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ABSTRACT

Bioenergy can be produced from a wide range of feedstocks and can be utilised for
production of renewable electricity, thermal energy, chemicals or transportation fuels.
Anaerobic digestion technology (AD) for biogas production has an important role in achieving
circular economy goals, as it may not only recover the energy contained in the biomass but also
contribute to nutrient recovery and reduction of greenhouse gas emissions. The expansion of
biogas production promotes the need for assessment of the technical potential of biomass, which
is available for biogas production and is not in the competition with other purposes. This
research work presents a Geographical Information System (GIS) based approach for the
assessment of the spatial distribution of the biogas production potential by taking into
consideration seasonal variation of biomass production, in order to assess the influence of
biomass seasonality. The method developed in this research work is based on a combination of
statistical and spatial explicit methods. The presented approach was tested in a case study of
Croatia and the final results are representing the seasonal and spatial distribution of biogas
potential at the spatial level of 1 km x 1 km. The results show that there is a strong need to
include the influence of seasonality in assessment of biogas potential for lignocellulosic
agricultural residues. The benefits are demonstrated in two examples that resulted in 12% and
40% lower storage facility capacity by using the proposed approach, compared to currently used
approaches.
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INTRODUCTION

Energy produced from biomass can be in form of bioliquids, biogas or solid biomass and may
represent one of major options for substituting fossil fuels in the energy mix [1]. AD
technology has a high potential for significant reduction of waste through the generation of
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high value products [2]- biogas, which can be used for electrical and thermal energy
production, transport or as the substitute for natural gas (if upgraded to biomethane) and
digestate, which is suitable as a fertiliser for agricultural production, due to high ammonium-
N/total N ratio [3].

Those advantages have been recognised by the European Commission, which has regarded in
EU waste legislation [4] AD as a recycling operation in the waste hierarchy.

The number of European biogas plants has increased steadily over the past decade. By the end of
2017, there were 17783 biogas plants and 540 biomethane plants in operation in Europe [5]. This
has resulted with a significant increase in food and feed crops (mostly maize silage) utilization
for biogas production, due to high biogas yields and favourable support. However, utilization of
feedstocks grown on agricultural land indicates that bioenergy production may be in
competition with alternative demands for food and material [6] and leads to negative
environmental impacts due to direct and indirect land use change.

In December 2018 the revised Renewable Energy Directive entered into force, which set up the
targets and constraints for future biogas utilization in transport, as well in electricity, heating and
cooling production. The new directive defines numerous sustainability and GHG emission
criteria that biogas used in transport, electricity, heating and cooling production must fulfil.
Furthermore, it sets a target that the contribution of advanced biofuels and biogas produced from
the feedstock such as algae, straw, animal manure, husks, industrial waste etc., should be at least
3.5% in 2030. New directives and concerns about the sustainability of the biogas production
have resulted in increased interest in underestimated feedstocks for biogas production, such as
lignocellulosic agricultural residues. Their utilisation does not bring ethical conflicts [7] and
can lead to a significant improvement in the environmental sustainability of energy
production [8]. In order to define the perspective of shifting to renewable energy systems, first
step is to estimate the potential of domestic renewable sources [9].

There have been numerous studies on the assessment of the biomass technical potential. Two
main groups of commonly used methods for potential-focused approaches are statistical
analysis (non-spatial specific), which relies on statistical data to assess the potential of
biomass for energy utilization and other uses, and spatially explicit analysis, which combines
spatially explicit data and land use [10].

In the past years, application of GIS tools has been recognised as very useful for biomass
potential mapping, as it gives valuable insights into the spatial distribution of the biomass
potential and enables optimisation of bioenergy production plants. In the work [11], a GIS
tool was used for assessing the spatial distribution of agroforestry residues annual potential
and in the work [12] it was used for the assessment of the spatial distribution of annual
sustainable crop residue potentials. Spatial distribution of annual biogas potential from non-
woody biomass of conservation areas and roadsides for biogas was assessed with a GIS tool
in the work [13]. Authors of the work [14] used a GIS tool to assess the annual theoretical and
technical potential of chicken manure from various rearing systems in Polish provinces. In the
work [15], author presented the method for assessing the annual economic potential of
biomass supply from crop residues, in which he used a GIS based approach to identify the
areas in China that are likely to produce crop residue. In the work [16], authors have
presented a GIS-based combined approach for the determination of the most cost-effective
investments in biomass sector. The proposed approach included GIS mapping of annual
biomass potential and defining both storage and plant locations. Similarly, in the work [17],
authors used a GIS tool to assess annual potential of corn stover, switchgrass and miscanthus
in order to assess biofuel production potential and suitable biorefinery locations in the USA,
while in the work [18], authors assessed annual potential of food waste, cattle slurry and
wheat straw to locate bio-energy facilities. Annual potential of agricultural waste, co-products
and by-products was assessed in the work [19], for the 28 member countries of the European



