the specific energy consumption (e), as given by Equation S47.

P= En,i € (847)
A specific energy consumption of 22.14 kWh Mg~! was adopted [70].

S2.4.2 Mixing tank

The mixing tank was modeled to homogenize the feedstocks (dairy manure, lignocellulosic biomass, water,
and recirculated slurry) before entering the digester. The tank operates with a working volume of 80% and
a retention time of one hour. The geometry is assumed cylindrical with a height-to-diameter ratio of 1.5.
The target total solids (TS) content entering the digester was fixed at 10% (see Section S1 for more detail).

For recirculation, the water requirement was calculated dynamically within the mixing tank unit to
account for the additional solids introduced by the recirculated digestate. In this case, the tank determines
the total dry matter (Wgq ) from all the inlet streams ¢ and computes the required water flow (Fyater) t0
achieve the specified T'S (T'Syarget) content according to Equations S48 and S49:

Wa.m
Wslurr = — 548
Y TStarget ( )
Fyater = Walurry — E F; i = manure, grass, recirculated slurry (549)

3
The resulting mixture outlet was verified to meet the desired TS target. The overall temperature and
heat capacity of the slurry was calculated using Equation S10.
The power consumption for mixing is estimated using Equation S18 [41]. A marine propeller operating
at 150 rpm is assumed, with an impeller diameter equal to half the tank diameter. The tank and impeller
dimensions are automatically scaled the total volumetric flow of the inputs for each scenario.
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S2.4.3 Solid-liquid separator

After anaerobic digestion, the slurry (digestate) was processed through a solid-liquid separator. The residual
nutrients in the digestate can still produce methane emissions, and solid-liquid separation after anaerobic
digestion can mitigate up to 68% of emissions compared to raw manure [71]. Although most of California
dairies use a solid-liquid separation technology, as of 2013 less than 20% of U.S. dairy farms used a manure
separator [40].

In this study, the separator was included to recover solids for animal bedding and liquid effluent for land
application. The equipment capacity was set equal to the digestate inflow rate, and separation performance
assumed a moisture content of 60% (w.b.) in the solid fraction and a solids capture efficiency of 99.7% [72].
The solid-liquid separation unit was modeled using BioSTEAM’s built-in Splitter class. The liquid fraction
retained the remaining water and solids. No additional mass balance equations were solved as the splitting
is handled internally.

S2.5 Auxiliary units

Auxiliary units were included in the model to support process operations such as hydrogen sulfide removal,
heating, compression, pumping, and recirculation. These units ensure proper reactor conditions and prod-
uct handling across scenarios.

S2.5.1 Hydrogen sulfide removal

Hydrogen sulfide (HsS) is commonly present in raw biogas. Its removal is required to prevent corrosion,
protect equipment, and comply with pipeline specifications. In this study, HoS removal is modeled using
micro-aeration process, in which limited supply of oxygen is injected into the digester for sulfide oxidation
[73-75].

A custom BioSTEAM unit operation was implemented to account for the oxygen injection. The required
unit dimensions were determined based on the volumetric flow of biogas entering the treatment under
normal conditions 0°C, 101.3 kPa). The volumetric flow of each gas component (CHy, CO5, H50) was
calculated using Equations S28-S29.

S2.5.2 Heat exchanger

Slurry

A heat exchanger was modeled within the digester to maintain the slurry at mesophilic temperature.
The unit was simulated using BioSTEAM’s build-in HXutility, which transfers heat to the process through
a thermal utility.

In the electricity production scenario, the recovered heat from the CHP unit supplies the thermal energy
required for digester heating. If the recovered heat were insufficient, additional steam would be purchased to
meet the demand. However, in all simulated cases, CHP heat recovery fully satisfied the heating requirement.

In the RNG production scenario, steam is generated by a dedicated boiler and used to supply the required
digester heat duty.

The heat demand of the slurry was determined from the general energy balance (Equation S8), and the
required steam flow was automatically computed within BioSTEAM to satisfy this duty.

