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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Comprehensive GIS approach for spatial 
assessment of agricultural biogas 
production. 

• Biogas production potentials are 
strongly influenced by considered 
spatial criteria. 

• Foresighted spatial planning could 
improve heat utilization from biogas 
plants. 

• Greenhouse gas emissions from biomass 
transport are negligible compared to 
benefits.  
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A B S T R A C T   

Agricultural biogas production is subject to various spatial restrictions including legislation, biomass availability, 
transport, and the distribution of final energy products. This study introduces a geographic information system 
(GIS)-based approach for a comprehensive techno-spatial assessment of the above-mentioned factors, which was 
tested for Switzerland. First, spatial criteria were identified based on an extensive literature review that was 
complemented by expert knowledge. Then, quantitative GIS-based methods were developed to identify suitable 
areas for biogas production. Finally, a location- allocation algorithm was used to estimate national production 
potentials of biogas, electricity, heat, and biomethane and to assess the relevance of greenhouse gas (GHG) 
emissions from biomass transport. Maximum production potentials for electricity, heat, and biomethane were 
found to be in the order of 6.3, 8.5, and 13.8 PJ per year, respectively. Heat utilization and biomethane injection 
are often limited to areas in proximity of settlements. Furthermore, biogas production potentials varied 
depending on legal, economic, and technological factors. Particularly the utilization of excess heat from com-
bined heat and power (CHP) plants was found to react very sensitive to altering spatial constraints due to its 
dependency on local demand. Resulting emissions from biomass transport were in the order of 0.5–0.8 kgCO2-eq 
per gigajoule of produced biogas, which is negligible compared to benefits from agricultural biogas production. 
The modeling results therefore suggest that attention should rather be concentrated on biomass utilization, plant 
efficiency, and optimal energy utilization when aiming to optimize GHG efficiency. Overall, the findings support 
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the strategic planning of practitioners and authorities for the future development of agricultural biogas pro-
duction. Moreover, the presented methodology can be transferred to different spatial and technological contexts.   

1. Introduction 

The utilization of biomass for energy generation is a common prac-
tice worldwide. In 2019, bioenergy was responsible for almost 10 
percent of the global energy supply and was thus the most important 
source of renewable energy [1]. Furthermore, biomass can easily be 
stored and transported, and its energy can be used for various applica-
tions including heating, electricity, cooking, and fuel production. 
Therefore, the upscaling of bioenergy is widely considered a central 
aspect of climate change mitigation strategies to reach the goals outlined 
in the Paris agreement [2]. Among the most established technologies to 
produce renewable energy from biomass is anaerobic digestion (AD). 
The storable product, biogas, has multiple applications in electricity 
generation, heating, and mobility, which makes it a relevant option for 
the decarbonization of the energy sector. At the same time, if fed with 
residual biomass such as biowaste or agricultural residues, AD serves as 
a means of waste treatment [3]. As the process is preserving key nutri-
ents from the feedstock, the digestate can be used as a bio-fertilizer [4], 
which is in line with the concept of circular economy [3]. Furthermore, 
AD of manure is widely considered an efficient way to reduce green-
house gas (GHG) emissions from manure management, which is 
responsible for a substantial share of overall agricultural emissions [5]. 

At the European level, animal manure alone yields an exploitable 
potential of up to 640 PJ primary energy per year [6]. Together with an 
estimated annual potential of 1530 PJ primary energy from crop resi-
dues [7] agricultural biogas production has a vast potential. This has 
also been recognized on a political level as most EU member states offer 
financial and institutional support for biogas projects [8,9]. Despite its 
diverse advantages and existing support, however, biogas production 
from agricultural residues is still at a low level in the European Union 
[6,7]. The same is true for non-European countries such as the USA and 
China [10]. 

Among the most prevalent explanations for the slow development is 
economic constraints. Depending on the region, available biomass can 
be distributed on multiple small farms. Consequently, individual farm- 
scale digesters are often too small for an economic operation [11,12]. 
At the same time, logistics and spatial planning can be challenging [13], 
biomass transport is a significant cost factor in bioenergy generation 
[14], and farmers are hesitant to share an installation with multiple co- 
owners [15]. Further, biogas plants may face legal restrictions that 
govern land use and spatial planning or limit their maximum capacity in 
certain regions [16,17]. Another challenge is the distribution of final 
energy products and limited energy sales revenues, particularly from 
heat [12]. Finally, noise and odor emissions can lead to objections from 
residents if the facility is located in the proximity of housing areas [18]. 
Thus, logistics and spatial planning are central to the success of agri-
cultural biogas production alongside political and economic factors like 
subsidies and energy market prices [19]. 

The high relevance of spatial questions regarding biogas production 
from residual biomass has attracted attention of research teams world-
wide. A first group of studies has focused exclusively on the spatial 
analysis of biomass supply in various countries, e.g., Argentina [20], 
Croatia [21], Italy [22], or at a European level [23]. Instead of focusing 
on the status quo, Hamelin et al. [24] have conducted a scenario analysis 
on how Danish biomass supplies for biomethane production could be 
increased through sustainable agricultural intensification. Other 
research projects have investigated the site suitability for biogas plants 
based on spatial land use and infrastructure data, often in combination 
with biomass availability [25–27]. Sliz-Szkliniarz et al. [28] additionally 
provided a cost-benefit analysis for selected sites in a Polish study area 
considering transport, processing, and energy sales. Finally, different 

research teams have used the above-mentioned spatial constraints in 
optimization algorithms to identify optimal biogas plant locations based 
on minimal biomass and / or digestate transport under current condi-
tions [29–31] or potential food system transformations [13]. 

