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Abstract: Crop-based biogas energy production, in combination with electricity generation under
subsidy schemes, is no longer considered a favourable business model for biogas plants. Switching
to low-cost or gate fee feedstocks and utilising biogas via alternative pathways could contribute to
making existing plants fit for future operations and could open up new space for further expansion
of the biogas sector. The aim of this study was to combine a holistic and interdisciplinary approach
for both the biogas production side and the utilisation side to evaluate the impact of integrating the
biogas sector with waste management systems and energy systems operating with a high share of
renewable energy sources. The geospatial availability of residue materials from agriculture,
industry and municipalities was assessed using QGIS software for the case of Northern Croatia with
the goal of replacing maize silage in the operation of existing biogas plants. Furthermore, the
analysis included positioning new biogas plants, which would produce renewable gas. The overall
approach was evaluated through life cycle assessment using SimaPro software to quantify the
environmental benefits and identify the bottlenecks of the implemented actions. The results showed
that the given feedstocks could replace 212 GWh of biogas from maize silage in the relevant region
and create an additional 191 GWh of biomethane in new plants. The LCA revealed that the proposed
measures would contribute to the decarbonisation of natural gas by creating environmental benefits
that are 36 times greater compared to a business-as-usual concept. The presented approach could
be of interest to stakeholders in the biogas sector anywhere in the world to encourage further
integration of biogas technologies into energy and environmental transitions.
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1. Introduction

The paradigm of development for the European biogas sector has changed
significantly in recent years owing to higher sustainability requirements and cost
production reduction as the main drivers of new trends in biogas production and
utilisation [1]. Most biogas plants (especially in less mature biogas systems) still use
cultivated energy crops (primarily maize silage), which increase the inefficient use of
arable land and compete with food production [2]. Since such a practice is not in line with
the principles of sustainable development, the biogas sectors among the European
countries limited the utilisation of maize silage and corn to a share of 30-50% of the total
input feedstock [3,4], and a further decrease in the use of maize silage is expected.

In 2018, the European Commission adopted a revised version of the Renewable
Energy Directive (RED II), which stated that the biomass fraction of municipal waste,
biowaste and streams from industry and agriculture [5] should play a greater role in
future biogas production since they have a low indirect land-use change impact to
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produce biofuel [6]. In addition, the RED II determined that wastes and residues from
agricultural activities and processing shall be considered to have zero life cycle
greenhouse gas (GHG) emissions up to the process of the collection of those materials.
This opens a space for these materials to enter the biogas sector and contribute to the
transition towards more sustainable and efficient waste management systems [7].

In addition to facing the feedstock-changing policy, biogas plant owners and
operators also look towards alternative biogas utilisation pathways compared with
producing heat and electricity under subsidy models [8]. The biogas sector in the EU28
recorded a rapid increase in the number and capacity of installed plants in the period
2009-2012 [9]. The earliest of these biogas plants are near the completion of their
subsidised operation, as these subsidies were granted for 12-20 years, depending on the
country [10]. In the post-subsidy era, the operation of biogas plants on the day-ahead
market could only be viable in the case of low-cost feedstocks or by implementing the
feedstock gate fee business model [11]. Among the most likely alternatives after the expiry
of subsidies are biogas upgrading, the production of biomethane [12] and/or the
integration of the power-to-gas (P2G) concept using variable electricity from wind and
solar to produce e-methane [13]. Renewable methane with natural gas quality (ca. >96%
CHa [14]) can be directly injected into the gas grid or stored on location as compressed or
liquified gas [15].

A geographical information system (GIS) was recognised as a valuable tool for the
detailed mapping and planning of new energy projects [16] and in assessing the
environmental and economic benefits of renewable energy source (RES) integration [17].
In the context of bioenergy, geospatial investigation contributes to the assessment of the
physico-chemical properties of biomass, facilitating the choice of the best technologies for
application in the studied region [18]. The geospatial assessment of the energy potential
of crop residues and manure for biogas production in the EU showed the yearly
availability of 0.7 E]J (ca. 195 TWh) [19], which was ca. double the EU production of biogas
from agricultural feedstocks in 2016. The bottom-up GIS model applied in the assessment
of biomass potential from grasslands in Northwest Europe showed that ca. 45% of the
sustainable grass could be utilised for energy production purposes in the model region
[20]. Another bottom-up analysis of using animal manure from various husbandry
operations in East Croatia showed the potential of feedstock to produce 6.5 GWh of
biogas, which could generate double the yearly electricity consumption of that
municipality [21]. The top-down mapping of agricultural residues in Croatia using
Quantum GIS (QGIS) software [22] showed that stover, straw and stalk could generate
biogas potential up to 3000 MWh/(km?a) in the extensive agricultural regions of Croatia.
ArcGIS software was applied to reveal the potential of renewable electricity generation
from municipal solid waste, including organic and dry material in Iran [23]. The results
showed that the studied region could produce ca. 2% of the total household electricity
consumption, while achieving the avoidance of 6.7 thousand tons of COzeq/year due to
the proposed measures. Integrated tools in GIS software allow users to determine
important factors when assessing the availability of feedstocks for biogas production,
such as the length of transportation routes from the biomass harvesting location to the
biogas plant and the optimal location for setting up a new biogas plant. [24]. In this sense,
QGIS was successfully applied when determining the optimum area for establishing the
biogas hub in Karditsa, Greece [25]. The results showed that the optimal distance between
the available biomass sources and the planned hub was ca. 20 km in order to maintain a
feasible hub operation. ArcGIS was applied when finding an optimal biogas plant sited
on the territory of Ohio in the United States for the case of corn stover and wheat straw
[26]. It was found that the average biomass availability radius for that case ranged
between 22 and 34 km in the case of 10 newly examined biogas plants. The same software
was applied to the case of Southern Finland with the goal of quantifying the relationship
between the length of transportation distances to deliver feedstocks to existing biogas
plants and an increase in their production capacity [27]. Increasing the radius of biomass
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collection from 10 to 40 km could increase biogas plant production capacity by ca. 10-
127%. However, the study did not reveal the impact of a capacity extension on the
environmental performance of plants.

