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Abstract: Italian power generation through anaerobic digestion (AD) has grown significantly between
2009 and 2016, becoming an important renewable energy resource for the country, also thanks to the
generous incentives for produced electricity available in the last years. This work focuses on the
economic and environmental issues of AD technology and proposes a techno-economic analysis of
investment profitability without government support. In particular, the analysis focuses on an AD
power plant fed by zootechnical wastewater and agro-industrial residues coupled to a cogeneration
(CHP) system and a digestate-composting plant that produces soil fertilizers. We aim to determine the
economic profitability of such AD power plants fed by inner-farm biomass wastes, exploiting digestate
as fertilizer, using the cogenerated heat and taking into account the externalities (environmental
benefits). Environmental analysis was carried out via a life cycle analysis (LCA), and encompassing
the production of biogas, heat/electricity and compost in the downstream process. The un-released
environmental emissions were converted into economic benefits by means of a stepwise approach.
The results indicate that integrating a compost plant with a biogas plant can significantly increase
the carbon credits of the process. The results were evaluated by means of a sensitivity analysis, and
they report an IRR in the range of 6%–9% according to the Italian legislative support mechanisms,
and possibilities to increase revenues with the use of digestate as fertilizer. The results significantly
improve when externalities are included.
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1. Introduction

Depletion of natural energy resources is compelling our planet to face crucial challenges. Hence,
energy production from biowaste plays a critical role in this energy transition [1–8]. In waste
management, anaerobic digestion (AD) is a widely implemented technology that has recently drawn
attention due to its capability to produce sustainable energy [9–15]. Biogas from AD is a renewable
energy-carrier that can substitute conventional fuels in terms of heat and power generation, in the
transport sector as biomethane or even for production of biochemicals [16,17]. Despite recent progress
in the exploitation of biomethane in the transport and heating sector, Italy’s greatest use of biogas has
been in the generation of power. Biogas power installed in Italy increased from 2009 to 2016 from 359
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to 1352 MW, while electricity generated increased from 1665 to 8259 GWh [18]. In these years, power
generation from biogas placed the third position in renewable energy after photovoltaic and wind
power excluding hydroelectric power which is a conventional energy resource in Italy.

Biogas brings an added value in terms of circular economy in agriculture. The Italian Biomethane
Decree introduces specific subsidies for the use of such fuel in gas networks and in transport [19,20].
In the last twelve years, feed-in-tariff incentive mechanisms to bioelectricity from biogas have been
ruled by the Ministerial Decree 18/12/2008, the Ministerial Decree 06/07/2012, the Ministerial Decree
23/06/2016. Furthermore, one more option to incentivize renewable sources systems, until 2012, was
the so called mechanism “Certificati Verdi (CV)” established by the Legislative Decree n. 79,16/03/99
20., which adopted the European Directive 96/92/CE.

A key advantage of AD plants is their flexibility for a broad range of output products, as well
as their capability to provide programmable renewable electricity to the power system. Hence, they
contribute to minimizing the challenges of high penetration of variable intermittent generation into the
grid. The potential integration of programmable AD power generation and intermittent solar energy has
been investigated in in the Argentinian rural sector [21], as well as in Southern Africa energy systems,
with concentrating solar power integration [22]. The thermo-economic optimization and optimal sizing
of other hybrid systems composed by biomass and natural gas [23,24] or biomass and concentrating
solar [25,26] have been recently proposed in literature. Feedstock availability is another advantage of
AD power plants, since biogas can be produced from a wide range of feedstocks. Traditionally, biogas
is produced via dedicated herbaceous crops (maize or triticale silage). However, the use of dedicated
crops raises concerns regarding food security and overall energetic and environmental balances.
Therefore, the recovery of agro-industrial byproducts and zootechnical wastewater is undoubtedly a
more sustainable and rational solution [27,28]. Many AD power plants are fed by different kinds of
biowastes, such as wastewater [29–31], agricultural residues and food wastes [24,32–40]. On the other
hand, development of AD power plants entails a large amount of digestate production as a byproduct.
Although digestate—due to its macro and micronutrient content—can be utilized as an organic fertilizer
for arable land in place of mineral fertilizer [41–43], its large volume and low dry matter content
impose considerable costs for management, storage and spreading onto the soil [44]. Moreover, the
storage, transport and application of a huge amount of digestate results in CH4 and NH3 emissions,
contributing to global warming potential and soil acidification, respectively [45,46]. Therefore, the
application of digestate as fertilizer without further treatment raises environmental concerns [47].
Hence, the integration of AD processes with a technology handling digestate is attractive. Among
various technologies for digestate management, composting is one of the most reliable technologies,
thanks to the enhanced quality of the end-product (compost) through reduction of moisture content,
as well as reduction of volatile-compound concentration and phytotoxicity potential [48]. Integrating
composting units with AD power plant presents more advantages, such as the improvement of
energetic balances of the plant (the energy demand of compost production can be met by AD power
plant), leading to the possibility to increase plant revenues and reduce environmental emissions.