Union. Works such as [20] have already shown that the application of GIS tools enables
assessment of biomass transportation cost. In the work [21], authors used a GIS tool to assess
the annual biogas potential of citrus pulp, olive pomace, whey, poultry litter, cattle manure
and corn silage. In accordance with the results, the authors conducted an economic
assessment which allowed them to determine the size and location of four biogas plants in
Sicily. The same feedstocks were considered in the work [22], in which authors developed a
GIS-based spatial index of feedstock-mixture availability for anaerobic co-digestion. The
developed spatial index describes the availability of the specific feedstock in each
municipality, in accordance to annual production of respective feedstock and enables
identification of municipalities which are most suitable for biogas production. Authors of the
work [23] used a GIS tool to identify financially viable locations for biomethane injection to a
natural gas network, in accordance with the spatial distribution of the annual potential from
grass silage and cattle slurry. In the work [24], a GIS tool was used for annual biomass
potential assessment in India, for which authors developed land use maps for the selected
pilot regions. Authors of the work [25] developed a regional GIS based method to analyse
suitable locations and capacities of biogas plants, based on theoretical annual potential of
various biomass resources, as well as transportation distances. Similar to this, authors of the
work [26] developed a model to solve the multi-criteria decision problem of identifying the
most suitable location for biogas plant, taking into consideration annual potential of slurry,
population density, distance to heat plants and transportation-optimal sites.

In general, the efficiency of the waste-to-energy technologies is strongly affected by the
distance of the biomass supply and the rate available during the year [25]. Seasonal
availability of the cereal and horticultural crops, as well as residual forest biomass on the
administrative region level, for the Party of General Pueyrredon (Argentina), was investigated
in the work [27].

Seasonality of biomass production affects requested storage facility capacity and
consequently, the cost of the logistic supply chain. Authors of the work [28] developed a
model to maximize the profit of the biomass supply chain. In this research, one of the
variables included in the optimization was a unit land cost, which was used to determine
capacity and locations (counties) in which a storage facility would be most economically
feasible to install. Total storage capacity for all considered regions was determined in
accordance with the annual biomass availability (corn silage, layer hen manure, broiler hen
manure and cattle manure).

As can be seen from the literature review, considerable amount of research has been
conducted on the development of GIS based approaches for assessment of the biogas potential
available on an annual basis. However, generation of agricultural residues is not continuous
during the year and since those feedstocks have a low energy density, there is a need for
significant storage capacities in case of large time gap between supply and demand.
Considering this and the fact that a GIS approach that integrates the seasonal and spatial
distribution of biogas potential from agricultural residues and municipal biowaste has not
been presented in the previous research, this research work aims to address this research gap.
It can be assumed that the integrated assessment of the spatial and seasonal variation could
give better insight into the biogas potential and feasibility of its utilization.

METHOD

This work focuses on the assessment of the biogas potential from municipal biowaste and
agricultural residues, derived from plants (maize stover, wheat straw, barley straw, oat straw,
triticale straw, rapeseed straw, soya-beans straw, sugar beet tops, damaged vegetables) and
livestock (manure). As the technologies used to produce biogas are strongly influenced by the
structure of the feedstock, the considered feedstocks are divided in two groups:
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lignocellulosic and non-lignocellulosic biomass. Figure 1 illustrates the biomass classification
used in this research work.
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Figure 1 The classification of biomass used in this work

The developed method is based on the combination of statistical and spatial explicit methods.
The developed method is divided into the following main steps:

e Biomass technical potential assessment at regional level,

¢ Energy valorisation of the technical potential;

e Seasonal assessment;

e GIS mapping.

In the next sub-sections, more detailed elaboration of the mentioned steps will be provided.