Building on previous research, the current study presents a GIS-based 
approach for a techno-spatial assessment of agricultural biogas pro-
duction, which will be applied to the study area of Switzerland. The 
country is a suitable area of investigation for multiple reasons. With an 
average farm size of 21 ha and 27 reference livestock units [32], 
Switzerland is representative of agricultural areas dominated by smaller 
farms, where implementing agricultural biogas plants is considered 
more challenging. Furthermore, the diverse landscape expands over 
intensively used plains with high cattle densities and alpine areas that 
only allow for extensive management practices. Regarding biomass 
supply, the feedstock is restricted to agricultural residues as available 
co-substrates are increasingly limited [33] and the cultivation of energy 
crops is not done due to a lack of support and subsidies [34]. Finally, the 
public availability of spatial data is very high. 

The multi-dimensional approach focuses on biomass and digestate 
transport as well as the production and utilization potentials of bio-
methane, electricity, and heat. Additionally, it incorporates boundary 
conditions from legislation and land use. Particularly, the spatial 
assessment of heat utilization potentials addresses a relevant research 
gap due to its importance for the economic viability of CHP systems 
[12]. The study is entirely based on publicly available spatial data and 
was implemented in ArcGIS. Results should support the development of 
agricultural biogas production and yield relevant information for poli-
cymaking, research, and interest groups in Switzerland and beyond. In 
particular, the presented approach should provide answers to the 
following four research questions:  

• Where are suitable locations for the production of agricultural 
biogas, the grid injection of biomethane, and the utilization of 
thermal energy in the building sector? 

• What are nationwide production and utilization potentials of elec-
tricity, heat, and biomethane generated from agricultural residues? 

• How sensitive are the above-mentioned outcomes to future techno-
logical and legal developments regarding site selection and energy 
distribution? 

• How relevant are GHG emissions from biomass and digestate trans-
port under different configurations of the agricultural biogas sector? 

2. Material and methods 

The proposed methodology is based on the analysis of publicly 
available spatial data (Section 2.1) and consists of two main parts. In a 
first step, a newly developed workflow was used to identify areas that 
are fulfilling legal boundary conditions for biogas production and to 
estimate the availability of biomass therein (Section 2.2). Further, 
suitable areas for the implementation of biogas-fueled heating networks 
and the upgrading and grid injection of biomethane were identified. A 
second step made use of the network analyst toolset in ArcGIS (Section 
2.3) together with findings from the first part to quantify nationwide 
production potentials of biogas, electricity, heat, and biomethane 
(Section 2.4). Additionally, the approach was used to estimate potential 
greenhouse gas (GHG) emissions arising from agricultural biomass 
transport and digestate delivery (Section 2.5). Finally, a sensitivity 
analysis was performed to test the robustness of the results and explore 
the potential impacts of developments on a technological, political, or 
institutional level (Section 2.6). Further information including step-by- 
step procedures of the performed spatial operations can be found in 
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the supplementary information (SI). 

2.1. Datasets 

Table 1 provides an overview of the input data used. In Switzerland, 
the most comprehensive national representation of agricultural and 
residential areas was found in land use statistics from the years 2004 – 
2009 [35]. They indicate the dominant land use type of every raster cell 
at a resolution of 100 m × 100 m. The large-scale topographic landscape 
model of Switzerland [36] provided vector data sets indicating the 
location of water bodies, railway lines, and roads. The biomass consid-
ered in this study consists of agricultural residues arising according to 
current practice, i.e. mainly manure and some crop by-products. 
Availability was calculated following the method of Burg et al. [37] 
based on the updated national agricultural inventory [38]. The animal 
manure potential represents the total annually collected amount, i.e. 
generated amount after subtracting losses from grazing. With regard to 
crop by-products, only a small percentage of the theoretical potential 
was considered to be available since most crop by-products cannot be 
readily collected today [37]. The potential biogas production used in the 
present study was calculated analogously as in Burg et al. [37] based on 
a specific biogas yield from fresh biomass. The additional potential of co- 
substrates from industrial or municipal organic wastes was not consid-
ered here. 

Heat demand data of the Swiss building stock was obtained in form 
of aggregated 200 m × 200 m raster data expressed in kWh per cell and 
year [39]. The data is based on a statistical regression bottom-up model 
[40], which is built on measured heat demand data from a representa-
tive set of around 27,000 buildings. In addition, the work of Streicher 
et al. [41,42] provided estimates at the same spatial resolution for po-
tential energy savings resulting from techno-economically feasible ret-
rofitting measures. A combination of both datasets yielded estimates for 
the future heat demand of the Swiss building stock. However, future 
projections on population growth are not included. The aggregated form 
of raster data sets posed two issues for the identification of suitable areas 
for the construction of heating networks. First, it is impossible to know 
how exactly the heat demand is distributed within each 200 × 200 m 
raster cell. Therefore, each cell was considered as one demand point by 
converting the raster data to point data. Secondly, it is unknown how 
many neighboring demand points will be included in a heating network, 
which is relevant for the estimation of a heat demand density. To address 
this uncertainty, two separate cases were analyzed. Once each heat 
demand point was considered separately and once the heat demand of 
all adjacent demand points was summed up (Table 2, Fig. 1). 

The location of the high-pressure gas grid was obtained in form of a 
vector dataset [43], based on a digital map provided by Swissgas [44]. 

As no information about the location of the low-pressure gas grid was 
available, its location was approximated. The Swiss gas industry VSG 
maintains a list of Swiss municipalities supplied with natural gas [45]. 
Based on this list, settlement areas of all municipalities have previously 
been extracted [43] to estimate the extent of the low-pressure gas grid in 
urban areas. Furthermore, a minimum spanning tree function was 
applied to estimate the location of low-pressure gas grid segments that 
are connecting municipalities with the high-pressure gas grid (Fig. 1.1, 
SI A.2). The algorithm computes a network that connects a given set of 
points based on the path of least resistance. Here, elevation levels from 
the Swiss digital height model (DHM) [46] were used as an impedance 
function whereas the impedance was set close to zero along the pipelines 
of the high-pressure grid to include it as the core of the spanning tree. 