From environmental and economic points of view, the penetration of bioenergy into
energy production systems (especially the ones based on fossil fuels) could bring multiple
contributions and benefits [28]. As the price of the carbon tax increases, so will the switch
to carbon-neutral and carbon-sink resources. In the context of this research, the
application of a life cycle assessment (LCA) can reveal the actual environmental impact of
feedstock-changing policies in biogas production and utilisation related to future energy
systems [29]. It was shown that sugar beet generates ecological effects that are similar to
those of maize crops in bioenergy production [30], while intercropping forage sorghum
with maize contributes to a lower environmental impact than a maize monoculture [30].
Examining the environmental impact assessment of replacing maize silage with marine
macroalgal biomass using SimaPro (an LCA software) showed a reduction in the
environmental burden in almost all the impact categories that were examined. However,
the significantly longer transport route for algae (150 km) compared to maize silage (12
km) resulted in higher values in the global warming potential (GWP) category, from 140
g COz-eq/kg(energy crops), to 160 g CO2-eq/kg(macroalgae). A similar observation was
also found by the authors of the present study in the case of applying residue grass from
landscape management as a replacement for maize silage in existing biogas production
[31]. Biogas plants that are fed with agro-industry by-products and waste, such as
distiller’s waste, rapeseed cake, cheese whey, pulp, seeds, peel, and fruit and vegetable
residues, yielded better environmental performances than those fed with cereal silage
[32]. Nevertheless, the overall environmental performance also depends on the variability
in terms of the total solids/volatile solids (TS/VS) content, specific biogas yield, origins
and other factors [32]. A comparison of the LCA performance for a biogas plant fed with
animal manure and energy crops for various biogas utilisation pathways [33] showed that
biogas for electricity generation saves around 300 kg CO:/MWh(electricity), while
upgrading biogas to biomethane and its injection into the gas grid saves 191 kg CO»-
eq/MWh(biomethane). Another study of LCA claimed that using biogas in cogeneration
achieved better overall environmental results compared to biogas upgrading [34]. In both
studies, the details about the considered electricity mix in the study were not provided,
and the results were not presented using the same reference point. Projections from the
Joint Research Centre (JRC) of the European Commission (EC) showed that by 2030, the
further penetration of renewable energy sources (primarily wind and solar photovoltaic)
will decrease the overall GHG emissions of the electricity generation sector [35]. The
integration of P2G and methanation in a biogas plant to fully exploit biogenic CO:
potential yielded better environmental performance, with a projected European electricity
mix for 2030 compared to 2016 [36]. In the case of Ireland, an LCA of a biogas upgrade
with P2G integration showed that using an electricity mix with an 85% share of
renewables could satisfy the GHG savings of 70% compared to fossil fuels [37]. Future
development of P2G efficiency and the integration of renewable credits from CO:
valorisation could increase the competitiveness of the biogas sector in future energy
systems [38].

Based on the detailed literature review, there is no reported research that integrally
analyses the geospatial availability of novel feedstocks in the replacement of maize silage
in biogas production, combined with the environmental impact assessment of feedstock
replacement and alternative biogas utilisation pathways in future energy systems
operating with a high share of RES. To address this gap in the scientific literature, the
research objectives were as follows:

e To assess the energy potential for biogas production using lignocellulosic residues,
agri-food industry streams and the biodegradable fraction of municipal waste;
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e To present the geospatial distribution of the energy potential of novel feedstocks
using a GIS mapping approach and to determine which existing and newly added
biogas plants are suitable to contribute to natural gas decarbonisation;

e To estimate the environmental impact via using an LCA of novel operational
measures on the biogas production side and the utilisation side, while using actual
biogas plants as test cases.

The hypothesis of this research was that applying a holistic approach to biogas
plants, on both the production and utilisation sides, can increase environmental benefits
over the current operation based on maize silage utilisation and baseload electricity
production.

2. Materials and Methods

This section presents the materials and methods that were applied in this research.
The first step was to determine the quantity of alternative feedstocks for biogas
production and their energy potential. The second step included the mapping and data
processing in QGIS software to present the geospatial availability. The final step was the
assessment of the environmental impact of the proposed measures on the biogas sector
using SimaPro software.

2.1. Alternative Feedstocks to Maize Silage

The target feedstocks in this research were divided into three specific types by place
of origin and approach when estimating their potential for biogas production. Their
selection was based on previous studies conducted by the authors and on the objective of
using waste material sources in biogas production that are not competitive with food
production.

The technical potential of biodegradable municipal waste (Ptechbiowaste) in tonnes was
estimated at the municipality level (i) using the following relation:

Ptech,biowaste(z') = Dpop(i) X Area(i) X Sbiowaste(i) (1)

where

Dpop(i) is the population density (cap/km?);

Areay is the area of the municipality (km?);

Spiowaste() 15 the specific biowaste generation per person (t/cap) living in the studied
municipality.

