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Abstract: In the present study, using Life Cycle Assessment (LCA) and Cost–Benefit Analysis (CBA),
we assess the economic–environmental performance of an anaerobic digestion (AD) plant, fed by
cultured crops (i.e., maize and wheat), in Italy. The biogas generated by the AD plant is used for
the production of electricity, imputed into the Italian energy grid. The LCA evaluated potential
greenhouse gas (GHG) emissions, measured via Carbon Footprint (CF), while the CBA analysed the
financial and economic profiles via the Net Present Value (NPV) and Internal Rate of Return (IRR)
indicators. The strength of combining these methodologies is the joint examination of the financial
and social–environmental performance of the plant. The results of the CBA are complemented with
the GHG emissions avoided by producing electricity from biogas. The CF of 0.28 kg CO2eq·kWh−1

of electricity produced is mainly due to the nitrogen fertilizers involved in the production of the
additional feedstock matrix (i.e., maize flour). In the CBA, the negative financial NPV and the
financial IRR, which is lower than the discount rate applied, highlight the inability of the net revenue
to repay the initial investment. Regarding the social desirability, the economic analysis, enriched by
the LCA outcomes, shows a positive economic performance, demonstrating that the combination of
information from different methodologies enables wider consideration for the anaerobic digestion
plant. In line with the Italian Recovery and Resilience Plan’s aim to strongly increase the exploitation
of renewable resources, an AD plant fed by dedicated crops could valorise the marginal uncultivated
land, obtaining energy without consuming land for food production. Moreover, this AD plant could
contribute to the creation of repeatable small-scale energy production systems able to sustain the
demand of local communities.

Keywords: carbon footprint; cost benefit analysis; economic–environmental assessment; anaerobic
digestion; biogas; environmental externality

1. Introduction

The energy sector currently generates around three-quarters of greenhouse gas (GHGs)
emissions and holds the key to avoiding the worst effects of climate change, one which
requires a radical transformation in the way we produce, transport, and consume energy [1].
Indeed, according to the latest report from the International Energy Agency (IEA), global
electricity demand is estimated to grow by 2.4% per year over the rest of this decade to
reach more than 30,600 TWh by 2030 [2].

The pandemic crisis had a major impact on energy demand in 2020, reducing global
carbon dioxide (CO2) emissions by 5.1% [3]. However, in 2021 the rapid economic recovery
led to a resurgence in energy demand, which was also exacerbated by adverse energy
market conditions. In this scenario, the use of coal increased at the expense of renewables [3].
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As highlighted by [4,5], burning of coal causes enormous amounts of GHG emissions;
CO2 are calculated to be 70%, whereas SO2 and dust are calculated to be 90% and 70%,
respectively. As a result, GHG amounts increased by more than 2 Gt compared to 2020
levels, making 2021 the year with the largest annual rise in energy-related CO2 emissions
on record. The increase in 2021 more than compensated for the decrease in emissions
of around 1.9 Gt recorded during the pandemic. In particular, global CO2 from energy
production and industrial processes increased by 6% compared to 2020, reaching a value of
36 Gt [3].

Already in 2019, the EU has defined the European Green New Deal to propose a new
growth strategy that includes the goals of ecological transition and zero climate impact for
2050, thus confirming the European Commission’s commitment to tackling climate and
environmental problems [6].

To overcome the COVID-19 crisis, in July 2020, the European Union (EU) launched
the Next Generation EU Programme, an instrument that aims to help countries affected by
the health crisis through investments, while confirming the importance of the ecological
transition [7].

Other relevant implications can be linked to the Russian invasion of Ukraine in 2022,
not only in terms of human lives, but also from a socioeconomic point of view. Russia
appears to be the main supplier of natural gas to the EU. By 2021, around 43% of Europe’s
natural gas will come from Moscow [8]. The crisis between Russia and Ukraine may reflect
the conditions already seen in the post-pandemic economic recovery. For example, the
increase in natural gas prices could provide the economic incentive to switch from gas-fired
to coal-fired power plants. This would hamper attempts to reduce GHG emissions [9], as
the CO2 released from burning coal is 30% higher than oil and 70% higher than natural
gas [10].

The fight against climate change requires a strong commitment from all institutions
and the necessary involvement of all societal stakeholders to achieve the goal of climate
neutrality by 2050. In the Italian context, for example, the Regional Administrations have
a central role to play, as they are directly involved in the definition and implementation
of energy, transport, and agricultural policies, and also have an important role to play in
raising awareness among citizens; indeed, without their full involvement, it will not be
possible to achieve the climate objectives and start the process of ecological transition [11].

In this direction, in 2020, Italy has proposed the “Recovery and Resilience Plan”
(‘Piano Nazionale di Ripresa e Resilienza’—PNRR), structured along three strategic axes
that are shared at the European level: digitisation and innovation, ecological transition, and
social inclusion. In particular, Mission 2 (Green Revolution and Ecological Transition) is
organized in four Components of which the second one (C2—Renewable energy, hydrogen
and sustainable mobility) provides for measures by which to increase the share of energy
produced from renewable sources, in line with European and national decarbonisation
targets [7].

Within the Plan, the importance given to renewable energy sources (RES) is evident.
RES, such as solar, wind, hydro, and biomass energy, have the advantage of being re-
generated at the end of the cycle and their GHG emissions are minimal or zero [12]. For
these reasons, the Italian Plan aims to accelerate the transition from traditional fuels to
RES and to reduce dependence on energy imports by increasing the use of RES, which, to
date, cover the 19% of Italy’s energy demand [13]. Tuscany, for example, has defined the
Toscana Carbon Neutral strategy, which integrates circular economy processes to promote
a more rational and sustainable use of its own resources [14]. The total net production
of electricity in Tuscany is 16,783 GWh/year, of which 8288 GWh/year comes from RES,
which represents 49% of the total. The largest contribution comes from geothermal energy
with 5867 GWh/year, followed by photovoltaic panels with 859 GWh/year, which, together,
cover about 81% of the total energy production from RES. Biomass energy contributes only
6% to the production of electricity from renewable sources [15].
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Among RES, biomass energy could contribute to achieving a circular economy model
and a more sustainable use of energy. According to [16], the biomass energy is produced
from living or formerly living organisms. The most common biomass materials used
for energy are agricultural crops, such as corn and soybeans. Other types of biomasses
include forest residues, livestock manure, and municipal solid waste. The energy from
these substrates can be burned to produce heat or converted into electricity. In contrast
to the traditional energy sources (e.g., coal, oil products, natural gas), the amount of CO2
emissions associated to the energy production—such as electricity generation—by burning
biomass is equal to zero (Table 1). The release and capture of carbon by direct burning, in
fact, are supposed to occur in a closed natural cycle of biomass growth, as stated by [17].