Dehydration

Raw biogas exiting the digester contains trace amounts of water vapor. Warm biogas leaving the
digester at mesophilic temperature cools to ambient temperature while flowing through the pipeline, and
water vapor condenses. To account for this, BloSTEAM’s build-in HXwutility was used to simulate the tem-
perature drop of the biogas stream, followed by a Splitter unit representing a water trap, where condensed
water is fully removed [73].
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S2.5.3 Compressor

In the RNG production scenario, the upgraded gas must be compressed before injection into the natural
gas grid. Pipeline specifications vary by system type: transmission pipelines operate above 6.90 MPa, while
distribution pipelines supply homes and businesses at pressures between 70-1,380 kPa [76]. Anaerobic diges-
tion RNG can be injected into either pipeline [77]. For this study, compression to 1,380 kPa was selected to
represent farm production with distribution pipeline injection.

An isentropic compressor was modeled in BioSTEAM to achieve the required outlet pressure (p3). The
inlet molar flowrate of RNG, ngng, was taken from Equation S31. The specific compression work (Wigen,
W) was estimated using the ideal-gas isentropic compression equation [78]:

k  nrne RTi,

Do\ -1/
k—1 3600 (pl) a 11 (850)

Where R is the ideal gas constant, T}, is the inlet temperature, p; and py are the inlet and outlet
pressures, and k is the isentropic exponent defined as:
Cp
k=— Cv=Cp—R S51
T p (S51)

The real compressor power requirement (P, kW) accounts for the compressor isentropic efficiency (n):

I/Visen =

VVisen
p=-—= S52
. (S52)

Table S14 summarizes the parameters considered for the compressor.

Table S14 Compressor properties and

parameters.

Parameter Value Units Reference
p1t 400 kPa [79]

P2 1,380 kPa [76]

Tin? 14 °C [15]

Cp 35.7 J/mol - K [58]

n 80.0 % [80]

1 Adopted from [79] as the membrane separation
outlet pressure.

2 Assumed as external temperature.

S2.5.4 Pump

Pumps were modeled using BioSTEAM’s built-in Pump unit, which changes the outlet pressure. Power
demand was estimated using the default correlations adopted by BioSTEAM [81, 82].

Two pumping operations were included in the model. 1) A pump conveys dairy manure from the
manure storage lagoon to the mixing tank. 2) For recirculation, a second pump returns liquid digestate
from the solid-liquid separator to the mixing tank.

S2.5.5 Boiler

In the RNG production scenario, a boiler supplies the thermal energy required to heat the digester. The
boiler was created using BioSTEAM’s built-in Facility class, which runs after the main mass and energy
balances are solved. This allows the digester heat requirement (Qinput, kJ h~=1) to be calculated first.
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The boiler was customized to operate on natural gas and generate low-pressure steam. The system
performance is defined by a boiler efficiency (Mboiler) of 95%, defined on high heating value (H HV') basis [83].
Combustion of methane follows Equation S20. The total heat needed to be released by fuel combustion is:

Hcomb = Qinput (853)
Tvoiler
The required natural gas mass flowrate is then:
Hcomb
Fna as — Sh4
tES T HHV (854

The change in enthalpy (Ah) from water to steam is calculated as the sum of sensible heating and
phase-change using Equations S23-S24. The steam flowrate (Fiteam, kg kJ h™1) required for digester heating
is:

_ Qinput
Fsteam - Ah (855)

The corresponding water demand is defined in Equation S26. Properties and parameters are summa-
rized in Tables S7 and S9.

S2.5.6 Recirculation

Lignocellulosic feedstocks contain recalcitrant molecules that limit the complete degradation of biomass and
biogas conversion. Consequently, a fraction of biodegradable material remains in the digestate. Recirculating
part of the liquid digestate back to the digester has been reported to improve biogas production, enhance
microbial activity, and reduce water and heat requirements for CSTR operation [84-86].

In this study, a recirculation ratio of 50% was adopted based on values commonly reported in literature
[87, 88]. Recirculation was modeled with BioSTEAM'’s built-in Splitter class, which divides the liquid diges-
tate stream into two outlet streams according to the specified ratio. One portion is returned to the mixing
tank, while the remaining flow is sent to the digestate storage lagoon.
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S3 Techno-Economic Model

The economic evaluation was performed using BioSTEAM’s TFEA class, which conducts a discounted cash-
flow analysis based on the system configuration and user-defined financial assumptions.

A discount rate of 8% was selected (defined as IRR in BioSTEAM), consistent with values reported for
investments in concentrated animal feeding operations and anaerobic digestion systems [89-91]. The project
was assumed to be small-scale, requiring a 2-year construction period [78, 92]. Fixed capital investments
were distributed in the first year (FCI year 1) and second year (FCI year 2).