However, beyond all above-mentioned benefits, the development of AD power plants requires a
comprehensive assessment of environmental and economic benefits in order to indicate to what extent
these systems improve sustainability. To date, many studies have addressed techno-economic [49–51]
and environmental evaluations [52] of AD power plants. Moreover, technologies of digestate
management were analyzed from an economic and environmental point of view [53]. To the best of
our knowledge, no study assesses the overall environmental and economic performance of AD power
plants, together with the downstream technologies required for their digestate management. This
work also estimates external costs associated with production of electricity and compost. External costs
or externalities are unaccounted costs arising from production or consumption of a business good or
service. The monetization of externalities is based on the conversion of social and biophysical impacts
into monetary values by weights mirroring social, ethical and political values. The energy sector and
clean energy generation have utilized this economic concept [54–56]. The quantification of externalities
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into monetary values can complete this economic analysis. Therefore, this work aims to perform a
comprehensive economic evaluation with the internalization of the monetized environmental benefits
from a co-digestion plant, coupled with a downstream composting system.

The article is organized as follows: Section 2 describes the materials and methods including the
LCA methodology, the simulation model, the main components and cost–benefit approach; Section 3
presents and discusses the main results of the work and Section 4 draws the conclusions.

2. Materials and Methods

2.1. LCA Methodology and Global Warming Potential

Life cycle assessment as a standard and comprehensive approach is used for environmental
analysis of aa studied plant throughout its life cycle. The goal of this LCA study is to quantify the
energy requirements and environmental impacts (in terms of global warming potential (GWP)) of a
biogas production system—together with compost-production—starting from co-digestion of mixed
solid and liquid biomass, followed by electricity and heat production from biogas in the CHP system,
and finally, to production of compost known as organic fertilizer in a downstream process. In-line
with LCA guidelines [57,58], this study quantifies all emissions relevant to greenhouse gases (GHG)
derived from energy and material use in all above-mentioned phases, including carbon dioxide (CO2),
methane (CH4) and nitrous oxide (N2O). The functional unit considered for this study is the electricity
produced (1 MWhe) from biogas combustion, in a combined heat-and-power unit. This process is
modeled in SimaPro 9.

Description of the Plant and Data Inventory

The case study refers to a wet-anaerobic fermentation plant coupled to an internal combustion
engine and a digestate dehydration (or composting) plant located in the province of Bari. The flowchart
of the conversion process is shown in Figure 1.
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Figure 1. Overview of the production cycle of the plant.

The plant is fed by manure, cheese whey and green crop residues—biomass types widely available
in the Bari district. In addition, wastewater from the composting process enters the biomass storage
tank to produce biogas from residuals of composting.

The plant is characterized by the following phases:

1. Delivery, pre-treatment, storage: in this step, the raw materials enter into the system, namely
semi-solid biomass (manure and green crop residues such as fruit and vegetable waste, foliage,
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vegetable mowing, pruning residues, gardening waste) and liquid waste (cheese whey and
composting plant wastewater). Liquid wastes are subject to screening and poured into
pre-accumulation tanks, while the solid waste is sent to a storage tank where all materials
are fluidized (with up to a maximum of 8% solid concentration) and sent to the digesters;

2. Flotation and anaerobic digestion of the serum: The serum from the pre-accumulation tanks is
sent to the anaerobic digesters. The suspended solids and possible residues of fat are removed
through flotation. Then, the serum remains in the digesters for an optimal period of 20 days.
Meanwhile, continuous agitation of the sludge and the anaerobic fermentation produces biogas
together with sludge, stabilized with a 95% water-percentage. Recirculation by centrifugal pumps
ensures both suspension of the bacterial flora located in the lower part of the reactor and thickness
restriction of the biologic layer that forms on the synthetic support of the upper part. The reactor
heating is ensured by a heat exchanger.