Table 1. Carbon dioxide emissions (gCO2/kJel) related to the electricity production through different
energy sources [17].

Energy Source Direct Specific Emissions (gCO2/kJel
a)

Coal 0.0783
Oil products 0.0710
Natural gas 0.0565

Nuclear -
Wind -

Biomass (e.g., wood) -
a kJel: kilo Joule of electricity produced.

There are several ways of using biomass to produce electricity: direct combustion,
conversion into liquid fuels, or through anaerobic digestion (AD).

In particular, AD is a biological process that converts organic substrates into biogas,
a mixture composed mainly of CO2 and methane (CH4). The process takes place inside
structures called digesters, which are designed to ensure the best anaerobic conditions that
guarantee the degradation and stabilization of organic materials thanks to the activity of
microorganisms [18]. The biomass treated in AD plants releases into the atmosphere the
same amount of carbon that was previously absorbed by plants and derived by-products,
unlike burning fossil fuels, which emits carbon that has been locked up in the subsoil for
millions of years [19]. In other words, the use of fossil fuels increases the total amount of
carbon derived from the anthropogenic processes, whereas the bioenergy operates within
the biogenic carbon cycle [19]. According to the Fifth Intergovernmental Panel on Climate
Change (IPCC) Assessment Report [20], the amount of atmospheric CO2 sequestered
in crops’ biomass during their growth corresponds to direct emissions from the use of
feedstock of biogenic origin. However, during the AD process, anthropogenic CH4 is
also generated but it could be emitted into the atmosphere only due to accidental losses
related to a reduction in watertightness of digesters. The by-product of AD, which is rich in
nutrients and organic matter, is known as digestate, and can be used on agricultural land
to replace mineral fertilizers and prevent the depletion of resources such as phosphorous
and potassium [21].

The circulation of products and materials, as in the case of digestate, is a clear example
of the application of circular economy principles because anaerobic digestion allows valu-
able nutrients such as nitrogen, phosphorous, potassium, and micronutrients to be used for
the regeneration of soil [22]. In this regard, [23] investigated the utilization of agricultural
biomass for energy production in anaerobic digestion plants in Switzerland, analysing mass,
nutrients, and energy flows to evaluate its contribution to the circular economy and climate
change mitigation. Moreover, [24] highlighted the dual role of biomass as an energy source
and a solution for climate change mitigation, assessing the GHGs reduction potential and
the economic impact of electricity from food crop residues subjected to anaerobic digestion
in Ghana.

A total of 179 AD plants are scattered throughout the Italian national territory and
a total capacity of 183 MW is installed; the Tuscany Region hosts 47 biogas plants with
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a capacity of 61 MW [15]. Grosseto is confirmed as the first province for the electricity
production from AD, obtaining 50 GWh. In fact, in the municipality of Grosseto, eight
digesters are located, which contribute to 61% of the local electricity production, covering
about 35% of the electricity demand of the municipality [25].

Despite its renewable nature, the sustainability of an AD process needs to be ade-
quately assessed and quantified, incorporating into the analysis environmental and eco-
nomic performance indicators. In this regard, several publications have been dedicated
to analysing the environmental and economic performance of AD systems in various lo-
cations, applying different methodological approaches. For example, the joint use of Life
Cycle Assessment (LCA) and Cost–Benefit Analysis (CBA) has been widely applied in
the literature. Ruiz et al. [26] investigated the environmental and economic performance
of a commercial AD plant located in Spain and fed by biowaste, using LCA, Life Cycle
Costing, and CBA methodologies. Ascher et al. [27] evaluated the economic feasibility and
environmental impacts of bioenergy systems to treat solid waste in Glasgow, based on AD
and gasification technologies, applying CBA and LCA. Angouria-Tsorochidou et al. [28]
assessed the environmental and economic performance of a decentralized biowaste man-
agement system, based on AD technology, in Lyon, using the frameworks of LCA and Net
Present Value analysis. Finally, Bruno et al. [29] applied LCA and Environmental CBA to
assess the environmental performances and economic feasibility of a new eco-industrial
system in Italy, which incorporates a micro-scale AD and a solid-state Fermentation unit
for the valorisation on food waste.

As highlighted by [26], the combination of environmental and economic evaluation
tools enables decision makers to consider both criteria in a coherent manner. For this
reason, the aim of this study was to carry out an economic–environmental assessment of an
AD plant located in the province of Grosseto, combing the LCA and CBA methodologies.
The former quantifies the environmental performance of the plant in terms of potential
impact, while the latter assesses its economic and financial viability by considering of the
socioenvironmental benefits that the project generates for the community.

Unlike most studies already conducted about the integration between environmental
and economic methodologies, the present investigation assessed an AD plant exclusively
fed with dedicated cultivated crops with the purpose of producing electricity from RES. In
line with the Italian “Recovery and Resilience Plan” objective to increase the share of RES,
this study aims to demonstrate the feasibility of accelerating the development of energy
communities and decentralized production systems through the valorisation of marginal
uncultivated land for energy purposes, in Italy. By planting energy crops in areas where
farming is currently unprofitable and where it would not compete with food production, it
could pave the way for new opportunities in the Italian energy sector. This management
strategy can be realized from the operational viewpoint by exploiting the measure M2C2-47
and the investment 1.2 (specific for the promotion of RES for energy communities and
jointly acting renewables self-consumers), accepted by the European Commission under
the Italian “Recovery and Resilience Plan” [30]. Thanks to the complementarity of the
two methodologies applied (LCA and CBA), described in more detail in the Materials and
Methods section, this investigation wants to prove how their combined use can provide a
better understanding of the environmental and economic–financial sustainability of the
analysed case study. The results in terms of Carbon Footprint and economic performance
indicators achieved are presented and argued in the Discussion section. Finally, the Conclu-
sion section presents the main outputs obtained from the current study, with insights into
possible future developments and limitations of the research.

