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Integrating anaerobic digestion (AD) into agriculture can support carbon neutrality and circular bioeconomy.
However, economic benefits for stakeholders are crucial for implementing full-scale AD. This study assessed the
financial implications of producing grass silage for AD on beef farms. It also assessed the financial viability of
full-scale AD plants co-digesting grass silage and cattle slurry for biomethane, focusing on competitive grass
silage pricing and support schemes. Results indicate that a grass silage price of €245/t dry matter (DM) is needed
for competitiveness with beef production; this requires a biomethane certificate price of €0.12/kWh for the AD

plant. At current prices (€0.098/kWh), the AD plant could afford €164/t DM for silage, requiring farm subsidies
of €893/ha to cover price gaps. Methane yield of AD silage, along with biomethane certificate and silage prices,
are key variables affecting the 20-year net present value of the AD plant. This study underscores the govern-
ment’s critical role in fostering a low-carbon livestock sector.

1. Introduction

Renewable energy sources have become crucial for addressing global
challenges such as climate change, energy security and sustainable
development [1]. Biomethane, a renewable gas produced from biogas
upgrading, has gained significant attention as a potential substitute for
fossil gas imports [2]. Biomethane can be directly injected into existing
natural gas grid or used as a vehicle fuel in compressed (CNG) or lig-
uefied natural gas (LNG) forms [3]. However, the adoption of bio-
methane as a renewable energy source currently requires substantial
financial support to achieve competitiveness with fossil fuel markets [4].
Support schemes, such as renewable energy feed-in tariffs (REFIT),
renewable energy obligations, and tax incentives, are crucial for pro-
moting biomethane production and utilization. These policies provide
stability and financial support for project developers and/or biomethane
users, incentivizing investment and market growth [5]. The agricultural
sector can play a key role in the biomethane market by providing
feedstocks to an anaerobic digestion (AD) plant [6]. The provision of
livestock slurry and grass silage from farms into a full-scale AD plant can

guarantee the feedstock demand of the AD plant and may provide a
business opportunity for farmers [7], while reducing greenhouse gas
emissions (GHG) from the agricultural sector [8,9]. In our previous
study [8], a farm configuration of a pasture-based beef farm was pro-
posed to provide grass silage and slurry to a 40 GWh biomethane plant.
A beef farm was selected due to its prevalence as the predominant
grassland utilization activity in Ireland [10]. The arrangement for a 40
GWh biomethane plant consisted of 130 farms of 50 ha and a livestock
unit (LU) of 2.1 LU/ha each, which assigned 85 % and 15 % of the land
to livestock and grass silage for AD provision, respectively, to meet the
annual feedstock demand of the AD plant [8].

The economic assessment of biogas and biomethane production from
agricultural feedstocks have been carried out before [11-13]. At a farm
scale, Geoghegan and O’Donoghue [12] assessed the private and social
(through GHG emissions mitigation) return from displacing dairy, beef
and tillage activities with bioenergy feedstocks (grass silage and short
rotation coppice willow). The valuation of the social return through
carbon dioxide (CO) pricing was found to be critical to make the latter
activities competitive with conventional agricultural activities.
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However, the possible integration of activities (i.e., beef and grass silage
for AD) into a single farm was not addressed, nor were the implications
of cultivating bioenergy feedstocks on agricultural land, as marginal
lands were assumed for producing grass silage. At a supply chain scale,
Dennehy et al. [11] analyzed the economic feasibility of on-farm
anaerobic mono and co-digestion of pig slurry and food waste (FW),
using stochastic modelling to assess the impact of key parameters
(REFIT, quantity of food waste treated, gate fees, and digestate disposal
costs) on AD plant viability. Co-digestion on a farm size of 2607 sows
was found to be the most economically viable, balancing high revenue
potential with moderate capital expenditures and a stable food waste
supply. From a farm and supply chain point of view, Ye et al. [14]
evaluated how subsidies for farmers and bioenergy producers affect the
economic viability of cassava-based bioenergy production. It was found
that the decision to subsidize the farmer or the energy producer mainly
depended on the subsidy budget, farmers’ risk aversion, land capacity
and yield uncertainty. In this context, a joint economic analysis of both
the AD feedstock provision from a farm and the impacts of potential
financial supports on both the AD plant and farm is crucial to understand
their financial interactions.

Nevertheless, the economic implications of integrating AD into farm
systems and producing biomethane from the co-digestion of cattle slurry
and grass silage remain underexplored. Grass silage production for AD is
often assumed to exceed livestock requirements [15,16] or be harvested
on marginal lands [12], which refers to land not suitable for traditional
agricultural activities. Therefore, there is a notable gap in understanding
how grass silage produced specifically for AD (from now onwards
referred to as AD silage) on agricultural land could contribute to farm
revenue, as well as the economic implications of applying digestate to a
livestock farm. Furthermore, the impact of financial support measures
on the viability of agricultural-based biomethane production should also
be examined; the combined analysis of the farm and supply chain offers
a distinctive approach that has not been explored. Addressing these gaps
is crucial for a thorough understanding of the economic feasibility and
potential benefits of integrating AD into livestock farms, biomethane
production and digestate management within the agricultural
framework.