Biomass technical potential assessment at regional level

In order to assess the technical potential of biomass available for biomass production, this
research work aims to investigate the part of the theoretical potential (total production of
residues) which is available due to competition with other uses (food, feed, land protection
etc.)
The technical potential assessment is conducted at regional level, by using the bottom-up
approach. The process itself is handled in two steps:

1. theoretical biomass potential assessment at regional level
Theoretical potential of residues from plant production is defined as the annual production of
residues generated during agricultural production. As it is shown in equation (1), it is a
function of agricultural production and residue to product ratio:

Ponpiciny = M * RPR (1)

where P, ;1 Stands for the theoretical potential of residues from the agricultural category i
in the region k [kg], M, ,, for the production of the agricultural category i in the region & [kg]
and RPR,,, for the residue-to-product ratio for the agricultural category i [kg/kg]. RPR factors



are obtained from the literature and their values for the considered agricultural categories are
presented in Table 1.

Table 1 Residue-to-product ratio for different types of agricultural residues

Biomass type Res;due RPR Source

Maize stover 196% [29]

Wheat straw 128% [29]

Barley straw 135% [29]

Lignocellulosic biomass Oat straw 128% [29]
Triticale straw 128% [29]

Rapeseed stalk 186% [30]

Soya-beans straw 153% [29]

0
Non-lignocellulosic biomass Is)sgl?ieeiyt?; ;ables 1250302) Eg}

Total production M, of the specific agricultural category is estimated according to equation

(2):

Mgy = Vi * A (2)
where y,, ., stands for the average biomass yield of the agricultural category i in the region &
(kg/m?) and A4 (ix) for utilised agricultural land for production of category i in the respective
region k (m?).

Biomass yield y; ,,, represents the amount of biomass produced per unit area (1 m?). Some of
the agricultural cultures have a significant variation of the yield, mostly due to weather and
climate conditions, as well as soil properties. For this reason, this approach takes into
consideration minimum and maximum yield in the last five years, or more precisely, the
average value of those two extremes for each considered region (equation 3).

}T(ij — }]‘I-th.Lm:}]‘l-fAX.nn (3)
where ¥, ¥V iy @04 ¥V apax i Stand respectively for average, minimum and maximum
biomass yield of the agricultural category i in the last five years, for the region k (kg/m?).

In the case of livestock derived residues, the theoretical potential of manure is estimated
according to equation (4):

Popaiviesy = Ny * MPH .y (4)

where P,y ;.. Stands for the theoretical potential of manure generated in the region £, for
the livestock / [kg], N, ;, for the number of heads of livestock / in the region k [head] and
MPH ., for manure per head ratio (Table 2); annual manure production per livestock type /
[kg/head].

Table 2 Manure per head ratio for different livestock

L Cattle Dairy cow Pig Sheep Poultry



MPH ) [kg/head] 12,300 18,830 1,200 400 95
Source [31] [32] [31] [33] [31]

2. technical biomass potential assessment at regional level

Technical potential is defined as the part of the theoretical potential which is available due to
competition with other uses (food, feed, land protection etc.). The assessment of this potential
is based on the previously calculated theoretical potential, sustainable removal rates and
competitive uses (for livestock production), according to equation (5);

Piechrin) = Penpitin) * SRR — COMPy, (5)

where P,__; ;1 stands for the technical potential of residues of the agricultural category i in
the region & [kgl, P, 0y for the theoretical potential of residues from the agricultural
category i in the region k [kg], SRR, for a sustainable removal rate for the agricultural
category i [%] and COMP,,, for the amount of residues which should be left for the feeding
and bedding of animals in the region & [kg].

Sustainable removal rate (SRR ;) refers to the share of residues which could be collected
from the field, by considering the share of the residues which should remain in the field in
order to protect the soil from wind and erosion, but also the share which is not possible to
collect due to losses in the collecting process. Sustainable removal rates (SRR ;) for
considered agricultural categories are listed in Table 3.

Table 3 Sustainable removal rates 5 RR;, for considered agricultural categories

Wheat,

i barley, rye, Maize Sunflower Rapeseed Sl;le iir Vegetable
oats etc.
SRR, 40% 50% 50% 50% 50% 90%
Source [34] [34] [34] [34] [30] [30]

In addition to the residues, which should be left in the field, a part of residues (straw) should
be used for competitive purposes, mostly livestock production. The amount of residues
required for competitive purposes is calculated according to equation (6):

CUMP{J{)=EN|:R_,J{:|?5PA|::::|?S|:R:| (6)

Where COMP,,, stands for the amount of residues which should be left for the feeding and
bedding of animals in the region k [kg], N, for the number of animals a (-) in the region £,
SPA,, for annual requirements of straw per animal a (kg/year) and s, for the share of
animals to which SPA,, refers, since not all farms use a straw for livestock production (%).