The second group of feedstocks included residue grass (RG) originating from
landscape management and generated on uncultivated land, riverbanks and highway
verges [31]. The technical potential of residue grass (Pt rc) in tonnes on the examined
grasslands (j) was assessed using Equation (2):

Prech,rG(j) = Neut() X Areag x Sra() (2)

where

Neu) is the number of cuts per year, usually between 2 and 4 [20];

Area is the area of the pasture (km?);

Srayj is the specific yield of grass on the grassland (t/km?).

The third group of feedstocks included industry waste, co-products and by-products
from crop and animal processing, as well as food and beverage manufacturing. These
included wastewater sludge, fat, oil and grease, spent materials, the biodegradable
fraction of industry waste and co- and by-products that cannot be used as animal feed
[39]. The authors sought actual data on waste generation in the processing plants. This
was done using technical annual reports, recent environmental impact studies, master’s
theses and the national registry for environmental pollution. In several cases, these
sources were unavailable; instead, the authors estimated the amount of generated waste
using the yearly production capacity and specific ratios of generated waste per unit of
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processed raw material [40]. All details regarding the assessed biogas potential and the
relevant literature sources are given in Supplementary Material.

To assess the biogas potential using the above-mentioned feedstocks in an anaerobic
digestion process (Eedstock), the following relation was used:

Efeedstock = P tech,feedstock X Yfeedstock X LHVmethane (3)

where

Yteedstock is the methane potential of the studied feedstock expressed over fresh
material (FM) (m3/tFM);

LHVmethane is the lower heating value of methane (kWh/m3).

2.2. GIS Mapping and Data Processing

Georeferenced data on settlement boundaries and land-use maps were used to
perform GIS mapping of the biogas potential. An open-source QGIS software, version
3.10.4-A Coruna [41], was used to conduct this stage. This included the use and creation
of raster and vector layers, as well as the application of the integrated tools, which are
elaborated further in the article. The advantages of using QGIS over some other software
for GIS mapping are its free availability, stability during data processing and numerous
accessible plugins and modules that allow users to create added value for the project [42].
Data on the yearly availability of biogas potential that was calculated in the previous stage
was joined to the georeferenced layer of the case layer. The CORINE Land Cover
inventory [43] was used to perform a spatial distribution of biogas potential from residue
grass in the given region. The category 2.3.1 Pastures was selected for the mapping of
residue grass potential since it presents the data on permanent grassland (pastures and
meadows) [20]. The analysis included uncultivated land, riverbanks and highway verges,
while other pastures were not considered. To present the distribution of the biogas
potential of yearly residue grass biomass, the following equation was used:

Ercm = Areag/Areagon x ErG(j) (4)

where

Ercm is the biogas potential for the examined area that uses the grid (MWh);

Area is the area of specific grassland (1 km?);

Areaqo is the total grassland area (km?);

Erqj is the biogas potential for the relevant grassland (MWh).

In the case of biodegradable industry waste, the point source layer was used, while
municipal biowaste was presented at the level of the municipality. To determine which of
the existing biogas plants would be suitable to switch from electricity production towards
renewable methane production alone (as proposed in our previous research [13]), the
position of the natural gas grid was determined. More details on how the natural gas grid
was extracted are presented in Section 3.2. To estimate the distance between the feedstock
position and the biogas plant, an Online Routing Mapper tool was used, while to find the
shortest path to connect the biogas plant to the natural gas grid, a Measure Line tool in
QGIS was used. The Buffer tool and Join attributes by location (sum) were applied to estimate
the area with the same energy potential of examined feedstock as the one with maize
silage. In the end, an optimal location for setting up new biomethane-producing plants
was determined based on the availability of feedstocks and the distance to the natural gas
grid.

2.3. Life Cycle Assessment

The life cycle assessment was conducted according to International Standard
Organization (ISO) 14040/14044 standards [44] using SimaPro software (v7.3.3, PRé
Sustainability, Amersfoort, The Netherlands). The study aimed to estimate and compare
the environmental effects of applying the proposed measures to both the biogas
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production side and the utilisation side using actual biogas plants as test cases. The system
boundary included all the processes regarding feedstock collection and transportation,
the production of biogas in the anaerobic digestion plant and biogas utilisation in a
combined heat and power (CHP) unit or to produce renewable gas. The analysis did not
include the environmental features of electricity, heat and renewable gas utilisation in any
energy sector specifically. To be in line with the RED II, all pre-collection processes for
waste and residues were considered to have zero emissions. The feedstock properties and
the biogas production via anaerobic digestion were obtained from previous laboratory
analyses and published articles. In addition, the calculated biogas potential and location
features obtained by processing the data in QGIS software were taken as inputs. All other
data were obtained from the Ecoinvent v2.2 [45] database.

The functional unit for this study was defined as the production of 1 m? of CHs during
the anaerobic digestion of selected feedstocks, which would be further utilised in various
pathways, as presented in the scenarios. The chosen impact assessment methods were
Impact 2002+ [46], which is a method that evaluates several midpoint categories that re
grouped as a single score and a global warming potential (GWP) that was calculated over
a 100 y time horizon (GWP100). The results of the LCA analysis are shown in Section 4.2.