3. Conventional anaerobic digestion of fluidized greenery: After fluidization of the semi-solid
material, the cattle sewage and composting plant wastewater in the pre-accumulation tanks is
directed to two digesters, where they are completely mixed with a high retention time. Each
reactor is heated by a system with two spiral heat exchangers particularly suitable for sewage
with high solid-content.

4. Common gas line, with gasometer and emergency thermal power plant: The treated product
then passes from the digester to a third final storage tank, where the biogas is conveyed into two
gasometers and subjected to a process of dehumidification and desulfurization in order to obtain
a clean and functional chemical composition for the engines.

5. Production of electrical energy and heat with internal combustion engines powered by the
biogas: The overall electrical and thermal efficiency is assumed to be 40% and 44%, respectively.
The thermal energy (hot water at 80–90 ◦C) needed to heat up the biomass inside the digester is
recycled from engine exhaust gas at 450 ◦C. The cogenerated heat largely exceeds the digestion
process demand.

6. Dehydration, stripping and composting of digestate: For the sludge coming out of the digester
reactor, the digested solid is dehydrated in a special centrifuge plant, stripping the ammonia in
the dehydration with attached treatments like flocculation and coagulation, to recover the water
in the storage tank in order to reuse it in future production cycles. The dehydrated sludge in this
phase is deposited in a storage warehouse until it is subject to further stabilization by means of a
composting process to obtain pure fertilizer. The refined material may be sent to bulk storage or
used for bagging or pelleting, which are not considered in the study.

7. Aerobic biologic process (composting) and serum filtration: According to the stringent regulations
in the region of Puglia, the biochemical parameters of BOD (biochemical oxygen demand) and
COD (chemical oxygen demand) related to the sludge coming out of the serum digestate are
still higher than values permissible for disposal. For this reason, it must undergo a series of
purification operations, such as aerobic biologic processes and sand filtration of the various liquid
flows for further reduction in the values of BOD and COD. The last processes are secondary
flocculation and final disinfection of wastewater with UV rays.

The electricity consumed in the feeding operations accounts for 8% of the total electricity
production. As regards the electricity consumption for the composting plant, it is assumed that 1 kWhe

is required per ton of wet organic waste as from literature data [59], and this electricity is withdrawn
from the grid. Compost is a composition of N, P and K elements in different concentrations, also
present in mineral fertilizers. Hence, the compost can substitute mineral fertilizers (e.g., ammonium
nitrate, triple superphosphate and potassium sulfate) in terms of active ingredient contents [60,61].
Therefore, production of theses fertilizers is avoided as in other fields such as biochar application in
soil as organic fertilizer [62]. Airborne and waterborne emissions (ammonia, nitrous oxide, nitrogen,
nitrate and phosphate) arising from digestate application are excluded from this study as they are
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neutral in global warming potential. In the case of composting plant wastewater, a supply of about
100 days year−1 was considered. In addition, a storage with 20,000 m3 capacity was assumed for green
crop residues due to their seasonality. Cattle farms and dairy factories are within a 20-km radius of
the AD power plant, while crop residues are transferred to the plant from a 30-km distance. Carbon
dioxide emissions from biogas combustion in the CHP are also excluded from estimation owing to
biogenic exemption [27,63,64]. Furthermore, greenhouse gas emissions deriving from the construction,
operation and disposal of the plant was not taken into account. Excess heat from cogeneration on top
of internal energy requirements was used to match local heat demand and substitute natural gas fuel.
The mass and energy flow of the proposed system during 1 year of operation are illustrated in Figure 2.
The overall list of energy and material used for 1 MWh electricity production from co-digestion plant
is also presented in Table 1. The exploitable heat was not computed between the outputs of Table 1
because it is included among the avoided products as natural gas.
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Table 1. Global inventory data per 1 MWhe.

Inputs Outputs

Manure 3.67 ton Electricity 1 MWh
Whey from cheese factories 9.36 ton Compost 1.41 ton

Green crop residues 1.53 ton
Composting plant wastewater 2.44 ton Avoided products

Transport 306.5 tkm * Natural gas (heat) 50.31 kg
Ammonium nitrate 12.93 kg

Triple superphosphate 24.31 kg
Potassium sulfate 55.74 kg

* tkm = ton-kilometer (unit of transportation measurement).

