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Abstract: Biogas systems are complex and involve many local stakeholders who produce and
utilize energy and digestate. If the systems are managed properly, they offer environmental and
socioeconomic benefits to the community. However, further expansion may be challenging when
differences in values and perspectives exist among stakeholders. This study analyzed perceptions
among local biogas stakeholders by using a mental model approach. A local community in a northern
Japanese island was chosen as a case study, and 22 stakeholders were asked to develop individual
mental models of the biogas system. We found that many stakeholders shared the cognitive benefits
of biogas, while there were perception differences regarding digestate use. Arable farmers mentioned
technical and non-technical constraints for accepting digestate, while dairy and non-farmers were
ambivalent about these demand-side constraints. This perception difference may lead to potential
obstacles for future expansion of biogas systems in the region. Therefore, biogas policy should
incorporate actions for better usage of digestate. These include the mandatory planning of digestate
use when designing a new biogas plant, as well as actions to improve the attractiveness of digestate
for arable farmers. These findings are useful for other livestock-intensive areas where the number of
biogas plants is rapidly increasing but digestate management is yet organized.
Keywords: biogas; digestate; stakeholder; mental models; dairy and arable farmers; circular economy

1. Introduction
There has been a steady increase in the number of biogas energy plants available worldwide,
especially in regions with high animal density [1,2]. If a biogas plant has been installed properly,
anaerobic digestion of animal wastes and residues produces biogas and digestate. Biogas can be used
to produce heat and electricity. It can also be used to fuel vehicles after upgrading the quality of natural
synthesis gas or biomethane [3]. This renewable energy can replace fossil fuels and can provide a more
self-sufficient energy supply. Moreover, in comparison with traditional manure storage, anaerobic
digestion of animal manure avoids large greenhouse gas (GHG) emissions [4]. The digestate, which
is the end-product of anaerobic digestion, can be used as an alternative to chemical fertilizers [5].
Therefore, biogas systems, which have low input costs, can lead to efficient organic waste recycling [1],
giving them a high potential to fulfill multiple environmental and socioeconomic goals that contribute
to a more bio-based circular economy [6,7].
A number of studies have assessed the constraints and actions for the uptake of agricultural biogas
systems in different parts of the world [8–15]. For instance, Tranter et al. [10], based on a survey with 381
farmers as “possible adopters” of on-farm biogas plant in England, found that the critical barriers include
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high capital costs of installing plant and doubts about the economic returns being high enough. Similar
results were reported by Brudermann et al. [12] from Switzerland with the analysis of the strengths,
weakness, opportunities, and threats (SWOT analysis) of agricultural biogas production. They conclude
that such plants will only succeed in contributing to sustainable energy supply goals when economic
and political conditions are favorable over the long term. Beside the economic issues, Rupf et al. [13]
found that limited training for biogas users and insufficient follow-up services were the key barriers in
Sub-Saharan Africa; therefore, the sharing of knowledge and technical improvement to suit the needs of
the intended user may promote further up-take of biogas systems. Furthermore, Qu et al. [11], based on
a survey with 1227 households in China, revealed that agro-climatic conditions can be decisive factors in
farmers’ biogas use. Technical solutions, for instance, to tackle the low productivity of biogas digesters in
cold regions, thus need to be further considered. Literature reviews show that there are wide ranges of
factors impacting the widespread adoption of biogas systems. However, we found that two scopes of
studies for sustainable development of biogas systems are still missing.
First, we suggest that more attention needs to be paid to how various types of local biogas
stakeholders perceive and understand biogas systems. Compared to other renewable energy systems,
biogas systems are more complex and involve many stakeholders with different values and priorities,
including local municipalities, dairy and arable farmers, engineers, and energy companies [15]. Thus,
management is deeply embedded in rural institutional structure and social practices [16], giving rise
to different perceptions of what constitutes the proper use of biogas and digestate. These different
values and perspectives, along with power struggles, institutional barriers, a lack of participation,
and uncertainty, are major sources of conflict and failure [17,18], which may prevent the widespread
use of biogas systems. These challenges can be addressed by analyzing “mental models” of biogas
systems among its stakeholders.