2.2. Identification of suitable areas and biomass availability 

Relevant spatial criteria with general validity and their respective 
parameter values (Table 2) have been identified based on an extensive 
literature review and complementing expert interviews (see SI A.1 for 
more information). The criteria include legal requirements as well as 
technological and economic limitations. The latter can be site-specific, e. 
g., costs of connection pipeline between biogas facility and gas grid 
depending on terrain, land use, etc. Therefore, the most liberal estimates 
from experts and literature were selected as standard cases and more 
restrictive parameter values were evaluated in the sensitivity analysis 
(Section 2.6). Implementing these criteria should yield two maps indi-
cating (i) the area where biogas production is feasible with the expected 
amount of available biomass and (ii) suitable areas for electricity, heat, 
and biomethane production. 

2.2.1. Legal criteria and biomass availability within permitted transport 
distance 

Legal criteria were implemented in GIS by creating buffer zones 
around residential areas and their subsequent subtraction from the 
agricultural area. The resulting area served as a basis for all further in-
vestigations, as it indicates zones where the construction of agricultural 

Table 1 
Overview of input data.  

Dataset Information used Description 

Land use statistics 
[35] 

Agricultural areas without 
alpine pastures and residential 
areas 

100 × 100 m raster grid, 
dominant land use type 

TLM3D [36] Water bodies, railway lines, 
road network 

Vector data, topographic 
landscape model 

Agricultural 
structure survey 
[38] 

Biomass availability at every 
farm 

Point data indicating 
biomass availability at >
50000 farms 

Heat demand model 
[39] 

Heat demand for heating and 
warm water 

200 × 200 m raster grid, 
heat demand of buildings 
stock 

High-pressure gas 
grid [44] 

Location of high-pressure gas 
grid 

Digital map provided by 
Swiss-gas 

Gas-supplied 
municipalities 
[45] 

Residential areas of 
municipalities connected to 
the national gas grid 

Areas extracted based on 
assoc. of Swiss gas 
providers 

DHM25 [46] Elevation of land surface Digital height model, 25 
m resolution  

Table 2 
Implemented criteria with the respective parameter values that were used as 
model inputs. The parameter values expressing the standard case, i.e. the most 
realistic depiction of today’s situation, are highlighted in bold letters. The other 
values were used for the sensitivity analysis. Legal criteria were always imple-
mented. Transport, heat network, and gas-to-grid criteria were added where 
required.  

Analysis Relevant criteria Parameter values   
(Increasingly restrictive to the right) 

Legal Location in 
agricultural zone 

Yes  

Minimum 
distance to 
residential areas 
in m 

100 200 300 

Transport Maximum 
biomass transport 
in km on road 

20 15 10 

Heat 
network 

Maximum 
distance of heat 
network in m 

1000  

Linear heat 
demand density in 
MWh/m/a 

1 1.25 1.5 1.75 2  

Heat demand in 
MWh 

Current Future  

Cumulating 
adjacent heat 
demand points 

Yes No 

Gas-to- 
grid 

Maximum 
distance from gas 
grid in m 

1000 900 800 700 600 500 400 300  
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biogas plants is generally permitted. The criterion of biomass transport 
was simplified at this point by translating the permitted transport of 15 
km road distance into a linear distance of 12 km by means of a so-called 
“detour factor” [47]. In combination with the point data on biomass 
availability (farm coordinates), this allowed for the application of a 
point statistics function to estimate the maximum amount of biomass 
within reach from every raster cell fulfilling the legal requirements. 

2.2.2. Identification of suitable areas for electricity, biomethane, and heat 
production 

Electricity can be fed to the national grid from practically every 
established farm. Therefore, the suitable area for electricity generation 
corresponds to the entire area where legal criteria for biogas production 
are fulfilled. Regarding the construction of biogas plants that aim to feed 
upgraded biomethane into the low-pressure gas grid, buffer zones were 
generated around settlement areas of gas-supplied municipalities and 
the extracted low-pressure connection pipelines (Fig. 1.2). Thereby, the 
maximum distance criteria (Table 2) was used as a radius for the buffer 
zones. It represents a spatial recommendation for economic project 
feasibility. A similar approach was taken to identify suitable areas for 
the construction of biogas plants aiming to supply nearby buildings with 
thermal energy through a heating network (Fig. 1.2). Dividing the heat 
demand of a given demand point by the linear heat demand density that 
should be maintained to economically operate a heating network 
(Table 2) led to a maximum distance between demand point and biogas 
plant. This distance served as a radius for the buffer zones that were 
created around each demand point. If the calculated radius was 
exceeding the maximum of 1000 m (Table 2), it was limited to this 
distance. 

Multiple experts have highlighted that natural and anthropogenic 
barriers such as water bodies, important roads, and railway lines can 
significantly increase the price or even prevent the construction of heat 
networks and gas pipelines (see SI A.1). Therefore, linear vector data of 
the above-mentioned barriers were used to split the previously extracted 
buffer polygons. Buffer segments that did not contain or intersect with 
heat demand points or low-pressure gas grid segments were discarded 

(Fig. 1.3). It required too much computational power to split the buffer 
polygons of each individual heat demand point (>600000) and gas grid 
sector separately. Thus, overlapping buffer zones were combined into 
one large polygon before they were split by barriers. In a few cases, this 
led to false-positive results in the subsequent selection process where 
areas are too far from the next heat demand point without a barrier in 
between. An example is indicated by question marks in Fig. 1.3. How-
ever, these errors are small and rare and were thus considered a toler-
able uncertainty. 

