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Abstract: The management of livestock manures and slurries noticeably improved since the massive
introduction of anaerobic digestion (AD) plants in Italy and other European Union (EU) countries.
However, these plants heavily rely on incentives, and the recent switch of European biogas policies
from electricity to biomethane potentially threatens the economic viability of manure AD. In this
study, three retrofit options are analyzed for an installation in Piedmont (NW Italy) that is currently
producing 999 kWel through combined heat and power (CHP). The techno-economic feasibility and
the greenhouse gas (GHG) budget is analyzed for each solution. Results show that exploiting
current incentives on electricity is vital to fund the retrofit of CHP plants to biomethane. Energy
crop and electricity prices, the sale price of biomethane certificates after the end of incentives, and
biogas productivity are the critical parameters for the economic profitability of manure AD plants,
along with the possibility to deliver biomethane directly to the pipeline grid. This study provides
insight to the reconversion of manure AD plants, addressing issues that affect hundreds of
installations in Italy and other EU countries.
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1. Introduction
The reduction of greenhouse gas (GHG) emissions and the increase in renewable
energy production are two pillars of European policies. With the Energy Roadmap 2050,
the European Union pledged to achieve a reduction of 80–95% of GHG emissions
compared to 1990 [1], with an intermediate milestone of 32% renewable energy coverage
for electricity, heating, and transport by the year 2030 [2].
In this context, bioenergy performs a key role and the production of biogas from
anaerobic digestion (AD) has been rapidly increasing in recent years [3,4]. Municipal solid
waste landfills are an important biogas source that must be recovered due to the high
greenhouse effect of methane [5,6]. For all other cases, biogas is produced with specifically
developed anaerobic digesters that use different feedstocks, among which are agricultural
crop residues and/or dedicated energy crops, livestock manure, organic fraction of
municipal solid waste, and wastewater sludge [7].
The largest use of biogas currently occurs in combined heat and power (CHP) plants
to produce electricity and heat. As of 2019, 18,943 biogas plants and 725 biomethane plants
were operating in Europe, producing 167 TWhth of biogas used for CHP and 26 TWhth of
biomethane. Although CHP largely prevails, biomethane production is increasing at a fast
rate (+15% in 2019) [8].
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The use of biogas for CHP proved suboptimal because usually a relevant share of the
heat produced cannot be exploited on site due to the absence of users. This aspect is
highlighted by a recent study on the energy efficiency of several possible uses of biogas
(electricity, heating, CHP, and transportation) [9]. Biomethane used with combined cycle
gas turbines (CCGT) achieves higher electrical efficiencies compared to biogas internal
combustion engine (ICE) generators. As for CHP, biomethane can be used for plants
where all the heat is exploited (e.g., district heating power stations) and thus exceed the
energy efficiency achievable with biogas. Finally, biomethane can be used for
transportation [10,11]. Several countries changed incentive policies in recent years to
switch biogas use to the production of biomethane to be dispatched on the gas pipeline
network. However, the end of incentives for electricity production poses a serious threat
to the economic viability of existing biogas plants. Addressing this issue is of particular
importance when AD plants also represent a waste disposal measure, i.e., for plants fed
with organic waste fraction, food industry waste, and manure [12,13].
This study presents an energetic, economic, and environmental assessment on the
retrofit of a manure-fed AD plant in Piedmont (NW Italy) that represents a typical case
study for hundreds of installations that were performed in Italy, mainly between 2008 and
2013 [14]. The plant, built in 2012, is currently operating to produce electricity with a 999
kWel combined heat and power (CHP) unit, but the incentive through feed-in tariff ends
in 2027. A reconversion is therefore being considered to ensure the plant operation in the
future. Three options were considered, namely (1) the immediate switch to biomethane,
keeping a smaller combined CHP unit to cover the energy needs of the plant, or (2) to
delay this switch after the end of electricity incentives, with (2a) or without (2b) installing
a smaller CHP unit sized for self-consumption. In this study, the above-described options
were compared to the aim to identify the optimal from of an energetic, environmental,
and economic point of view.
2. The Case Study
2.1. Territorial Context
The AD plant studied in this work is installed in a small village in the southern plain
of Piedmont (NW Italy). Piedmont has a population of 4.36 million inhabitants (7.2% of
the national population) and it hosts a large share of the national livestock production,
namely 0.81 million cows, 1.28 million pigs, and 9.2 million poultry (i.e., 14.3%, 14.5%, and
6.7% of the national production, respectively) [15]. Such intense breeding activity
represents a severe environmental pressure, especially for nitrate leaching into
groundwater and ammonia emissions. Groundwater nitrate concentrations in the shallow
aquifers of this region generally exceed the USEPA standard of 10 mg/L, with several
monitoring wells that exceed the Italian law threshold of 50 mg/L [16]. Based on the EU
Directive 91/676/CEE [17], the Piedmont regional government set the boundaries of
Nitrate Vulnerable Zones (NVZs) in which the spreading of manure is limited to 170 kg
N/ha/year, i.e., half of the normal limit (340 kg N/ha/year) set for the rest of the regional
territory [18]. The overall area of the NVZ as of the year 2021 is 3637 km2, i.e., 14.3% of the
surface of the region. The opportunity to perform ammonia removal treatments on
manure and slurries in large-scale centralized plants is therefore of key importance to
reduce nitrogen loads on soils and aquifers. In addition, the high density of livestock
represents a resource for biogas production with a short supply chain. Piedmont and the
Po Valley are among the areas with the highest potential in the EU for manure-operated
AD plants [19]. Not surprisingly, the incentives for biogas production set in 2008 boosted
the expansion of biogas plants in Piedmont, where the power production was 1 TWh/y in
2019 (i.e., 12.4% of the national biogas production) [14]. As previously explained, the
incentive policies recently switched to biomethane, and existing AD plants must cope
with this change to ensure their future operation. For this reason, the techno-economic
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feasibility of retrofitting an existing biogas CHP plant was assessed in a representative
installation.
2.2. Plant Description
The AD plant analyzed in this study was built in 2012 by a local consortium of 16
farms promoted by the municipality administration with the aim to improve the
management of manure. In particular, the consortium was formed to simplify the
administrative and sanitary procedures related to the transport of animal waste and to
schedule the deliveries of manure to each farm. Therefore, each farm regularly contributes
with manure, collects a proportional quantity of digestate and disposes it under its own
responsibility. Each day, the plant collects about 100 t of swine manure and slurry, 16 t of
cattle manure, 30 t of corn silage, and 10 t of triticale silage.
As shown in Figure 1, the plant is composed of 3 digesters in series, a storage section
for swine manure composed of 2 concrete cylindrical storage tanks (4991 m3 each) and a
smaller pre-charge tank (703 m3), 2 storage sections for corn and triticale silage (20 × 60 ×
5 m each, with a total storage volume of 12,000 m3), and 3 storage sections for cattle
manure and solid fraction of digestate (total volume: 3090 m3).
The 3 dome-shaped digesters (28 m diameter, 6 m high, 3323 m3 each) operate in
series with a total retention time of 60 days. The current production of 10,523 Nm3/d of
biogas is performed, approximately 60% by the first digester, 30% by the second and 10%
by the third. The plant operates in a mesophile regime at a temperature of 41 ± 1 °C with
a thermal regulation performed using the heat produced by the CHP system. The biogas
produced, with an average CH4 concentration of about 55%, is treated before being sent
to the CHP system through the following steps: (i) gravel filtration, (ii) desulphurization,
(iii) dehumidification. The CHP system is a General Electric Jensbacher J 320 GS-C25 with
an electric power of 999 kWel (an electric efficiency of 40.6%) and a recoverable thermal
power of 1248 kWth (thermal efficiency: 50.7%) [20]. The CHP system currently produces
8350 MWhel/y, 7500 MWhel/y of which are sent to the grid and 850 MWhel/y (i.e., 10.2% of
the overall production) are consumed by the AD plant.
The plant is equipped with an ammonia stripping unit with a treatment capacity of
60 m3/h, which uses a share of the heat produced by the CHP unit (270 kWhth) to foster air
stripping. The stripping unit removes about 40 t/y of nitrogen on a total input of 85 t/y,
transforming it into ammonium sulphate to be used for fertilizer and glue production.
The nitrogen removal yield achieved with the stripping treatment (47%) results in a
reduction of 132 to 264 ha (depending on whether the NVZ constraints apply or not) of
the cultivated area needed for spreading the digestate, compared to raw manure.