2. Materials and Methods
2.1. Case Study

The case study aims to assess the environmental and economic performance of an
AD plant built in 2012 with an installed capacity of 999 kW and composed by two distinct
production lines. For each methodology, the foreground data were collected directly on site,
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provided by plant operators, and related to the year 2021. Subsequently, it was possible to
derive the missing data (background data as energy and materials that are delivered to the
analysed system as aggregated data sets) [31] through the use of international databases.

AD is a biological treatment process in which a microbial consortium breaks down and
stabilises organic material under anaerobic and temperature-controlled conditions. Three
main stages characterise the AD process: (1) hydrolysis; (2) acidogenesis and acetogenesis;
(3) methanization. In this study, the biomass used in the AD process consists of dedicated
crops (i.e., maize, grasses, wheat) and by-products such as maize flour and bran. After a
preliminary storage in plant open trenches, the organic matter is pre-treated: water and
liquid digestate (about 5%) are added to the solid substrate to prepare the mixture that
will activate the bacterial metabolism inside the digesters of the two production lines. In
detail, the hydrolysis stage involves the breakdown of polymers into monomers and the
conversion of cellulose into glucose and cellobiose. Acidogenesis and acetogenesis involve
the breakdown of amino acids, sugars, and some volatile fatty acids. Methanogenesis, on
the other hand, leads to the formation of CH4 from acetic acid or through the reduction
of CO2 using H2 as a co-substrate. In our case study, the conversion of the organic feed-
stock matrix into CH4, takes place in each single digester (two production lines). Unlike
composting, AD takes place in a closed environment and fugitive emissions of CH4 are
1% [32]. The biogas produced is then collected and used as a fuel for combined heat and
power generation.

2.2. Life Cycle Assessment (LCA)

The LCA was used to assess the potential environmental impacts along the life cycle
of the system analysed. It was carried out according to the international standards ISO
(International Organization for Standardization) 14040 and 14044 [33] to calculate the
Carbon Footprint (CF) of the AD plant. SimaPro 9.1.1 software [34] was used to model
the inventory and conduct the Life Cycle Impact Assessment. Data for the foreground
system were obtained from the plant operators or collected from the scientific literature
and technical reports. The background data were obtained from the Ecoinvent database
version 3.6 [35]. To quantify the potential GHGs emissions associated with 1 kWh of
electricity produced (functional unit), the IPCC 2013 characterization method, and the
Global Warming Potential (GPW), with a time horizon of 100 year (GWP100y), were used.
The system boundary (from cradle to gate), as shown in Figure 1, includes the inputs and
outputs of the agricultural phase, organic feedstock matrix storage and pre-treatment, AD
process, and the energy generation from biogas. The separation of the digestate into its
liquid and solid fractions and its application on the field was not assessed in our analysis,
being outside the scope of the study.

The assessment was based on an AD plant with 350 ha of cropland, 300 ha of which
were planted with maize and 50 ha with wheat, needed to obtain the portion of the self-
produced organic matrix. The maize crop required, annually, 360,000 tonnes of water,
3.6 tonnes of insecticides, and 1 tonne of Adengo Xtra herbicide. To overcome the lack of
background data in SimaPro datasets to model this agrichemical product, the Glyphosate
was used as a “proxy” as it can be assumed to be similar. For wheat production, the
irrigation is not required because the life cycle of the crop coincides with the rainy season,
as confirmed by the plant operator. In addition, both crops are fertilized with urea (i.e.,
120 tonnes for maize and 10 tonnes for wheat). Most of the agricultural substrate comes
from mixed chopped maize (73%, 13,200 tonnes) and wheat (19%, 3400 tonnes), while the
rest of the feeding is composed of by-products such as flour and bran (8%, 1400 tonnes),
purchased within a distance radius of 50 km. As the exact composition of the chopped crop
is unknown, it was assumed that it was entirely derived from maize, as it is one of the most
widely used energy crops [36]. The same applies to the exact composition of the additional
feedstock matrix, for which we assumed that only maize flour was used. Moreover, this
assumption allows us to limit the inputs related to the flour production process based on
global estimates.
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Then, during the storage and pre-treatment phase, the total biomass (18,000 t) is
received at the plant and stored in open trenches covered with polyethylene (PE) film to
protect the biomass from atmospheric degradation. The shredding phase of the substrate
precedes the pre-treatment stage inside the mixer. At this stage, the addition of water and
liquid digestate to the substrate is necessary to activate the AD process. As seen previously,
to address the lack of a representative process for digestate production in SimaPro databases,
compost was assumed as a good “proxy” [37]. In the AD phase, the production of biogas
was foreseen, which is combusted to produce heat and electricity through the co-generator
system (CHP—combined heat and power). Part of the heat produced (37 kWh) is used to
heat the digesters. The electricity consumed by the plant is 765,510 kWh. The LCA also
considered the substitution of materials and components, such as lubricating oil, engine
heads (aluminium), pistons (iron), and candles (iron and ceramic), which are grouped in a
single phase called maintenance. Finally, the raw digestate is separated into its liquid and
solid fractions.

2.3. Cost–Benefit Analisys (CBA)

The Cost–Benefit Analysis (CBA) compares the costs and benefits associated with a
project or policy. The advantage lies in the ability to account for costs and benefits that
would normally remain outside the decision maker’s choice options, such as positive and
negative externalities, as they are not captured by the market and are not considered in
normal accounting [38]. The strength of the methodology lies in the use of price [39] to
assess the economic performance and then define the net social welfare associated with the
policy or project.