Second, although many studies have focused on the input side of livestock sectors, concentrating
their resources on biogas energy production, the digestate side of biogas production has been largely
neglected. Its high potential as a fertilizer seems to be well-perceived among scientists and engineers
in the biogas sector [19,20], but its disadvantages for practical use are not paid much attention. Only a
few authors have reported that farmers are reluctant to use digestate due to its nutrient variability and
effects on soil compaction when applied with a spreader [15,21]. Despite the fact that a well-functioning
biogas system depends on how to handle the large amount of digestate produced [15,21], the perception
of practical digestate users, i.e., arable farmers, towards digestate values and their acceptance as a
fertilizer remain largely unknown.
Through the application of mental model approaches, this study aims to analyze similarities
and differences in the perception among local biogas stakeholders including arable farmers. If there
were any differences in perception of biogas systems, it can be potential constraints for the further
expansion of systems and thus any support for this purpose needs to be considered. We focus on a
local community in Hokkaido in Japan, where on-farm biogas plants have been installed over the last
decade. This Japanese case study is of general interest, because a wide expansion of biogas systems
is needed to make a transition to a bio-based circular economy. This requires that local users and
stakeholders accept and support these projects. Since Hokkaido is the most intensive area for dairy
farming in Japan, findings from this study may be useful for other livestock-intensive areas of Japan and
other countries. We first introduce our case study and methodology, and we then elicit and compare
mental models regarding the motivations and constraints associated with biogas implementation and
actions necessary for further expansion. Finally, we discuss the policy implications for sustainable
development of the biogas system.
2. Overview of the Biogas System in Hokkaido, Japan
Hokkaido is the northern most island of Japan (Figure 1) and contains the most intensive dairy
production [22]. Due to its high livestock density, the majority of agricultural biogas plants are
concentrated in Hokkaido, followed by Honshu (the main island) and then Kyushu (the southwest
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island). The number of biogas plants has increased over the last two decades. The first construction
boom was triggered by the Kyoto Protocol in 1997 when more public attention was given to biogas
technology to reduce GHG emissions. Furthermore, dairy farmers became more aware of its application
as an appropriate manure treatment in response to the Manure Management Act implemented in
1999 [23]. In the early 2000s, new plants were constructed under the “Biomass Nippon Strategy,”
which was approved by the cabinet in 2002 to promote the use of biomass for energy and material
production [24,25]. However, implementation of biogas systems began to fade out in the mid-2000s,
because biogas technology was immature, and the purchase price for the biomass-generated electricity
was low. As a consequence, many biogas plants were not profitable [23,26]. Biogas production
remained stagnant until 2011, at which point public concerns over renewable energy increased due to
the disaster at the Fukushima nuclear energy plant. Furthermore, the introduction of Feed in Tariff
(FIT) in 2012 provided incentives to various actors to start up new biogas projects. In 2016, a partial
amendment of FIT was adopted by the National Diet that ensured a fixed purchase price for 20 years
for biogas-generated electricity (39 JPY/kWh, before tax) [27]. In addition, various subsidies were
available for plant construction. For instance, a subsidy from the Ministry of Agriculture, Forestry, and
Fisheries (MAFF) could cover 50% of construction costs [28].
As of 2016, 69 agricultural biogas plans run in Hoikaido, with a total power capacity of 8202 kW,
which is nearly five times greater than in 2011 [26]. About 90% of these plants digest cattle manure
as a main feedstock for biogas production. Although most biogas plants are on-farm plants, the
number of centralized biogas plants also is increasing. Indeed, an additional 10 biogas plants are under
construction in Hokkaido, and half of all biogas-based electricity currently is generated by centralized
biogas plants [26].
Despite the rapid spread of biogas systems in Hokkaido, biogas production is far from reaching
its full potential of producing 20 times more than the level of 2016 by utilizing all manure available [29].
The primary reason continues to be the relatively high cost for plant construction and maintenance [26],
as well as required expenditures for coordinating technical and institutional settings with electricity
companies [30]. Furthermore, arable farmers’ perception and willingness to use digestate as a fertilizer
remain unknown.