3. Case Study

The region of Northern Croatia [47] was selected for the case study and is shown in
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Figure 1. Case study —Northern Croatia.

In 2019, the region was home to 1,622,651 people (ca. 40% of the total population of
Croatia) [48] living in an area of 11,309 km? (ca. 20% of total Croatian land). The average
population density in the region is 144.1 cap/km? which is double the average population
density of Croatia. Food processing, production of goods and agricultural activities are
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highly developed in the region. There are 13 biogas plants in the area, which operate
mostly using maize silage.

3.1. Biogas Plants in Northern Croatia

The installed capacity of biogas plants operating under the subsidy mechanism (feed-
in-tariff) in Northern Croatia was taken from the annual report of the Croatian Energy
Market Operator Ltd. (HROTE) [49], as shown in Table 1. References related to the
feedstocks in use and quantity were taken from publicly available data (only in Croatian),
such as master’s theses, environmental management studies and reports and biogas plant

webpages.
Table 1. Biogas plants in the case.
Biogas Installed Capacity Utilised Feedstocks and Type of Process and References
Plant No. (MW.) Quantity (t/a) Temperatures
1 10 Chicken manure (5000), maize Single-stage at 40 °C [50]

silage (8000), grain dust (3400)
Cattle and swine manure
2 . ingle-st t40° 1
03 (14,400), maize silage (3,600) ~ -ngie-stageatd0 C 51
Cattle and swine manure . o
3 1.2 (10,000, maize silage (13,000)  ngle-stage atd0C 521
Maize silage (28,400), animal

manure (21,300), animal dung

4 24 (21,300), chicken manure Single-stage at 38 °C [53]
(1,775), biodegradable waste
(3,550)
Maize silage (6,000), animal .
1. le-st t38° 4
5 0 manure (30,000) Single-stage at 38 °C [54]

Maize silage (29,750), animal
manure (50,750), biowaste =~ Two-stage: pretreatment at

2.
6 0 (35,000), animal by-products 133 °C and AD at 37 °C (53]
(14,000)
Biowaste from canteens and Two-stage: pretreatment at
7 1.0 restaurants, expired food . [56]
° AD at40.5°
(25,000) 35 °C and at40.5 °C
8 3.7 Landfill plant N/A [57]
Animal manure (16,285), maize . o )
9 1.0 silage (24,700) Single-stage at 38 °C Scaled using [58]
Animal manure (16,285), maize . o )
10 1.0 silage (24,700) Single-stage at 38 °C Scaled using [58]
Animal manure (32,570), maize . o
11 2.0 silage (49,400) Single-stage at 38 °C [58]
Animal manure (16,285), maize . .
12 1. le- ° 1
0 silage (24,700) Single-stage at 38 °C Scaled using [58]
13 1.0 Animal I;T:;gfz(i%gf), MAZE " Single-stage at 38 °C Scaled using [58]

By applying Equation (3) to the data presented in Table 1 and their specific methane
yield shown in Supplementary Material, the total energy potential of feedstocks in the
given biogas plant was shown in Table 2. Furthermore, the contribution (share) of maize
silage to the total biogas energy production of each biogas plant is presented.
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Table 2. Energy produced in the biogas plants.

Energy Contribution of Maize Silage to Total Biogas

Biogas Plant No. Biogas Produced (MWh) Production (%)
1 16,917 44.3
2 5350 63.0
3 13,543 89.8
4 43,087 61.7
5 9,741 57.7
6 64,469 43.2
7 15,125 0.0
8 N/A N/A
9 25,358 91.2
10 25,358 91.2
11 50,717 91.2
12 25,358 91.2
13 25,358 91.2

Even though the overall share of maize silage in the biogas plants corresponded to
ca. 40% of the input feedstock mass, it produced ca. 70% of the total energy in these biogas
plants. Biogas plant no. 7 was the only one in this case that operated without using maize
silage. The plant was designed to operate using biodegradable waste from canteens,
restaurants and kitchens in a two-stage mesophilic process [39]. Landfill plant no. 8 [57]
operated using mixed municipal waste from the city of Zagreb.

3.2. Input Data

The biogas yield of the given feedstocks is shown in Supplementary Material. For
Equations (1)—(3), the input data was taken as follows:

®  Dpop) was taken from the Croatian Bureau of Statistics [59] (available only in
Croatian);

e Shiowaste() Was estimated using the data on the total generation of municipal waste per
capita (kg/cap) (Table 9 in [60]), with the estimation that 32% of municipal waste is
biodegradable [61];

e  Aren—determined using QGIS;

e  Naj—in this study, this was considered to be 2 for a 1 km x 1 km grid;

®  Yiedstock—assessed in previous studies (Supplementary Material);

e LHVmethane— 10 kWh/m? [21].

The layer of the existing natural gas transportation grid in this region was created
using the Georeferencer tool in QGIS [62] and the map was taken from the Environmental
Justice Atlas [63].

The electricity generation mix was taken from the report by the Ministry of Economy
and Sustainable Development of the Republic of Croatia and the Hrvoje Pozar Energy
Institute (available only in Croatian) [64]. The reference year was 2018, and the data on
electricity mix projections were taken for 2030, 2040 and 2050, as shown in Table 3.

Table 3. Electricity mix projections for Croatia.