Figure 1. Plan view of the AD plant.
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2.3. Incentivization Regimes for AD Plants
Since 1999, different incentives have been introduced in Italy for electricity production from biogas. The Legislative Decree 79/1999 introduced market incentives based on
compulsory quotas of renewable energy production and consumption, which were expected to boost the development of renewable energy sources in Italy [21]. However, this
decree did not foster the diffusion of AD plants; hence, different incentivization regimes
were introduced in 2008 and are summarized in Table 1. The Ministerial Decree 18th December 2008 [22] introduced a feed-in tariff for electricity produced by RES plants up to 1
MWel (200 kWel for wind power). Since the AD plant analyzed in this study was installed
before the end of 2012, it benefits from a tariff of 280 €/MWhel until the end of 2027. Two
other decrees were issued since then, one in 2012 [23] and one in 2016 [24], which reduced
the amount granted but extended it from 15 to 20 years. It is critical to achieve a sufficient
profitability of AD plants due to the new incentive schemes, and as a result, the growth
of biogas plants slowed since 2013 [14]. The incentivization scheme of biogas production
radically changed in 2018 with the issuing of the Ministerial Decree 2nd March 2018 (DM
2018) [25], along with the law 145/2018 [26]. An incentive is granted for the biomethane
delivered to the network, which adds to the price granted by the gas market manager.
Incentives and conditions are further described in Section 3.3.3.
Table 1. Feed-in tariffs (€/MWhel) for electricity from AD plants by the ministerial decrees (DM) of
2008, 2012, and 2016 [22–24].

Installed Power (kWel)
1–300
301–600
601–1000
1001–5000
>5000

DM 2008 [22]
280
280
280
-

DM 2012 [23]
236
206
178
125
101

DM 2016 [24]
246
185
185
140
-

3. Methods
This section presents the methodology adopted to identify the best retrofitting option
from the economic and environmental points of view. Section 3.1 presents the three retrofit options (1 and 2a, b) that were hypothesized considering the current configuration and
the constraints imposed by the new incentivization regime, such as the replacement of
maize in the feedstock. Section 3.2 presents the assessment of the energetic production
and needs of the plant. The biogas production with the new feedstock mix was estimated
and consequently, the biomethane and electricity production for the three options were
estimated (Section 3.2.1). The heating and electricity needs of the plant (Sections 3.2.2 and
3.2.3, respectively) were assessed to verify the ability of the CHP unit to cover them (options 1 and 2a) and the quantities to be drawn from the grid (option 2b). The results of the
energetic assessment were then used as inputs for the economic (Section 3.3) and GHG
budget assessment (Section 3.4). The capital (Section3.3.1) and operational costs (Secion
3.3.2), along with revenues (Section 3.3.3), are the inputs for the income statement (Section
3.3.4) and for the indicators of economic viability (payback time and internal rate of return). The economic viability, however, depends on several parameters that may vary
through time. Therefore, an uncertainty analysis was conducted (Section 3.3.5). Further
details on the economic assessment and on the uncertainty analysis are available in the
Supplementary Materials. The GHG budget (Section 3.4) was assessed considering the
emissions due to the production and transport of feedstock, the methane leakage from the
digester and the upgrading unit, and the energy drawn from the grid. Avoided emissions
were calculated considering the replaced fossil fuel energy.
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3.1. Retrofit Options and Plant Modifications
As previously explained, the incentive regime with feed-in tariffs ends after the 15th
year of operation (i.e., at the end of 2027). For this reason, three configurations were considered for the period 2022–2041, with different breakdowns for biogas production:
1.

