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Abstract: Energy production from biogas can play a pivotal role in many European countries, and
specifically in Italy, for three main reasons: (i) fossil fuels are scarce, (ii) imports cover large shares
of internal demand, and (iii) electricity and heat production from biogas is already a consolidated
business. Nonetheless, in Italy, current legislation and incentive policies on electricity generation
from biogas are causing a stagnation of the entire sector, which may lead to the shutting down of
many in-operation plants in the years 2027-2028 and the consequent loss of 573 MW, over a total
of 1400 MW,. This work aims to investigate the potential of revamping biogas power plants in
prolonging operation until the end of the plants’ useful life, regardless of the implementation of a
new government’s incentive schemes. Based on the time-series analysis of electricity prices in Italy
and a case study representative of the vast set of in-operation power plants, our findings show that
700 plants will likely shut down between 2027 and 2028 unless the government adequately rewards
electricity produced and fed into the grid via incentive schemes. In detail, our results show that the
investment to revamp the plant exhibits a highly negative Net Present Value.

Keywords: biogas; revamping; repowering; organic Rankine cycle; profitability of investment;
incentive design

1. Introduction

The socioeconomic development of humankind is strongly connected to the availability
of energy and, consequently, to the access to a number of energy sources at the lowest
prices possible. This condition, at the time being, is guaranteed by fossil fuels.

Nonetheless, the ever-increasing population growth is boosting energy demand and,
specifically, the request for fossil fuels. This demand is driving up their usage and, con-
sequently, is boosting human-caused carbon dioxide (CO;) emissions at a yearly rate of
up to 2%. This trend is unsustainable as greenhouse gas (GHG) emissions are well-known
drivers of global climate change.

Therefore, there is an urgent need for strong and effective actions targeted to change
how energy is generated and natural resources are managed in order to build a sustainable,
decarbonized and digitalized power generation system.

In this view, two worldwide treaties have been signed in the past years (the Kyoto
Protocol [1] and the Paris Agreement [2]), but only the member states of the European
Union (EU) agreed to set stringent and binding targets for 2020 [3], 2030 [4] and 2050 [5] in
order to push the energy transition toward a carbon-neutral economy.

Despite the great efforts set in place by EU members and the achievement of the 2020
targets [3], more than 77% of the EU GHG emissions still derive from the production and
use of energy [6], thus making it difficult to achieve the climate targets set for 2030 and the
ambitious goal of climate neutrality by 2050.
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Consequently, to make a breakthrough in terms of (i) CO, and GHG emissions abate-
ment, (ii) climate change mitigation, (iii) distributed generation spread, and (iv) jumpstart-
ing the economy after the devastating waves of the COVID-19 pandemic, in 2021, the EU
designed the "European Green Deal’ strategy [7] in response to climate change.

The EU plan is ambitious and challenging because, compared to climate targets set in
2015 under the Paris agreement, which established to cut GHG emissions by at least 40%
(compared to 1990 levels) by 2030, the EU has uplifted this target from 40% to at least 55%
by 2030 and has made legally binding the achievement of the climate neutrality by 2050.

The above targets are highly demanding. Nevertheless, although the EU set in 2008 to
cut emissions by 20% by 2020 (compared to 1990 levels), in 2019, the reduction of emissions
reached 24%. In 2020, this favorable trend was further stressed by the COVID-19 outbreak
which, due to lockdowns, limited energy consumption in the industrial and tertiary sectors.
Consequently, the registered drop reached 31%. The achievement of climate neutrality in
less than 30 years is hard but, if realized, it can:

e guarantee secure and cost-effective energy supplies to EU members;

*  build an integrated, interconnected, and digitalized energy market;

* spread the energy efficiency concept, enhance the energy performance of buildings
and implement a power sector based on renewable energy sources (RES).

Whether implemented, the three latter actions might contribute to increasing the share
of renewable energy consumption by up to 32% and spur energy users to switch from
consumers to prosumers and self-generate green energy [6].

In this respect, the authors refer to Italy as an illustrative example to prove the excep-
tionality of the ongoing paradigm change. To comply with the planned targets, Italy is
requested to invest in an additional 10 GW of wind (of which 0.9 GW offshore) and 30 GW
of solar (of which 0.88 GW of concentrated solar power) by 2030 [8]. It is worth mentioning
that at the end of 2020, the total installed power of wind and solar was 10.90 GW and
21.65 GW [9]. Consequently, wind and solar installed power capacity are expected to
increase to 23.23 GW and 52 GW, respectively.

The requested investments can likely push the production of RES electricity from 41.7%
up to 55% with significant benefits in terms of GHG emissions reduction and improved
security in energy supplies. Nonetheless, the intermittent and unpredictable nature of wind
and solar demands, in conjunction with their installation, the development of a series of
actions to match supply and the demand without incurring strong and unexpected power
fluctuations that may generate problems for grid management and control, devices faults
and local to global blackouts.

To this end, projections indicate the need for installing approximately 6 GW of centered
storage and 4 GW of distributed storage to compensate for the variable and unpredictable
RES over-generation [8]. Therefore, a large number of variable RES distributed power
plants needs to be paired with the installation of large-capacity cost-effective utility-scale
energy storage units to decouple the energy production from its consumption, compensate
the power fluctuations, and provide a more regular and predictable power profile [10,11].

As 2030 is approaching fast, there is the need for optimally designing and locating
new strategic facilities. In addition, the EU is determined to move an epochal step forward
in the energy transition from fossil fuels to renewables, so it is important to ensure both
environmental preservation and security of energy supply.

The EU energy security was an under-control and manageable problem until 24
February 2022. After that date, it became a critical issue with the highest priority. On 24
February 2022, Russia started military action against Ukraine. The consequent war has
contributed to disrupting the global energy sector and economy and has induced the EU
authorities to impose economic sanctions on Russia. This policy move has provoked a
cut in Russia’s natural gas export which, in turn, forced the European Commission to act
rapidly to prevent and mitigate the effect of an unprecedented energy crisis [12]. The result
is the REPowerEU [13]: A plan to rapidly reduce dependence on Russian fossil fuels and
fast forward the green transition.
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Apart from speeding up the implementation of the European Green Deal [7], the RE-
PowerEU plan aims to reduce the dependence on Russian gas imports by (i) strengthening
the imports of liquefied natural gas (LNG), (ii) enlarging the existing gas storage facilities,
and (iii) stimulating the production of biomethane.