The financial and economic analyses were carried out according to the European
Commission’s guidelines [40,41]. In our case, the Net Present Value (NPV) and the Internal
Rate of Return (IRR) indices were calculated.
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The NPV can be defined as the discounted value given by the sum of the future net
cash flows expected from the project [42], and is calculated as follows (1):

NPV =
n

∑
t=0

St·at =
S0

(1 + i)0 +
S1

(1 + i)1 +
Sn

(1 + i)n (1)

where St is the cash flow balance at time t, at is the financial discount factor chosen for the
discounting at time t, and i is the financial discount rate [41]. The decision rule is to accept
an investment project if the NPV is positive, i.e., if the project has the capacity to generate
cash flows of a magnitude that will repay the investment.

The IRR is defined as the discount rate at which the present value of all future cash
flows equals the initial investment, i.e., the rate at which an investment break even [43]. It
is considered one of the key indicators for the evaluation of public and private investments,
as it allows to express the profitability margin of the project. The IRR is calculated as the
rate of return (r*) for which the NPV is zero [43], as shown in the following Equation (2):

NPV(r ∗) = ∑n
t=0 St·

Sn

(1 + r∗)n (2)

The IRR has to be compared with a basic rate of return, such as the interest rate on
bank deposits or a security, to check whether the investment is appropriate or not. If the
IRR is lower than the chosen threshold rate, the project is rejected, while, if the IRR is higher,
the project is accepted. The threshold rate chosen in the study is the discount rate applied,
as reported in the CBA Guide to Investment Projects [41]. Unlike the NPV, the IRR is a
dimensionless indicator; that is, it is not affected by the size of the investment [41,44]. This
is an important aspect for a performance indicator, as the dimensionality of the index could
lead to larger projects being accepted over smaller investments.

In this study, the financial analysis is structured in such a way that the costs and
revenues related to the plant are presented in a table and scaled according to the plant’ lifetime
of 20-year (from the year of construction, i.e., 2012) [45]. Table S1 (in Supplementary Material)
shows the records of the financial analysis. The prices used are constant prices referring to
a base year—which, in this case, is 2022—for which values were available.

The financial analysis is aimed at satisfying the interest of the private operator, which
is why the assessment of the financial profitability of the project must also include the
outgoing flows and taxes such as Value Added Tax (VAT), the Single Municipal Tax (i.e.,
IMU—Imposta Municipale Unica), and the right to the surface, which represent a cost
for the operator (Tuscany Region, 2009) [46]. The main source of revenue is the sale of
electricity; the plant produces 7,855,740 kWh of electricity per year, in net consumption,
and generates a revenue of 2,199,607 EUR (Table S1).

The selling price of the electricity is the result of an incentive mechanism; in Italy,
the production of electricity from renewable sources is subject to incentives. The scheme
chosen by the companies is the feed-in tariff of 0.28 EUR·kWh−1, which is paid for the
period corresponding to the conventional average useful life of the plants [47].

The CBA normally includes the residual value of the investment, which represents
the expected revenue by the sale of the plant at the end of its life (potential liquidation
value); however, as reported by [48], this is not valid for biogas plants since they are
decommissioned after 20 years. As for the cost data, they were provided after taxes and
were divided into costs incurred for the initial investment (fixed costs) and operating; and
maintenance costs related to the operation of the plant (operating costs).

Table 2 shows the fixed costs for the plant: civil works include the costs for earthworks,
land consolidation, and the start-up of the yard; electromechanical works include the costs
of the machines, switchboards, and piping systems; while ancillary works include the
costs of the electrical cabin, the weigher, and the control room. The item “engine” includes
the costs of the purchase of the durable assets, namely, the engine, the alternator, the
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transformer, and the cost of their installation. Finally, the cost of purchasing the land was
considered.

Table 2. The fixed costs for the plant analysed.

Description Cost (EUR)

Civil works 1,840,000
Electromechanical works 1,100,000

Ancillary works 160,000
Engine 870,000
Field 90,000

The operating costs are considered from the year 2013 (Table S1), as they represent
the expenditure necessary for the start-up operation of the plant. With regards to the VAT
paid on raw materials, seeds, fertilizers, additives, and pesticides, the rate was set at 10%,
as these are agricultural operations (Table S1). For other items, such as costs of transport
services and spreading the digestate, costs of paying freelancers workers, and ordinary and
extraordinary maintenance, the ordinary VAT rate of 22% was applied (Table S1), as they do
not fall within the categories of preferential rates provided for by Presidential Decree No.
633 of 26 October 1972 (D.P.R. 633, 1972 [49]). In particular, the cost of spreading digestate
was included in the CBA because it is a cost incurred by the company each year and is
independent of the system boundaries chosen for the LCA. For more details, see Section S1
in Supplementary Material.

Net cash flow was calculated as the difference between total revenues and total costs.
The synthetic financial performance indices, defined as Financial Net Present Value (FNPV)
and the Financial Internal Rate of Return (FIRR), reflect the profitability of the plant of the
assets. The financial discount rate chosen is 4%, in accordance with Art. 19 (Discounting of
cash flows) of the EC Delegated Regulation (EU) No. 480/2014 [41].

In order to assess social welfare, the CBA requires an economic analysis that evaluates
the project not only from the private point of view (e.g., plant owners), but also from
the point of view of the wider society (e.g., citizens and communities). The economic
analysis is conducted using a new set of prices, since most of the financial costs and
benefits are distorted by market imperfections and do not reflect the true value of goods
and services [40]. The new set of prices (shadow prices) can express collective welfare by
making corrections for taxation, externalities, and market prices [50].

The process of correcting for externalities is carried out by multiplying the incoming
or outgoing flows of the financial analysis by specific conversion factors that allow for the
correction of distortions [41]. Once prices and taxes have been corrected, the Economic Net
Present Value (ENPV) and the Economic Internal Rate of Return (EIRR) performance indi-
cators are recalculated. These indicators help identify the social desirability of the project
when it promotes an effective net welfare for the community. Table S2 (in Supplementary
Material) shows the records of the financial analysis.

Tax adjustments are made by directly eliminating taxes from cash flows, in accordance
with [41]. This is achieved by looking at items’ net of VAT, assuming that there are no
additional fiscal factors of distortion. However, where it is not possible to determine the
exact extent of the distortion, correction factors derived from the literature and reported
in Table S2 are applied. For more details regarding tax corrections and specific correction
factors used, see Section S2 in Supplementary Material.