2.3. Network analysis 

The location-allocation tool set [48] from the network analyst 
extension of ArcGIS selects optimal locations for facilities (here biogas 
plants) from a set of candidate locations in order to serve so-called de-
mand points (here farms providing biomass) as efficiently as possible 
(Fig. 2). The efficiency is thereby defined by the distance between fa-
cilities and demand points along a network data set (here the Swiss road 
network). In the present study, coordinates of Swiss farms served as both 
candidate locations and demand points. Indeed, agricultural residues are 
usually collected and stored on farms and agricultural biogas plants are 
currently built in the immediate proximity of farms for legal compliance. 
Thereby, it was assumed that farms require a minimum amount of 
feedstock to be considered as candidate locations or biomass suppliers. 
The limit was set to a biogas production potential of 720 GJ (lower 
heating value LHV) and 144 GJ (LHV) per year for candidate locations 
and biomass suppliers, respectively. Considering an average CHP effi-
ciency of 40 percent and 8000 h of operation per year, this corresponds 
to 10 kW and 2 kW electrical power, respectively. Finally, candidate 
locations had to comply with legal requirements (Table 2). However, 
farms lying within 100 m outside of the extracted agricultural zones 
were added to the pool of candidate locations. Due to the 100 × 100 m 
resolution of the underlying land use statistics data set, several thousand 
farms would have been wrongly excluded otherwise. In the present 
analysis, unselected candidate locations simply provided their biomass 
to a selected facility within the permitted transport distance (here: 15 

Fig. 1. Illustration of the workflows being used to extract areas that potentially allow for the construction of biogas plants supplying thermal energy to nearby 
buildings through a heat network (left) or feeding biomethane into the low-pressure gas grid (right). The question marks indicate areas that would not have been 
erased according to the applied method for the implementation of barriers such as railway lines. 
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km road distance) according to the algorithm’s solution. 

2.4. Estimation of production potentials 

The focus of this assessment was not to identify optimal locations for 
individual plants but to estimate nation-wide production potentials of 
biogas and final energy products under the spatial constraints imple-
mented according to Section 2.2. To do so, the location-allocation al-
gorithm was run three times to optimize biomass utilization for (i) the 
production of biogas and electricity, (ii) the production of biomethane, 
and (iii) the production and utilization of heat. For the energetic con-
version, efficiencies from current state-of-the-art technologies were 
applied, i.e. two percent losses in biomethane upgrading and a CHP 
plants electrical and thermal efficiency of 40 and 55 percent, respec-
tively. Because electricity can be fed into the national grid from prac-
tically every established farm, it was assumed that every candidate 
location is suitable for electricity production, too. The potential for 
electricity production thus corresponds to the biogas production po-
tential times the electrical efficiency. In contrast, the production and 
distribution of biomethane is limited to candidate locations that fulfill 
the spatial gas-to-grid requirements (Table 2 & Section 2.2.2). As a co- 
product of CHP plants, heat can also be produced at every candidate 
location. However, a full utilization of excess heat in neighboring 
buildings is limited by their demand. To investigate the maximum heat 
utilization potential by the Swiss building stock, candidate locations 
were therefore selected according to the spatial heat network criteria 
(Table 2 & Section 2.2.2). Furthermore, the capacity of candidate lo-
cations was limited. For this purpose, the heat demand of every demand 
point was distributed equally among the candidate locations lying 
within its buffer zone. If a candidate location was lying within multiple 
buffer zones, the heat demands were added up. The plant capacity was 
then estimated based on the following formula: 

CapGJ =
HDtot

Ef fth*(1 − HDint)
*FGJ

MW (1)   

CapGJ = Plant capacity in GJ biogas production. 
HDtot = Total heat demand in MWh. 
Effth = Thermal efficiency of CHP module (here: 0.55). 
HDint = Share of internal heat demand (here: 0.4). 
FGJ

MW = Conversion factor, 3.6 GJ per MWh. 

2.5. Investigation of biomass transport 

A last analysis explored biomass transport impacts on GHG emis-
sions. Identifying how transport distances and related emissions change 
under different configurations of the agricultural biogas sector was of 
particular interest. It was assumed that the system configuration is 
mainly defined by the number and capacity of individual biogas plants. 
Thus, multiple model runs with varying input values for both parameters 
were conducted to explore their effect on transport. Individual plant 
capacities were modeled by production limits ranging from 3 to 15 times 
the biogas production potential of candidate locations’ on-site biomass 
availability (hereafter referred to as capacity factor CF). Additionally, 
the algorithm was reiterated to select the optimal 300, 600, 900, and 
1200 locations of biogas plants for each CF. Output parameters included 
the location of selected facilities, amounts of effectively allocated 
biomass, and road distances to farms (weighted or not by the biogas 
production potential of the transported biomass). For the present 
assessment, it was assumed that farms are both provider of biomass and 
recipients of the corresponding amount of digestate after accounting for 
the volume reduction during AD. This is in line with previous research 
on manure transport chains in Switzerland [14]. Weighted transport 
distances were translated into transport-based CO2 emissions. First, data 
from Burg et al. [37] was used to calculate the average volumetric 
contributions of solid and liquid manure and crop residues per GJ of 
biogas. Secondly, the volume reduction of each substrate during 
anaerobic digestion was calculated following a procedure described in 
Schnorf et al. [14]. Thirdly, empirical data of Swiss biomass transport 
chains from Schnorf et al. [14] was used to calculate average CO2 
emissions originating from transporting solid and liquid manure, crop 
residues, and digestate for one kilometer. For more information about 
the calculation, please refer to SI A.4. 

2.6. Sensitivity analysis: Standard and worst-case estimations 

Most spatial parameters (Table 2) are subject to uncertainty or can be 
expected to change in the future. To better understand the consequences 
of parameter changes on the modeling results, each analysis of Section 
2.2 was conducted with all possible parameter combinations (Table 2), 
e.g., maximum tolerable distance to the gas grid of 300 m combined with 
300 m minimum distance to housing zone (standard case: 1000 m and 
100 m). Subsequently, model outputs were statistically evaluated based 
on the resulting area and the number of suitable candidate locations. 
The results from the most restrictive parameter sets were further used to 
visualize the effect on suitable areas for energy generation compared to 
the standard case. Also, they were used to select candidate locations for 
the estimation of production potentials of biogas and final energy 
products (see chapter 2.3.1). Thereby, the estimated production poten-
tials based on standard parameter values were complemented by a 
worst-case perspective. Finally, it was investigated for both cases how a 
change of the maximum permitted biomass transport distance (15 km) 
by ± 5 km affects the overall production potentials. 