Thus, the aim of this paper was to (1) assess the economic impact of
integrating AD into a livestock farm and determine the AD silage price
needed to make this activity competitive with beef production, (2) carry
out a supply chain cost-benefit analysis of a 40 GWh biomethane plant,
and (3) determine the adequate support schemes needed to ensure the
economic viability of producing biomethane from the full-scale co-
digestion of cattle slurry and grass silage.

2. Materials and methods
2.1. Model implementation

2.1.1. Farm scale

Ireland was chosen as a case study, as the co-digestion of grass silage
and cattle slurry is feasible due to the large potential availability of these
feedstocks [17]. Additionally, there is a growing interest from farmers,
industry and the government to produce biomethane from agricultural
feedstocks and reduce GHG emissions from both the farm and energy
sector [18].

The farm model implemented was the Grange Dairy Beef System
Model (GDBSM), which allows the evaluation of biophysical, economic
and GHG outputs from pasture-based dairy-beef production systems
[19], with the addition of an AD submodel, as explained in detail by
Tisocco et al. [8]. The farm system model consists of a commercial
dairy-beef system, characterized by the February-born early-maturing
(EM) progeny of dairy cows, which are subsequently slaughtered at 24
months of age. The AD-farm configuration implemented was also pre-
viously determined by Tisocco et al. [8], in which 130 farms of 50 ha
each were needed to supply 43,019 tonnes of AD silage and 50,042 m® of
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slurry annually to a 40 GWh biomethane plant co-digesting AD silage
and slurry at a volatile solids (VS) ratio of 4:1, respectively. 85 % of each
farm (42.5 ha) was allocated for growing grass for livestock use,
encompassing both grazing and the production of silage for winter cattle
feed (from here onwards referred to as livestock silage). The remaining
15 % (7.5 ha) was allocated to produce AD silage. A typical soil index of
3 was assumed, which indicates optimal concentrations of phosphorus
(P) and potassium (K) in the soil for plant uptake. Consequently, nutrient
requirements were based on maintaining soil fertility by replacing the
nutrients extracted during each harvest (maintenance fertilization). A
total of 616.5 m® of digestate was applied to the livestock area of each
farm, including areas designated for livestock silage and grazing [8].
After digestate application, a waiting period of seven weeks was
assumed before mechanical harvesting, and four weeks before allowing
animals to graze on the pasture.

The gross margin of the livestock area was calculated by accounting
for the revenue from animal sales, animal purchase costs and direct
costs, such as concentrate feeds, milk replacer and fertilizers. A complete
list of incomes and costs is shown in Table S1. The price of beef was
taken from Bord Bia, considering an average of cattle price for dairy-beef
cattle of €4.82/kg [20]. Consequently, the gross margin (GM) from the
livestock area was calculated as shown in Eq. (1):

Gross margin livestock = (Livestock sales — purchase)

— Z Direct costs (€8}

The silage production costs were derived from the Grange Feed Cost
Model (GFCM), a static agro-economic model [21]. The livestock silage
crop was modelled as a typical perennial ryegrass (PRG) with a total
annual yield of 13.2 t DM/ha and 22 % losses, while the AD silage crop
comprised a mixture of PRG and red clover (RC) with a total annual yield
of 14.2 t DM/ha and 22 % losses [8]. A legume-based crop was selected
as an AD feedstock given its capacity to fix biological nitrogen (N5), thus
reducing the need for inorganic N inputs; this option aligns with Euro-
pean regulatory standards for renewable energy production [22]. Both
livestock and AD silage costs included fertilizer purchase, harvesting and
covering, and grassland management (Table S1). However, in the case of
AD silage, the total price that the farms ask for should not only include
the silage production cost but an additional amount to compensate for
the partial displacement of the livestock enterprise (15 %). Therefore,
the gross margin from a conventional livestock system (100 % Livestock)
was also calculated. This parameter was used to determine the revenue
difference between the two livestock systems (100 % Livestock and 85 %
Livestock), which had to be compensated through the AD silage price in
addition to the production cost, as shown in Eq. (2):

Profit needed from AD silage =
50 ha *GM 100%L (€/ha) — 42.5 ha*GM 85%L (€/ha) @
7.5 ha

where GM 100%L and GM 85%L refer to the gross margin from the
conventional beef farm (100 % Livestock) and AD-integrated farms (85
% Livestock), respectively.