To this latter is dedicated the ‘biomethane action plan’, which is a series of actions to
stimulate the renewable gas value chain and increase biomethane production up to 35 bcm
by 2030, including the targets set in the Common Agricultural Policy.

The ‘biomethane action plan’ is a stepping stone to achieving the climate targets,
securing the EU supplies, and boosting both the circular economy and job creation. In
fact, at the time of writing, the European production of biogas and biomethane has already
generated 210,000 jobs and has avoided 60 Mtco, ., per year of GHG emissions [14]. In
addition, biogas power plants guarantee the generation of green electricity and heat,
whereas biomethane allows reducing the dependence of EU Member States on fossil fuels
in the transport sector. These aspects are fundamental and should be taken into account
when designing strategies and energy policies to boost RES installations. In a nutshell,
what follows presents the status quo in Italy.

Italy is currently suffering from a severe energy crisis. In light that natural gas imports
from Russia reached 40% of the total in 2021, the ‘biomethane action plan’ represents a
challenging investment and growth opportunity for the Italian biogas industry because it
can give new rise to the investors’ interest in the sector after years of stagnation.

The rapid shrink in the number of biogas installations after an exceptional initial pene-
tration has been caused by two primary reasons. On the one hand, although the incentive
scheme, which was set in 2008, had initially favored investments as it guaranteed generous
Feed-in Tariffs (Fils) for fifteen years from the plant’s installation (namely until 2027 for
plants starting operating in 2012), its dramatic cut in 2013 made it no longer profitable to
invest in biogas plants for producing electricity. On the other hand, (i) the cost of revamping
a biogas plant into a biomethane one, (ii) the management complexity and operating costs
of the biomethane unit, (iii) legislation which assigns incentives only to biomethane use
in transport [15], (iv) a lack of support scheme and a standard gap for biomethane and
hydrogen-enriched natural gas injection into the natural gas grid [16,17], and (v) a longly
waited for ‘new’ Government decree on biomethane that has been continually postponed
have prevented the further development of the Italian biomethane sector. In addition,
current legislation puts many limitations to revamping existing or end-of-life biogas plants.

Consequently, there is prominent risk that at the end of the biogas incentive scheme
set in 2012, a vast number of biogas plants will be switched off. Their closure, in turn, will
likely cause in the period December 2027-June 2028 the loss of more than 570 MW, of
biogas installed power over 1400 MW, today in operation. On the one hand, this power
loss will half the electricity production from biogas. On the other hand, it will likely be
impossible to comply with the power target set for 2020 by the National Renewable Energy
Action Plan (NREAP) [18].

For the above reasons, there is an urgent need for alternative solutions to prolonging
biogas plants’ operation. These alternatives should address both the issues of preserving
the in-operation 573 MW, biogas units after the phasing out of FiT incentives and making
a step forward in improving energy efficiency. To this end, this work aims to provide a
methodological valuation framework to assess the cost-effectiveness of different options for
potentially extending the operational life of existing biogas plants. In detail, to investigate
the profitability of investments and determine the cost-revenue trade-offs, the authors
analyze a real case study and perform scenario analyses in which they consider the sole
plant renovation or the plant revamping combined with installing an organic Rankine cycle
(ORC) unit to increase electricity production. Firstly, to estimate the plant’s installment and
operating costs, the authors use data obtained from the market analysis they conducted
and the surveys they administered to plants’ managers and owners. Secondly, in order
to account for the effects of the planned end of the current FiT incentive scheme and
estimate the revenues generated by feeding electricity produced into the grid at market
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prices, they model the stochastic process underlying energy prices by implementing a
time-series analysis. To verify the robustness of the results obtained via the scenario
analyses and evaluate the impacts of the recent dramatic jump in energy prices on the
biogas sector and the whole economy, the authors perform a sensitivity analysis. Finally, as
the plant under investigation is representative of a vast set of Italian facilities, to highlight
the novelty of this study and support policymakers, the authors provide some insights
on potential policy implications of the scenarios under investigation and determine the
minimum monetary reward requested for prolonging the operation of existing power
plants and making the plants’ revamping. To the author’s best knowledge, this is the first
contribution to conducting such an analysis. The remainder of the work is organized as
follows. To better highlight the novelty of this work and its contribution to the existing
literature, Section 2 briefly reviews the existing literature focusing on both biogas and
biomethane, whereas Section 3 draws a picture of the Italian biogas sector accounting for
both the number and typology of installations and legislation. In Section 4, the layout of the
existing Italian biogas production plant is illustrated. In Section 5, materials and methods
are presented, whereas in Section 6, results are reported and discussed. Finally, Section 7
offers the concluding remarks.

2. Literature Review

To the authors’ best knowledge, in the literature, no contribution has proposed and
conducted a similar study, not in the biogas sector nor the biomethane one.
The published works on biogas mainly focus on the following:

e Sector’s status. For example, Benato and Macor [19] provided an analysis of the Italian
biogas sector’s trend of development by comparing current incentives to installment
and operating costs. A similar investigation was conducted by Ferreira et al. [20]
for Portugal, whereas Igliniski et al. [21], Kim et al. [22] and Nevzorova [23] ana-
lyzed the Polish, Sud Korean, and Russian Federation biogas sectors. Contrary to
other authors, Brémond et al. [24] presented a vision for the European biogas sector,
whereas Kemausuor et al. [25] described and discussed barriers to biogas development
in Africa.

®  Biogas production maximization through the selection of the feedstock type and quantity.
For example, Lee et al. [26] analyzed how the pretreatment and the share of organic
wastes influence biogas production. Then, to maximize production, they optimized the
mixture ratio. A similar study was conducted by Ghouali et al. [27], Song et al. [28] and
Asadi and McPhedran [29], while Sarker et al. [30] investigated the critical parameters
and their role in the design and operation of biogas production plants.