Electricity Source

Contribution to Electricity Mix (%)

2018 (Reference Year) 2030 2040 2050
Net import 28.3 2.6 2.6 7.2
Industrial cogeneration plants 2.1 1.3 1.1 0.5

District heating plants 13.6 14.8 8.9 2.9
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Thermal power plants 7.9 14.4 7.4 3.7
Geothermal power plants 0.0 3.5 41 4.5
Solar power plants 0.5 3.9 20.4 24.8
Wind power plants 6.8 23.6 26.3 29.6
Hydropower plants 40.8 35.8 29.3 26.7

4. Results and Discussion

This section presents the main results and the related discussion in terms of this study
and its research objectives. First, the assessment of biogas potential and a model of
geospatial distribution are presented. The results of the data processing using integrated
tools were disseminated in terms of a transition towards alternative solutions for both the
biogas production and utilisation aspects. The assessment of environmental impact
verified the hypothesis of the study.

4.1. Biogas Potential Assessment and GIS Map

Figure 2 presents a map of the biogas potential from the given yearly feedstocks for
municipalities in Northern Croatia. Due to its size and complexity, the results for the city
of Zagreb are presented at the settlement level.

Legend
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Figure 2. Geospatial analysis of the biogas sector in Northern Croatia.

The results shown in Figure 2 represent the assessed energy potential for biogas
production from alternative substrates in the study region and the position of existing
biogas plants for which the transition from maize silage is proposed. Next, the geospatial
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analysis of the biogas sector included finding a natural gas network that, together with
the assessed biogas potential, identified the locations where new biogas plants should be
installed. The analysis also included an assessment of the contribution of renewable gas
production in new plants towards the decarbonisation of the natural gas sector. Overall,
the results of this study demonstrated the scientific contribution in terms of an interlinked
GIS model and LCA tool to investigate the role of the biogas sector in the future energy
systems in more detail; the presented approach could also be of interest for stakeholders
and the actual implementation of proposed measures. A comprehensive analysis of all
results is given in the following subsections.

4.1.1. Biowaste from Municipalities

Biowaste from municipalities (household waste) can serve as a valuable source of
biogas given the relatively high biogas yield of 100-150 m3/tFM [7,65,66] An experimental
study by the authors of this research on using biodegradable waste from kitchens,
canteens and restaurants (similar to the composition of municipal biowaste) showed the
biogas yield of such material to be equal to 0.566 Nm3/kg TS (equal to ca. 110 m3/tFM),
with an average methane share of 60 vol% [39]. Another previous study showed that the
biogas potential of municipal biowaste in the relevant region was found to be 116 GWh
[22]. In this study, using the data presented in Annex 1 and the methods described, the
same potential was found to be 125 GWh, which is ca. 8% higher than in the previous
report. The amount of separately collected biowaste (the organic fraction of municipal
solid waste) from the municipality of Zagreb amounted to 59,136 t [61]. In this research,
the authors found the overall amount of biowaste generation in Zagreb to be ca. 120,000
tones. The gap between the collected and amount of the assessed biowaste corresponded
with the fact that not all organic waste generated by Zagreb households is separately
collected and considered as biowaste. Namely, for materials like processed (cooked) food,
meat left-overs, dairy products, oils and fats, it is not mandatory to separate these as
biowaste under the present waste management system [67]. Moreover, based on these
numbers, it can be concluded that the capital city of Croatia recovers only 50% of its total
biowaste potential. To increase the exploitation of biowaste for biogas, companies that are
responsible for biowaste collection should implement additional measures to increase the
awareness of citizens regarding biowaste separation. Moreover, it is necessary to apply
the proper infrastructure for biowaste collection (e.g., hermetically sealable containers, as
in the case of Vienna [68]) in order to obtain the maximum amount of energy from
biowaste. In this sense, the assessed potential was found to be 70 GWh of biogas from
municipal biowaste in the city of Zagreb, which would be sufficient to run the existing
cogeneration plant for the production of electricity [57]. In this sense, the installation of
biogas fermenters would be required after closing the landfill. It was found that for the
energy recovery of 120,000 tons of municipal biowaste per year, an installation of 13,200
m? of fermenter equivalent capacity is required, using an average of 40 days of feedstock
retention time [69].

In a previous study, the authors of this research investigated the integration of the
P2G concept in the operation of a food-waste-based biogas plant (no. 7) with the goal of
producing renewable methane [13]. The same biogas plant was studied in LCA by the
current research to assess the environmental impact of replacing electricity generation
with the production of renewable gas in an energy system operating with a high share of
RES.

4.1.2. Lignocellulosic Biomass from Landscape Management

Lignocellulosic biomass in the form of residue grass showed a relatively high
potential for biogas production. For the studied case, the potential was estimated to be ca.
505 GWh. In the same region, the biogas potential from lignocellulosic biomass leftovers
(straw, stalk and stover) originating from the agricultural production of oat, barley,
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triticale, soya-beans, rapeseed, maize and wheat was found to be ca. 2000 GWh [22]. As
presented in the results, the given region had a surplus of residue grass potential to be
utilised for biogas. However, such values are probably not economically feasible, and
collection would be logistically challenging [20].

For example, analysis of the map in Figure 1 shows that, for the production of 903
MWh of biogas using residue grass collected in the south-western area of the case study,
the estimated length of the transport route to the nearest biogas plant (no. 7) is more than
100 km. On the other hand, to replace all maize silage with residue grass in biogas plant
no. 12, the estimated radius of the available feedstock amounted to ca. 11 km, resulting in
a maximum transportation path of ca. 14 km. As presented in Figure 1, the southern and
south-eastern areas of the case study showed the highest potential to be considered for
biogas production from residue grass. This was because these areas have many water
surfaces and watercourses whose banks should be maintained by mowing and collecting
the grass.