In some cases, as an exception to the general rule, subsidies (or taxes) may be retained
because they do not represent a real transfer of resources (fiscal factors), but a way in which
the government corrects environmental externalities [41]. In these cases, it is therefore
correct to include them in the costs or benefits of the project, provided that double counting
is avoided. In this connection, the standard correction factor has been applied to the selling
price of the electricity, as the amount of the subsidy is not known and to avoid a possible
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double counting, both the feed-in tariff and the CO2 avoided by the electricity production
from biogas have been considered.

In this case study, the CO2 emissions avoided by producing electricity from biogas
rather than from fossil fuels have been considered; the externality, as defined, is shown in
the economic analysis under the heading “economic benefits” in order to distinguish it from
sales revenues and is called GHGsaving (Table S2). Natural gas is taken as the fossil reference
source because among the primary energy sources; it is the one with the greatest weight
in the Italian electricity mix; in fact, it represents about 40% of the total production [51].
To calculate the savings in terms of reduction of GHG, the externalities are considered by
comparing the amount of CO2eq emitted annually by the analysed AD plant, as defined
by the CF, with the CO2eq that would be released if the electricity were produced by a
thermoelectric plant fired by natural gas. SimaPro was therefore used to calculate the CF
of a gas-fired power plant located in Italy, which is 0.78 kg CO2eq·kWh−1. The result
obtained was assigned the unit cost of GHG emissions, which is 25 EUR·t CO2eq−1, so that
GHGsaving can have a monetary value. An annual premium of 1 EUR was also considered
to evaluate the increase in the cost of GHG emissions over time [41].

Sensitivity Analysis

Uncertainty is an implicit factor in CBA, as it is based on estimates and forecasts
made by the analyst; therefore, the methodology requires the development of risk analysis,
represented by sensitivity analysis. The latter is identified as the process that allows the
verification of performance indicators by changing some variables considered critical for
the analysis. The identification of the critical parameters depends on the project, but the
literature suggests considering those variables for which a 1% variation leads to a 1%
variation in the IRR or a 5% variation in the NPV [40].

The variables considered in the study are the selling price of electricity, the operating
costs, and the price of CO2. The production of electricity from biogas seems to benefit
from a system of incentives, for this reason the selling price of energy is considered as
critical, as we want to investigate how the competitiveness of the AD in the market changes
with the variation of 1% of the feed-in tariff. In order to take into account the economic
benefits, the GHG saving results has been multiplied by the unit cost of GHG emissions,
which is 25 EUR·t CO2eq−1, but this is the “average” cost assigned to GHG emissions, even
though the [41] sets both a “low” cost (10 EUR·t CO2eq−1) and a “high” cost (40 EUR·t
CO2eq−1) in its annual supplement. For this reason, these values are also considered
in the sensitivity analysis to verify how the economic performance can vary because of
an increase or decrease in these values. Finally, we consider the variation of 1% of the
operating costs since they correspond to one of the critical parameters always evaluated in
the risk analysis [41].

3. Results
3.1. Environmental Performance

Table 3 shows the results of the CF associated with each system inventory flow anal-
ysed. Each process extracted from the Ecoinvent dataset is associated with the GWP100y
value for each input unit.

Figure 2 shows the CF results for different stages of the plant lifecycle. The overall CF
of the plant is 0.28 kg CO2eq·kWh−1 of electricity produced from biogas. The agricultural
phase is responsible for 40.9% (0.11 kg CO2eq·kWh−1) of the total emissions. In this first
phase, the impact is mainly due to the use of urea for fertilization, which contributes to the
18.5% of the emissions of the agricultural phase. The remaining percentage of emissions is
due to the purchase of maize seed (9.7%), water taken from the grid for maize irrigation
(5.2%), and diesel consumption tractors and other agricultural machineries (3.6%).
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Table 3. CF results for each inventory flow analysed associated with the total electricity produced
in 2021.

Life Cycle
Phase Input Quantity Unit

GWP100y
(kg CO2eq·

Single Unit of
Input−1)

Ecoinvent 3
Process

1. Agricultural Wheat seeds 11,000.00 kg 0.49

Wheat seed, Swiss integrated
production, for sowing {CH}|market

for wheat seed, Swiss integrated
production, for sowing|Cut-off, U

Diesel 9812.00 kg 0.56 Diesel, low-sulfur {Europe without
Switzerland}|market for|Cut-off, U

Urea 10,000.00 kg 3.26 Urea, as N {GLO}|market
for|Cut-off, U

Maize seeds 225,000.00 t 1.03

Maize seed, Swiss integrated
production, at farm {CH}|market for

maize seed, Swiss integrated
production, at farm|Cut-off, U

Water 360,000,000.00 kg 0.0003 Tap water {Europe without
Switzerland}|market for|Cut-off, U

Urea 120,000.00 kg 3.26 Urea, as N {GLO}|market
for|Cut-off, U

Pesticide 3600.00 kg 9.71 Pesticide, unspecified {GLO}|market
for|Cut-off, U

Herbicide 99.00 kg 10.80 Glyphosate {GLO}|market
for|Cut-off, U

Diesel 110,721.00 kg 0.56 Diesel, low-sulfur {Europe without
Switzerland}|market for|Cut-off, U

Transport 166,000.00 t·km 0.51

Transport, freight, lorry 3.5–7.5 metric
ton, EURO6 {RER}|transport, freight,

lorry 3.5–7.5 metric ton,
EURO6|Cut-off, U

2. Additional
feedstock matrix Maize flour 1,400,000.00 kg 0.81 Maize flour {RoW}|market for maize

flour|Cut-off, U

Transport 70,000.00 t·km 0.51

Transport, freight, lorry 3.5–7.5 metric
ton, EURO6 {RER}|transport, freight,

lorry 3.5–7.5 metric ton,
EURO6|Cut-off, U

3. Storage and
pre-treatment Water 4,000,000.00 kg 0.0003 Tap water {Europe without

Switzerland}|market for|Cut-off, U

Compost 360,000.00 kg 0.0031 Compost {GLO}|market
for|Cut-off, U

Diesel 7932.50 kg 0.56 Diesel {Europe without
Switzerland}|market for|Cut-off, U

Electricity 2626.00 kWh 0.12
Electricity, low voltage {Europe

without Switzerland}|market group
for|Cut-off, U

Polyethylene
(PE) film 3400.00 kg 3.14

Packaging film, low density
polyethylene {GLO}|market

for|Cut-off, U
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Table 3. Cont.