Fig. 2. Example of a location-allocation algorithm solution. The straight lines 
are only representative. Calculations were conducted follwing the 
road network. 
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3. Results 

3.1. Biomass availability and technology-specific biogas production 
potentials 

The spatial analysis yielded a total area of approximately 8500 km2 

that includes more than 30,000 farms (i.e. 60 % of all Swiss farms) 
where biogas plants can be built in compliance with the considered legal 
criteria (Table 3, standard parameter values). The area consists of the 
entire colored part in Fig. 3. Different colors indicate the maximum 
annual biogas production potential at every location assuming full en-
ergetic utilization of the available biomass within a linear distance of 12 
km. The values strongly correlate with cattle density and are highest in 
the Swiss central plateau. However, also more remote locations in alpine 
valleys show a potential from several thousand up to over 100,000 GJ 
biogas production per year. 

Adding spatial requirements for the grid injection of biomethane and 
the distribution of excess heat in heating networks yielded four zones 
indicated by different colors in Fig. 4.1. Electricity production is 
assumed to be feasible wherever the legal requirements are met. Ac-
cording to the model results, it is often the only valid option for the 
energetic valorization of biomass, particularly in large extents of the 
agrarian area. Even though excess heat of the CHP units can potentially 
be used for the heating of farm buildings and internal operations to a 
certain degree, its commercial distribution via heating networks seems 
unrealistic in these zones. The sustainable operation of heating networks 
requires a sufficiently large heat demand density, which can primarily 
be found in the proximity of densely populated settlement areas. Often, 
these zones are overlapping with suitable areas to produce biomethane 
as many major settlements are connected to the national gas grid. Areas 
that are suitable for biomethane production yet unsuitable for the 
operation of heating networks are sparse and limited to the vicinity of 
the extracted low-pressure gas pipelines. 

A summary of the resulting areas and farm counts for each zone can 
be found in Table 3 (standard cases) together with the corresponding 
annual production potentials of electricity, heat, and biomethane that 
were obtained by the network analysis. With a focus on maximum 
electricity production, the annual output could reach up to 6.3 PJ of 
electric energy. This corresponds to an annual biogas production of 
almost 16 PJ and a utilization of over 93 percent of the available agri-
cultural residues. In this case, however, it is unclear how much of the 
calculated 8.72 PJ of excess heat can be utilized. When aiming at a full 
utilization of thermal energy in heating networks, the model outputs 

were slightly reduced with an estimated annual production potential of 
6.2 and 8.5 PJ of electricity and heat, respectively. The annual pro-
duction potential of biomethane was found to be 13.8 PJ. This corre-
sponds to 14.1 PJ of raw biogas and a biomass utilization of almost 83 
percent. This is approximately ten percent lower compared to electricity 
and heat production in CHP plants. 

3.2. Sensitivity of results 

The model outputs’ sensitivity regarding individual parameter 
changes could not be determined independently due to strong parameter 
interactions (SI A.5). Nevertheless, some general observations are worth 
mentioning. First, all parameters were found to significantly influence 
the resulting area and number of farms therein, i.e. any individual 
parameter change by one step (Table 2) altered the resulting area by a 
minimum of 150 up to 2200 km2. The impact is similar for the number of 
farms, which is strongly correlated with the total area (R2 > 0.95). 
Second, the more restrictive a parameter combination is chosen, the 
smaller the absolute and the larger the relative effect of an individual 
parameter change on the model outputs. Third, the choice of heat de-
mand data and the consideration of either the individual heat demand of 
single demand points or the cumulated demand of neighboring demand 
points showed by far the largest effect on the model outputs (SI A.5). 

A comparison of Fig. 4.1 and Fig. 4.2 highlights how drastically the 
model results change when the most restrictive parameters are applied 
instead of the standard ones. Suitable zones for heat and biomethane 
delivery are significantly reduced. Also, the effect of an increased min-
imum distance to housing zones becomes clearly visible. These obser-
vations are supported by a significantly lower resulting area as shown in 
Table 3. Additionally, the annual production and utilization potentials 
of biogas, electricity, heat, and biomethane are affected by a reduced 
number of available candidate locations due to the restrictive parameter 
values. While the maximum production potential of electricity remains 
practically unchanged, the limited number of available candidate loca-
tions leads to a significantly lower production potential of biomethane. 
By far the strongest effect observed was on the potential to utilize excess 
heat in heating networks, which experienced almost a sixfold decrease 
compared to the standard case. Altering the maximum transport dis-
tance for biomass (15 km) by ± 5 km had almost no effect on the 
maximum production potential of electricity (Table 3). At the same time, 
the effects on biomethane production potentials were significant, 
ranging from + 16 to − 22 percent. In terms of heat utilization, the 
observable effects from reduction of the transport distance were in the 

Table 3 
Overview of the modeling results of the extent of suitable production areas and the corresponding production potentials for each analysis’ standard and most restrictive 
sets of parameters. Corresponding parameter values can be found in Table 2. Biogas and biomethane production potentials are expressed by the lower heating value. 
The effect of changing the maximum transport distance for biomass of 15 km by + / − 5 km is expressed by a percent change of production potentials (last column).  