Hence, the total price of AD silage needed per tonne (t) of dry matter
(DM) was calculated from the sum of the production cost and the profit
needed, as shown in Eq. (3):

Production cost (€/ha) + Profit needed (€/ha)

Total AD silage price = AD silage yield (t DM/ha)

3)

2.1.2. Supply chain scale

The AD plant processes and parameters are detailed by Tisocco et al.
[8]; in this study, a comprehensive analysis of the financial aspects
associated with a 40 GWh biomethane plant was conducted. The capital
(CAPEX) and operational (OPEX) expenditures of the AD plant are
shown in Table S2. CAPEX included construction costs (digester,



S. Tisocco et al.

digestate storage and other civil works), biogas upgrading unit (pressure
swing adsorption) and connection to the gas grid, among other costs
(Table S2), while OPEX included plant operation and maintenance
(O&M), upgrading plant maintenance, electricity purchase from the
grid, administration costs, AD silage production and transport of feed-
stock and digestate. A straight-line depreciation method with a salvage
value of 5 % was applied, alongside a corporation tax rate of 12.5 % in
Ireland [23]. As some of the costs were estimated per unit of the reactor
size [11], the size of the reactor was calculated using Eq. (4):

3
Tank size (m®) = volume fei ggréually (m3)

*HRT (d) )

A hydraulic retention time (HRT) of 50 days was chosen, as indicated
by Dennehy et al. [11], and a density of grass silage of 1 t/m® was
assumed [8]. To evaluate the potential profitability of the AD plant, a net
present value (NPV) was calculated. The NPV represents the difference
between the present value of cash inflows and outflows associated with
the project, discounted to the present time using a predetermined dis-
count rate, as shown in Eq. (5):

Net present value (€) = — G, + Z )

R — G
1+
where C,, refers to the capital costs; R; and C; denote the annual cash
inflows and outflows, respectively; r indicates the discounted rate,
which was set at 6 % as per industry practice [11]; and t is the project
lifespan, which was taken as 20 years [18]. A positive NPV indicates that
the investment is expected to generate more cash inflows than outflows,
indicating potential profitability. Conversely, a negative NPV implies a
potential financial loss. A zero NPV reflects that the investment is ex-
pected to break even.

The values for various AD plant parameters were sourced from
existing literature (Table S2) and were adjusted to October 2023 by
applying an inflation rate. This adjustment involved multiplying the
original prices by their respective inflation rate, calculated using the
price index from each respective year obtained from the Central Sta-
tistics Office (CSO), as depicted in Eq. (6):

Index,
Index,

Price, (€) = Price, (€)* ( (6)

where c refers to the current year and p to a previous year.

The market price of natural gas has experienced significant fluctua-
tions in recent years (Fig. S1); for this study, a fixed value of €0.04/kWh
was utilized for the market price of biomethane, which is reflective of
Western Europe prices [24]. On top of the market price, financial sup-
ports were included to determine the final price paid for biomethane
(Section 2.2). The investigation of CO, capture and storage as a revenue
stream to biomethane plants has gained prominence due to its status as a
limited biogenic CO4 source [25]. However, given that CO, commer-
cialization is still in the development stage [26], the latter scenario was
not included in this analysis.

Financial support

In Ireland, the Renewable Transport Fuel Obligation (RTFO) is
available for biomethane used as a vehicle fuel [27]. The National Oil
Reserves Agency (NORA) issues a certificate for each MJ of renewable
fuels introduced into the transportation market in the Republic of
Ireland that complies with a life cycle assessment (LCA) performed by an
EU Voluntary Scheme, following the Renewable Energy Directive (RED
IT) criteria [18]. RTFO certificates are traded among road transport fuel
suppliers in Ireland, with prices determined by supply and demand, as
well as the buy-out price applied to any blending shortfall. In this study,
a certificate price of €0.098/kWh was applied, based on data obtained
from Gas Networks Ireland (O’Riordan, 2023). Additionally, AD plants
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may receive CAPEX grants, with EU funding typically ranging from 20 %
to 40 % of total costs, covering physical CAPEX, such as construction
costs and civil work [28]. For this analysis, a physical CAPEX grant of 20
% was assumed. Furthermore, gas grid connection grants, covering an
average of 30 % of total connection costs, were included, based on data
provided by Gas Networks Ireland [18].

At a farm level, subsidies have been historically important for the
subsistence of many farms throughout Ireland and Europe [29]. While
this financial support is predominantly funded directly by the EU, and
tend to be disbursed per animal or per hectare basis, national govern-
ments can also provide targeted support measures. The Irish government
has recently proposed financial assistance for farmers establishing red
clover swards, referred to as the red clover silage measure, with a
specified payment rate of €300/ha [30]. Considering that red clover
swards are typically established every five years [31], the annual sub-
sidy for AD silage can be considered as €60/ha/year.

Therefore, to assess the impact of this specific farm subsidy for AD
sward establishment, alongside existing support mechanisms within the
supply chain, two main scenarios were considered to determine their
overall profitability. The first scenario, referred to as the Baseline sce-
nario, only included the biomethane certificate as available financial
support for the AD plant. In contrast, the Grants scenario incorporated
both the previously mentioned AD plant grants and the AD silage
establishment grant, in addition to the biomethane certificate.