Depreciation followed the IRS Modified Accelerated Cost Recovery System (MACRS) [90, 92]. The
system was assumed to operate 95% of the year, allowing downtime for maintenance periods of the CHP
and membrane separation units. The digester was assumed to operate continuously.

Income tax was modeled as total effective tax rate including federal and Pennsylvania corporate income
tax [93]. Working capital (WC) was assumed as a fraction of fixed-capital investment following BioSSTEAM
convention.

Table S15 summarizes the financial parameters used in the TEA.

Table S15 Financial and operational parameters used

in the TEA.

Parameter Value Units Reference
Discount rate 8 % [90]
Starting year! 2025 year

Project lifetime 20 years [91, 93]
Depreciation period 7 years [90]
Income tax 40 % [93]
Operating days 347 days/year  [93]

CI year 1 40 % of FCI

CI year 2 60 % of FCI

wC 5 % of FCI  [92]

1The starting year corresponds to the year of analysis.

S3.1 Capital costs
Capital costs (CAPEX) were divided into direct and indirect costs in accordance with standard TEA
methodology [94]. Total capital cost is calculated as:

Ccapex = FCI +WC (856)

FCI = Cdirect + Cindirect (857)

Dzirect costs

Capital costs in this study include both direct and indirect costs and where estimated as a function of
purchased equipment cost (PEC).

S3.1.1 Purchased equipment cost

Each unit operation described in Section S2 has an associated equipment item. Baseline equipment costs
were obtained from literature and vendor databases and were scaled to the required process capacity using
the six-tenths rule [94]. Scaled purchase costs were further adjusted to 2024 U.S. dollars using the Chemical
Engineering Plant Cost Index (CEPCI). The purchase cost of each equipment item was calculated using:

Smodel “rp CIEFJCY12024
C’E‘ZDC’Ibaseline

C1purchase = Cbaseline < (858)

Sbaseline
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Where Cpurchase is the purchase cost adjusted to 2024, Chaseline is the reported cost in baseline year,
Smodel and Spaseline are the required and reported capacity associated with the model and baseline cost
respectively. The scaling exponent used is defined by exp.

The purchased equipment price after scaling depends on the scenario evaluated. Table S16 lists the
baseline parameters used for equipment cost scaling.

Note: Manure and lignocellulosic biomass storage do not follow the six-tenths rule because their costs
depend on construction materials or civil engineering work rather than equipment capacity. For these units,
capital cost was estimated using direct construction and unit cost [3, 95-97].

Table S16 Baseline equipment cost parameters.

Equipment Sbaseline  Units exp Cpaseline’ Baseline Reference
year

Digester 31 MDMgal? 0.6 $6,750,000 2010 [92]
CHP 5,240 kW 0.6 $4,111,200 2014 (98]
Mixing tank 264,116  kg/h 0.7 $203,000 2009 [92]
Mixing tank agitator 264,116 kg/h 0.5 $90,000 2009 [92]
Shredder 10 Mg/h 0.6 $795,000 2020 [70]
Dehydration 1 Unit $9,026 2025 [99]
Solid-liquid separator 5,520 kg/h 0.6 $275,000 2005 [70]
Membrane separation 500 Nm? /h 0.6 $985,000 2017 [55]
Boiler 0.5 Mg/h 0.6 $10,000 2024 [100]
Compressor 10 hp 0.6 $9,099 2024 [101]

1Costs shown before CEPCI adjustment.
2MMgal = Million gallons.

S3.1.2 Direct and indirect capital costs

Direct cost factors

Direct and indirect costs are expressed as fractions of the PEC [92, 94]. The scope of this project was
on a farm scale and capital cost estimation is usually done for a plant scale. Then, a custom direct cost
application was performed for each equipment to represent the actual needs. See Table S17 for details.

Direct costs include installation, instrumentation, piping, electrical work, buildings, and yard improve-
ments. Service facilities were assumed to be already available on the dairy farm, so no additional facilities
were added.

Two different building cost fractions were used in this study to realistically represent the type of structure
required for each unit operation. For low-cost equipment (e.g., shredder, mixing tank, compressor, boiler),
the general building factor of 15% of PEC was applied. This fraction represents the cost of a simple enclosed
structure and is consistent with standard assumptions [94]. For high-cost equipment such as the CHP
unit and membrane separation system, a reduced building factor of 7% of PEC was applied to avoid
overestimating capital costs. These units are typically installed in low-cost prefabricated insulated and
reinforced buildings.