®  Biogas engines’ performance improvement and emissions reduction. Several works have ana-
lyzed the use of biogas in Internal Combustion (IC) engines in combination with other
fuels. The scope of such investigations is to reduce fuel consumption and emissions.
For example, Nathan et al. [31], Barik and Murugan [32], and Yilmaz and Gumus [33]
investigated the effects of adding biogas to diesel on IC engine performance and
emissions, whereas Bui et al. [34], Benaissa et al. [35], and Sharma et al. [36] conducted
a similar analysis but considering the enrichment of biogas with hydrogen. Contrary
to others, Deheri et al. [37] focused their attention on reviewing the available litera-
ture on IC dual-fuel engines working with biogas and hydrogen. Finally, Macor and
Benato [38—40] measured the biogas IC engine regulated and unregulated emissions,
performed a risk and human health toxicity assessment and computed the cost to
reduce the emissions’ toxicity on human health.

e Life Cycle Assessment (LCA). In this research field, there are researchers that con-
ducted LCA analysis of the entire industrial scale co-digestion biogas plants (e.g.,
Bartocci et al. [41]) or others that focused on a specific bio-product; as an example,
Rehl and Miiller [42] analyzed the digestate. Reviews are numerous also. As an
example, the review by Hijazi et al. [43] is centered on LCA for biogas production
in Europe, while Aziz et al. [44] focused on Malaysia. Esteves et al. [45] reviewed
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the works dealing with LCA and manure for biogas production, and Starr et al. [46]
focused on the LCA of biogas upgrading technologies.

Economic aspects. O’Connor et al. [47] analyzed the economic feasibility of small-scale
biogas plants located in Europe, and Trypolska et al. [48] performed a similar analysis
but centered on agricultural biogas production by Ukrainian farms. Barbera et al. [49]
explored the techno-economic feasibility of a micro-scale biogas plant integrated with
microalgae cultivation for treating the organic part of the municipal waste. Win-
quist et al. [50] evaluated the business opportunities for the Finish market offered
by biogas.

Biomethane is a deeply investigated fuel as well, and several works can be found in

the literature. The research on biomethene mainly covers the following topics:

Potential production. As an example, Sun et al. [51] firstly evaluated the potential pro-
duction of biomethane from crop residues in China. Then, they analyzed how this fuel
could contribute to the achievement of carbon neutrality. Zhu et al. [52] investigated
the effects in different countries of promoting biomethane production by upgrading
from agricultural biogas. Xue et al. [53] compared the European with the Chinese
experience in the biomethane sector and the potential of their acquired knowledge
exchange. Dale et al. [54] analyzed how to expand biomethane production sustainably
and considered its potential impacts in different countries. There are also some contri-
butions in the literature dealing with the estimation of the biomethane potential for
transport purposes (see, e.g., Argalis and Vegere [55]) and studies that specifically fo-
cused on the design of strategies and support policies to boost biomethane production
(see, e.g., Schmid et al. [56]).

Upgrading technologies. This is a really hot topic, because there is an urgent need for effi-
cient and cost-effective technologies for upgrading biogas into biomethane. In fact, sev-
eral review papers in the literature address this issue. As an example, Rodero et al. [57]
presented a review of biogas’ purification-and-upgrading technologies. In addition,
Khan et al. [58] focused on the available technologies for direct biomethane use, and
Angelidaki et al. [59] provided an analysis of the currently available technologies and
investigated the emerging ones. By contrast, Zhao et al. [60] concentrated their atten-
tion on the recent technological advancements in biogas upgrading. Ahmed et al. [61]
reviewed upgrading technologies and examined their utilization and related economic
aspects. The latter issue is also addressed by Lombardi and Francini [62]. Nonetheless,
in their work, the attention is posed on both economic and environmental concerns and
drivers. Differently from the others, Kapoor et al. [63] and Golmakani et al. [64] ana-
lyzed the future perspectives of biogas upgrading. Nevertherless, Golmakani et al. [64],
to clarify the current situation and suggest a future outlook, expanded the study to
biogas cleaning and biomethane utilization, computing the global warming potential
of various biogas upgrading technologies.

Economic and socioeconomic aspects. Apart from the economic analyses conducted on
biogas upgrading technologies, it is important to highlight that there are studies that
compare the profitability of (i) biogas upgrading with its use for electricity generation
(see, e.g., Budzianowski and Budzianowska [65]), (ii) biomethane grid injection with
biomethane liquefaction (e.g., Ref. [66]), and (iii) biomethane production conditional
to the presence or the absence of incentive schemes (e.g., Ref. [67]). There are also
investigations devoted to assessing the economic viability of biogas-biomethane from
animal residues supply chain (e.g., Ref. [68]) or focused on the socioeconomics of
biomethane use in the transport sector (e.g., Ref. [69]).

Life Cycle Assessment. The studies embeddable in this research branch are numerous.
They range from LCA of biomethane [70] to comparison based on LCA analysis of
biowaste-to-biomethane and biowaste-to-energy [71]. There are also investigations
focused on analyzing from the LCA perspective (i) the upgrading of biogas into
biomethane [72], (ii) the production of biomethane from lignocellulosic biomass [73],
or (iii) microalgae grown in municipal wastewater [74].
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The above-mentioned works represent only a small quota of the contributions in
the literature focusing on biogas and biomethane. Nonetheless, they clearly show that
biogas is a hot topic. The review conducted reveals indeed that no contribution so far
has evaluated the techno-economic feasibility of extending the biogas plants’ life after the
phasing out of incentives without revamping the existing plant into a biomethane unit but
rather implementing plants’ modifications targeted to improve the overall efficiency. The
novelty of this contribution resides in that the authors show that existing biogas plants can
be revamped cost-effectively to improve their efficiency and prolong operation for up to
30 years. This work focuses on Italian biogas production plants. Nonetheless, the proposed
valuation framework can be adopted and implemented in the evaluation of alternative
investment strategies in other countries.

3. The Biogas Sector in the Italian Renewable Energy Context: Trend, Legislation
and Subsidies

In 2020, the gross installed power of the Italian generation units reached the
119.108 GW [75]. As shown in Figure 1, 10.907 GW and 21.650 GW derive from wind
and solar energy, respectively, whereas 19.106 GW are produced by hydroelectric power.
The geothermal quota accounted for 0.817 GW, while bioenergy amounted to 4.106 GW.
Therefore, the 47.5% of the Italian gross installed power (56.586 GW) is of renewable
origin [9].

Bioenergy - 4.1 GW

Wind - 10.9 GW
Geothermal - 0.8 GW

Hydro - 19.1 GW

Figure 1. Installed power from RES in Italy in 2020. Authors” elaboration based on Gestore dei Servizi
Energetici (GSE) data [9].