2.2. AD silage price dynamics in farm and AD plant

In the context of this study, it is crucial to examine the dynamic
interaction between the AD silage price required by the farm and the
price that the AD plant can afford to ensure a favourable financial sit-
uation. While the AD silage price requested by the farm is influenced by
various farm parameters (Section 2.1.1), the AD plant’s capacity to pay
for the silage depends on its financial cash flows, which are impacted by
the two scenarios being analyzed (Section 2.2).

This complex relationship underscores the challenge of establishing a
pricing strategy that benefits both the farm’s economic requirements
and the AD plant’s financial limitations across the considered scenarios.
The determination of an acceptable payback period, referring to the year
in which the NPV reaches zero and the investment cost is recovered,
significantly influences investment decisions [32]. Previous studies have
identified attractive business opportunities for AD plants with payback
periods ranging from 5 to 10 years [11,31,32]. Thus, the maximum price
that an AD plant, with cash outflows C, could afford for AD silage to
achieve breakeven in a specific year, was determined according to Eq.
(7):

"R, — G
0=-C +§ 7)
TS

with t set to 8 years, considering this payback period as an intermediate
between those sourced from the literature [11,32,33] and one accept-
able to the industry. Given the assumption of fixed annual cash inflows
(Rp) and other constant cash outflows (e.g., maintenance and transport
costs), the only annual variable cost to determine was the AD silage
purchase cost. The detailed equation development is outlined in the
Supplementary Material (Eq. (S1)).

2.3. Sensitivity analysis

A sensitivity analysis was conducted to assess the influence of fluc-
tuations in key parameters on the final NPV. +20 % variations in beef
price and AD silage yield were separately assessed, as they would indi-
rectly affect the AD silage price (Section 2.1.1). Furthermore, variations
of +20 % were applied to the biomethane certificate price, CAPEX grant
and gas grid connection grants, as well as the biogas yield of AD silage,
which was represented by the biochemical methane potential (BMP).
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These variations reflect potential changes in management practices,
government policies and market conditions, which could significantly
impact the financial outcomes of the project [34,35]. Each parameter
underwent individual variations during the analysis, with the rest of the
parameters fixed at their default assumptions.

3. Results and discussion
3.1. Model implementation

3.1.1. Farm scale

Results from the calculation of the gross margin from the livestock
area, both for the conventional beef farm (100 % Livestock) and the AD-
integrated beef farms (85 % Livestock — 15 % AD), are presented in
Table 1. It was found that the livestock area of the AD-integrated farms
incurred 4 % lower direct costs compared to those of the conventional
farm. The differences were mainly due to reduced application of
chemical N, P and K fertilizers in the grazing and livestock silage area. As
the digestate returned to the livestock area (616.5 m?) contained more
nutrients and greater volume than the slurry produced (454.2 m®), due
to the incorporation of grass silage into the feedstock mix [8], the
application of chemical N, P and K fertilizers was reduced by 65 %, 33 %
and 56 %, respectively [8]. This resulted in fertilizer savings from the
grazing area of €12/ha and €27/ha for protected urea and 0:10:20 fer-
tilizer (NPK compound), respectively (Table S3), leading to a 41 %
reduction in costs compared to the conventional beef farm (Table 1). For
the livestock silage area, fertilizer savings were €26/ha and €21/ha for
protected urea and 0:7:30 fertilizer (NPK compound), respectively.
Despite higher fertilizer savings in this area (Table S3), overall savings of
producing livestock silage in the AD-integrated farms were 24 % when
compared to the conventional beef farm. This was attributed to un-
changed harvesting and grassland management costs, which accounted
for 68 % and 89 % of the total livestock silage costs (Fig. S2). Similarly,

Table 1
Gross margin of the livestock area from a conventional beef farm (100 % Live-
stock) and the farm analyzed during this study (85 % Livestock — 15 % AD).

Parameter 100 % Livestock 85 % Livestock — 15 Difference
(€/ha) % AD (€/ha) (%) *

Livestock area

Direct incomes

Livestock sales 4252 4252 0%

Livestock purchase 626 626 0%

Total direct incomes 3627 3627 0 %

Direct costs

Concentrate feeds 1032 1032 0%

Grazing " 96 57 —41%

Livestock silage © 199 152 —24 %

Milk replacer 240 240 0%

Slurry/Digestate 20 30 50 %
application

Straw 21 21 0%

Veterinary and 185 185 0%
medicine

Reseeding 96 96 0%

Marketing and 79 79 0%
transport

Total variable costs 1967 1892 —4%

Gross margin 1659 1734 5%

AD silage area

Production cost -

Gross margin -
difference ¢

Total AD silage price - 245 -
(€/t DM) ©

1480 (€134/t DM) -
1235 (€111/t DM) -

@ Calculated as (100 % Livestock - 85 % Livestock—15 % AD),/100 % Livestock.
b Costs incurred in fertilizer and lime application.

¢ Costs incurred in fertilizer and lime application, harvesting and cover.