The values of these parameters are listed in Table 4.

Table 4 The values of the parameters for calculating the competitive use of straw for cattle, pig
and sheep [35]

a Cattle Pig Sheep

SPA,[kg/year] 548 183 37



Sca) [%] 25 12.5

Energy valorisation of the technical potential

Once the technical biomass potential is assessed, energy potential can be estimated from
specific methane yield of fresh feedstocks and lower heating value of methane, according to
equation (7):

Epiotik) = Precniir) * Yen,: * LHV g, (7)

where Ey;, ;) stands for the energy value of biogas potential from residues of the
agricultural category i (or municipal biowaste) in the region k& [MJ], ¥y ; for the methane
yield from 1 kilogram of fresh feedstock [m?/kg] and LHV; 1, for methane lower heating value

[MJ/m?]. Since the methane yield of lignocellulosic agricultural residues highly depends on
the used pre-treatment method, Table 5 lists the methane yield for the respective pre-treatment
method.

Table S Specific methane yield from lignocellulosic agricultural residues

Residue Pre-treatment Methane yield
i method [m3 /kg] Source
) Pre-treated with 6%
Maize stover NaOH 0.315 [36]
Pre-treated with
Wheat straw 10% NaOH 0.305 [37]
100 C
Barley straw Extrusion 0.305 [38], [39]
Oat straw Steam fermention 0.195 [40]
Pre-treated with
Triticale straw . thyvlvrglgrlsl;ohne_ 0.203 [41], [42]
N-oxide
Rapeseed stalk wet oxidation 0.28 [43]
pretreatment
Soya-beans straw Trichoderma reesei 0.08 [44], [45]
RUT C30

Seasonal assessment

Seasonality of feedstocks’ availability is assessed according to the months of harvesting/
occurring of the considered feedstocks. Seasonal assessment of plant derived agricultural
residues is calculated form the agricultural crops' harvest calendar. For the municipal
biowaste, statistical data on monthly production is used.

Both for the lignocellulosic and non-lignocellulosic biomass the potential for the biogas
production is assessed for each month of the year, according to equation (8):

Eaia (em) = E[Ebm (ikemm) )



where Ej;, (1. Stands for the energy value of biogas potential in the region & in the month m
[MJ] and E, (; .my for the energy value of biogas potential in the region k, in the month m,
for the specific commodity (residue or biowaste) i [MJ].

GIS mapping

In order to perform GIS mapping, the following set of data is necessary: monthly availability
of the biogas potential of lignocellulosic and non-lignocellulosic biomass at regional level,
georeferenced data on region boundaries and georeferenced land use maps. QGIS tool is used
to conduct the mapping process.

Data on monthly availability of biogas potential of lignocellulosic and non-lignocellulosic
biomass, calculated in previous steps, is joined to the georeferenced layer of regions’
boundaries. In order to carry out a spatial distribution of biogas potential in each region, land
cover maps are used. Those maps represent georeferenced information on different types
(classes) of physical coverage of the Earth's surface, e.g. grasslands, forests, croplands, lakes,
wetlands [46]. Based on two layers of georeferenced information (land cover map and biogas
potential at regional level for each month of the year), a biogas potential map is developed. In
order to assess the distribution of the biogas potential, the top-down approach is applied and
the following equation is used:

Afie
Epiofiston = .i_:; * Epiotem )
Where Ey i ri01.m Stands for the energy value of the biogas potential for the specific field in the
specific month m [MJ], A¢;; for the area of the specific field [m?], 4, for the total agricultural

(or urban) area of the region k, in which specific field is located [m?] and Ey;uz.m for the
energy value of biogas potential of the region £, for the specific month m [MJ].

CASE STUDY

The presented method was applied in the case study for the Republic of Croatia, for
evaluating the spatial distribution and seasonal variation of biogas production potential from
agricultural residues, livestock production and municipal biowaste.

According to Eurostat, in 2016 Croatia had 134 460 agricultural holdings (or farms), working
15 460 km? of utilised agricultural area, what is around one quarter (27.7%) of the total land
area of Croatia [47]. Croatia’s territory is classified in 21 administrative regions (20 counties
and the city of Zagreb), which are grouped in 2 statistic regions (Continental and Adriatic
Croatia) [48].