Despite the consistent RES installed power, fossil fuels are the main contributors to
domestic electricity production with 53.5% of the total (150 TWh over 280 TWh) and, among
them, natural gas is the leader. As depicted in Figure 2, electricity generated via natural
gas combustion amounted to 47.8% of the total (134 TWh over 280 TWh), whereas the
contribution of coal and oil was less than 6% as a whole. This context reveals, on the one
hand, the policy target of switching to less polluting fossil fuels (i.e., natural gas) and, on
the other hand, a lack of diversification that puts at risk the country’s energy supplies and,
subsequently, its economic growth. The war in Ukraine (24 February 2022) and the cut in
Russian natural gas exports to Europe in response to the imposed international sanctions
have exacerbated concerns about the country’s energy security and the energy crisis.

Electricity generation from RES is universally viewed as the solution to cut GHG
emissions and secure the energy supply. In 2020, RES energy produced was 41.8% of the
total: More than 40% came from hydropower, whereas the contribution of wind and solar
was equal to 21.3% and 16%, respectively.
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Despite the solar and wind installed power being 5 and 2.6 times higher than bioenergy
(Figure 1), the latter generated 19.6 TWh: 5% more than wind and solely 25% less than solar.
Therefore, as the contribution of solar and wind was 6.7% and 8.9%, respectively, bioenergy
contribution to Italian electricity production was indeed comparable (i.e., 7%).

Figure 2 shows that biogas production plants generated 8.1 TWh. In other words,
41.6% of the electricity produced by bioenergy came from biogas. Consequently, it is crystal
clear that biogas has a pivotal role in the Italian electricity generation sector. In light of
the above consideration, there is an urgent need for a strategy to prevent the shutdown of
existing biogas units and, in turn, of their green electricity production share. To this end, it
is fundamental to investigate either the evolution of the biogas sector over the years or the
factors that pushed or blocked biogas installations.

Wh

Figure 2. Gross electricity production by fuel in Italy in 2020. Authors’ elaboration based on GSE
data [9].

Within the EU biogas sector, Italy is one of the leading countries thanks to 2201 plants,
generating 1452 MW of installed power and 8166 GWh of generated electricity [76].

The biogas sector represents a leading sector in Italy also; among the existing 2944
bioenergy plants, 2201 are biogas facilities. Although biogas ranks second (1452 MW,))
after solid biomass (1688 MW,)) and before bioliquids (965 MW,)) if the installed power
is assumed as a benchmark [9], biogas is prominent in terms of electricity production.
As depicted in Figure 3, since 2013, biogas has been the major contributor to bioenergy
electricity generation: on average, starting from 2014, it has generated yearly more than
41% of the bioenergy-based electricity (8.16 TWh over 19.5 TWh), which is immediately
followed by solid biomass (6.5 TWh) and bioliquids (4.6 TWh).
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Figure 3. Trend of the electricity production from solid biomass, biogas, bioliquis and bioenergy
(sum of the three above-mentioned fuels). Italy, period 2010-2020. Authors’ elaboration based on
GSE data [9].

Apart from 2010-2014, the Italian biogas sector boasts a complex evolution over the
years. The first biogas installations dated back to the early 1990s to produce electricity by
cogeneration, i.e., by burning biogas produced in an internal combustion engine.

Despite efficient technology, the number of biogas plants did not register a signif-
icant increase in the 1990s. From 1995 to 1999, electricity production from biogas rose
by 45-50 GWh per year. This low growth induced the Italian Government to design an
incentive scheme (i.e., the green certificate system) to support the sector development [77].
Nonetheless, regardless of the efforts made by the government and the funds that it made
available, the increase in average electricity annual production from biogas was 110 GWh
between 2000 and 2008 (Figure 4).

9000 — T — T T T

8000

7000

Electrical Energy [GWh]
w B [3)] [o}]
o o o o
o o o o
o o o o

Figure 4. Trend of the electricity production from biogas. Italy, period 2000-2020. Authors’ elabora-
tion based on GSE data [9].
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Regardless of green certificates, though, the registered small biogas growth forced the
Italian government to implement a challenging set of actions. In the Budget Act of 2008 [78]
and in the ARG/elt 1/09 [79], electricity generators of an installed power of 1-999 kW
(0.2 MW for wind energy) were entitled to a so-called ’All-inclusive Feed-in Tariff” as an
alternative to green certificates. The incentive policy introduced in 2008 guaranteed both
FiT and green certificate payments for 15 years to any plant which would have started
operation before 31 December 2012 (deadline postponed to 30 June 2013).

In a nutshell, the biogas plants with a design electric power of 1-999 kW, were eligible
to receive (i) 0.18 € kWh~! for landfill waste as feedstock or (ii) 0.28 € kWh~! for biomass
substrate such as agricultural, livestock, or forestry bio-products collected in an area of
70 km around the biogas unit.

Comparing the Italian incentive policy with the EU Member States’ policy, it emerges
that the Italian government set a very generous incentive scheme, which finally shook
the sector.

Figure 5 highlights how in five years (2008-2012), the number of plants and the
installed power rose from 107 to 1548 and from 55 MW, to 1343 MW, respectively. Due
to these new installations, biogas electricity production increased from 1000 to 4620 GWh
(Figure 4).

‘-Number of Plants M Installed Power|

2500 - - 1500

2000 F
Iy 71000
5 1500 - =
o =
- —
o g
[4}]
£ 1000 &
3 1500

500 -
0 0

Figure 5. Trend of the biogas installations in terms of both number of plants and installed power.
Italy, period 2008-2020. Authors’ elaboration starting from GSE data [9].

The incentive scheme introduced by the government, which differentiated FiTs based
on both the feedstock substrates and the plant’s size, generated a rapid increase in the
number of biogas facilities fed via agricultural feedstock such as energy crops (Figure 6).
As the vast majority of energy crop production is located in northern Italy, biogas power
plants are, in turn, preferably located in this geographical area.