2.

For the whole period (2022–2041), 75% of biogas production is transformed into biomethane and 25% is sent to a 250 kWel biogas-powered CHP system. The current CHP
system (999 kWel) is dismantled.
From 2022 to 2027, 70% of the biogas production is used for electricity production
with the existing CHP unit, while 30% of the production is transformed into biomethane. From 2028 onwards, two options are hypothesized:
a.

Same as option 1.

b. 100% of the biogas production is transformed into biomethane, covering the energy demand of the plant with gas and electricity from the grid.
The three options are hereby referred as 1, 2a, and 2b, respectively. All of them require the implementation of a biogas upgrading system to increase the purity and the
methane share of biogas to a level suitable for the gas pipeline network. The membrane
technology was chosen due to its low footprint and methane losses [27] and because it is
the most economically competitive option for this plant size [28].
As previously explained, the plant currently uses 30 t/day of corn as feedstock. The
use of this cereal as an energy crop is sharply criticized due to its competition with food
production [29] and the recent biomethane decree excluded it from the so-called advanced
biomethane production and the related benefits [25]. This decree also identified a few alternative feedstocks (second or cover crops) allowed for advanced biomethane production. Among them, triticale was chosen because of its successful use (10 t/d) in this plant
and because of its low cost, adaptability to marginal lands, and complementarity to maize
cultivation as a second crop [30,31]. A replacement ratio (triticale: maize) of 1.5:1 was
adopted to achieve a similar biogas productivity [32,33].
3.2. Energetic Production and Needs
3.2.1. Biogas, Biomethane and Electricity Production
The daily production of biogas was estimated based on the values of the volatile solid
(VS) fraction derived from operational monitoring data. The values of biogas productivity
were derived from [33] considering a loss fraction from the digester of 0.3%. The resulting
biogas production foreseen with the new feedstock mix, as shown in Table 2, is of 10,704.7
Nm3/d, that is, slightly higher than the current production (10,523 Nm3/d).
Table 2. Calculation of the biogas production of the AD plant with the new feedstock supply.

Feedstock
Pig slurry
Cattle manure
Triticale
Overall

Quantity (t/d)
100
16
55
171

VS (%)
3.02%
16.80%
28.80%
12.60%

Biogas (Nm3/tVS)
445
400
525
496.7

Biogas (Nm3/d)
1341.6
1072.0
8291.1
10704.7

Based on the monitored average composition of biogas produced by the plant, a share
of 55% vol. CH4 was assumed to estimate biomethane production. The methane loss in the
upgrading phase was set to 1.4% as a safe assumption based on the highest literature values for the membrane technology [27,34]. The maximum biomethane production achievable is therefore equal to 5805.1 Nm3/d if all the biogas produced is converted (option 2b).
This quantity is proportionally reduced if a share of biogas is kept for direct use in the
CHP unit (25% for options 1 and 2b, and 70% for option 2a).
The electricity and heat production of the CHP unit is calculated assuming the energy
yield values of the currently installed unit (40.6% and 50.7% respectively, see Section 2.2).
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3.2.2. Heating Needs of the AD plant
The heat demand of the AD plant was measured since it is largely exceeded by the
installed power of the CHP system (999 kWel, 1248 kWth). However, it is necessary to estimate it in case the plant is fully or partially reconverted to biomethane production; thus,
reducing (options 1 and 2a) or annulling (2b) the quantity of heat generated on site.
The heating demand of the plant is composed of (i) the preheating of biomass (Qph)
to the operating temperature of the AD (i.e., 41 °C), (ii) the heat losses from the digester
(Qdig), and (iii) the ammonia stripping unit (Qstrip).
Heat losses Qdig (MWhth/y) were estimated with the following relation:
= 8.76 · 10

·

·

+2

ℎ ·

+ (

+ℎ )·

·

−

(1)

where Tdig = 41 °C and Tair = 12 °C are the temperature of the digester and of the outdoor
air (yearly average value), respectively; r = 14 m is the radius of the digester, h1 = 6 m is
the height of the cylindrical part of the digester and h2 = 7 m is the height of the domeshaped gasometer section; Ufloor, Uwalls and Udome are the transmittance values of the floor,
the lateral walls and the dome, respectively (equal to 0.465, 0.32, and 1 Wm−2K−1, respectively). The resulting heat loss is Qh = 481.6 MWhth/y for the three digesters. This value is
calculated with the cautious assumption of neglecting the contribution of solar heat gains.
The energy needed for preheating the biomass is identified by the following relation:
= 8.76 · 10

·

·

(2)

−

where Tdig = 41 °C and Tfs = 12 °C are the temperature of the digester and of the feedstock,
respectively; cfs is the specific heat of feedstock (assumed equal to 3245 J·kg−1K−1), and Mfs
is the feedstock intake (i.e., 171 t/d). The resulting heating need for preheating the biomass
is therefore Qph = 1803.1 MWhth/y.
The ammonia stripping plant absorbs a thermal power of 270 kWth operating at 60
m3/h. Considering the pig slurry load (36,500 m3/y), the yearly thermal demand for ammonia stripping is Qstrip = 164.25 MWhth/y.
The overall heating demand of the AD plant is therefore equal to 2449 MWhth/y and
does not change depending on the biogas use foreseen. However, the breakdown of biogas use influences the amount of heat produced. As shown in Table 3, the heat demand is
fully covered by the CHP unit (options 1 and 2a). For option 2b (when the CHP unit is
removed and all biogas is transformed into biomethane), only the waste heat from the
upgrading unit is available, which was estimated as 0.13 kWhth per Nm3 of biomethane
treated [33].
Table 3. Heat demand and production/recovery of the AD plant for the different options hypothesized.