Applied parameter values Area Number of 
farms 

Biomass 
utilization 

Biogas production 
potential 

Production potential final energy 
product 

Effect transport 
distance  

[km2] [-] [%] [PJ / a] [PJ / a] [%] 

Legal aspects (electricity) 
Standard parameters 8499 31,632 93.1 15.86 6.341 / 8.722 +0.9 / − 2.0 
Most restrictive 

parameters 
5890 20,344 91.9 15.65 6.261 / 8.622 +1.6 / − 3.2 

Heat network (heat) 
Standard parameters 4071 14,827 90.8 15.46 6.181 / 8.503 +1.9 / − 20.6 
Most restrictive 

parameters 
244 999 15.7 2.67 1.071 / 1.433 +0.6 / − 10.2 

Gas-to-grid (biomethane) 
Standard parameters 2628 8210 82.8 14.11 13.834 +5.3 / − 9.7 
Most restrictive 

parameters 
463 1151 64.4 10.96 10.744 +16.9 / –22.0  

1 Potential for electricity production and injection. 
2 Potential for heat production. 
3 Potential for heat production and utilization. 
4 Potential for biomethane production and injection. 
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order of 10 to 20 percent, while an increase had almost no effect. 

3.3. GHG emissions from biomass transport 

A summary of the evaluated model results for biomass transport 
under various potential configurations of the agricultural biogas sector 
is shown in Fig. 5. Below 10 PJ, the overall biogas production potential 
for a given number of facilities is linearly increasing with an incremental 
expansion of plant capacities (Fig. 5.1). Above, the incremental gain in 
biogas production is decreasing, which eventually leads to converging 
model outputs. Independent of the number of selected facilities, this 
trend towards stagnating biogas production corresponds to an observ-
able decrease in the mean capacity utilization of biogas plants (Fig. 5.2). 

For a given number of facilities, overall transport-based GHG emis-
sions follow an S-shaped growth pattern when plant capacities are 
increased (Fig. 5.3). Thereby, a higher number of selected facilities leads 
to larger maximum growth rates. At the same time, total GHG emissions 
start stagnating at lower capacity limits. As with biogas production, the 
stagnation corresponds well to a decrease in the mean capacity utiliza-
tion of biogas plants (Fig. 5.2). For the largest modeled capacity limits, 
this resulted in higher total emissions occurring from the supply chains 
of fewer selected facilities. Finally, production-specific GHG emissions 
(Fig. 5.4) were obtained from a division of total GHG emissions (Fig. 5.3) 
by the overall biogas production (Fig. 5.1). Accordingly, the resulting 
emission levels are increasing at first, before stagnating or even 
decreasing with increasing capacity limits. While resulting GHG emis-
sions are largest for higher numbers of selected facilities at low capacity 
limits, the order of emission intensity is being inverted with increasing 
capacity limits. Average transport distances were between 2.5 and 4.5 
km for all model runs. Maps indicating the biogas plant locations for 
selected scenarios can be found in SI A.6. 

4. Discussion 

Overall, the proposed methodology proved to be suitable for inves-
tigating relevant spatial information to better understand the limits and 
opportunities in developing the agricultural biogas sector. This was 
demonstrated in a practical case for Switzerland, a diverse country with 
areas of both intensive and extensive agriculture dominated by small- 
scale farms. The methodology combines approaches presented in pre-
vious work with novel elements in its design. Metson et al. [31] and 
Sahoo et al. [29] have relied on similar boundary conditions regarding 
land use, housing zones, and existing infrastructure as well as a 

minimization algorithm for biomass transport in their assessment of 
optimal biogas plant locations in Sweden and Ohio, respectively. Simi-
larly, Höhn et al. [30] have identified optimal locations for biomethane 
generation in Finland based on biomass supply and nearby road and gas 
network access. However, the first study primarily focused on optimal 
nutrient utilization, while the latter two exclusively considered the grid- 
injection of biomethane. In contrast, the present approach aims to 
identify the maximum production potentials of biogas, biomethane, 
electricity, and heat from agricultural residues for an entire country. 
Particularly, the utilization of heat from biogas plants equipped with 
CHP technology has not been considered in a spatial study to date. Being 
a crucial factor for the economic viability of CHP systems [12,19], its 
inclusion in the present study is an important refinement with regard to 
the identification of suitable plant locations and as a basis for economic 
assessments. It could for example be used to calculate spatially explicit 
revenue potentials from heat sales and thereby improve the accuracy of 
existing cost-benefit approaches [28]. 

Additionally, the extensive sensitivity analysis provides valuable 
insights into the relevance of individual spatial criteria and how future 
technological or legal developments regarding site selection and energy 
distribution can influence biogas production. The present study thereby 
complements work in prospective scenario analysis, e.g. by Hamelin 
et al. [24] and Metson et al. [13] who investigated the effect of sus-
tainable agricultural intensification on biomethane production and the 
influence of food system transformations on biomass transport, respec-
tively. The presented method primarily relies on high-quality spatial 
data and accurate agricultural statistics, both publicly available in the 
study area of Switzerland. However, the approach is universally appli-
cable and can therefore be transferred to different regions or countries 
with similar data availability by adapting the spatial criteria to local 
conditions. Additionally, it can be adapted for the investigation of 
different technologies, biomass types, and other renewable energy 
sources. 

Many uncertainties of the present study have already been discussed 
throughout this article. Among the most relevant ones is the inherent 
uncertainty of spatial data sets. Particularly raster data sets were a major 
source of uncertainty in the present study as information on land use 
types and heat demand was aggregated in cells covering one to several 
hectares. Furthermore, it can be expected that mainly inefficient heating 
systems would be replaced by heating networks that are supplied with 
excess heat from CHP systems. This aspect has been neglected in the 
present study for the sake of simplicity as well as diurnal and seasonal 
fluctuations in the heat demand and population growth. All aspects, 

Fig. 3. Maximum annual biogas production potential (LHV) at every location in Switzerland, that is fulfilling the considered legal requirements. The analysis is 
assuming full energetic utilization of the available biomass within a linear distance of 12 km. The values are expressed in MW electric power of a CHP unit assuming a 
transformation efficiency of 40 percent and 8000 operating hours per year. 
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however, may have an influence on the potential utilization of excess 
heat in heating networks. Additionally, the heat distribution via heating 
networks within raster cells has not been accounted for, which might 
increase the required pipe length [49] and thus costs and thereby reduce 
the maximum distance between demand points and biogas plants. 
Regarding the injection of biomethane, no information about the extent 
of the low-pressure gas grid in Switzerland was available. Therefore, its 
layout had to be fully estimated by means of a minimum spanning tree 
based on the high-pressure gas grid and the settlement areas of munic-
ipalities that have access to the national grid. For biomass and digestate 
transport modeling, we assumed that farms are both substrate providers 
and digestate recipients. While this is generally true for the Swiss 
context today [14], this assumption might need to be changed over time 
or in different geographic contexts. Finally, spatial parameters such as 
the linear heat demand density may vary depending on the local terrain 
and land use type among other factors. The extensive sensitivity analysis 
has addressed these uncertainties as thoroughly as possible. 