Consequently, as shown in Figure 7, in 2020, more than 77% of electricity production
from biogas was indeed concentrated in northern Italy, namely in Lombardia, Veneto,
Emilia Romagna, and Piemonte. In addition, the generous FiT paid to plants of design
power lower than 1 MW, favored the market penetration of biogas plants of an IC engine
nameplate power of 999 kW, producing heat and electricity. This type of plant represented
the best alternative from a techno-economic perspective. The electricity produced by co-
generation is fed into the grid at a fixed price of 0.28 € kWh~! with dispatching priority,
whereas the heat is used to control the temperature of the anaerobic digestion process.
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Figure 6. (a) Number of biogas plants, (b) Installed electricity capacity, and (c) Electricity generation
of each feedstock used in biogas plants. Italy, year 2020. Authors’ elaboration based on GSE data [9].
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tion based on GSE data [9].
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In a nutshell, the unprecedented growth of biogas production over the years 2012-2013
contributed definitively to the development of the biogas sector and, specifically, of agri-
cultural biogas in Italy. The combustion of biogas in IC engines (preferably of 999 kW of
nameplate power) to generate heat and electricity was ripe to become the more prominent
and profitable solution to comply with the EU 2020 climate targets in terms of installed
power (Figure 8).

It is worth noting that the 2020 annual target for RES set in the Italian NREAP [18],
which transposed Directive 2009/28/EC [3], was already achieved in 2012 (i.e., eight years
in advance of the deadline). It is, therefore, evident that the incentive policy set by the
Italian government was effective in reaching the objective, although it was not cost-effective,
as widely debated in academia.
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Figure 8. Trend of the biogas installations in terms of installed power vs. the NREAP target. Italy,
period 2008-2020. Authors’ elaboration based on GSE and NREAP data [9,18].

A new incentive policy entered into force on 1 January 2013 [80] and introduced a
dramatic cut on FiTs, especially for plants of design power lower than 1 MW,,. As described
in detail in Ref. [19], this action shocked the sector and practically blocked the construction
of new biogas power plants (Figure 8). Consequently, energy production from biogas
registered an abrupt decrease starting in 2014 (Figure 4).

Finally, in 2016, a revision of the above incentive policy introduced an additional
reduction of FiT incentives, thus definitively interrupting the sector growth (Figures 4 and 5).
Unfortunately, neither EU nor national sector regulations succeeded in overcoming this
persistent stagnation state.

The situation is becoming more critical due to the near expiration of FiTs, which were
initially guaranteed to plants built before the end of 2012 (deadline updated to June 2013).

According to recent projections, between the second semester of 2027 and the first
semester of 2028, approximately 700 in-operation biogas plants will shut down. Figure 9
illustrates the expected share of plants and the relative installed power that might be
potentially foregone in 2028, thus causing a reduction by approximately 40% of the total
installed power (573 MW, over 1452 MW)). There is indeed consensus on the need for
incentive schemes to prevent this loss in power installation and overcome the existing
structural barriers to both biogas plant revamping for electricity production and biogas
upgrading to biomethane.
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Figure 9. Main regional loss of biogas plant and installed power in 2028. Authors’ elaboration starting
from data make available from GSE [81] and Consorzio Italiano Biogas [82].

Nonetheless, it is worth noting that the loss of over 570 MW, would imply a loss
of approximately 4 TWh (over 8 TWh) of renewable electricity. It might be of utmost
importance, though, to investigate whether the revamping of biogas plants to generate
electricity represents a sustainable alternative to biogas upgrading to biomethane. The
advantages of undertaking this investment strategy are multiple:

* aPV plant of 50 MW, design power occupies approximately 95-105 hectares and costs
60-65 M€ [83]. The replacement of energy production from biogas plants, potentially
switched off in 2027-2028, would require an investment cost of about 650-700 M€ and
an area of about 1100-1200 hectares. The latter is a decent amount of land hard to find
in Italy, especially considering that PV power should increase from 23 to 52 GW, by
2030 to comply with national climate targets.

* Biogas production is programmable and predictable, wheras PV production is in-
termittent and depend on seasonality. Indeed, a biogas plant can operate for over
8000 h per year. By contrast, PV power plants function for approximately 1200-1250 h
annually.

* To make PV energy production more flexible and increase self-consumed energy
quotas, storage units are necessary. Storage increases investment costs and may
generate management issues.

Therefore, the preservation of installed biogas power via a repowering process and by
adding waste heat recovery units (WHRUS) to increase electricity production will definitely
contribute to: (i) avoiding the installation of over 570 MW of PV facilities, thus reducing land
consumption; (ii) bypassing the need for energy storage, being biogas programmable and
characterized by a high load factor; (iii) improving the energy efficiency of biogas facilities,
though not increasing fuel and feedstock consumption; (iv) reducing CO, emissions per
unit of generated electricity; (v) cutting down installation costs, and (vi) guaranteeing
biogas economic sustainability.
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Bunker Silos for Feedstock Storaae

4. Plant Structure

Figure 10 depicts the structure of a 999 kW, biogas facility in which different feed-
stocks such as energy crops and manure are co-digested. As previously said, 999 kW, is
the most widespread design power for biogas power plants in Italy because of the incentive
policy established for the period 2008-2012, which assigned very generous FiTs that made
this plant’s nameplate power the most profitable.

Biogas Filtration
System

Flame }L Exhaust Gases

X NO Filter

Primary ) Secondary Digestate Solid

Digester Digester Fraction Storage
Digesters

Digestate Liquid Heating System

Fraction Storage

Figure 10. Structure of the analysed biogas facility.

The 999 kW, biogas facility is made up of the following: a series of bunker silos
for storing the feedstock, a substrate feeding tank, two primary digesters, two secondary
digesters, a digestate solid fraction storage and a liquid one, a biogas filtration system, a
flame torch, and an IC engine.

Maize and wheat silagg, triticale, corn flour, sugar beets, chicken dung, and cattle manure
are typical feedstock used in Italian biogas facilities. These substrates are generally stored
in bunker silos. If the plant adopts cattle and pig sewage in addition to energy crops and
manure, this feedstock is stored in underground sealed tanks to avoid any unpleasant odor.

The daily quantity of feedstock necessary to feed the plant is loaded in the substrates
feeding tank and, after being mixed, it is sent to the primary digesters. After a certain
amount of time, the digestate is sent to the secondary digesters. Inside the primary and
secondary digesters, the feedstock and digestate are continuously mixed with mechanical
stirrers. The mixing promotes the anaerobic digestion process.

Generally, both primary and secondary digesters are cylinders. The cylinders’ walls
are characterized by a height of 6 m (green part in Figure 10). The internal diameter of
primary digesters is 23 m, whereas that of secondary digesters is 26 m. The roof of both
primary and secondary digesters is a semi-flexible dome that has the scope of collecting the
raw biogas produced by the anaerobic co-digestion of energy crops and manure.