Option

Years

Option 1
Option 2
Option 2a
Option 2b

2022–2041
2022–2027
2028–2041
2028–2041

Demand
(MWhth/y)
2449.0
2449.0
2449.0
2449.0

Production
(MWhth/y)
2600.0
7280.0
2600.0
275.5

From grid
(MWhth/y)
0.0
0.0
0.0
2173.5

3.2.3. Electricity Needs of the AD Plant
The current electricity demand of the plant is 850 MWhel/y. The conversion of biogas
to biomethane results in an additional electricity need for the upgrading and compression
stages, which were estimated at 0.3 kWhel/Nm3 and 0.4 kWhel/Nm3 of biomethane, respectively [33].
The resulting electrical demand values for each option hypothesized are shown in
Table 4. The electricity production was estimated based on the electrical efficiency of the
current CHP unit (40.6%), which is kept for option 2 (years 2022–2027) and is replaced by
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a smaller 250 kWel unit for option 1 and 2a. As shown in Table 4, the electricity needs are
fully covered with the new CHP unit, with slight excess production (119.6 MWhel/y) delivered to the grid.
Table 4. Electricity demand and production of the AD plant for the different options hypothesized.

Option
Option 1
Option 2
Option 2a
Option 2b

Years
2022–2041
2022–2027
2028–2041
2028–2041

Demand (MWhel/y)
1962.4
1295.0
1962.4
2333.2

Production (MWhel/y)
2082.1
5829.8
2082.1
0.0

3.3. Economic Assessment
3.3.1. Capital Costs
The retrofit of the plant includes the expansion of the sileage storage trench, the upgrading plant, the compression and measuring stations, the dismantling of the existing
CHP unit and, for options 1 and 2a, the installation of a new unit with less power (250
kWel instead of 999 kWel). The expansion of the sileage storage section (5500 m3) is needed
due to the increase of 15 t/d (i.e., 5475 t/y) of daily input when switching from the current
supply (30 t/d corn + 10 t/d triticale) to the new supply (55 t/d triticale). Two versions of
the upgrading station were hypothesized, a larger one (300 m3/h of biogas) in the hypothesis of a full conversion to biomethane (option 2b) and a smaller one (250 m3/h) for the
two hypotheses with partial conversion (options 1 and 2a). The unit cost of 4800 €/(m3/h)
was set based on reference values by TUW [28] for membrane upgrading systems of this
capacity. For all configurations, the installation costs of the compression station (200,000
€), of the measuring station (250,000 €), the decommissioning of the current CHP unit
(100,000 €) and the expert consultancy for design and authorization procedures (50,000 €)
were taken as lump sums based on a market survey. A unit cost of 3000 €/kWel was set for
the CHP unit in option 1 and 2a, based on an Italian market survey discounted due to
inflation [35].
The overall investments required are 2281 k€ for option 2b and of 2816 k€ for options
1 and 2a. The only difference between options 1 and 2a is that the replacement of the CHP
unit is performed in 2021 in the first case and in 2027 in the second case.
3.3.2. Operational Costs
The operational costs of the three options hypothesized are related to four categories,
namely: (i) feedstocks and digestate treatment, (ii) fixed costs (staff, fees, insurance), (iii)
maintenance of the CHP unit and of the biogas upgrading and compression systems, and
(iv) energy costs.
Costs are incurred for the supply of two feedstocks, i.e., cow manure and triticale,
whereas pig slurry is transported to the plant at the expense of farmers. Based on the
experience of previous years, a cost of 2.5 €/t was incurred for the transport of cow manure. The cost of triticale was assumed equal to 35 €/t based on a local price list [36]. The
cost of chemical-physical treatment of feedstock was estimated, based on the operation of
previous years, at 1 €/t. All these costs related to feedstocks are the same for the three
solutions hypothesized. By contrast, the operation and maintenance costs of the CHP unit
depend on its production. Based on the currently installed unit, it was estimated at 18
€/MWhel and this value was kept for both the hypotheses of replacing the unit (options 1
and 2a) and of keeping the existing one (option 2b until 2027).
Fixed costs for staff, fees and insurance were estimated at 48 k€/y, 20 k€/y, and 40
k€/y, respectively.
The yearly maintenance cost of the gas upgrading and compression systems was estimated as 2% of capital expense [37,38].