2.2. Economic Analysis

A cost–benefit approach was applied to assess the investment profitability. The investment cost of
the plant and its associated operating expenditures with raw materials and energy consumption were
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considered. Revenues generated by sales of electricity, heat and compost as well as biophysical sources
including externalities were taken into account.

This analysis ignored potentially available incentives (in the form of capital grants, or incentives
for avoided primary energy consumption, which could be available in the Italian framework) in order
to understand if, and to what extent, the investment was profitable without specific subsidies.

The economic evaluation converted environmental impact to external costs [62,65]. Among
different approaches for monetary valuation, budget constraint approach has been recommended
by [66] for LCA applications due to its simplicity and its capacity to minimize uncertainty of the
monetary value of a human life–year. The used unit is QALY that is a Quality-Adjusted-Life_Year.
It represents the monetary value of a life year with high quality. The average annual income is
the maximum that a person can purchase an additional life–year and a quality-adjusted life–year
(QALY) defines a life–year lived at full wellbeing, then an upper limit for the monetary value of a
QALY is provided [67]. The Stepwise 2006 method developed on budget constraint approaches—and
specifically designed for life cycle impact assessment—is adapted in this study [68].

Therefore, environmental impact estimated into GWP (kg CO2) was converted to monetary values
in order to internalize social, ethical and political cost of this bioenergy system within economic
analysis. Global warming potential GWP was converted to a monetary value by weighting factor of
0.08 Euro/kg CO2 [62]. Since this factor refers to Eur 2003, it was necessary to use inflation rate to
estimate cost in current year.

The internal rate of return (IRR), net present value (NPV) and payback period (PBP) were
calculated for a 15-year timeframe.

The investment costs of the plant were estimated through market analysis of plants with similar
configurations and also communications with suppliers of technologies similar to those proposed in
the study. The costs are summarized in Table 2. The costs assumed for dehydration, stripping and
composting treatments of the digestate produced by green residues and manure to obtain fertilizer, as
well as those for biologic finishing, ultrafiltration and clariflocculation of serum and plant wastewater
to obtain water for fertigation were indicative, achieved from market research and confirmed in
literature. The total investment cost of the 1-MWe system is 4 k€/kWe, in agreement with previous
results [69]. The annual electricity production is 6595 MWhe, assuming average operating hours in AD
powerplants in Italy (GSE statistics, 2020). Costs and revenues of the investment are estimated based
on these operating hours.

Biomass costs were determined by the cost of a minority part of biomass consumed respect to
the total amount because the project is based on preponderant use of on site available bio-wastes
at no cost. The global service costs represent the service cost including maintenance of the system
and were determined on the basis of the specific cost of 0.032 €/kWhe [70]. Staff costs are based on
the involvement of 4 employees and overhead expenses are considered on top of the other operating
costs. The discount rate—or weighted average cost of capital (WACC)—was set to 8% according to the
relevant literature [14,71–74].

Revenues were generated by physical sources, namely sale of electricity, heat and compost as
well as externalities. Electricity price was fixed according to a power purchase agreement. External
benefit regarding carbon offsets was estimated 13.22 €/MWhe, assuming a weighting factor 0.08 eur/kg
CO2. The monetary valuation can be applied to LCA results in order to weigh environmental benefits
against environmental costs through different approaches. In the present study, the Stepwise 2006
approach was used. Nevertheless, in Section 3, sensitivity analysis of economic parameters respect to
variation of the approach was shown. To that end, in addition to the Stepwise 2006 method, ecotax and
ecovalue approaches were considered.
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Table 2. Operating and investment costs for the plant under study.

Investment Costs

Cost item Value (kEur)

Cost of civil works 700
Cost of digesters, tanks and biogas treatment 1150

Cost of electrical system group and cogeneration plant 600
Dewatering, stripping and composting plant cost 750

Cost of filtration and clariflocculation 650
Engineering and development costs 150

Total amount 4000

Operating Costs kEur/year

Biomass 47
Global service 211

Staff 140
Overhead expenses 60

Total amount 458

Additional Parameters

Plant useful life 15 years
Discount rate 8%

Heat exploitation 50%
External benefit (Stepwise 2006 method) 13.22 €M Whe

−1

Electricity selling price 120 €M Whe
−1

Price of natural gas 75 €M Whth
−1

Price of compost 10 €t-1

3. Result and Discussion

3.1. Environmental Analysis

Global warming potential (GWP) was quantified by IPCC 2013 method converting GHG emissions
to kilograms of CO2. For the studied system, the global warming potential was found to be
−167.52 kg CO2, representing an outstanding carbon offset (Figure 3). Negative values reflect
environmental benefits achieved by avoidance of product uses [62]. These benefits were primarily
associated with avoided mineral fertilizers consumption.
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3.2. Economic Analysis

The main economic results are shown in Table 3. In addition, Figures 4–6 represent results
of sensitivity analysis. The investment profitability is obviously lower than in the previous years,
when generous incentives for electricity generation were available. This reduction was however
partially mitigated by the reduction of the investment costs for the learning curves of well-established
technologies and the possibility to purchase biomass at very low cost.