Indirect cost factors
Indirect costs include engineering, construction, legal expenses, contractor fees, and contingency. These were
also estimated as percentages of PEC.

Table S18 summarizes the cost fractions used in this study.

S3.1.3 Pipeline injection

In the RNG scenario, connection to the natural gas grid was included as a one-time capital cost. The total
pipeline cost (Chipeline) Was estimated following [55]:
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S3.2 Operating costs

Table S18 Direct and indirect

cost factors.

Item

% of PEC

Direct costs
Purchased equipment
Installation
Instrumentation
Piping

Electrical

Building (general)!
Building (reduced)?
Yard improvement
Service facility
Indirect costs
Engineering
Construction

Legal expenses
Contractor fees
Contingency

100

30
15
15
10
15
7
5
0

20
30
2

15
15

1Building (general) was applied to

low-cost equipment.

2Building (reduced) was used for
high-cost units (CHP and membrane
separation) to avoid overestimating

building cost.

C’pipeline = Umaterial d+ C(inter + Ceng + Cmonitor (859)

Where Chaterial is the cost of the pipeline material per distance, d is the assumed distance between the
farm and the nearest pipeline injection point, and Cipter, Ceng, and Chonitor represent the interconnection
fee, engineering cost, and gas monitoring equipment cost, respectively.

A Dbaseline pipeline distance of 2 km was assumed [55]. Table S19 summarizes all input parameters.

Table S19 Pipeline injection

cost parameters.

Parameter Value

Units

Cmatcrial 625,000
Cinter 5607000
Cong 200,000
Crnonitor 2507000
d 2

$/km

km

All values from [55].

Operating costs (OPEX) were divided into fixed and variable operating costs [94]. Total annual operating

cost is:

Coprex = Clariable + Chixed (S60)

23



S3.2.1 Fixed operating costs

Fixed operating costs include property insurance, maintenance, and administration, which were modeled as
a fraction of the FCI. No property taxes were included because anaerobic digestion systems are generally
treated as agricultural facility [93].

For anaerobic digestion plants, operation and maintenance costs have common value around 2% of FCI
[55, 89, 91, 92]. Labor and maintenance were treated separately; maintenance was assumed 1.8% of FCI,
with unit-specific maintenance added individually. On-farm digesters are typically operated by the farmer
[73]. The model assumes 6 hours of operator attention per day, consistent with [89]. The annual labor cost
was calculated as:

C’labor = hannual sw (861)

Where hannual is the annual labor hours and w is the operator wage ($19.07 h—1) [102].
Property insurance was taken as 0.4 % of FCI [92]. Supplies were assumed at $500 year—! [93].
Administration for RNG scenario was modeled as 0.9 % of FCI.

S3.2.2 Variable operating costs

Variable operating costs include utilities, consumables, and feedstock purchases that scale with the mass
flowrates processed or energy generated. Table S20 summarizes the prices used.

e Electricity consumption: Electricity consumption was calculated from the power requirements of each
unit operation. Power (P, kW) was calculated for the digester, mixing tank, shredder, CHP unit, mem-
brane separation, compressor (see Section S2 for detail). Electricity demand of the solid-liquid separator
was estimated as 2% of its PEC [3]. Pumping electricity was estimated using BioSTEAM’s built-in power
correlations. Annual consumption and cost were computed using BioSTEAM’s TEA class.

® Heat and steam requirements: Heat requirements for the digester slurry were calculated using the
energy balance in Section S2.

— Electricity scenario: steam is provided entirely by the CHP unit, no additional purchase was required.
— RNG scenario: steam is generated by a boiler using natural gas. Natural gas consumption was
calculated using Equation S54.

® Water use: Water consumption was obtained from the mixing tank calculations in Section S2.
e Feedstocks: Dairy manure was given a value of $ 0, as the liquid digestate is ultimately land-applied
similarly to manure in farms without AD systems. Lignocellulosic feedstock costs depend on scenario:

— On-farm scenario: cost of planting and harvesting.
— Purchased scenario: market price including delivery to the farm.

e Consumables:

— Oxygen for microaeration HaS removal [75].
— Membrane replacement of $20,000 every 5 years (annualized as $4,000 year—!) [55].
— Annual lagoon operation and maintenance costs were assumed as 5% of its PEC [3].

S3.2.3 Revenues

Revenues were calculated based on the products generated in each scenario. Table S21 lists the prices
considered.