Sustainability 2021, 13, 7979

8 of 18

Finally, energy costs were considered for option 2b using the average unit costs for
non-household users in Italy calculated by Eurostat [39,40], i.e., 175.25 €/MWhel for electricity and 50.76 €/MWhth for gas.
3.3.3. Revenues
Depending on the operating scheme foreseen, the AD plant relies on revenues from
the sale and incentives of electricity, biomethane, or both.
The current incentives to produce electricity from biogas (280 €/MWhel) last until the
end of 2027. However, to benefit from the new incentivization regime (DM 2018, see Section 2.3), the plant must be converted to a partial production of biomethane (at least 30%
of the biogas production) before the end of 2022. If such conversion is performed, the plant
can benefit from feed-in tariffs on electricity until the deadline (15 years after the plant
startup, i.e., in this case, until the end of 2027) on the remaining share of biogas production
(i.e., up to 70%). This is the case considered for options 2a,b. The feed-in tariff is all inclusive, whereas biomethane possesses two revenue sources, the sale price and the incentive.
The sale price was set to 15.36 €/MWhth based on the mean values for the Italian market
in the year 2019 [41]. The incentive on biomethane is based, similarly to the other biofuels,
on the trade of CIC (certificate of release for consumption, in Italian). A CIC for advanced
biomethane equals to 5 Gcal, that is, 5.814 MWhth or 583 Nm3. These certificates must be
purchased by oil companies with quotas based on their gasoline and diesel production.
The price of the CIC therefore varies depending on the market and currently ranges between 150 € and 400 € [42]. Nevertheless, the current incentive regime grants a fixed value
of 375 € per CIC of advanced biomethane for 10 years [25]. After this period, i.e., from
2031 onwards, a market price of 300 €/CIC was assumed.
3.3.4. Income Statement
The yearly income statements of the three options (1, 2a, and 2b) from 2021 to 2041
were evaluated to assess the return on investment. The earning before interests, taxes,
depreciation, and amortization (EBITDA) is the difference between the revenues (R) and
the operational expenses (OPEX):
=

(3)

−

EBITDA provides a quick indication of the profitability of a business because a negative value identifies an economically unsustainable operation; however, a positive value
does not imply that the business is profitable.
The return on the investment was evaluated based on yearly values of discounted
cash flows (DCFi):
=

(1 +

)

(4)

where WACC is the weighted average cost of capital, imposed equal to 3.3%, and CFi is
the cash flow of the i-th year, with 2021 being the 0-th year (I = 0).
The values of cash flow (CFi) were calculated as free cash flows to the firm:
=

−

−

(5)

where Ti is corporate taxes (which, in Italy, are calculated as a share of EBITDA and of
staff costs), and CAPEXi is the investment at the i-th year.
3.3.5. Uncertainty Analysis
The business plan of the three options evaluated is subject to uncertainty related to
all the parameters described (biogas production, energy demand of the plant, sale price
of biomethane etc.). The method proposed by Sartori et al. (2015, [43]) was adopted to
identify critical parameters. Each parameter was increased by 1% and, if the consequent
variation in the net present value in 2041 exceeds 1%, the parameter is deemed as critical.
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Four parameters are critical, namely (i) the price of the triticale sileage, (ii) the sale price
of the CIC after 2031 (i.e., after the end of incentives), (iii) the biogas production, and (iv)
the price of electricity (for option 2b only).
A Monte Carlo simulation was performed on these parameters, combining random
values of the critical parameter taken from the ranges shown in Table 5. As suggested in
[12], 1000 analyses were performed for each option. Probabilistic distributions of economic indicators were derived and are shown in Section 4.1.2.
Table 5. Ranges of variation adopted for the uncertainty analysis on the price of triticale sileage, on
the sale price of biomethane certificates (CIC) after the end of the fixed tariff (2031), on the biogas
production, and on the purchase price of electricity.

Variable
Price of the triticale sileage (€/t)
Sale price of the CIC after 2031 (€/CIC)
Biogas production (Nm3/d)
Electricity price (€/MWhel)

Default
35
300
10704.7
175.25

Min.
30
150
10173.3
115

Max.
40
400
11244.1
248

Source
[36]
[42]
± 5% variation
[39]

3.4. GHG Budget Assessment
The production of biogas and its use for electricity or biomethane production has a
complex GHG budget that depends on several factors. The carbon footprint assessment
was performed based on (i) energy crop cultivation, (ii) feedstock transport, (iii) methane
leakages, and (iv) energy produced and/or taken from the grid. The assumed input values
are summarized in Table 6 and hereby explained.
Table 6. Input data for the GHG emission assessment.

Stage

Item
Diesel for triticale cultivation
Carbon footprint diesel
Fertilizer for triticale cultivation

Energy crops
cultivation

GHG emissions for fertilizer production

N2O emissions from fertilized fields
Triticale yield
Transport distance (slurry/manure)
Transport capacity (slurry)
Feedstock
Transport capacity (manure)
transport
Transport capacity (triticale)
Diesel consumption
Feedstock storage
Methane
Biogas loss from the digester
emissions
Methane loss from the upgrading
Energy demand
GHG emission factor for gas
or production GHG emission factor for electricity

Value
Source(s)
66 L/ha
[33]
2.92 kgCO2eq/L
[44]
90.56 kgN/ha
[33]
8.29 kgP/ha
[33]
18.25 kgK/ha
[33]
2.9 kgCO2eq/kgN
[44]
0.71 kgCO2eq/kgN
[44]
0.46 kgCO2eq/kgN
[44]
1.05 tCO2eq/ha
[33]
35 t/ha
[33]
8 km
20 t
16 t
27.5 t
0.35 L/km
6.264 kgCO2eq/MWhth
[33]
0.3%
[33]
1.4%
[27,34]
206 kgCO2eq/MWhth
[44]
337.1 kgCO2eq/MWhth
[45]