The results obtained for the spatial distribution of agricultural resi-
dues (Fig. 3) are in line with previous research [37,50,51] conducted for 
Switzerland. Furthermore, the applied approach allowed estimating 
location-specific biogas production potentials within a linear distance of 

12 km. The findings indicate that the biomass availability within this 
distance would permit the operation of CHP units of up to 10 MW 
installed electric capacity in intensively used agricultural regions. These 
results are comparable to findings for southern Finland [30] even 
though the average farm size there is significantly larger compared to 
Switzerland [52]. At the same time, biomass availability in more remote 
alpine regions was found to support installations with an equivalent 
electric power of 50 to several hundred kW. Both observations indicate 
that the installation of biogas plants is not prevented by biomass avail-
ability per se, despite its scattered distribution on multiple small-scale 
farms. In fact, it will be important to encourage cooperation among 
farmers, optimize revenues, e.g., from energy sales, and induce changes 
on an institutional level to foster agricultural biogas production as 
highlighted by previous research [15,53]. Also legal limitations may 
play a crucial role, as shown by the example of Switzerland, where 
legislation currently prevents installations above capacities of few MW. 
in certain regions [17] and requires them to be subordinate to agricul-
tural operations [19]. 

Compared to previous research [37], which was based on compa-
rable input data, the present results for maximum biogas production 
potentials (16 PJ) are approximately 45 percent higher (Table 3). The 

Fig. 4. Suitable zones for the production and delivery of the final energy products electricity, heat, and biomethane. For better visibility, the map extracts on the 
right are zoomed in on the region south of the country’s capital Bern. The maps were obtained using the standard (top) and most restrictive (bottom) parameter 
values (Table 2). 
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main reason for this large difference lies in the applied spatial criteria. 
Burg et al. [37] relied on a minimum spatial biomass density within 1 
km as a threshold for sustainable biomass utilization because coopera-
tion among nearby farms seemed more likely. In contrast, the present 
approach was based on spatial boundary conditions for biogas plant 
locations and the subsequent allocation of biomass within the legally 
permitted transport distance of 15 km. 

Estimated potentials for electricity, heat, and biomethane production 
(Table 3) could significantly contribute to the Swiss energy sector. 
Annual production and utilization potentials for electricity and heat 
correspond to 2.7 percent of the current nationwide electricity produc-
tion of 65.5 TWh / a and 1.6 percent of the heat demand from the entire 
building stock (assuming 40 percent internal heat demand of biogas 
plants), respectively [54,55]. Remarkably, a focus on optimal heat uti-
lization did not significantly alter the obtained potentials for electricity 
production (Table 3). Therefore, the findings suggest that careful spatial 
planning could significantly increase the heat utilization of biogas- 
fueled CHP units without compromising electricity generation, 
thereby improving the energy efficiency and economic sustainability of 
individual facilities and the entire sector. However, financial incentives 
for an optimized heat utilization are currently lacking in Switzerland 
and many other countries. Thermal energy has a significantly lower 
market price than electricity, which is subsidized more often [56,57]. 
This imbalance has led to a prioritization of electricity production in the 
planning process and has impeded improved heat utilization so far. 
Similarly, lacking financial support can prevent the installation of biogas 
upgrading facilities despite their large potential. For Switzerland, it was 
estimated that a maximum of almost 14 PJ (=3.84 TWh) biomethane 
can be generated from agricultural biomass per year. This corresponds to 
over 15 percent of the gas-fueled heat market in Switzerland and could 
contribute to sustainability goals set by the gas industry [58]. In fact, 
considerable potentials for biomethane production have also been 
identified for other countries, e.g., Finland [30] and Sweden [24]. The 
countries’ dependency on imported fossil fuels could be significantly 

reduced by exploiting these potentials. 
It must be kept in mind, however, that the presented production 

potentials were calculated individually for different production systems 
and cannot be accumulated. The technologies of biomethane upgrading 
and CHP are in direct competition with each other for a limited amount 
of biomass, particularly in the proximity of settlements (Fig. 4). Further 
competitors are different processing technologies, e.g., composting and 
biochar production. Therefore, economic, social, and institutional 
criteria eventually determine which technology will prevail in a specific 
situation (e.g., SI A.1.1). From a spatial perspective, the conducted 
sensitivity analysis could demonstrate how susceptible CHP and biogas 
upgrading are to changing technological and legal limitations. 

On an individual level, already small parameter changes could 
overturn the suitability of several hundred farms for the installation of a 
biogas plant or specific technology (Fig. 4). In terms of overall electricity 
production, observable effects remained small as the high number of 
suitable production sites in all analyses allowed for a high spatial 
coverage and thus biomass utilization (Table 3). In comparison, bio-
methane production reacted more sensitively to parameter changes 
including the limitation for biomass transport, which in general has a 
comparatively higher effect for a lower availability of suitable produc-
tion sites. The largest effect, however, was observed for heat utilization 
potentials which has two reasons. Firstly, the analysis for heat utilization 
included the most numerous and interlinked parameters such as heat 
demand and linear heat demand density. Consequently, technological 
developments may both reduce and increase the potential for heat uti-
lization, e.g., by reducing the heat demand of the building stock and by 
improving the performance and the range of heat distribution systems, 
respectively. Secondly, capacity limits were applied for candidate lo-
cations because heat utilization requires a local demand compared to 
electricity and biomethane which are fed to a larger grid. Hence, under 
restrictive conditions, the resulting potentials were mainly limited by 
the local heat demand, which also explains the comparatively smaller 
effect of an altered biomass supply through varied transportation limits. 