4 Calculated as Eq. (2).

¢ Calculated as Eq. (3).
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during an assessment of the economic potential of transitioning
specialized conventional arable farms to organic farming using biogas
digestate, Freytag et al. [36] found that variable costs from various
organic crop systems were 3 %-34 % lower than those in conventional
farming; this reduction was primarily attributed to lower expenditures
on pesticides and fertilizers. Additionally, in that study, revenues were
higher in some scenarios due to the combination of lower direct costs,
higher profits from premium prices, and the presence of a farm subsidy
for organic farming. In the present study, digestate spreading costs were
50 % higher compared to slurry spreading (Table 1), due to the higher
volume applied [8]. However, the absolute variation of digestate
spreading costs was lower than those variations from grazing and live-
stock silage, making this cost less significant to the overall direct costs
(Table 1).

Ultimately, the gross margin per ha from the AD-integrated farms
was 5 % higher than the conventional beef farm; however, the total
livestock gross margin per farm (50 ha) was 11 % lower than that of the
conventional beef farm. This difference was attributed to the reduced
number of hectares containing livestock in the AD-integrated farm (7.5
ha less, which corresponded to the AD silage cultivation). Consequently,
the livestock gross margin gap was compensated through the AD silage
price (Section 2.1.1). The costs of producing AD silage and the gross
margin gap are shown in Table 1. A total price of €245/t DM (€61/t wet
weight assuming a 25 % DM) was required to cover the production cost
and to compensate for the reduced gross margin per farm. This value is
higher than other prices reported in the literature, ranging from €113/t
DM to €169/t DM [13,37,38], in which marginal lands were assumed for
grass silage production or the grass was produced in excess of livestock
requirements; consequently, the AD silage price only covered the pro-
duction cost. During this study, the cost of producing AD silage was
found to be €134/t DM (€33/t wet weight), which aligns with previous
findings [13,37,38]. The additional price to compensate for the reduced
gross margin from the beef enterprise was €111/t DM; this adjustment
aimed to compensate for a 15 % livestock destocking, with beef price
also playing a role in contributing to this gap (Section 3.4).

The final AD silage price requested by the beef farm can be covered
through farm subsidies, paid by the AD plant or ultimately through a
combination of both (Section 3.2 and 3.3). Considering €300/ha for
establishing RC silage, the final price paid by the AD plant for the AD
silage in the grants scenario decreased to €240/t DM, with the AD silage
establishment grant covering only 2 % of the total price. This study
provided valuable insights into the economic implications of producing
AD silage on agricultural land; however, given that a commercial beef
farm was analyzed, the final price needed for AD silage to achieve
competitiveness with the current agricultural activity was probably
higher than on a less productive beef farm. Nevertheless, the number of
farms required to meet the AD plant’s feedstock demand was lower than
that would be required on a less productive farm; this aspect is crucial,
considering the potential competition between food and energy. In the
farm system modelled, it was calculated that if the entire 5.7 TWh of
biomethane targeted for Ireland in 2030 [38] is produced through the
co-digestion of grass silage and cattle slurry, a total of 121,250 ha would
be required for AD silage production [8], which represents about 2.7 %
of Ireland’s current agricultural area utilized (AAU) [17]. In summary,
achieving a balance between price and farmland availability is crucial
for optimizing slurry and AD silage provision within different farm
systems. The methodology outlined in this paper and in Tisocco et al. [8]
can be transferable to different farm productivities.

3.1.2. Supply chain scale

The CAPEX and OPEX of the 40 GWh biomethane plant and the AD
plant’s operating parameters are detailed in Table 2 and Table 54,
respectively. The highest share of the total CAPEX was attributed to the
digester construction, constituting 23 % of the overall expenditure,
followed by the gas grid connection and additional civil works, with 17
% and 16 % of the total CAPEX, respectively. The cost share is similar to
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Table 2
Capital (CAPEX) and operational (OPEX) expenditure from a 40 GWh bio-
methane plant co-digesting grass silage and cattle slurry (baseline scenario).

Parameter Total costs (€) Annual costs (€/year)
CAPEX

Digester construction 3,076,221 296,370
Digestate storage 476,775 45,934
Additional site civil work 2,122,543 204,491
Feedstock reception 182,590 17,591
Pasteurization 347,755 33,504
Upgrading plant 2,104,897 202,791
Connection to the gas grid 2,284,153 220,061
Development costs 529,747 51,037
Insurance 423,797 40,830
Contingency 1,059,493 102,074
Engineering 741,645 71,452
Total CAPEX 13,349,617 1,286,133
OPEX

Plant O + M 61,573
Digester maintenance 46,148
Upgrading plant maintenance 196,006
Labour 145,455
Electricity 412,758
Administration 39,935
Feedstock transport 127,027
Digestate transport 114,324
AD silage production 2,633,549
Total OPEX 3,776,776
Income from biomethane * 4,734,034