The cultivation of triticale possesses three main sources of GHG: fuel consumption
for agricultural machinery, the production of fertilizers, and the emissions of nitrous oxide. Based on the yearly input (20,075 t/y) of feedstock and on other input data shown in
Table 6, an overall emission of 871.6 tCO2eq/y was estimated.
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Feedstock transport was evaluated considering the maximum distance (8 km) from
the plant and the different transport capacities for pig slurry (20 t), cattle manure (16 t),
and triticale (27.5 t). A unique value of fuel consumption was set (0.35 L/km) and an overall impact of 37.3 tCO2eq/y was estimated.
The operation of the anaerobic digester impacts climate due to (i) methane losses
(0.3%) from the digester, (ii) from the sileage storage (6.264 kgCO2eq/MWhth, see Ref. [33])
and (iii) from biogas upgrading (1.4%). Methane losses were transformed into CO2 equivalent using the global warming power value (GWP = 28, i.e., 1 kg CH4 = 28 kg CO2eq) [44].
The GHG emissions related to the energy exchanged with the grid were evaluated
considering the emission factors for gas (206 kgCO2eq/MWhth, see Ref. [44]) and electricity
(337.1 kgCO2eq/MWhth for the Italian grid, see Ref. [45]). Energy delivered to the grid (biomethane and electricity) was considered as a negative contribution to the GHG budget,
whereas energy taken from the grid was considered as a positive contribution. By contrast,
energy production with CHP was considered climate neutral since the CO2 emitted by the
combustion was previously fixated by the feedstock and the GHG emissions related to
biogas production are already accounted.
4. Results and Discussion
4.1. Economic Assessment
4.1.1. Income Statement
The return on investment of the three options foreseen was analyzed considering
different indicators and their time evolution. Figure 2 shows the time trends of revenues,
costs, and EBITDA in 20 years, from 2022 to 2041. The main difference is observed between
options 1 and 2a,b: in the first 6 years of operation (2022–2027) the retrofit options 2a,b
show higher revenues and higher EBITDA values thanks to the feed-in incentive tariffs
on the electricity produced exploiting 70% of the biogas production, i.e., the maximum
share allowed by DM 2018 [25]. From 2028 onwards, option 2a follows the same trend as
option 1 for revenues and costs, as it shows the same use of biogas (75% for biomethane
and 25% for CHP). On the other hand, option 2b keeps a high value of revenues but operational costs noticeably increase due to the electricity and gas purchased from the grid,
resulting in a lower EBITDA after 2027. The gap between options 1 and 2a and the less
favorable option 2b widens from 2032 onwards, as the purchase price for biomethane certificates set by DM 2018 (375 €/CIC) ends, and a lower one is expected (300 €/CIC). The
result is a negative EBITDA for option 2b from 2032 to 2041.

Figure 2. Yearly revenues (upper dashed lines), costs (lower thin lines with markers), and EBITDA
(continuous lines in between) for the years 2022–2041 for options 1 (red), 2a (green), and 2b (black).
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Revenues and costs are an incomplete indicator of the profitability of the three options evaluated since taxes and interests on loans change the equilibria. Cumulated discount net cash flows were therefore evaluated since they provide a more comprehensive
view of how the investment is returned. As shown in Figure 3, options 2a,b display a much
better economic performance in the first years of operation. This is reflected in the discounted payback times of 10.33, 3.07, and 3.66 years, respectively, for options 1 and 2a,b.
The internal rate of return on 20 years of operation is of 5.96% for option 1, 26.14% for
option 2a, and 21.77% for option 2b.

Figure 3. Cumulated discounted net cash flows for the years 2021–2041 for options 1 (red), 2a
(green), and 2b (black).

The time trend of discounted cash flows (Figure 3) highlights that the economic sustainability of biomethane production is quite critical after the end of incentives (i.e., from
2032 onwards) and, for option 2b, the cumulated discounted cash flow of this period is
even negative. In this period the biomethane production plant relies on two incomes, the
sale of CIC and of methane, with a share of about 77% and 23% of revenues, respectively.
The sale prices of both CIC and methane are hardly predictable, and several factors may
contribute to their reduction. As for CIC sales, the decline of transportation fuel production [46] is expected to be counteracted by the gradual increase in the quota of CIC required (2.25% of fuel production from 2023). For methane, the national gas demand is
expected to remain substantially stable, but the supply increases with the commissioning
of new pipeline and gasifiers [47]. As previously reported, the economic analysis was
based on a CIC price of 300 € and a methane price of 15.36 €/MWhth, that is, 66.93 €/MWhth
overall. Neglecting the variability in the gas sale price, the break-even value of revenues
from the sale of CIC is of 262.20 €/CIC for option 1, 260.47 €/CIC for option 2a, and of
321.57 €/CIC for option 2b. Below these CIC price values, the sum of the discounted net
cash flows in years 2032–2041 becomes negative.
4.1.2. Uncertainty Analysis
The sensitivity analysis performed on the three options led to the identification of 4
critical parameters (the price of the triticale sileage, the sale price of the CIC after 2031, the
biogas production and, for option 2b, the price of electricity). Figure 4 shows the cumulate
distribution of the internal rates of return (IRR) for the 1000 simulations performed for
each option. Above the 50th percentile, the IRR curves for options 2a,b are quite close,
whereas the economic performance of option 2a is below this percentile. The economic
return of option 2a is less sensitive to parameter variability because it is not subject to
variation in electricity price. By contrast, option 1 is hardly economically viable for most
simulated cases, with a large probability (37%) of a negative IRR.
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Figure 4. Cumulated discounted net cash flows for the years 2021–2041 for options 1 (red), 2a
(green), and 2b (black).