3. Materials and Methods
3.1. Study Site
We chose the biogas system in Shihoro town as a case study (Figure 1). The town is well-known
for its long history of introducing on-farm biogas plants (for 15 years) and high adoption ratio: 11 dairy
farmers in the town have installed on-farm biogas plants. The municipality and the Japan Agricultural
Cooperatives in the town (JA Shihoro) still continue their action plan for a wide expansion of biogas
systems to make a transition to a bio-based circular economy.
Located on the northern edge of the Tokachi plain (43◦ N, 143◦ E) in Hokkaido, Shihoro covers an
area of 259.1 km2 and has a population of 6200 [31]. The area has a humid continental climate, having
an average temperature of 6.5 ◦ C, with the highest temperatures in August (24 ◦ C) and the lowest in
February (−14 ◦ C) [31]. The annual precipitation in Shihoro is 900 mm.
Because of its flat and fertile soil conditions, about 60% of total land area of Shihoro is used for
farming, with 335 arable farms that grow four major crops in rotation: winter wheat (Triticum aestivum
L.), beans (adzuki bean, Vigna angularis; kidney bean, Phaseolus vulgaris L.; soybean, Glycine max Merr.),
sugar beet (Beta vulgaris L.), and potato (Solanum tuberosum L.) [32]. Compared to other regions in
Japan, crop production in Shihoro occurs on a much larger scale, with an average farmland size of
35 ha per farm [33].
In addition to arable farming, 67 dairy farms contain about 14,500 dairy cattle, with an average of
216 cows per farm, which is two times larger than the average number in all of Hokkaido. Moreover,
the number of cows per farm has increased rapidly over the last decade [22].
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Figure 1. The location of Shihoro in Hokkaido, Japan.
Figure 1. The location of Shihoro in Hokkaido, Japan.
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filter, and process information about their realities [17,35,38]. The construction of these graphic
representations is influenced by an individual’s personal history (perception, experience, attitudes,
and knowledge) and their interactions with their social and biophysical environment. One of the
strengths of mental model is that it allows for a comparison of views of different stakeholders [39].
These graphic representations can serve as evidence to identify consistencies and conflicts between
perceptions and beliefs of various stakeholders [37]. However, the weaknesses of the method are as
follows: (1) the interviewees’ knowledge, ignorance, misconception, and biases are all encoded in the
models [40], and (2) it depends on the ability of the researcher to discern details that may or may not
be applicable to a particular mapping outcome [41]. They can be partially overcome by combining
the mental models of many experts or informed local people so that the accuracy of the model can be
improved [40].
Mental models have been used to identify the similarities and differences in the perception
of various stakeholders, engaged in various challenges of renewable energy development, such as
the solar energy [42], the wind energy [43], the bioethanol [44], and the future of hydrogen-based
transport [45]. For instance, Konti & Damigos [44] recruited nine experts on the bioethanol for the
construction of their cognitive maps. From the nine maps, they identified 65 variables including barriers
(such as “economic crisis (increased cost)”) and drivers (such as “incentives for the private sector
(e.g., tax reduction)”) for the production and use of bioethanol from biowaste in Greece. They also
highlighted that some issues are dominant for most of the experts but some others depend on the
area of interest/expertise of each expert [44]. For example, experts from the local government sector
consider as crucial the factors influencing the waste management system (legislation, organization,
control), omitting or neglecting the technical aspects of the bioethanol production process. On the other
hand, experts from fuel companies give more weight to the potential actions when using bioethanol
as fuel. Kermagoret et al. [43] used a similar approach to explore the stakeholder attitudes toward
offshore wind energy in France, and found that some negative convictions were related to local issues
such as project governance, natural resources, landscape, and recreational uses. These examples prove
that the mental model approaches can highlight both consensus and lack thereof, among stakeholders,
which can be useful in improving coordination and social learning in renewable energy management.
To our knowledge, this is the first study to apply the mental model approaches to the biogas projects.
3.3. Eliciting Stakeholder Views
Several authors [37,46,47] have reviewed the advantages and drawbacks of mental model
elicitation methods. Building on their work, we followed the fuzzy cognitive mapping methodology
suggested by Özesmi and Özesmi [40].