The latest economic and energetic evaluation of using maize silage (with a purchase
price of 54 EUR/t) in anaerobic digestion showed that a transportation distance of up to
18 km is convenient to ensure feasible biogas plant operation in Italy [70]. In the Croatian
case, the latest price of maize silage of 34 EUR/t determined that a transportation distance
between 24 and 38 km is still feasible for those biogas plants operating under the feed-in
tariff [71]. This study revealed that locally available residue material, such as grass, with
no actual cost of materials (except harvesting and transport, which are in total estimated
at ca. 16 EUR/t [11]), could replace maize silage in the actual biogas production within the
same, and even lower, transportation distances. Therefore, biogas plant no.12 was selected
to be further evaluated in the LCA by replacing maize silage with residue grass and
utilising biogas for biomethane instead for electricity and heat generation.

4.1.3. Biodegradable Streams from the Food-Processing Industry

The total biogas potential of biodegradable waste originating from industry was
found to be ca. 138 GWHh, of which, ca. 9% was from meat processing, ca. 57% from food
manufacturing and ca. 34% from the beverage and drinks industry.

The most common industrial waste appeared to be sludge from wastewater
treatment plants, with about 44% of the mass share of the total amount of industrial waste.
The methane yield for sludge was found to be between 20.6 + 54 and 69.3 + 22.3
m3(CHa4)/tFM (more details are provided in Table S1, Supplementary Material). It is
known that sewage sludge and sludge from industrial processes are usually poor in VS
content since they have a long retention time, which gives them low biogas potential [72].
In the case of the food-processing industry in Northern Croatia, sludge contributes only
ca. 30% to the overall biogas potential. Mixed industry biowaste, which is mainly
composed of whey, fruit and vegetable waste, pomace, yeasts, etc., showed a yield of 22.0
+ 5.0 m3(CHa4)/tFM. Since such material is not rich in total solids and volatile solids, the
low biogas yield was expected [73]. For coffee pulp and spent brewery grains, the methane
yields were found to be 59.2 + 12.4 and 66.4 + 23.3 m3(CHa)/tFM, respectively. Fat, oil and
grease waste showed a relatively high range of biogas potential at 138.0 + 43.8
m3(CHa)/tFM, while materials like husks, bran and pastry residues had a biogas potential
of 138.4 + 16.0 m3(CHa4)/tFM.

The highest methane yield was found for meat and bone meal (272.6 + 11.2
m3(CHa4)/tFM). Since such a substrate was studied in previous research by the
corresponding author [39], it was determined that in the present biogas production, MBM
could not be used as a mono-substrate, owing to the high share of nitrogen, but rather as
a co-substrate to municipal biowaste. In this sense, it was found that MBM did not
interrupt the stability of the process if it added up to 5% of the TS share, which
corresponded to 1% of the total FM share. Therefore, the assessment was made that only
1% of the available MBM could be used in onsite biogas production. On the other hand,
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in the present case, the MBM was entirely exported from the facility and used as fuel in
thermal processes (pyrolysis and combustion) [74].

4.1.4. Replacement of Maize Silage in Biogas Production

To summarise the geospatial availability of the applied method, Table 4 presents the
range of the radius from each biogas plant inside which there is an energy potential for
the examined feedstocks that is equivalent to that for maize silage.

Table 4. Range of the radius of equivalent energy potential to replace maize silage.

Biogas Plant No. Radius of Equivalent Energy Potential (km)
1 >20
2 5-10
3 15-20
4 >20
5 5-10
6 5-10
7 0
8 N/A
9 >20
10 15-20
11 >20
12 10-15
13 5-10

The maize silage that is used in biogas plant nos. 1, 4, 9 and 11 would be difficult to
fully replace in energy content using alternative feedstocks. Either the local availability of
feedstocks is poor (as for biogas plant nos. 1 and 9), or the installed capacity of the biogas
plant is high (>2.0 MWae as for nos. 4 and 11), which requires an excessive biogas
production rate. Most of the energy potential in the replacement of maize silage comes
from municipal biowaste and residue grass, while only a small share of the total potential
could be generated by industry streams. The reason for this was that the biogas plants
were relatively far from industrial sites (>20 km), which calls into question the feasibility
of transporting such feedstock over long distances.

4.1.5. Connecting Existing and New Biogas Plants to the Natural Gas Grid

The length of the natural gas transport system in this case was 1151 km, which
corresponded to ca. 43% of the total length of the natural gas transport system (2693 km)
[75].

The geospatial analysis of biogas plant positions showed that some were ready to
integrate biogas upgrading technology and produce renewable gas since their distances
to the natural gas grid were relatively low (less than 2 km). Table 5 shows the measured
distance between the biogas plants and the nearest natural gas pipeline.

Table 5. Distances between examined biogas plants and the natural gas grid.