4.1.3. Further Considerations
The case study analyzed is representative of several plants in Italy, both for its size
and the type of feedstock used: the size (999 kWel) is the maximum allowed for all-inclusive feed-in tariffs and almost all manure-fed biogas plants use energy crops for co-digestion. However, the plant analyzed in this study suffers from the major issue of needing a
compression station to produce liquified natural gas, due to limitations in the local gas
pipeline network that do not allow for a direct delivery of the gas produced. In this case,
the limitation is not present, the compression station (200 k€) must not be installed. In
addition, a smaller CHP unit can be installed to cover the self-consumption of the plant
(options 1 and 2a), or a lower electrical demand must be covered by the grid (option 2b).
In particular, the power of the CHP unit can be reduced to 200 kW and the share of biogas
transformed into biomethane is increased to 80%. This results in an increase in the internal
rate of return of the investment, from 5.96% to 13.12% for option 1 and from 26.14% to
34.58% for option 2a. For option 2b, the demand of electricity from the grid is reduced of
36% and, as a result, the IRR is increased from 21.77% to 30.02%. The possibility of directly
delivering biomethane to the pipeline grid is therefore of pivotal importance for biomethane production plant that do not benefit from the feed-in tariffs on electricity granted
by the old incentive regime, such as for option 1 in this case study.
The savings on manure spreading that are achieved with the AD plant can be further
considered. Indeed, the ammonia stripping plant noticeably reduces the nitrogen content
of digestate compared to raw manure. This results in a reduced expense for farmers for
the purchase of manure spreading rights to dispose the nitrogen load that exceeds the
quota allowed on their owned, cultivated areas. Based on recent estimates, the cost of
these spreading rights in the areas with the highest demand is 1 €/kgN excluding transport
[48,49].
4.2. GHG Budget Assessment
4.2.1. GHG Avoided Emissions at the Plant Scale
The greenhouse gas budget is shown in Figure 5 for the three options hypothesized.
All of them lead to negative emissions, −1215 tCO2eq/y for options 1 and 2a, −1228
tCO2eq/y for option 2a,b until 2027, and −1046 tCO2eq/y for option 2b. Considering the
plant lifetime (2022–2041), option 1 leads to a GHG budget of −24,292 tCO2eq, option 2a
to −24,372 tCO2eq, and option 2b to −22,016 tCO2eq.
As shown in Figure 5, methane fugitive emissions due to the operation of the AD
plant, feedstock stockage, and upgrading losses are the largest contributor to GHG emis-
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sions. Methane losses in the upgrading system were considered, with a cautious assumption, using the high value (1.4%) observed for membrane-based systems. The coverage of
the energy demand with gas and electricity from the grid reveals that option 2b is the least
performing one for GHG emissions. However, the GHG emissions due to the electrical
demand are expected to decline in the future, following the trend of the GHG emission
factor [45]. As for heat production, GHG emissions can be reduced by 54–76% using a heat
pump [50]. The favorable trend of the carbon intensity of electricity and the use of lowcarbon heat can therefore reduce the gap of the GHG reduction of option 2b compared to
the other options.

Figure 5. Greenhouse gas budgets for option 1 and 2a (on the left), for option 2 until 2027 (in the
center) and option 2b (on the right).