Prior to GIS mapping, biogas potential was assessed for each Croatian county (NUTS3
region). Data provided by Paying Agency for Agriculture, Fisheries and Rural Development
[49] and the Croatia Bureau of Statistic [50] was used for calculating the theoretical biomass
potential in each of the regions. The input data for assessing the potential of manure was
taken from the register of domestic animals [51] and the list of utilised agricultural land and
number of cottages and poultry of private households [52]. When assessing the seasonality of
residue generation, data from Table 6 is used.

Table 6 Residue generation month

Residue generation

r
month Source

Biomass type Residue




Maize stover September [53]

Wheat straw June [54]

Barley straw June, July [55]

Lignocellulosic biomass Oat straw June [54]

Triticale straw July [55]

Rapeseed stalk June [54]

Soya-beans straw September [53]

Damaged vegetables August, September [53]

Livestock manure Whole year [54]

Non-lignocellulosic biomass Municipal biodegradable Whole year [54]
waste

Sugar beet tops September [54]

In order to assess the spatial distribution of the biogas potential, CORINE land Cover map
[56], which defines 42 different land classes was used to detect agricultural land, urban areas
and dump sites.

Figure 2 shows the land cover of Croatia.
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Figure 2 CORINE land Cover -Croatia

RESULTS

The biogas potential from the considered lignocellulosic and non-lignocellulosic feedstocks
was calculated at regional level and the seasonal and spatial distribution assessment of the
biogas potential at the spatial level of 1 km x 1 km was conducted, as described in the
previous sections.

Biogas technical potential assessment at regional level

Non-lignocellulosic biomass

On the national level, the technical potential of non-lignocellulosic biomass available for
biogas production is assessed as 3321 GWh (11.96 PJ). Figure 3 presents the energy value of
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technical potential of non-lignocellulosic biomass available for biogas production for each
considered region (Croatian county). It also clearly shows that the highest contribution comes
from cattle and dairy cow manure. Osijek- Baranja, Koprivnica-Krizevci and Bjelovar-
Bilogora counties have the highest potential from all Croatian counties.
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= 400,000
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2, 300,000
=
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-2 200,000
: I
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2 100,000 I = E | I
& & L P & ¢ D % ¥ P PP P FE F S T
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<5 & & TS &
) + & <0
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™ Muni cipal biowaste Dariy cow manure ® Cattle manure ® Polutry manure
B Pig manure B Sheep manure ®Demaged vegetables Sugar beet tops

Figure 3 Results of technical potential assessment of non-lignocellulosic biomass available for biogas
production

Lignocellulosic biomass

The technical potential of lignocellulosic biomass available for biogas production, which
occurs during agricultural production is shown in Figure 4. On the national level, the total
technical potential available for biogas production equals 6679 GWh (24 PJ). In all regions,
maize stover contributes with the highest share, followed by wheat straw. As it was the case
with the non-lignocellulosic biomass, Osijek-Baranja County again has the highest annual
technical potential from agricultural production. This correlation can be explained by the fact
that in Croatia around 80 % of farms have livestock [57].
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Figure 4 Results of technical potential assessment of lignocellulosic biomass available for biogas
production

Seasonal assessment

The monthly availability of biomass potential was determined in accordance with the
technical potential assessed at regional level and data on harvesting periods.
Non-lignocellulosic biomass

Table 7 presents the aggregated biogas production potential from non-lignocellulosic biomass
for each month of the year for each of the Croatian counties. As it is shown in Table 7, the
generation of non-lignocellulosic biomass does not have significant variation during the year.
This is due to the nearly continuous production of manure and municipal biowaste, which has
a significant share in non-lignocellulosic biomass potential. Therefore, seasonal variations of
the considered non-lignocellulosic biomass can be neglected.

Lignocellulosic biomass

Table 8 presents biogas production potential from non-lignocellulosic biomass for each month
of the year for each of the Croatian counties. As is it shown in Table 8, considered
lignocellulosic feedstocks occur only during three months of the year. Thus, the spatial
distribution of the biogas potential was evaluated for each month of its generation.
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Table 7 Biogas production potential from non-lignocellulosic biomass

January February March  April May June July  August September October November December

County [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh]

Bjelovar-Bilogora 22,355 22,355 22,355 22,355 22,355 22,355 22,355 22,784 25,032 22,355 22,355 22,355