To guarantee a stable and continuous anaerobic digestion process, it is necessary to
maintain the temperature inside the digesters in the range 35-40 °C. In order to keep the
inside temperature and accommodate both heating tubes and a set of multiple layers of
non-conductive materials, the digesters” walls present a thickness of 0.7 m.

As shown in Figure 10, the hot water circulating into the above tubes is heated up
with the IC engine waste heat. Thanks to the recovery of the engine’s cooling water
and lubricating oil, it is possible to produce hot water to heat the digesters and, in turn,
guarantee stable and continuous biogas production.
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The liquid part of the digestate is continuously recirculated between primary and
secondary digesters thanks to the digestate liquid fraction collecting tank, whereas the
digestate solid fraction is collected into storage silos after being squeezed. Usually, this
substrate is spread to make the soil fertile and usable for energy crop production.

Raw biogas is firstly collected into the digesters” domes and, subsequently, it is filtered.
Finally, biogas is sent to the IC engine to be burnt. In the event of an emergency or an IC
engine fault, raw biogas is burnt directly in the flame torch.

The IC engine nameplate thermal power is 2.4 MW, whereas the electric one is
0.999 MW,. The engine rotates at a constant speed equal to 1500 rpm and is coupled
directly with the electric generator. The generated electricity is mainly delivered to the
national grid apart from the amount needed to maintain the facility in operation (the
so-called plant self-consumption). The IC engine usually runs at least 8000 h per year at
full load. In terms of service, the lubricating oil is changed every 30004000 h of operation
depending on the biogas quality, whereas significant maintenance works are necessary
after 60,000 h.

As said, a portion of the engine’s heat is recovered to heat the digesters, while the
exhaust gases” heat content is generally wasted. The heat released to the environment is not
negligible considering that the exhaust gases temperature ranges between 460 and 500 °C,
while the mass flow rate exceeds 5300 kg h™!.

To maintain the nitrogen oxides (NOy) below limits imposed by regulation, the exhaust
gases flow through a nitrogen dioxide filtration system (NOy filter in Figure 10) before
being released into the environment.

Only rarely is the exhaust gas heat content recovered through a WHRU. This device is
a gas-to-liquid heat exchanger. As described in Ref. [19], the WHRU can be used to produce:

e  Hot water or steam that can be directly delivered to a thermal user;

¢  Hot water used as heat source for an organic Rankine cycle turbogenerator. In this case,
the ORC presents a design power of 70 kW, and, to obtain the maximum incentive
possible, the engine is operated at 929 kW, instead of 999 kW,,. This configuration is
adopted to reduce the engine biogas consumption and, subsequently, the feedstock
quantity (up to 10%). However, as demonstrated by Benato and Macor [84], the
direct recovery of the exhaust gases heat content operated at full load allows the
installation of an ORC with a design power up to 137.8 kW,). The ORC installation, in
turn, guarantees an additional “green” electricity production without consuming the
land. In addition, waste heat recovery reduces thermal pollution and permits cutting
emissions per unit of generated electricity.

It is important to note that both solutions are rarely adopted due to the absence of a
thermal user (biogas plants are generally located in remote areas) or because of mistrust in
the ORC technology. In particular, the installation of an ORC complicates plant management
as it requests specialized technicians, thus increasing operating and maintenance costs.

Nonetheless, it must be stressed that the ORC technology has enormously advanced
compared to 10 years ago and, subsequently, the advantages introduced by its maturity
are higher than the drawbacks. In addition, a massive spread of ORCs in the biogas sector
will allow a standardization of the unit (as it has occured for IC engines) and a reduction in
investment and operating and maintenance costs. Based on the above considerations, the
authors propose ORC technology as a strategic system to favor biogas plants’ revamping,
increase production and improve their efficiency.

5. Materials and Methods

In this study, the biogas facility under investigation is an in-operation 999 kW, plant
located in the northern part of Italy. The layout of the plant is described in Section 4 and
depicted in Figure 10. The facility is one of the 20 units monitored by the authors since
2016. This plant is representative of the majority of biogas plants installed in Italy since
2010. Consequently, the valuation framework here proposed can be adopted for a wealth of
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similar case studies and provide valuable indications to both the owners of existing plants
and policy implications to the government for the design of optimal incentive policies.

To support the plant’s owner in the decision of whether to shut down its plants or to
continue operation, the authors consider different scenarios and assess their profitability
based on the Net Present Value (NPV) rule. According to the NPV rule, an investment
opportunity is worthwhile whenever the present value of its future payoffs PV is greater
than the investments costs I, that is:

NPV =PV -1>0 (1)
where PV is defined as
T ‘ T ,
PV =3 (I)(A+r) " =) (Ri=C)(1+1)~" )
i=1 i=1

while I']; is the net revenues at year i, R; is the revenues at year i, C; is the operating costs at
year i, T is the investment lifespan and r is the discount rate.

In detail, the useful life of the plant under investigation is 30 years. In accordance
with data collected from plants’ managers in Italy, which report for analogous biogas
plants an average number of operating hours per year ranging from 8440 to 8554 h, the
average annual operating time for the plant is equal to 8510 h. Consequently, the electricity
produced is about 8500 MWh per year. Note that it is here assumed that the thermal energy
produced during the cogeneration process and not self-consumed for heating is dispersed in
the atmosphere [85]. Nonetheless, because of the plant’s self-consumption, which amounts
to 8.45% of the energy produced, the electricity fed into the grid is approximately 7840 MWh.
This is equivalent to assume that the IC engine runs for 7848 h per year. It is worth noticing
that the number of hours of operation reduces when the plant’s manufacturer recommends
the IC engine substitution (i.e., every 7-7.5 years). In this latter case, the operation time is
7752 h.

To investigate the profitability of the opportunity to revamp the plant and better
inform the plant-owner decision, three different scenarios are compared. We start from the
baseline scenario, namely SC-1, which mimics the decision to invest taken in 2012 by the
investor (the plant’s owner). According to which, in 2012, the owner decided to invest in
the above-described biogas plant and cease operation in 2027. We then consider scenario
SC-2, in which the plant’s owner decide to revamp the plant in 2028 and shut down the
plant in 2042, i.e., at the end of its useful life. In this scenario, the electricity produced is
fed into the grid at the electricity market price. Finally, we conclude our investigation by
analyzing scenario SC-3, in which the plant’s owner in 2018 will revamp the plant and
install an ORC and in 2042 will definitively shut down the plant.