Life Cycle
Phase Input Quantity Unit

GWP100y
(kg CO2eq·

Single Unit of
Input−1)

Ecoinvent 3
Process

4. AD and biogas
production

Molybdenum
trioxide 60.00 kg 40.70 Molybdenum trioxide {GLO}|market

for|Cut-off, U

Selenium 60.00 kg 2.52 Selenium {GLO}|market
for|Cut-off, U

Nickel sulphate 60.00 kg 6.00 Nickel sulfate {GLO}|market
for|Cut-off, U

Iron sulphate 60.00 kg 0.17 Iron sulfate {RER}|market for iron
sulfate|Cut-off, U

Copper sulphate 60.00 kg 2.94 Copper sulfate {GLO}|market
for|Cut-off, U

Zinc
monosulphate 60.00 kg 0.70 Zinc monosulfate {RER}|market for

zinc monosulfate|Cut-off, U
Magnesium

sulphate 60.00 kg 0.43 Magnesium sulfate {GLO}|market
for|Cut-off, U

Aluminium 7300.00 kg 1.01 Aluminium hydroxide
{GLO}|market for|Cut-off, U

Heat 490.69 MJ 0.11

Heat, central or small-scale, other
than natural gas {Europe without

Switzerland}|market for heat, central
or small-scale, other than natural

gas|Cut-off, U

5. Maintenance Aluminium 37.50 kg 5.31 Aluminium, cast alloy {GLO}|market
for|Cut-off, U

Iron 45.50 kg 0.11 Iron pellet {GLO}|market
for|Cut-off, U

Ceramic 3.00 kg 1.29 Frit, for ceramic tile {GLO}|market
for|Cut-off, U

Lubricating oil 3520.00 kg 1.35 Lubricating oil {GLO}|market
for|Cut-off, U
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The purchase of the additional feedstock matrix turns out to be the phase with the
greatest impact on the entire AD process, being responsible for 49.2% of the total emissions
(0.14 kg CO2eq·kWh−1). The impact is due to the use of maize flour as an additional energy
substrate for feeding the digester. In particular, the impact is related to the cultivation of the
maize (23.5%) required to produce the flour, which involves the use of nitrogen fertilizers,
responsible for 7% of the GHGs emissions in this process.

GHG emissions related to the substrate storage and pre-treatment are negligible, as
their contribution is around 1% of the total (0.001 kg CO2eq·kWh−1 each one). However,
the most significant inputs at this phase are the diesel (0.56%) and electricity (0.52%) used
to operate the mixer; and the polyethylene film (0.46%) used to protect the biomass from
atmospheric degradation.

The AD phase and biogas production are responsible for 9% (0.03 kg CO2eq·kWh−1)
of the total emissions. The main contribution comes from the 765,510 kWh of electricity
produced and consumed (8.6%).

Finally, the impact of the maintenance phase is negligible (less than 1%); the main
hotspot is due the consumption of lubricating oil (0.2%).

3.2. Economic Performance
3.2.1. Financial and Economic Analysis

The AD plant has a FNPV of −838,639 EUR, which shows the inability of the net
revenue generated by the sale of electricity to repay the initial investment, regardless of
the sources of financing. The FIRR, which represents the profitability of the plant, is 1.89%
(i.e., lower than the discount rate applied, which is 4% [41]), which therefore expresses the
financial undesirability of the project, despite the positive but very low FIRR value.

The economic performance Indicators (ENPV and EIRR) for the plant show a different
scenario from the financial analysis. By correcting for market distortions and considering
the GHGsaving, the evaluation of the plant has become socially desirable. It gives an ENPV
of 3,876,989 EUR and an EIRR of 11.58%, which is higher than the social discount rate
(equal to the 3%).

3.2.2. Sensitivity Analysis

A 1% reduction in the electricity feed-in tariff (from 0.28 EUR·kWh−1 to 0.27 EUR·
kWh−1) has determined a critical variation for both the FNPV (from −838,639 EUR to
−1.116.423 EUR) and the FIRR (from 1.89% to 1.14%) (Table 4), showing how the prof-
itability of the plant depends on the variation in the tariff and how the competitiveness
of the AD is strongly linked to the incentive. We also show a critical assessment of the
operating costs variable, for which a 1% increase leads to a variation from −838,639 EUR to
−1,028,974 EUR for the FNPV and from 1.89% to 1.39% for the FIRR (Table 4).

Table 4. Variation in financial performance indices as critical variables change.

Variable
FNPV
before
(EUR)

FNPV
after

(EUR)

Variation
(%)

FIRR
before (%)

FIRR
after (%)

Variation
(%)

Electricity
feed-in tariff −838,639 −1,116,423 33 1.89 1.14 −40

Operating
costs −838,639 −1,028,974 23 1.89 1.39 −27

Table 5 shows the change in the synthetic indices characterizing the economic analysis
of the plant. Both the feed-in tariff and the operating costs are critical factors. Even
after correcting for market distortions and accounting for GHGsaving, the influence of the
variables on the performance indicators cannot be eliminated. However, there has been a
marked improvement compared to the situation in the financial analysis. The criticality
of the feed-in tariff is restored, as the variation of the NPV goes from 33% in the financial
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analysis to −7% in the economic analysis. For the operating costs, the assessment of
criticality remains, and in this case, there is a clear improvement: the variation of the NPV
goes from 23% in the financial analysis to −5% in the economic one (Table 5).

Table 5. Variation in economic performance indices as critical variables change.