Fig. 5. Distribution of model outputs regarding the number of selected biogas facilities and the applied individual capacity limits at candidate locations in multiples 
of the on-site biomass availability (capacity factor CF). (1.) resulting overall biogas production. (2.) Mean capacity utilization of all selected facilities. (3.) Total GHG 
emissions related to biomass transport. (4.) Product-specific GHG emissions from biomass transport. 
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The case of heat utilization further illustrates how limited plant capac-
ities (by laws or other restrictions) can significantly reduce overall 
biomass utilization in processes that are supply- or demand-wise 
restricted to specific areas. Even though the criteria utilized in the 
present analysis were specific to Switzerland, similar findings can be 
expected from different regions. 

Results from modelling biomass transport indicate a high accessi-
bility of biomass up to approximately 10 PJ before incremental pro-
duction gains of additional or larger plants decrease (Fig. 5.1). Above, 
the spatial density of selected facilities is increased. This leads to over-
lapping service areas, expressed by lower utilized capacities (Fig. 5.2). 
Correspondingly, transport distances become shorter, and emissions 
stagnate or even decrease (Fig. 5.3–4) This point can be reached by high 
numbers or high individual capacities of biogas plants. Thereby, findings 
confirm the intuitive expectation that a higher density of smaller facil-
ities causes comparatively lower transport-based emissions for a given 
overall production than fewer larger installations. However, indepen-
dent of the number and size of modeled biogas plants, the average 
production specific GHG emissions were always within 0.5 – 0.8 kgCO2-eq 
per GJ of produced biogas. 

These emissions seem negligible compared to other aspects of agri-
cultural biogas production. According to a calculation approach by 
Schnorf et al. [14], anaerobic digestion of manure can prevent emissions 
of roughly 30 kgCO2-eq per GJ of biogas compared to conventional 
storage. Additionally, the generated energy in the form of biomethane, 
electricity, and heat could save an additional two, four, and 31 kgCO2-eq 
per GJ biogas by replacing the Swiss mix of natural gas, the average EU 
electricity mix, and the fossil share of the Swiss district heating mix, 
respectively [59–62]. Similar relations can also be found in other life 
cycle studies, e.g. Metson et al. [13]. Overall, this indicates that leakage 
prevention, efficient AD and energy transformation processes, and 
optimized utilization of final energy products will be much more 
important with regard to climate change than aspects of biomass 
transport. Consequently, these aspects should be prioritized over 
biomass transport when aiming to achieve an optimal GHG balance. 
Even though the minimization of transport distances should be 
encouraged to reduce emissions, it is questionable whether legal limits 
are appropriate. Previous research has shown that economic aspects 
already incentivize short transport distances while economies of scale 
favor large biogas facilities with higher electrical efficiencies [63,64]. 

Future improvements of the proposed methodology should aim at 
reducing existing uncertainties, particularly regarding heat utilization. 
It will be important to consider a temporally distributed heat demand 
and to investigate potential synergies and competition with other 
heating systems. Alternative utilization pathways of digestate, e.g. for 
nutrient regeneration [65], introduce novel aspects of spatial planning 
that could be considered in future assessments. When focusing on the 
utilization of agricultural biomass in general, further research could 
integrate future food system scenarios as well as other technologies such 
as composting and biochar production in a comprehensive spatial 
assessment to develop an overall strategy for improved biomass utili-
zation. Finally, combining the current methodology with socio- 
economic assessments will help to refine the estimates for biogas pro-
duction potentials under existing financial and social constraints. 

5. Conclusions 

Biomass can make a significant contribution to the energy transition 
due to its quality as a low-carbon energy source with various applica-
tions in heating, electricity production, and transport. However, the 
utilization of agricultural residues, which offer large sustainable bio-
energy potentials, is limited by multiple spatial constraints. The pre-
sented GIS-based approach allows addressing multiple of these 
constraints in one comprehensive assessment. As a result, the method-
ology supports the identification of suitable areas for biogas production 
and provides estimates for maximum annual production potentials of 

electricity (6.3 PJ), heat (8.5 PJ), and biomethane (13.8 PJ). Findings 
from the study area, Switzerland, indicate that the distribution of 
biomass on many small farms and the difficult terrain in alpine regions 
do not necessarily prevent agricultural biogas development, given that 
cooperation and economic sustainability can be achieved. In addition, 
the methodology facilitates the understanding of spatial implications 
and mutual interaction of the considered spatial parameters. Particu-
larly heat utilization was found to be highly sensitive to legal, economic, 
and technological restrictions due to its requirement for a local demand. 
Therefore, foresighted spatial planning encouraged, for example, by 
targeted financial incentives could significantly improve the utilization 
rate of excess heat from CHP units and thereby increase the plants’ 
overall efficiency. 

Modelling biomass and digestate transport led to the conclusion that 
transport-based emissions are negligible compared to benefits from 
anaerobic digestion independent of future development trajectories. 
Thus, it is questionable whether legal limitations for biomass transport 
are constructive in developing the agricultural biogas sector. Future 
efforts should rather focus on the achievement of high plant efficiencies 
and utilization rates of final energy products, instead. 

On the one hand, findings from the study support planning efforts 
through the provision of high-resolution spatial data, refine estimates on 
future production potentials, and identify regions for the deployment of 
specific technologies. On the other hand, the gained insights facilitate 
the prioritization of relevant factors when debating the future devel-
opment of agricultural biogas production. Finally, the presented 
approach can be adapted to different spatial or technological contexts 
and serve as a starting point for economic investigations. Therefore, 
findings from the present study are of likewise interest to practitioners, 
decision-makers, and researchers. 
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