In what follows, estimates of cost and revenues are provided and discussed. In detail,
cost estimates derive from statistical and performance analyses conducted on the set of
biogas plants that have been monitored by the authors. The results of these analysis reveal
a low variability of costs over the observation period. Consequently, costs are assumed to
be constant over time.

*  Investment costs. According to an analysis conducted on the 20 plants monitored by
the authors, the investment costs range from 4 M to 5 M€, depending on the feedstock
used as the production input. The surveyed costs are in line with Ref. [19] and Ref. [86].
In detail, the investment costs of the plant under investigation amounted to 4.8 Mg.

®  Operating costs. Operating costs vary according to the plant’s operating time, the cost
of the feedstock and its harvesting. They include input costs, the opportunity cost of
digestate, labor costs, maintenance and insurance costs [85-87]. Based on the market
analysis the authors conducted and the survey they administered to plants” owners
and managers, the feedstock production costs range from 1.0 to 1.2 M€, depending on
the digester diet. The plant under observation co-digestes maize silage, pig sewage
and chicken dung, and it exhibits annual average costs equal to 1.2 M€. Operating
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and ordinary maintenance costs amount amount to about 180 k€ per year. This is a
standard cost observed in the set of monitored production units and is in line with
results by D’Alpaos [85], Barbera et al. [86] and Benato and Macor [19]. The results of
the analysis conducted on the 20 monitored plants show that estimated annual labor
costs are equal to 19.5 k€. Indeed, there is usually a significant integration between the
operation of the plant and livestock farming. The estimated annual costs for digestate
disposal are about 80 k€. This estimate falls in the range of estimates provided in the
literature [19,85].

Revenues. As to revenues and their estimate, some comments are in order. Revenues
vary linearly with produced electricity. Nonetheless, it is worth noting that plants
that started operation in 2012, according to the Budget Act of 2008 [78] and in the
ARG/ elt 296 1/09 [79], will benefit from the government incentive scheme until 2027
(i.e., for 15 years). During this timespan, revenues coincide with the generous FiT
set by the Italian government that corresponds to 280 € for any MWh of electricity
produced. After the phasing out of the current incentive scheme, the plant’s owner
has the opportunity to feed electricity into the grid at the current market price. In
accordance with recent contributions in the literature focusing on the Italian electricity
market [88-90], the authors assume the Single National Price (PUN) as a proxy for
the electricity price. The PUN is set in the Italian Power Exchange and calculated
as the average of hourly prices in the different market zones into which the Italian
electricity market is divided into. The price of electricity is stochastic, and to estimate
the underlying discrete-time stochastic process, PUN hourly prices in the time period
April 2004-May 2020 [91] are considered and processed according to Menoncin [92]
for forecasting future energy prices. The main assumption in considering the time
series of past energy prices for price forecasts resides is that the stochastic process
underlying the price dynamics is Markovian (i.e., memory less). In fact, it can be
demonstrated that the PUN evolves over time according to a Geometric Brownian
Motion [88,90,93].

6. Results and Discussion

The authors considered for their analysis the following three scenarios.

Scenario 1 (S5C-1) represents the existing situation in which the plant started operating
in 2012, it will be receiving the FiT (i.e., 280 € MWh1) for 15 years, and it will be
switched off in 2027. In 2019, the IC-engine was repowered, and the cost paid was
equal to 275 k€. In this scenario, as revenues are of a deterministic nature thanks to
the FiTs, the investment is low risk, and consequently, the discount rate is assumed as
a risk-free discount rate, i.e., r = 3%. In 2012, the plants’ owner based his/her decision
to invest on the project’'s NPV, which is significantly positive:

NPV (to = 2012) = +3954 k€

Scenario 2 (SC-2). In this scenario, SC-1 conditions will persist until 2027. Nonetheless,
in 2028, the plant’s owner has to decide whether to maintain in operation the plant
until 2042 and then shut down the plant and cease operation. To prolong operation and
continue to produce electricity, the plant’s owner would pay an estimated additional
cost of 675 k€, which includes the costs for repowering the IC-engine and the costs to
revamp the biological section of the facility (e.g., the digesters, the pumping sections,
etc.). If the plant’s owner decided to invest, in 2035, the IC-engine would require again
a repowering intervention at the cost of 275 k€. As the FiT will be cancelled out in 2027,
starting from 2028, the plant’s owner would be paid the PUN (which, as previously
said, is a proxy of the electricity market price) for the electricity fed into the grid.
To make this decision (in 2028), the plants” owner should consider the cost-benefit
trade-offs of this additional investment. In detail, the plant’s owner should take into
consideration from an economic perspective the additional investment costs paid for
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repowering the IC-engine and revamping the facility biological section, the plant’s
operating costs (e.g., labor costs, feedstock costs, etc.) and the revenues gained by
selling the electricity fed into the grid. In this scenario, due to the uncertainty over
electricity prices, the discount rate is the adjusted rate of return. The discount rate
is equal to r = 6% and has been calculated according to the Capital Asset Pricing
Model [90]. In 2028, the investment NPV in 2028 would be highly negative:

NPV (tyg =2028) = —11,497 k€

Consequently, according to data reported in Section 5, in 2028, the plant’s owner
would be better off by not investing and, by contrast, shutting down the plant, as
annual average costs would be indeed higher than average annual revenues.

e Scenario 3 (SC-3). This scenario’s conditions are similar to those of scenario SC-2, with
an exception made for the additional installation of an ORC in 2028 to increase the
power generation of the existing biogas plant. Following the guidelines reported in
Ref. [84] and considering a commercially available unit, if the plant’s owner decided to
install an ORC labeled for a design power of 100 kW, the annual electricity production
would increase by 500 MWh. The ORC self-consumption is usually equal to 8% of
the generated electricity. Consequently, the additional electricity quota produced
via the ORC and fed into the grid would be of 457.5 MWh per year. At the time of
the ORC repowering, the expected electricity quota fed into the grid would be equal
to 366 MWh. Based on the market analysis conducted among the main European
ORC manufacturers, the ORC installation costs are equal to 400 k€, whereas annual
maintenance costs are about 4% of installation costs (i.e., 16 k€). Maintenance costs
pertain to organic fluid refilling, heat exchanger cleaning and checking the turbine.
The ORC manufacturer recommends a repowering of the ORC every 5 years. The
cost of this repowering is estimated in 45 k€. Regardless of the ORC installation,
analogously to scenario SC-2, the investment NPV in 2028 would be negative:

NPV(tg =2028) = —11,852 k€
where r is equal to 6%.