Variable
ENPV
before
(EUR)

ENPV
after

(EUR)

Variation
(%)

EIRR
before (%)

EIRR
after (%)

Variation
(%)

Electricity
feed-in
tariff

3,876,989 3,586,393 −7 11.58 11.00 −5

Operating
costs 3,876,989 3,688,426 −5 11.58 11.19 −3

CO2 price
(10 EUR·t
CO2eq−1)

3,876,989 2,948,495 −24 11.58 9.71 −16

CO2 price
(40 EUR·t
CO2eq −1)

3,876,989 4,833,466 25 11.58 13.43 16

4. Discussion

The LCA result shows that the agricultural phase and the purchase of the additional
feedstock matrix contribute most to the CF of the system. In particular, the highest impact is
given by the use of chemical nitrogen fertilisers associated with the cultivation of maize for
flour production, which is used as an additional organic matrix to feed the digesters. These
results are in line with [52], which evaluated the life cycle environmental impacts associated
with the generation of electricity from five real AD plants in Italy fed by agricultural crops
and wastes. Their results suggest that maize silage, used as a feedstock, is one of the main
contributors to the impacts of electricity production from biogas.

Although the study investigated only one plant, our results show that at least from
the perspective of the climate change category, the most relevant potential impacts are
related to some secondary inputs of the production process. The absence of direct emissions
for certain uses of fossil energy, as there might be in other energy production systems,
underlines the overall low impact of this technology. The CF of kWh produced by AD
plants (280 g CO2eq·kWh−1) is much lower than that of the same unit of energy pro-
duced by other sources, both fossil and some renewable. As reported by [53], the CF
per kWh of electricity produced by natural gas is equal to 443 g CO2eq; for petroleum
products, it is 778 g CO2eq; and for solid fossil fuels, mainly coal, it is 1050 g CO2eq.
The same is true for some alternative energy carriers and sources such as hydrogen
(664 g CO2eq·kWh−1 [53] and geothermal (380 g CO2eq·kWh−1 [54]). At the same time,
the AD values are higher than those of electricity produced by other technologies such
as solar photovoltaic panels (32 g CO2eq·kWh−1), hydroelectric (12 g CO2eq·kWh−1), on-
shore wind (10 g CO2eq·kWh−1) [53], offshore bottom fixed wind (32 g CO2eq·kWh−1),
and offshore floating wind (49 g CO2eq·kWh−1) [55]. This is due to a higher technology
readiness level, which implies better and more advantageous performances of these more
widespread energy generation systems [56].

In terms of the CBA, the plant is undesirable from a purely financial point of view.
The judgement at the end of the analysis led to the rejection of the biogas plant, with an
FNPV of −838,639 EUR and a FIRR of 1.89%, lower than the discount rate applied [41].
The result obtained is in line with [57], which carries out an economic–financial evaluation
through the application of NPV and IRR of different types of biogas plants, located in Italy
and fed with different substrates (i.e., maize, manure, sorghum). Using a discount rate of
5%, approximately equal to the one adopted in our study, and considering the same plant’s
lifetime (20 years), the study confirmed that plants fed with maize alone have a negative
financial performance. The revenues are unable to repay the investments with a negative
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FNPV and a FIRR lower than the discount rate. The systems which use energy crops such
as maize as substrates are not economically feasible with the current feed-in tariff. For this
reason, future capacity expansion will have to rely on the use of feedlot manures and other
agricultural residues in order to be profitable [57].

In our analysis, a relevant role is played by the initial investment cost (4,060,000 EUR),
which weighs more for the discount rate than the future revenue. This is because the
high operating costs (1,698,980 EUR) absorb most of the sales revenue (2,199,607 EUR),
which does not guarantee that the revenue will generate sufficient flows to repay the total
investment. The result obtained here does not necessarily indicate that the plant is not
desirable from the point of view of the community; in fact, the FIRR lower than the discount
rate may indicate that the project needs support from public or EU structures [41], as the
plant generates positive net cash flows during the operating years (Table 2). However,
as the objective of the study is to verify the social desirability of the AD plant, it is not
desirable if only the financial aspect is considered.

It should also be noticed that biogas benefits from a system of incentives determined
by the feed-in tariff; therefore, even if subsidised, the operational management does not
seem to guarantee an adequate financial return to repay the initial investment. The result
obtained does not show that biogas is not competitive on the market, but the result could,
for example, depend on inefficient cash flow management.

On the other hand, by correcting for market distortions and considering the GHGsaving,
the valuation of the plant becomes socially desirable. This gives an ENPV of 3,876,989 EUR
and an EIRR of 11.58%, which is higher than the social discount rate. The improvement
between FNPV and ENPV in our analysis should be seen as the additional information
provided by the economic analysis, which can improve the outcome of the evaluation. In
fact, the inclusion of socioenvironmental aspects may lead to a different judgement, which
could result in the ultimate approval of the project by virtue of a wider view of aspects
other than the mere financial ones, which can be found to be beneficial for the well-being
of the community. The strength of CBA lies in its ability to integrate socioenvironmental
aspects that are not considered by conventional assessment tools.

Although it is difficult to find comparative studies in the literature to support the
results of the economic analysis, [58] applied CBA to compare the performance of an AD
plant and a composting plant in the treatment of the organic fraction of municipal solid
waste. The results show that the composting system is the most cost-effective alternative
in terms of financial and environmental viability, but it also highlights that AD brings
significant benefits to the community in terms of electricity generation, fertiliser production,
and the ability to reduce the environmental impact perceived by the local inhabitants
because of energy production with low emissions.