Brod-Posavina 8,159 8,159 8,159 8,159 8,159 8,159 8,159 8,363 10,229 8,159 8,159 8,159
Dubrovnik-Neretva 2,038 2,038 2,038 2,038 2,038 2,038 2,038 2,239 2,201 2,038 2,038 2,038
City of Zagreb 6,883 6,883 6,883 6,883 6,883 6,883 6,883 7,076 7,169 6,883 6,883 6,883
Istria 5,661 5,661 5,661 5,661 5,661 5,661 5,661 7,161 7,119 5,661 5,661 5,661
Karlovac 6,957 6,957 6,957 6,957 6,957 6,957 6,957 7,111 7,989 6,957 6,957 6,957
Koprivnica-Krizevci 22,623 22,623 22,623 22,623 22,623 22,623 22,623 22,867 23,308 22,623 22,623 22,623
Krapina-Zagorje 6,372 6,372 6,372 6,372 6,372 6,372 6,372 6,386 6,596 6,372 6,372 6,372
Lika-Senj 5,130 5,130 5,130 5,130 5,130 5,130 5,130 5,162 6,762 5,130 5,130 5,130
Medimurje 9,100 9,100 9,100 9,100 9,100 9,100 9,100 9,531 22,276 9,100 9,100 9,100
Osijek-Baranja 31,318 31,318 31,318 31,318 31,318 31,318 31,318 32,062 54,159 31,318 31,318 31,318
Pozega-Slavonia 5,011 5,011 5,011 5,011 5,011 5,011 5,011 5,363 7,147 5,011 5,011 5,011
Primorje-Gorski Kotar 3,692 3,692 3,692 3,692 3,692 3,692 3,692 3,701 3,796 3,692 3,692 3,692
Sibenik-Knin 3,024 3,024 3,024 3,024 3,024 3,024 3,024 3,046 3,076 3,024 3,024 3,024
Sisak-Moslavina 12,384 12,384 12,384 12,384 12,384 12,384 12,384 12,535 12,715 12,384 12,384 12,384
Split-Dalmatia 9,098 9,098 9,098 9,098 9,098 9,098 9,098 9,273 9,465 9,098 9,098 9,098
Varazdin 7,422 7,422 7,422 7,422 7,422 7,422 7,422 8,148 11,881 7,422 7,422 7,422
Virovitica-Podravina 7,113 7,113 7,113 7,113 7,113 7,113 7,113 8,652 9,783 7,113 7,113 7,113
Vukovar-Srijem 13,849 13,849 13,849 13,849 13,849 13,849 13,849 14,911 32,811 13,849 13,849 13,849
Zadar 5,018 5,018 5,018 5,018 5,018 5,018 5,018 5,332 5,635 5,018 5,018 5,018
Zagreb County 16,543 16,543 16,543 16,543 16,543 16,543 16,543 16,732 17,170 16,543 16,543 16,543
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Table 8 Biogas production potential from lignocellulosic biomass

January February March  April May June July  August September October November December

County [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh] [MWh]
Bjelovar-Bilogora - - - - - 51,596 23,818 - 607,543 - - -
Brod-Posavina - - - - - 156,991 21,205 - 252,630 - - -
Dubrovnik-Neretva - - - - - 7 2 - 342 - - -
City of Zagreb - - - - - 12,481 2,841 - 50,480 - - -
Istria - - - - - 5,255 4,653 - 9,348 - - -
Karlovac - - - - - 5,709 6,331 - 82,851 - - -
Koprivnica-Krizevci - - - - - 91,916 15,758 - 546,327 - - -
Krapina-Zagorje - - - - - 4,055 3,770 - 101,689 - - -
Lika-Senj - - - - - 4,810 5,180 - 5,005 - - -
Medimurje - - - - - 47,273 7,725 - 185,605 - - -
Osijek-Baranja - - - - - 627,659 59,533 - 906,401 - - -
Pozega-Slavonia - - - - - 98,965 13,508 - 182,916 - - -
Primorje-Gorski Kotar - - - - - 477 450 - 6,801 - - -
Sibenik-Knin - - - - - 776 689 - 1,338 - - -
Sisak-Moslavina - - - - - 29,491 8,616 - 268,990 - - -
Split-Dalmatia - - - - - 1,239 1,186 - 8,350 - - -
Varazdin - - - - - 28,962 8,510 - 211,276 - - -
Virovitica-Podravina - - - - - 178,600 15,579 - 383,519 - - -
Vukovar-Srijem - - - - - 396,688 32,350 - 501,805 - - -
Zadar - - - - - 2,125 2,055 - 5,695 - - -
Zagreb - - - - - 22,684 14,738 - 343,882 - - -
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GIS mapping

The final results present georeferenced maps of the seasonal and spatial distribution of the
biogas potential at the spatial level of 1 km x 1 km. These maps were developed using open-
source QGIS software.