# Total biomethane produced was 34,324,493 kWh.

Dennehy et al. [11], in which the digester construction and additional
civil works accounted on average for 51 % of the total CAPEX during the
assessment of an on-farm AD plant producing 10,489 MWh and 3509
MWh of electricity and heat, respectively, through a combined heat and
power (CHP) plant (1.19 MW, size). However, in contrast to Dennehy
et al. [11], in which the CHP unit and distribution costs comprised 10 %
of the total CAPEX, the upgrading plant and gas grid connection costs
from this study constituted 32 % of the total CAPEX. These elevated
costs are consistent with similar challenges faced in other European
countries, as evidenced by experiences in the Danish biomethane in-
dustry [39], in which biogas upgrading and gas grid connection costs
can add up to 30 % of the total CAPEX. This limitation is further com-
pounded by the relatively underdeveloped gas grid infrastructure in
Ireland [18], thereby constraining biomethane production within
farm-scale AD plants. Similarly, in Brazil, a significant barrier to the
expansion of natural gas and biomethane production lies in the high
costs and logistical challenges associated with gas grid infrastructure
development [40]. In this context, Gil-Carrera et al. [41] proposed an
off-grid upgrading unit for farm-scale AD plants without nearby gas
injection points to reduce upgrading and gas grid connection costs. Their
model involved a mobile upgrading unit shared among multiple
farm-scale biomethane plants, delivering biomethane to a central in-
jection point. However, for full-scale AD plants with higher gas flows,
the mobile unit’s limited storage capacity may be insufficient, making
grants a potential more viable option (Section 3.2).

AD silage purchase costs, paid to the farms, which included pro-
duction expenses (i.e., fertilizer and harvesting costs) and additional
costs to compensate for destocking (Section 3.1.1), accounted for 69 %
of the total OPEX. The significant contribution of AD silage cost to
agricultural-based biomethane plants has been outlined in previous
studies [13,37]. For instance, Huerta et al. [37] reported AD silage costs
ranging from 34 % to 66 % of the total OPEX in an abatement cost
assessment of biogas upgrading from the co-digestion of grass silage and
cattle slurry. However, grass silage also significantly contributes to
biomethane production during co-digestion with cattle slurry, which is
primarily attributed to its higher VS and BMP [13,42]. For instance, in
the present study, AD silage contributed to 88 % of the total biomethane
produced, which resulted in biomethane sales. Moreover, in contrast to
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maize silage, which has been negatively associated with land intensifi-
cation and pesticide use [43], the utilization of legume-based AD silage
offers an opportunity for farm diversification and GHG emission
reduction at a farm level [8,9].

In the baseline scenario, the primary source of income of the AD
plant was biomethane, with a total assumed price of €0.138/kWh,
consisting of both the market (€0.04/kWh) and certificate price
(€0.098/kWh). The NPV at year 20 was -€2,625,562, indicating that
selling biomethane at that price was insufficient for financial competi-
tiveness (Fig. 1); therefore, further financial support measures were
analyzed (Sections 3.2 and 3.3). During this study, the digestate was not
assigned an explicit economic value due to the closed loop modelled
between farms providing feedstock and the AD plant [8]. Its value was
indirectly reflected in fertilizer savings from AD-integrated farms (Sec-
tion 3.1.1). The availability of land for digestate application is crucial for
the economic viability of the AD plant [8,9]. Processing and commer-
cializing digestate products from solid and liquid fractions of the
digestate can enhance economic outcomes by reducing transport costs
and adding value [44]. As previously mentioned, this study did not
consider CO; capture and commercialization due to its
under-development market and associated uncertainties [25]. Never-
theless, strategically valorizing diverse products from the biogas plant is
crucial for enhancing business opportunities and improving the eco-
nomic viability of the AD facility. This approach can diversify revenue
streams and reduce long-term dependence on external financial support
[45].

Financial support

Incorporating grants and the AD silage establishment subsidy in the
analysis resulted in a 20-year NPV of €356,012 (Fig. 1). As stated in
Section 3.1.2, gas grid connection costs represented 17 % of the total
CAPEX, primarily due to the underdeveloped gas grid connection
infrastructure in Ireland; thus, incorporating grants to cover part of
these expenses could benefit AD plant operators. However, this scenario
remained unattractive to investors, as the payback period was up to 19
years (Fig. 1). To assess the biomethane certificate price needed to
achieve a more appealing business model, determined by a payback
period of 8 years as outlined in Section 2.3, the annual revenue (Ry)
required for financial viability was calculated using Eq. (S2). Physical
CAPEX and gas grid connection grants were fixed at 20 %, and 30 %,
respectively, as well as the AD silage establishment subsidy (€60/ha/
year). The analysis indicated that an annual revenue of € €5,541,766

2.0q

0.0

-2.04

-4.0-

-6.01 — Grants

8.0 — Baseline

Net present value (Million €)