The dependence of the plants on the feed-in tariff is certainly one of the most important
aspects of our analysis; indeed, the sale of electricity to the public utility is the main source
of income. The importance of the feed-in tariff highlighted by the sensitivity analysis leads
to the consideration of other sources of income, such as the production of biofertilizers
from digestate [59]. The production of biofertilizers would therefore not only contribute to
reducing the environmental impact on local ecosystems by replacing chemical fertilizers;
it would also lead to the development of a market for biofertilizers, which are currently
experiencing a significant expansion as a substitute for chemical fertilizers and as an
“environmentally friendly” strategy [60]. However, the decision of the plant operators
must be supported by an ex ante analysis of the quality of the fertilizer that would be
obtained from the digestate, as the nutrient content depends on the type of feeding of the
digester [61]. An analysis of market demand is also necessary to understand its dynamics
and characteristics. For example, the expansion of the biofertilizers market in Italy is
estimated at 4.9% in a forecast from 2022 to 2030 [62]. However, our study does not
consider the impact of the war in Ukraine on the price of chemical fertilizers, as methane
gas is expected to be used in the synthesis process [63–65]. As a result, the “opportunity
cost” of organic fertilisers could be higher and market growth could be significant.
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Moreover, with regards to the results of the sensitivity analysis for the financial
perspective (Table 4), the dependence of biogas on incentive schemes is reflected in the
literature. According to [57,66], the profit margin for biogas depends on the incentive
granted by the state to produce electricity from renewable sources. Salerno et al. [67] show
how the profitability of biogas plants decreases as the incentive granted decreases. The
analysis is carried out for small-scale plants (installed capacity less than 300 kW) fed with
a mixture of animal manure and maize (less than 30%). The discount rate applied is 6%
over a time horizon of 15 years for the 0.28 EUR·kWh−1 scenario and 20 years for the
0.18 EUR·kWh−1 scenario. The FIRR obtained in the study ranges from 26% (incentive
0.28 EUR·kWh−1) to 2.6% (incentive 0.18 EUR·kWh−1).

Table 4 also shows the critical assessment of operating costs because, as explained in
the financial analysis, the costs of the plant provide a margin of low profitability by eroding
a large part of the sales revenue. Consequently, even a small variation in operating costs
can have a significant impact on the change in the synthetic indices.

Regarding the variation in the economic performance indices (Table 5), the change in
the unit cost of CO2 is followed by a change in the performance indicators, so we can say
that the change in the assumed value determines a change in social welfare: improvement
when the price goes from 25 EUR·t CO2eq−1 to 40 EUR·t CO2eq−1 and deterioration when
it goes from 25 EUR·t CO2eq−1 to 10 EUR·t CO2eq−1. This confirms that accounting for
GHGsaving is a relevant factor in the outcome of the assessment.

Finally, the joint use of the two methodologies presented in our study, LCA and CBA,
has shown how these tools complement each other, ensuring a better awareness of the social
and environmental impact of the processes studied. According to Manzo et al. [68], the CBA
ignores the indirect environmental costs associated with the project, and it suggests how
the combination of this methodology with the LCA ensures a better quality of information
for the decision-maker. In addition, the information provided by the LCA alone is difficult
to use in the decision-making process, as the result it provides is expressed in units other
than the euro (i.e., kg CO2eq), whereas the operational evaluation of projects takes place in
monetary units.

Environmental policies based on the improvement of energy efficiency and renew-
able resource exploitation (as in in this case study) have special significance for carbon
emissions reduction and the mitigation of the effects of climate change. However, the
energy rebound effect caused by technological progress and green energies availability can
indirectly increase consumptions, determining an opposite effect as greater as the efficiency
is [69,70].

5. Conclusions

The objective of the study was to evaluate the environmental, economic, and financial
performance of a biogas plant located in the province of Grosseto through the combined
use of LCA and CBA methodologies. In line with the Recovery and Resilience Plan purpose
to decisively increase the penetration of renewables, the implementation of an AD plant
fed by cultured crops, such as the one analysed, does not implicate land grabbing for food
production, but could contribute to the creation of repeatable small-scale energy production
systems able to sustain the demand of local communities. The study demonstrates that this
plant is able to valorise the marginal uncultivated land, increasing the electricity production
from RES and restoring abandoned areas that would otherwise never be used, with the
possibility of accelerating the development of local energy communities. In summary,
the conclusions drawn show how the integration of socioenvironmental information with
financial data can improve the project evaluation process by considering aspects that would
otherwise remain outside the scope of the decision maker’s evaluation.

As an analytical tool aimed at interpreting reality, LCA offers a limited level of detail
in terms of the databases available, but this study has demonstrated its ability to monitor
and quantify the sustainability performance of public and/or private projects. On the other



Energies 2023, 16, 3686 16 of 19

hand, CBA assesses the economic and financial viability of public and/or private projects
by considering of the socioenvironmental benefits that they generate for the community.

The complementarity of the two methodologies is therefore confirmed; the two tools
complement each other, ensuring a better awareness of the social and environmental impact
of the processes studied. The ability of the two methodologies to complement each other
shows how two seemingly very different instruments can be combined to produce a better
result. This joint approach allows the complexity of environmental, social, and economic
systems and dynamics to be considered. It can also encourage public reflection and political
action to tackle climate change.

Future studies could evaluate the outcomes of the analysis of several AD plants.
Moreover, the extension of the system boundaries could be assessed, with a view to
considering both the impacts associated with the spreading of digestate on fields and the
end-of-life or refurbishment phase of the biogas plant. In addition, future research could
focus on a more thorough evaluation of additional matrices (i.e., composition) and an
assessment of the impact of replacing these matrices with more sustainable alternatives.
In fact, the main environmental impacts of energy crops depend on the choice of areas
used for cultivation according to the soil characteristics, the climatic conditions, the type of
crop selected, and the agronomic practices adopted—all elements which could be further
examined. Additional investigations on the rebound effect linked to the renewable energy
exploitation could be conducted in the future to guide policy makers’ decisions, to raise
consumer awareness of responsible energy use, and to develop energy communities with
the aim of equitably sharing the energy flows produced by AD plants between users.

The industrial conversion of dedicated crops and agricultural residues—such as resid-
ual straw from the local production of wheat, barley, and oat [71]—into biogas could
become a technically viable reality in agricultural regions with a highly productive vocation
for industrial crops, such as those presented in the Italian national territory. This could be
a way to develop vast agricultural landscapes—and thus to maximize social benefits—as
well as sustainable bioenergy cropping systems.

The present study aims to promote the development of AD systems further, and
to encourage the sharing of knowledge and skills about the potential of this technology,
especially among policy makers. To do this, policy makers need to be equipped with
appropriate assessment tools such as LCA and CBA.
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