By comparing the NPV in scenario SC-2 with the NPV in scenario SC-3, it emerges
that the revenues generated by the additional quota of energy produced via the ORC and
fed into the grid do not off-set the ORC investment and maintenance costs at the forecasted
market prices. Nonetheless, in a cost-benefit perspective, electricity market prices do
not properly reflect the social value of renewable energy. Indeed, this value is evermore
increasing when the positive externalities of renewable production are the driving force of
the energy transition, and both energy providers and end-users are requested to take bold
steps to align with the EU climate targets and put forward the transformation of the global
economy from fossil-based to zero-carbon. Previous to the COVID-19 outbreak and the
beginning of the war in Ukraine, it was widely acknowledged that to make prolonging the
operation of existing biogas plants profitable, the introduction of a new incentive policy
would have been necessary [94]. Our findings indeed confirm this sentiment. To prolong
operation in scenario SC-3, the minimum incentive in the form of FiT, which annuled the
NPV, should be set at about 197 € MWhL.

It is worth noting that the time series of prices here considered extends to May 2020;
therefore, it does not account for the effects of the COVID-19 outbreak, the war in Ukraine
and the current political and economic context, which represent a shock in the whole econ-
omy. This shock may affect the robustness of the estimates here provided. Nonetheless, it
can be considered an exceptional event whose mid and long-term effects are not predictable
at the current time. Figure 11 shows the monthly average of PUN over the last two years.
From direct inspection of Figure 11, it emerges the substantial increasing trend of PUN and
the peak registered in August 2022. The average price in the period August 2021-August
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2022 is about 272 € MWh~! and is substantially comparable to the FiT amount set by the
Budget Act of 2008 [78] and the ARG/elt 296 1/09 [79] (i.e., 280 € MWh1).

550

500

450

400

100

Figure 11. Monthly average of PUN in the period September 2020-August 2022. Authors’ elaboration
starting from Gestore Mercati Energetici (GME) data.

If the PUN price will be equal to 272 € MWh~! over the period 2028-2042, the
investment’s NPV in scenario SC-3 would be highly positive:

NPV (ty = 2028) = 46250 k€

Itis likely that energy prices will remain higher than the recent average for some time in
the mid-term. A concurrence of events determined the recent energy price increase. Firstly,
the global demand for natural gas in the post-COVID-19 economic recovery stimulated the
increase of energy prices and, secondly, current uncertainties about Russian natural gas
supplies aggravate market instability, thus further augmenting volatility and prices. This is
obviously reflected in electricity prices.

The European Commission has estimated that the gas price is expected to stand at
100 € MWh ™! until the end of 2023 and turn down to 75 € MWh~! [13].

7. Conclusions

In this work, the authors investigated whether, after the pushing out of FiT incentives,
existing biogas power plants in Italy will remain in operation or shut down. In detail,
they provided a theoretical and methodological framework to assess the profitability of
prolonging plants” operation after the cancellation of FITs. Based on a real-world case
study and the analysis of the time series of PUN prices registered in the period April
2004-May 2020, our findings reveal that the owner will be better off by shutting down the
plant. The present value of future operating and maintenance costs offsets, indeed, the
present value of future revenues gained by feeding electricity into the grid at market prices.
The opportunity to improve the plant’s efficiency by installing an ORC is not profitable
also. As the plant under investigation is representative of a large set of existing biogas
power plants, the decision to cease operation will likely be made by the majority of the
plant’s owners and managers. Recent projections estimate that in the period June 2027-June
2028, about 700 in-operation biogas plants will be shut down. This will cause a loss of
approximately 570 MW, representing 40% of the total installed power (i.e., 1400 MWy),
which, in turn, will reduce by about 50% (4000 GWh over 8000 GWh) the production of
electricity from renewable energy sources. These projections are alarming per se, but due
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to the recent sharp rise of energy prices arising from the post-COVID-19 economic recovery
and worsened by the war in Ukraine, they are even more alarming.

In addition, to accelerate the energy transition and reach carbon neutrality by 2050,
Italy is requested to install an additional 30 GW of solar and 10 GW of wind by 2030. This
estimate includes current power production from renewables, which in 2028 will likely
reduce by about 0.5 GW because of the shutting down of in-operation biogas plants. By
contrast, if adequately rewarded by FiTs or other market incentives, the revamping of
existing biogas power plants via the ORC installation would contribute to increasing the
share of renewable energy production at a relatively limited cost. In this respect, it is
worth mentioning that the installation of 50 MW of PV might increase significantly soil
consumption and request a conspicuous capital expenditure. Indeed, according to recent
estimates, the Levelized Cost Of Electricity for solar PV is equal to 0.048 USD kWh~! [95]
and installing 50 GW of PV power requires an area of about 500 km? [96]. It may be
questionable that this area is negligible compared to the Italian territory. Nevertheless, soil
consumption is a crucial issue in Italy, and limiting it represents a top priority policy target.

In light of the above considerations, the biogas sector can become strategic in achieving
the challenging targets imposed by the energy transition. Consequently, there is an urgent
need for a mid and long-term management strategy for existing biogas power plants.
Indeed, the valuation framework here proposed can provide useful insights to support
policymakers in the design of this management strategy. Future research may include a
comparative analysis of investments in upgrading biogas to biomethane to be fed into the
grid for transport purposes. This further development will be conditional on the enactment
of standards on the characteristics of injected biomethane, which are currently lacking and
prevent accelerating the energy transition.
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Abbreviations

The following abbreviations are used in this manuscript:

bcm Billion Cubic Meter

CIB Consorzio Italiano Biogas
CO, Carbon Dioxide

EU European Union

FiT Feed-in Tariff

GHG Greenhouse Gases

GME Gestore dei Mercati Energetici
GSE Gestore dei Servizi Energetici
IC Internal Combustion

LNG Liquid Natural Gas

NOy Nitrogen Oxide

NPV Net Present Value

NREAP National Renewable Action Plan
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ORC Organic Rankine Cycle
PUN Single National Price

RES Renewable Energy Sources
SC Scenario
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