-10.04

-12.07

-14.0-

Fig. 1. Net present value (NPV) analysis over the 20-year project lifespan for
the baseline scenario (only biomethane certificate price of €0.098/kWh avail-
able) and grants scenario (biomethane certificate price of €0.098/kWh, 30 %
capital expenditure grant, 20 % gas grid connection grants, and red clover
silage establishment subsidy of €300/ha every 5 years). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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would be necessary to achieve an NPV of 0 by year 8. Given the assumed
fixed biomethane production and market price (€0.04/kWh), this would
require a biomethane certificate price of €0.12/kWh, representing a 24
% increase from the baseline certificate price (€0.098/kWh). Alterna-
tively, grants of 67 % would be necessary for both physical CAPEX and
gas grid connection to achieve a payback period of 8 years, assuming a
fixed biomethane certificate price of €0.098/kWh (as calculated
following Eq. (S3)). Though both scenarios achieved an 8-year payback
period, the 20-year NPV was higher in the case that the biomethane
certificate price was €0.12/kWh (Fig. 2a). This was primarily attributed
to the period after the payback (from year 8 onwards), during which
higher revenues were generated from biomethane compared to the
scenario with 67 % grants (Fig. 2a). Thus, analyzing different financial
parameters is crucial for a comprehensive financial situation [46].

3.2. AD silage price dynamics in farm and AD plant

Ye et al. [14] examined subsidy allocation between farmers and
bioenergy producers in China’s cassava-based bioenergy industry. Their
study revealed that subsidizing energy producers enabled the industry to
afford higher biomass feedstock prices, while subsidizing farmers
ensured their financial stability under high risk aversion and yield un-
certainty. Additionally, farm subsidies indirectly benefited bioenergy
suppliers by lowering feedstock costs [14]. The present study assumed
that the AD plant would cover either the full cost (100 %) or nearly all
the cost (98 %, including the AD silage establishment grant) for AD
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Fig. 2. (a) Net present value over the 20-year project lifespan with parameter
values set to achieve a payback period of 8 years; (b) Maximum AD silage price
paid by the AD plant to achieve an NPV of 0 by year 8 and minimum farm
subsidy required to bridge the price gap with farm.
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silage, as outlined in the baseline and grants scenarios, respectively.
However, neither scenario proved financially attractive. The link be-
tween the AD silage price required by the farms and the price the AD
plant could afford to achieve an 8-year payback period was further
examined. While the former price depended only on farm parameters,
such as AD silage production costs and gross margin from the livestock
area (as outlined in Section 2.1.1), the latter price was partially deter-
mined by the maximum cash outflows that the AD plant could allow to
achieve the acceptable payback period (Section 2.3). The maximum
price the AD plant could pay was also influenced by the cash inflows;
consequently, both the baseline and grants scenarios were taken into
account, as they would impact the cash balance. The price gap to cover,
calculated as the difference between the AD silage price required by the
farm and the price that the AD plant could afford, would dictate the
necessary AD farm subsidy. Results from this analysis are depicted in
Fig. 2b. For both the baseline and grants scenarios, the AD plant could
afford a maximum AD silage price of €127 and €164/t DM, respectively,
to achieve an 8-year payback period. Consequently, price gaps of €118/t
DM and €81/t DM would demand total AD farm subsidies of €1303/ha
and €893/ha, respectively, for the 7.5 ha allocated for AD silage pro-
duction (Fig. 2b and Table S5). These subsidies exceed Ireland’s average
direct payment rate of €421/ha [10]. In the latter scenario (where
€164/t DM is paid for AD silage, assuming a biomethane certificate price
of €0.098/KWh and grants available), the 20-year NPV equalled the one
in which the biomethane certificate price was paid at €0.12/kWh
(Fig. 2a). In both scenarios, the 20-year NPV exceeded the NPV in which
67 % of grants were available (with biomethane certificate and AD silage
prices of €0.098/kWh and €240/t DM, respectively) due to the years
following the payback period (from year 8 onwards), in which higher
cash flows were obtained due to increased revenues (higher certificate
price) or reduced OPEX (lower AD silage price).

In this context, achieving a balanced combination of financial sup-
port for both the farm and supply chain could enhance economic sta-
bility for both parties. The novelty of the present study lies in examining
the connection between farm and AD plant economics, particularly
concerning AD silage pricing. The decision to provide subsidies will
depend on the size of the subsidy pool and government budget con-
straints, as well as competing funding priorities and resource allocation
[14,47].

3.3. Sensitivity analysis

A comprehensive sensitivity analysis was conducted to evaluate the
impact of parameter variability on the 20-year NPV, and the results are
shown in Fig. 3. The BMP from AD silage and the biomethane certificate
price emerged as the most influential parameters affecting NPV varia-
tions. A 20 % reduction on the methane yield from AD silage, which may
be possible due to potential methane production reduction in full-scale

AD silage BMP

Biomethane certificate price-

AD silage yield (indirectly AD silage price)
Beef price (indirectly AD silage price)

W 20%
-20%

Physical CAPEX grants-|

Gas grid connection grants-

8 -4 0 4 8
20-year NPV (Million €)