® Electricity: In the electricity scenario, annual electricity revenue is calculated from the electricity
produced (P, kWh):

C’elec = Pannual * Pelec (862)

where pelec is the selling price. Because the system could offset on-farm electricity use first and exports
the excess, the residential electricity rate was used [103].
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Table S20 Variable operating costs.

Parameter Value Units Reference
Electricity 0.17 $/kWh [103]
Natural gas 4.29 $/Mcf ! [104]
Water 0.78 $/m3 [105]
Oxygen 0.0025  $/m? of biogas  [75]
Membrane replacement 4,000 $/year [55]
Feedstocks

Dairy manure 0

on-farm scenario

Corn stover 18 $/d.m. Mg [106]
Switchgrass 32 $/d.m. Mg [65]
Winter rye 55 $/d.m. Mg [107]
Purchased scenario

Corn stover 78 $/d.m. Mg [108]
Switchgrass 90 $/d.m. Mg [109]
Winter rye 121 $/d.m. Mg [110]

IMcf = thousand cubic feet.

® Renewable natural gas:
In the RNG scenario, pipeline-quality gas is injected into the gas grid. RNG from dairy manure and
lignocellulosic biomass used qualifies as a D3 cellulosic biofuel under the Renewable Fuel Standard (RFS)
and generates Renewable Identification Numbers (RINs) [111]. Total RNG revenue selling price was
calculated as:

CrnG = FRNG © (Pnat gas + PRIN) (S63)
Where Frng is the RNG flowrate (kg h™1) calculated in Section S2. Natural gas and RIN prices (ppat sas
priN) were converted to $ kg=!CHy to match BioSTEAM’s default product basis.
® Solid digestate: Liquid digestate was assumed to be land-applied without changing original manure
application practices; therefore, no revenue is generated. However, solid digestate can be used as bedding,
reducing bedding purchases. The value of the solids was calculated as:

C'solids = I’solids * Pbedding (864)

Table S21 Product prices.

Parameter Value Units Reference

Pelec' 0.17 $/kWh  [103]
Pnat gas2 0.20 $/kg [104]
PRIN 1.86 $/kg [112]
Pbedding 35.25 $/Mg [113]

1Electricity price was calculated as the median
value over 2022-2024.

2Natural gas price was calculated as the median
value over 2019-2024.

SRIN price was calculated as the median value
over 2021-2024.
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S3.2.4 Financial incentives

A capital grant or equivalent financial support mechanism was included as a financial incentive for both
electricity and RNG systems. Financial support amount (grant) was modeled as a percentage of the fixed
capital investment:

Cgrant =FCI- fgrant (865)

Where fgrant is the grant fraction (0-1). The base case scenario assumes no grant. Grants were applied
after all direct and indirect capital costs were calculated.
S3.2.5 Economic indicators

Two economic indicators were used to evaluate project feasibility: Net Present Value (NPV) and Internal
Rate of Return (IRR). Both were obtained directly using BioSTEAM’s built-in TEA class.
NPV was calculated over the 20-year project lifetime and IRR was found for an NPV=0.
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S4 Sensitivity and Uncertainty Analysis

A sensitivity and uncertainty analysis was performed to evaluate how variations in key techno-economic
parameters influence the financial performance of the AD system.

S4.1 Sensitivity analysis

A local sensitivity analysis was conducted to identify which parameters affect system profitability. For each
parameter, a minimum and maximum value was selected from literature, and the model was recalculated
while varying only one parameter at a time.

For each scenario (electricity, RNG, on-farm grown biomass, purchased biomass) the full process
simulation, including mass balances, energy balances, and TEA was rerun.

Tables S22 and S23 list all parameters evaluated and the assumptions.

Table S22 List of parameters included in sensitivity and uncertainty analysis.