4.2.2. Potential GHG Avoided Emissions at the Regional Scale
The GHG assessment at a plant scale can be projected at a regional scale, considering
statistics on biogas plants in Piedmont. As of 2017, 190 biogas plants were installed in this
region with a total electric power of 126.1 MWel [51] and none produced biomethane. Most
of these plants (126) started operating between 2008 and 2012 so they benefit from the
same incentive regime of the plant studied in this study (i.e., DM 2008, see Table 1). A
total of 103 plants (total power: 70.2 MWel) exploit manure and crops (generally maize
and/or triticale silage) and the most diffused size is around 999 kWel (44 installations),
confirming the typical national trend of the period for large plants below the 1 MWel
threshold [52]. The other 23 plants range between 500 kWel and 844 kWel (overall production: 15 MWel) and only one plant exceeds the MW size (2.3 MWel).
The case study examined in this paper is therefore representative of 68 plants (total
power: 61.4 MWel) between 500 kWel and 2300 kWel that need similar retrofit measures to
keep operating after the end of feed-in electrical tariffs foreseen 15 years after their startup
(i.e., between 2023 and 2027). Detailed data for the scale of the single plant are needed for
a precise GHG budget. However, if we extend the results shown in Figure 5 to the 68plant pool, an overall benefit of between 67,588 tCO2eq/y and 74,821 tCO2eq/y can be
achieved as an average in the period 2022–2041, depending on the retrofit option adopted
among those described in this study. This estimate can be even higher if we consider that
a part of these plants is connected to the gas grid and, hence, biomethane can be released
directly, avoiding compression and transport.
4.2.3. Further Considerations
The GHG budget was calculated based on simplifying assumptions that are hereby
further discussed.
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The digestate produced by the plant is a fertilizer that partially replaces synthetic
fertilizers. Strictly speaking, the avoided emissions can be accounted in the GHG budget
only if digestate is used for growing feedstock [53]. In the case study examined, the digestate (about 142 t/d) is distributed to farmers proportionally to their slurry supply, so we
opted for not taking the avoided emissions into account. Using data on the N, P, and K
content provided by Buratti et al. (2013, [54]) and GHG emission factors by IPCC [44] (see
Table 6), the resulting avoided emissions are of 16.23 kgCO2eq/t for the solid fraction of
the digestate and of 10.50 tCO2eq/t for the liquid fraction. These are only potential GHG
savings since additional fertilizer input is needed to integrate nutrients missing or lacking
in the digestate.
The use of digestate can also result in the reduction of N2O emissions compared to
raw slurry application; however, this slight reduction is soil- and crop-specific and must
be evaluated with in situ measurements [55,56]. For this reason, our GHG budget did not
consider this possible environmental benefit.
The methane losses from the digester and the biogas upgrading equipment account
for 698–1451 tCO2eq/y depending on the option (1, 2a or 2b), i.e., the same order of magnitude of the overall GHG benefit. The estimated loss (0.3% in the digester and 1.4% in the
upgrading plant) is in line with recent measures conducted in similar plants [57]. The sensitivity of the GHG budget to methane loss rate is confirmed by several studies in literature, among which is [58], and strongly influences the choice of the best retrofit option.
For example, using a methane loss value of 0.6% (see [27]), option 2a can continue to be
the least carbon-intensive, but the gap on option 2b is strongly reduced (−1676 tCO2eq/y
and −1661 tCO2eq/y, respectively).
As observed for the economic budget, the electricity needed to compress and liquify
biomethane represents a relevant item in the GHG budget as well. If no compression system is necessary, the environmental benefit of the plant increases to −1429 tCO2eq/y for
option 2a and to 1332 tCO2eq/y for option 2b.
5. Conclusions
The anaerobic digestion of manures for producing electricity from biogas has largely
spread in the last 15 years in several European countries, among which is Italy. Recently,
the new incentive regimes switched the target from electricity to biomethane with the aim
to increase the share of renewable energy in transport. For AD plants operating with manures, this change potentially hampers their economic sustainability, which is more critical than plants operating with feedstocks with a higher biogas yield, such as organic or
food industry waste. In addition, the anaerobic digestion of manures provides several environmental benefits, both related to the production of renewable energy and the reduction of impacts from ammonia and nitrogen.
This study addressed these issues by studying the options available for the reconversion of an AD plant from electricity to biomethane production. The plant analyzed currently produces 999 kWel and operates with a mix of pig slurry (100 t/d), cattle manure (16
t/d), triticale (10 t/d) and maize (30 t/d). Three retrofit options were hypothesized, namely
(1) transforming 75% of biogas into biomethane, and using the remaining 25% for a CHP
unit sized for the plant self-consumption, and (2) keeping the minimum required share
(30%) for biomethane using the remainder to produce electricity until the phase-out of
feed-in tariffs (year 2027). From 2028 onwards, option 2a foresees the switch to option 1,
whereas option 2b foresees to cover the energy needs of the plant with electricity and gas
from the grid. In addition, the use of maize can be phased out by replacing it with triticale,
which can be cultivated as a second crop on maize fields, thus removing the impact on
food production.
Results show that feed-in electricity tariffs (for the case study analyzed, options 2a,b
from 2022 to 2027) are vital to repay the investment for the upgrading and compression
systems. As the plant is converted to biomethane to cope with the new incentive regime,
self-consumption with a biogas-powered CHP unit (option 2a) is more convenient than
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covering energy needs with the grid (option 2b), with internal rate values of 26.14% and
21.77%, respectively. The immediate reconversion to biomethane production (option 1) is
an investment with an IRR of 5.96%.
The economic viability of the AD plant is influenced by four critical parameters,
namely (i) the price of the triticale sileage, (ii) the sale price of biomethane certificates
(CIC) after the end of incentivization, (iii) the biogas productivity and, for option 2b only,
(iv) the purchase price of electricity. Based on the results of Monte Carlo simulations with
random values of these four variables, option 2a proves more robust compared to 2b, as
it provides good IRR values in a higher number of cases.
The price of biomethane certificates is a very influential variable for the economic
viability of AD plants. The break-even sale price of the CIC in the decade 2032–2041 (i.e.,
after the phase out of the incentives) is 262.20 €/CIC for option 1, 260.47 €/CIC for option
2a, and 321.57 €/CIC for option 2b. Below these thresholds, the cumulated cash flow in the
last decade of operation becomes negative.
The economic analysis highlighted that the need to compress methane for its
transport to a gas grid release point hampers the profitability of the AD plant. Indeed, if
the gas pipeline network permits a direct delivery, the IRR would double for the worst
performing option, option 1, from 5.96% to 13.12%. This result is particularly important
as it highlights the importance of finding suitable installation sites for future AD plants,
where biomethane can be directly delivered to the pipeline network.
The GHG budget assessment reveals that covering the energy needs of the plant with
a CHP unit (options 1 and 2a) is the best solution of GHG emissions. Nevertheless, the
GHG budget is negative for all the options considered, ranging from 1046 tCO2eq/y (option 2b) to 1228 tCO2eq/y avoided (option 2a). This budget is strongly influenced by methane loss rates in the digester, the CHP unit, and the upgrading. High values were used
as a conservative assumption and, hence, the real GHG budget is likely to be better.
Option 2a therefore proves to be the best solution for both economic return and the
GHG budget. It is also the least economically vulnerable option considering the possible
variation in critical parameters (triticale purchase price, CIC sale price, and biogas production).
This study provides insight to the opportunities and risks of retrofitting AD plants
operating with manures, from electricity to biomethane production. This challenge involves hundreds of installations in Italy and in other European countries with similar issues. Future research is therefore necessary to reduce operational costs and to improve
incentivization regimes, considering the importance of AD plants for the management of
manures.
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Abbreviations and Symbols
AD
CAPEX
CCGT
CF
CHP
DCF
EBITDA
EU
GHG
ICE
IRR
NVZ
OPEX
R
T
USEPA
WACC

Anaerobic digester (or digestion)
Capital expenditure
Combined Cycle Gas Turbine
Cash flow
Combined heat and power
Discounted cash flow
Earnings before interests, taxes, depreciation, and amortization
European Union
Greenhouse gas
Internal Combustion Engine
Internal rate of return
Nitrate vulnerable zones
Operational expenditure
Revenues
Taxes
United States Environmental Protection Agency
Weighted average capital costs
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