Biogas Plant No. Distance to Natural Gas Grid (km)
1 7.98

3.51

14.85

9.44

1.65

4.37

N U &=~ W N
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7 1.93
8 3.62
9 3.86
10 1.91
11 4.23
12 1.06
13 14.16

The distance of existing biogas plants to the natural gas grid could serve the operators
of biogas plants in assessing the total investment costs of biomethane production. The
distance determines the economic feasibility regarding whether biomethane would be
injected into the natural gas grid or stored on-site as a compressed gas. Overall, it would
determine the further utilisation of biomethane, as well as its price [11]. Biogas plants nos.
5,7,10 and 12 (current total installed capacity of 4.0 MWel) displayed the highest potential
for connection to the natural gas grid. Based on the current biogas production in those
plants, it was estimated that they could inject 19 GWh of biomethane into the grid.

Apart from connecting existing plants to the natural gas grid, the analysis included
assessing the position of newly added biogas plants operations using the examined
feedstocks (within the 15 km feedstock availability zone) in this region. In addition, new
biogas plants were positioned directly on the natural gas transport grid. The position of
new biogas plants was determined in accordance with the European Biogas Association,
which assumes that future biogas plants will operate to produce renewable gas and
contribute to the decarbonisation of the gas sector [76]. Table 6 presents the potential of
biomethane production in newly added biogas plants.

Table 6. Biomethane production potential in newly planned biogas plants in this case.

New Biogas Plants Biomethane Potential (MWh)

A 25,097
B 8211

C 85,228
D 13,013
E 6,755
F 33,652
G 19,676

The total potential for biomethane production in the relevant region (after replacing
maize silage with the specified feedstocks in existing biogas plants) was found to be ca.
191 GWh. The highest potential for biomethane production was assessed for the new
biogas plant C, which would be positioned near the highest availability of industry
streams (ca. 50% of the total industry potential found in the case study). Therefore, biogas
plant C was evaluated using an LCA as a replacement for natural gas imports with the
goal of assessing the environmental impact of using these feedstocks combined with a
biomethane pathway.

Adding the potential of 191 GWh for the new plants to 19 GWh of biomethane for
existing ones, the region could integrate ca. 210 GWh of biomethane into the grid, which
is, however, only ca. 0.7% of the natural gas consumption in Croatia (ca. 30 TWh) [77].
Based on the brief analysis, it can be concluded that the existing capacity of biogas plants
in the region, together with the newly added ones, cannot make a significant contribution
to the decarbonisation of natural gas.

4.2. Environmental Impact Assessment
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Based on the analysis of actual biogas plants, three scenarios, each with two cases,
were selected and evaluated using an LCA, as shown in Table 7.

Table 7. Biomethane production potential in newly planned biogas plants in the case study.

Actual Biogas Plant Scenario Case Feedstock Utilisation
No. 12 I Referent I Animal manure, maize silage CHP
Modified I Animal manure, residue grass Biomethane
No. 7 I Referent IT Biowaste/food waste CHP
Modified I Biowaste/food waste Biomethane + e-methane
Referent I11 N/A Natural gas
New plant C i Modified Il Residue grass, biowaste, industry waste Biomethane

GWP (kg CO; eq)

2.00

1.00

0.00

Scenario I presented the feedstock transition from maize silage to residue grass and
the switch from operation in cogeneration mode to biogas upgrading using pressure
swing adsorption (PSA) technology and biomethane production. Scenario II
demonstrated the impact of P2G integration into an existing food-waste-based biogas
power plant. Scenario IIl aimed to investigate the environmental performance of replacing
natural gas (in pipelines) using the biomethane produced from waste and residue
materials in a newly established biogas plant.

The LCA yielded results that should be explained carefully given the complexity of
the analysis and the quality and quantity of the data that were used. In general, alternative
feedstocks showed lower methane yield compared to that for maize silage, which led to
an increase in the required quantity of feedstock to produce the same amount of energy
as when using maize silage. Digestate, as another product of anaerobic digestion, was
considered for application as a fertiliser in all the scenarios and cases being examined. It
should be noted that the benefits of using alternative feedstocks for biogas production
instead of their decomposition on the field (landfilling), which results in avoiding GHG
emissions, was not considered in this study, nor were GHG emissions related to land-use
changes considered.

The overall results of the environmental performance analysis of the given scenarios
are shown in Figure 3: (a) GWP and (b) single score, for the projected electricity mix.
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Figure 3. Lifecycle impact assessment results for (a) GWP and (b) single score, for the functional unit of 1 m? of produced

and utilised CHa.

The comparison of the LCA results for the GWP category showed that in all scenarios,
the applied measures generated higher COzeq emissions. The results for the GWP values
for the referent cases ranged between 0.10 and 0.30 kg CO2eq, while those for the modified
cases were between 0.51 and 2.4 kg COzeq. Similar results and relations between the GWP
values (for the functional unit of 1 m? of biogas) were found for the comparison of biogas
upgrading (1.09-1.27 kg COzeq) and biogas cogeneration (0.57 kg CO:eq) [34]. Most
emissions in the GWP category were carbon dioxide from fossil fuel combustion in the
machinery and vehicles used for feedstock collection and transportation to biogas plants
[31]. The referent cases were not impacted by the projected increase in RES share in the
electricity mix, while in the modified cases, the GWP values decreased by ca. 17% in
scenario I, ca. 44% in scenario Il and ca. 18% in scenario Il in 2050 compared to the referent
year. These results were expected since all three modified cases used the electricity from
the grid to produce renewable gas. In greater detail, the authors estimated that ca. 30% of
the electricity demand for P2G integration in scenario II came from the grid [13]. The
combination of grid assistance and installation of an electrolyser and a methanation unit
[78] resulted in GWP values that were significantly higher than expected, which made
scenario II barely acceptable if the GWP category was the only one analysed.