Parameter Min Base Max Units Reference
Operating conditions

Total solids digester 8 10 12 % [40, 73]

HRT 15 22 30 d [33, 34, 40]
MNOverall 66 68 71 % [52]

TIElectric 24 35 36 % [52]
Operating days 336 347 357 days/year [93]

d to pipeline 1 2 3 km [55]

Prices

Electricity 014 017 019 $/kWh [103]
Natural gas 3.05 4.29 12.10  $/Mcf [104]

RIN 150  2.97 350  $/RIN [112]

Solid digestate 28.20 35.25 4230 $/Mg [113]

Dairy manure

Fract 77 85 86 % (1, 2]

Water content 13 15 23 % w.b. [4, 114, 115]
Volatile solids 9.1 10.3 16.3 % w.b. [4, 114, 115]
Total Carbon 5.0 6.0 6.1 % w.b. [4, 115]
Total Nitrogen 0.5 0.6 0.7 % w.b. [4, 115]
Methane yield 95 134 166 mL CH4/g VS [116, 117]
Corn stover

Water content 3.0 5.2 7.8 % w.b. [10, 118, 119]
Volatile solids 87.5 88.0 92.6 % w.b. [10, 118, 119]
Total Carbon 42.6 43.6 43.6 % w.b. [10, 118, 119]
Total Nitrogen 0.5 0.6 0.6 % w.b. [10, 118, 119]
Y 112 11.7 118  d.m. Mg/ha 23, 120]
Methane yield 119 169 240  mL CHy/g VS  [118, 121-132]
Pon-farm 13 18 27 $/d.m. Mg (106, 133]
Ppurchased 67 79 100 $/d.m. Mg [108, 134]

S4.2 Uncertainty analysis

A Monte Carlo analysis with 10,000 iterations was performed for each scenario to quantify the combined
effect of all uncertain parameters. In each iteration, random values were generated from defined probability
distributions (PERT, triangular, lognormal, empirical). Most parameters were sampled using PERT distri-
butions from the values listed in Tables S22 and S23. Exceptions include the methane yields of lignocellulosic
feedstocks, electricity price, natural gas price, and RIN credit, for which distributions were fitted to collected
data (Figures S4-S9). The full model was recalculated including mass balances, energy balances, and TEA.

The outputs recorded for each iteration were FCI, NPV, IRR, minimum selling price (MSP) electricity
or RNG, and minimum grant percentage to achieve NPV=0.
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Table S23 Continue of list of parameters included in sensitivity and uncertainty analysis.

Parameter Min Base Max Units Reference
Switchgrass

Water content 9.7 15.0 19.0 % w.b. [12, 65]
Volatile solids 775  78.0 82.6 % w.b. [11, 114]
Total Carbon 46.5 46.93 473 % w.b. [12]

Total Nitrogen 0.4 0.5 0.6 % w.b. [12]

Y 11.2  15.7 18.5 d.m. Mg/ha [11, 24]
Methane yield 100 140 195 mL CHy/g VS [114, 135-140]
Pon-farm 28 32 45 $/d.m. Mg [65]
Ppurchased 73 90 110 $/d.m. Mg [65, 109]
Winter rye

Water content 2.0 4.1 13.8 % w.b. [13]
Volatile solids 84.5  88.5 91.6 % w.b. [13]

Total Carbon 25 37 46 % w.b. [14, 141]
Total Nitrogen 1 1 1 % w.b. [14, 141]

Y 61 9.0 11.9  dm. Mg/ha [25]
Methane yield 127 249 349 mL CHy/g VS [13, 142-150]
Pon-farm 53 55 57 $/d.m. Mg [107]
Ppurchased 110 121 132 $/d.m. Mg [110]
Temperature

Tairy ,I'in, grass 1 10 14 18 °C [15]

T‘in, manure 14 20 26 °C [6}

T‘iny water 7 10 13 OC [36]

1T, grass was assumed to be the same as external temperature.
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Fig. S4 Methane yield distribution of corn stover [118, 121-132].

Methane yield distributions were fitted directly to the compiled data. A lognormal distribution was
applied to corn stover and switchgrass, while winter rye was best represented by a triangular distribution
(Figures S4-S6).

Electricity, natural gas, and RIN credit price data were obtained for the years 2022-2024, 2019-2024,
2021-2024, respectively (Figures S7-S9). Beta distributions were fitted to the electricity and RIN credit
datasets, while a lognormal distribution was fitted to the natural gas price data.
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Fig. S5 Methane yield distribution of switchgrass [114, 135-140].
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Fig. S6 Methane yield distribution of winter rye [13, 142-150].
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Fig. S7 Price distributions of electricity [103].
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Fig. S8 Price distributions of natural gas [104].
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Fig. S9 Price distributions of D3 RIN credit [112].
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S5 Additional Results
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Fig. S10 Total capital investment (CAPEX) by unit operation for co-digestion scenarios producing electricity.
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Fig. S11 Total capital investment (CAPEX) by unit operation for co-digestion scenarios producing renewable natural gas.
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