Non-lignocellulosic biomass

As mentioned above, the seasonal variation of the considered non-lignocellulosic biomass can
be neglected. Thus, the spatial distribution of non-lignocellulosic biomass was evaluated for
one average month and is presented in Figure 5.

Biogas potential [MWh]
<25
25-50
50 - 100
100 - 200
B 200 - 300
I 300 - 400
Il 400 - 500

Figure 5 Biogas potential from municipal biowaste and non-lignocellulosic agricultural residues for one
average month

Figure 5 clearly shows that biogas potential from biowaste and manure is mostly located in
the continental part of Croatia, in rural areas. This can be confirmed by the fact that the city of
Zagreb, which has by far the greatest population in Croatia, has the lowest density of biogas
potential and lowest total biogas potential. On the other hand, biogas potential in Adriatic part
of Croatia mostly follows the population density.

Lignocellulosic biomass

The spatial distribution of the biogas potential was evaluated for each month of its generation.
As it is shown in Figure 6, the seasonal variation of the biogas potential significantly differs
between the counties. Furthermore, Figure 6 clearly shows that the peak potential is in
September. The results obtained for lignocellulosic biomass implies that utilization of
lignocellulosic biomass for biogas production requires significant storage capacities.
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Figure 6 Annual and monthly biogas potential from lignocellulosic agricultural residues

The advantage of integrated seasonal and spatial mapping is the possibility of storage facility
capacity assessment. In order to prove the benefits of the proposed approach, it was compared
with currently used approaches. Therefore, required storage capacities were assessed for two
examples selected from the area presented in Figure 6, for which spatial and seasonal
assessment was conducted in the previous steps. For both examples, storage facility capacity
is calculated for the lignocellulosic agricultural residues which are being produced in the area
of 90 km? (grid with 90 cells). In order to handle supply risk of feedstock, the minimum stored
amount at the end of one month is set to be sufficient to cover the feedstock demand for at
least one and a half month. Furthermore, the demand for the feedstocks is expected to be
continuous during the year, for both examples.
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The first example is located in Varazdin county (northern Croatia) and presented in Figure 7.

Agricultural residues potential [MWh]
0-100
100 - 200
200 - 300
300 - 400
B 400 - 500
B 500 - 600
Bl 600 - 740

Figure 7 Annual potential of agricultural residues- Varaidin county (Example 1)
In the first example, annual technical potential equals 14105 tonnes of agricultural residues,
which has the biogas potential of 0.143 PJ (39952 MWh). Annual variations of biomass

potential (supply) and stored quantities are presented in Table 9.

Table 9 Seasonal variation of biomass potential (supply) and stored amount (Example 1)

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Su[%’ly i ] i i ~ 1,774 508 ~ 11823 - - -

Demand
[t]
Stored
amount* 7,708 6,532 5357 4,181 3,006 3,605 2,937 1,762 12,410 11,234 10,059 8,883

[t]

175 1,175 1,175 1,175 L,175 1,175 L,175 1,175 1175 1,175 1,175 1,175

*feedstock amount stored at the end of the month

As it is shown in Table 9, the maximum stored feedstock amount is in September and it
equals 12410 t. Thus, 12410 t can be considered as the necessary storage facility capacity. In
other cases where biomass availability is assessed at the annual basis and there is no
information on the seasonal variation, it is assumed that the value of necessary storage facility
capacity is the same as the annual biomass potential. By comparing the storage facility
calculated with this approach to the one related to the annual assessment, it is shown that the
application of seasonal assessment results in 12% lower storage facility capacity. The second
example is located in Brod-Posavina county (eastern Croatia) and is shown in Figure 8.
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Figure 8 Annual potential of agricultural residues- Brod-Posavina county (Example 2)
In the second example, annual technical potential equals 20579 tonnes of agricultural
residues, which has the biogas potential of 0.198 PJ (55017 MWh). Annual variations of the

biomass potential (supply) and stored amounts are presented in Table 10.