For the evaluation of overall environmental impact (not just GHG emissions),
aggregation of the differing impacts of the category results should be done through
normalisation and weighting the impact categories and then summing the results in the
form of a single score. In this sense, the overall results showed that the measures applied
to both biogas production and utilisation yielded significant environmental benefits over
the existing operation of biogas plants, especially in scenarios I and III. The utilisation of
alternative feedstocks for biomethane resulted in a process that was ca. 36 times more
environmentally improved than natural gas and ca. 4 times better in terms of
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environmental performance than the production of heat and electricity in cogeneration
mode. The results of this research can be related to a previous study by the authors in
which the integration of a biogas upgrading unit into an existing biogas power plant was
analysed to investigate a switch from maize silage to residue grass with the aim of
mutually producing biomethane and electricity at peak power prices [11]. For that case,
the thresholds for environmental benefits were determined to be -3.6 mPt and —-14.0 mPt,
for 1 m?® of produced and utilised CHs, respectively. The LCA of electricity production in
biogas cogeneration plants in the case of the German electricity mix when using 1 tonne
of feedstock as a functional unit gave a single score result of —1.4 Pt for maize silage and
-4.6 Pt for food residues [79]. Even though the results of this study were significantly
lower (owing to another functional unit having been selected), it is interesting that the
single score results for scenario II were higher than zero, which indicates that the
environmental burdens were greater than the generated benefits. This can be explained
by the fact that the biowaste (in the form of food waste) considered for biogas production
has zero emissions up to the point of its creation (defined by the RED II), while all other
emissions and impacts on the environment came as a result of collecting the biowaste and
transporting it to the site. Since a comparison with biowaste landfilling was not conducted
in this study, the emissions that were avoided were not considered, which would have
created additional environmental benefits. Regarding the integration of the P2G concept,
it was revealed that the penetration of renewable electricity into the energy mix exerted a
higher impact on the reduction of GHG emissions than on the overall environmental
performance of the system.

In its present form, the studied concept lacked the integration of the social component
in the analysis of the transition of the biogas sector and its role in future energy systems
[80]. Therefore, the next step on this topic should include elaborating the achieved results
to all stakeholders engaged in the existing sector, as well as to those that will come up in
the future. To assess such a dynamic complexity in the future operation of biogas plants,
causal loops were identified as a powerful tool that will open up additional perspectives
on how to achieve a more sustainable and just transition of the biogas sector [81].

5. Study Limitations

The methods and materials presented here were applied to a case study of Northern
Croatia. Therefore, the results of the study should be cautiously disseminated, bearing in
mind the regionality factors and the case-specific nature of the data.

Analysis of the methane yield from feedstocks presented in Supplementary Material
was done using previous studies and available literature sources. Based on that data, the
range of values was set up and the average value used in biogas potential assessment
calculations.

The injection of renewable gas was evaluated by considering the connection of biogas
plants to the natural gas transport grid. The position and features of the distribution grid
for this case were not considered.

6. Conclusions

The link between the use of maize silage and electricity generation under subsidy
models in biogas plants is becoming weaker as the new sustainability requirements are
raised. The holistic and comprehensive analysis carried out in this study showed the
opportunities and challenges that existing biogas plants would face if alternative
measures for both biogas production and its utilisation were implemented to contribute
to EU climate and energy targets.

The geospatial availability of alternative feedstocks was shown to have a potential in
Northern Croatia that was high enough to replace all maize silage in current biogas
production, which is ca. 212 GWh. Moreover, after the expiration of support schemes and
guaranteed prices for electricity, the analysis showed that most of the examined biogas
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plants were well positioned for the injection of renewable gas into the natural gas grid (<2
km of distance). Others would have to consider the installation of a storage system if
applying the upgraded technology. The total potential of biomethane from newly planned
biogas plants was found to be ca. 191 GWh, out of which, the plants located nearby to the
source of biodegradable industry waste would produce ca. 58% of its quantity.

The environmental impact analysis of actual biogas plants showed that an integrated
approach to both biogas production and utilisation created synergistic effects in terms of
reduced environmental burdens, which directly verified the hypothesis of the study.
Scenarios that included feedstock transition and production of renewable gas in the form
of biomethane showed reduced environmental burdens by 4 and 36 times compared to
baseline scenarios (current operation), respectively. The analysis also showed that the
integration of the P2G concept is recognised as a complex process from both the economic
and the environmental point of view.

The operation of biogas plants based on sustainable feedstocks in future energy
systems with a high share of RES showed that the role of the biogas sector in the energy
transition should receive greater emphasis since it generates multiple positive effects for
energy and the environment. There is still considerable scope for the improvement of
existing processes, applying other biological feedstocks and integrating biogas
technologies further in all energy sectors.

Future work in the studied area will be pointed towards engaging important
stakeholders of the existing and future biogas sector to the presented concept with the aim
to cluster all key variables from technical, financial and social aspects. This would include
setting up a dialogue and information exchange with biogas plant owners; feedstock
producers; farmers; industry plants; waste management companies; natural gas grid
operators; regulators; and local, regional and national policy and decision makers. In this
sense, causal loops were recognised as an attractive tool for managing the complex
relationships between stakeholders and maintaining biogas technologies as an important
factor in energy and environmental transitions.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1:
Biogas yield of feedstocks from food processing industry
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