Fig. 3. Impact of a £20 % variation in different model parameters on the 20-
year net present value (NPV) of the AD plant.
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AD [48], resulted in a negative 2393 % variation on the NPV. This was
caused by an increase of AD silage production costs, given that 25 %
more silage had to be purchased to compensate for the lower methane
yields. A 20 % change in the biomethane certificate price resulted in
2057 % variations of the 20-year NPV. Potential fluctuation in the bio-
methane certificate price may originate from government budget pol-
icies [47,49]. Li et al. [49] also identified the biomethane price as a
critical parameter during the economic analysis of agri-waste co-diges-
tion, wherein the NPV fluctuated by at least 80 % in response to a +20 %
variation in the biomethane price. The substantial NPV variation in our
study likely derives from biomethane being the only potential revenue
source for the AD plant, whereas Li et al. [49] included both biomethane
and digestate sales, with digestate sale variations having a comparable
impact on NPV as the biomethane price.

The AD silage yield was identified as the third most influential
parameter, which indirectly affected the AD silage price (Fig. 3). A 20 %
decrease in AD silage yields led to a negative 1974 % variation in the 20-
year NPV, while a 20 % increase resulted in a positive 1308 % NPV
variation. This uneven NPV variation originated from AD silage pro-
duction costs, which varied by —17 % and 25 % in response to a +20 %
and —20 % AD silage yield change, respectively (Table S6). Changes in
silage yields could result from enhanced management practices [35] or
varying weather conditions [50,51]. For instance, extreme weather
events such as droughts or flooding, driven by a changing climate, can
adversely affect grass growth and its effective utilization on farmlands
[50,51]. As a result, variations in grass yields could influence the per-
formance of the AD system by affecting silage availability, which in turn
may alter biomethane production and impact the overall efficiency and
viability of the system.

The beef price influenced the AD silage price required by the farms,
and consequently, the price paid by the AD plant. This effect resulted
from its impact on the gross margin gap between AD-integrated farms
and conventional beef farms, as detailed in Eq. (2). Thus, a +£20 %
change in beef price led to a 1742 % variation in the 20-year NPV,
fluctuating the profit needed for AD silage (as calculated in Eq. (2)) from
€58/t DM to €164/t DM (Table S6). The substantial impact of AD silage
on the overall NPV could be attributed to its influence on the AD plant’s
operating expenses, comprising 69 % of the total OPEX (Section 3.1.2).
Similarly, Hosseini et al. [52] identified biomass pricing as a critical
factor influencing the financial feasibility of biomethane production
from agricultural feedstocks in southeastern Australia, highlighting that
financial aids such as gate fees significantly impact the overall viability.

Variability in physical CAPEX and gas grid connection grants
impacted the 20-year NPV by 93 % and 38 %, respectively. Their rela-
tively lower impact compared to biomethane certificate and AD silage
prices was mainly because these costs were incurred once (year 0),
whereas biomethane certificate and silage prices influenced annual cash
flows. These results emphasize the crucial role of the biomethane cer-
tificate and AD silage prices in determining the economic viability of
anaerobic digestion and biomethane production systems. However, as
previously mentioned, this study did not account for the potential
commercialization of CO,, which could serve as an additional revenue
stream and enhance the financial feasibility of the AD system. The
exclusion of CO, utilization represents a study limitation, as capturing
and monetizing CO, from the biogas upgrading process could provide
economic and environmental benefits. Additionally, potential environ-
mental trade-offs associated with AD, such as the energy consumption
and GHG emissions generated during silage production and transport, as
well digestate management [8], should be carefully examined to adopt a
more holistic approach in assessing the sustainability and economic
viability of AD systems. Furthermore, in agricultural-based biogas sys-
tems, other farm parameters, like feedstock seasonality, can significantly
affect AD plant performance and financial outcomes [16,53]. In this
regard, modelling of the AD process can provide detailed insights into
how variability in feedstock quantity and quality affect AD outputs, such
as biomethane yield and digestate, over shorter periods (i.e., monthly)
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[54]. Combining models that capture seasonal variability of AD plant
outputs with comprehensive AD-farm system models could offer an
holistic approach to studying AD-farm system viability and requires
further investigation.

4. Conclusions

This study examined the economic implications of integrating AD
into livestock farming, focusing on the potential profitability and
competitiveness of AD silage production compared to beef production. It
also explored potential support schemes for successful operation of a 40
GWh biomethane plant co-digesting grass silage and cattle slurry. Re-
sults indicated that a price of €245/t DM (€61/t wet weight) is needed to
attain a comparable gross margin as beef production. For the AD plant to
fully cover this cost and remain profitable, a minimum biomethane price
of €0.12/kWh is required, along with grants covering 20 % of physical
CAPEX and 30 % of gas grid connection costs. At current biomethane
prices (€0.098/kWh) and grants, the plant could only afford a silage
price of €164/t DM, necessitating AD farm subsidies of €893/ha. These
findings enhance our understanding of the economics of sustainable
agricultural practices and bioenergy production. Future research should
investigate intra-annual variability in AD plant operations, particularly
how fluctuations in feedstock quality and quantity affect financial and
sustainable performance.
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