Table 10 Seasonal variation of biomass potential (supply) and stored amount for example 2

Jan.  Feb. Mar. Apr. May Jun. Jul Aug. Sep. Oct. Nov. Dec.
Supply - ; - ; - 4105 670 - 15803 - ; -
[t]
Der[rtl]and 1175 1175 1175 1175 1175 1175 1175 1,175 1175 1175 1175 1,175
Stored
amount® 7708 6532 5357 4181 3,006 3.605 2937 1,762 12410 11234 10059 8.883

[t]

*feedstock amount stored at the end of the month

As in the previous example, the maximum stored feedstock amount is in September.
However, in this example, the difference between biomass potential in September and in other
summer months is not so significant. When comparing the storage facility capacity
determined with this approach, and the one related to the annual assessment, it is shown that
the application of seasonal assessment results in 40% lower storage facility capacity for this
specific example.

DISCUSSION

The developed method can be used for local, regional and national planning of biogas
production projects, supply chain risk management and storage facility capacity assessment.
The implementation of those projects have a potential to increase local renewable production,
but also provide biological stabilization of manure, agricultural residues and municipal
biowaste by AD and therefore decrease related GHG emissions that would otherwise occur
without AD [58]. Furthermore, one of the positive externalities beyond renewable energy
production and GHG reduction is increased soil organic matter, due to continuous return of
digestate. This results in increased food and feed production, compared to the case prior to
bioenergy production [59].

In the previous research works, the authors used GIS tools for the assessment of the spatial
distribution of the annual biomass technical assessment. As it is shown by the results obtained
in this research work, this gives a sufficient insight for the feedstocks with near continuous
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monthly production, such as manure and municipal biowaste, what is not the case with
lignocellulosic biomass.

The method developed in the work [27] which investigates the monthly availability of crop,
horticultural and forestry residues, enables seasonal assessment of biomass potential on a
regional basis. Due to wide geographic distribution of the agricultural residues and low
energy density of the considered feedstocks, information on the biomass monthly availability
on regional level is often not sufficient for the determination of the feasibility of biogas
utilization. Therefore, the added value of the integrated approach presented in this research
work is that it provides better insight into the biogas potential availability and required storage
facility capacity. Assessment of the storage facility capacity is a part of the optimization of
biomass supply chain in some of the research works, such as the work [28]. In this work,
authors have determined the storage facility capacity in accordance with the price of the land
unit where the storage unit is planned to be built, but with the constraint that capacities of all
storage facilities should equal to the annual biomass potential in the considered regions. As it
is shown from the two examples given in the section above, the approach presented in this
research work results with lower storage facility capacity, due to better insight into the
biomass availability. This shows the importance of including integrated seasonal and spatial
variation in the assessment of the potential of lignocellulosic residues available for biogas
production, in order to have more accurate input data for the feasibility projects for biogas
utilization.

CONCLUSION

This paper presents a Geographical Information System (GIS) based approach for evaluating
the spatial distribution and seasonal variation of biogas production potential. In detail, the
biogas production potential was assessed in accordance with the technical potential which was
calculated at regional level and takes into consideration the sustainable removal rate of
biomass, as well as competitive purposes. This approach is used for the case study of Croatia.
Furthermore, the potential of agricultural residues and organic municipal biowaste was
assessed in order to define the potential for biogas production.

The results at national level show that the annual potential for biogas production from
manure, damaged vegetable and municipal biowaste equals 11.96 PJ, while the potential of
lignocellulosic agricultural residues is 24 PJ. The use of the GIS tool proved to be beneficial
for the seasonal assessment as it enabled fast and accurate seasonal assessment. The results
proved that seasonal variations of the potential of non-lignocellulosic agricultural residues
and municipal biowaste can be neglected since the generated feedstocks which make the most
significant share of considered feedstocks (manure and biowaste) have near-continuous
generation during the whole year. It is not the case with the generation of lignocellulosic
agricultural residues, which have a significant variation during the year. In this research work,
it is shown in two examples that application of seasonal assessment approach leads to lower
storage facility capacity requirements. For the considered examples, it resulted in 12% and
40% lower storage facility capacity requirements, compared with annual assessment
approach. It also proved that seasonal variation of biogas potential from non-lignocellulosic
biomass does not follow the same trend between the counties. As it is presented in the results,
spatial and seasonal assessment of the potential of lignocellulosic agricultural residues
available for biogas production provide more accurate input data. Therefore, there is a strong
need to include seasonal variations in potential assessment of the considered feedstocks. The
developed method can be used for development of a GIS based decision support system, that
could be used for the national, local and regional development of biogas production. The
integrated spatial and seasonal assessment gives planners and investors a detailed and clear
view on the distribution of the biogas potential at high spatial level and monthly availability.
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As further research, this method can be extended to include more feedstocks feasible for
biogas production but barely valorised, such as industrial residues and by-products.
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