Table 3. Results of the cost-effectiveness analysis.

Economic Index With Externalities Without
Externalities Unit of Measurement

Payback time (PBT) 8 10 years
Net present value (NPV) 312 −323 kEur

Internal rate of return (IRR) 9.36 6.54 %
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Based on Table 3, it was possible to appreciate the different results with and without the economic
benefits from environmental evaluation.

Furthermore, a sensitivity analysis aimed to appreciate the response of the economic model to
variation of the most impactful parameters was developed and represented by means of a tornado
diagram in Figures 4–6 for NPV, PBP and IRR, respectively. Parameters were varied within the
following realistic and interesting ranges. Percentages of variation of each considerable parameter
were: ± 10% for the investment cost, ± 25% for the WACC, ± 25% for the electricity price, ± 30% for the
thermal energy exploitation, while the externalities were varied between the minimum value attainable
by the ecotax method corresponding with 11.58 €/MWhe and the maximum value attainable by the
ecovalue method corresponding with 38.37 €/MWh. The tornado diagrams are centered on the values
shown in Table 2.

Considering the three tornado diagrams, the range of variation of the most influencing
parameter—electricity price—was extended, both in decrease and increase. This parameter had
a remarkable impact on all three considered parameters. Its increase allowed reaching the best
economic configuration of the project represented by 15.14% IRR, 1.75 M€ NPV and 6 years PBT.
The sensitivity of the externalities method was especially relevant to the ecovalue approach, which
enables to achieve 14.25% IRR, 1.52 M€ NPV and 7 years PBT. In general, PBT varied between 6 and 10
with the exception of the case of electricity price whose decrease considerably affected PBT: it grew
until 13 years. As in several CHP projects, the exploitation of heat produced by the internal combustion
engine was important to the good outcome. The sensitivity analysis shows that disadvantageous
scenarios are not so far from the base configuration.

4. Conclusions

After a remarkable growth between 2009 and 2016, biogas-sourced electricity generation slowed
down significantly, due to the lack of subsidies available. This article describes an economic and
environmental analysis of electricity generation from an anaerobic co-digestion plant coupled to a
downstream process producing compost from digestate. The aim was to mark out some of the key
aspects which could increase the sustainability of this technological application such as the use of
low cost biomasses on site available and exploitation of digestate as fertilizer to the soil. A life-cycle
assessment was applied to count the global warming potential of the system. Furthermore, the economic
concept of externalities expressing environmental and socioeconomic impacts in monetary values was
included in this study. The novelty of this work was to consider externalities and to internalize them in
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the economic assessment. Therefore, economic analysis encompasses not only physical and private
costs, e.g., the operating and investment costs of a plant (digestion plant, cogeneration system and
compost plant), the incentives available in the Italian legislative scenario, the raw material costs and
the sale price of compost, but also biophysical costs as externalities. Results demonstrate economic
and environmental profitability of this plant which mainly arises from bioelectricity production.
In particular, sustainable economic performance were demonstrated independently of the presence of
incentives regarding the electric production. Incidentally, the work was aimed to the evaluation of the
system without incentives in order to understand if the system can face the market without any external
support. Outstanding environmental benefits were represented by means of the −167.52 kg CO2

global warming potential. Acceptable economic results were attained in terms of NPV, PBT and
IRR, respectively 0.31 M€, eight years and 9.36% for base configuration and a propitious variation of
parameters can be crucial for the improvement of economic performance as shown by the sensitivity
analysis. These results were much more important if the lack of incentives recognized to the electricity
produced by the system was considered. For Externalities contribute propitiously to the project
evaluation and this contribution was much more important in case of ecovalue approach. From the
sensitivity analysis exigency to choose the controllable expedient conditions ensues. Consequently,
these findings make the investment on this type of plants encouraging on condition that parameters
are duly selected.
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