A total of 22 local stakeholders were recruited to develop individual mental models of the biogas
system in Shihoro (Table 1). For the purposes of this research, “local biogas stakeholders” were
defined as those with responsibility for, or long-lasting expertise and local influence in, renewable
energy planning and development, livestock and arable farming, agricultural waste management,
and biogas engineering and consultation. As a result, the stakeholders interviewed are of different
origins: these included seven dairy farmers, seven arable farmers, two JA Shihoro officers, two biogas
engineers, two municipal officers, and two researchers/consultants. They were all male between the
ages of 30 and 60. Among the seven dairy farmers, three were biogas plant operators, and four had
no access to biogas plants. Three arable farmers, who used digestate on their crops, were selected,
while the others were not digestate users. Unlike the large-scale centralized biogas plants, it was very
unlikely that the general public is largely affected by the adoption of on-farm biogas plants, so we
excluded them from the list of interviews. Due to the exploratory nature of this exercise, the limited
number of interviews conducted was considered sufficient for representing various local perspectives.
Previous studies with the similar methodological approach (i.e., fuzzy cognitive mapping) recruited
an even smaller number of interviewees than this study. For instance, Christensen et al. [48] recruited
17 stakeholders (eight farmers and nine non-farmers) to explore their views of agri-environmental
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regulation in Scotland, while Olazabal & Pascual [49] asked 14 stakeholders to develop the cognitive
maps regarding the use of energy in the city of Bilbao, Spain.
The 22 stakeholders were asked to create mental models individually and directly. Individual
elicitation minimizes the effects of power relationships and local social dynamics associated with
collective elicitation, while direct elicitation helps respondents explore their cognition through the
process of mapping [50]. The interviews with the stakeholders took place in Shihoro during December
2016 and January 2017. Each in-depth interview began with an overview of the project, a promise
of anonymity, and an example of a simple mental model unrelated to the topic of the interview.
The interviewees then were asked to create a mental model around two key questions: (1) What do
you expect from biogas systems? and (2) What are the barriers to and drivers for an expansion of the
biogas system in Shihoro?
First, respondents listed the variables that they thought played important roles for the key
questions posed. They then placed the variable they thought was most important in the middle of a
blank sheet of paper. They were informed that they could expand the number of variables as much as
they deemed necessary to complete their mental model. They then placed the remaining variables
around the first one, making the appropriate connections with directional arrows and indicating
whether the relationship was positive or negative. The discussion continued until the interviewee was
satisfied that the mental model accurately depicted his or her understanding of the system (Figure 2).
All information that the interviewees provided during the development of the individual mental
models also was recorded. The variables were classified as described below and used in a qualitative
analysis to supplement the discussion.
3.4. Data Analysis
The 22 individual mental models were analyzed qualitatively and quantitatively. For better
classification and understanding of causal relationships among variables, we followed the Actors,
Resources, Dynamics, Interactions (ARDI) approach [51]. Based on the approach, the mental models of
biogas systems were treated as social-ecological systems that were composed of the actors, the resources
they use, the dynamics (processes) of these resources, and the interactions among all of these
elements [51]. The biogas stakeholders (dairy and farmers, municipality, and JA Shihoro) were treated
as the actors, while input, like manure, and output, like biogas and digestate, of the biogas systems
were defined as the resources. Other variables related to the dynamics and interactions among actors
and resources were categorized schematically into one of three variable types: motivation, constraint,
and action (Figure 2). This categorization was done based on the two key questions. The answers
to the question (1) about biogas expectation were classified into the “motivation” variables, which
normally led to benefits for interviewees and thus motivation. Other answers to the question (2) about
the barriers and drivers for an expansion of the biogas system were mainly categorized as either
“constraint” or “action” variables. Constraint variables, having significant negative influence over
system operation, include such as biogas plant investment and running costs, and action variables,
having positive influences, include such as the continuation of the current FIT.
There are 48 motivation variables, 66 constraint variables, and 48 action variables in the
22 individual mental models. To make the mental maps directly comparable and the inter-map analysis
possible, it was necessary to group all related terms having the same meaning under a common name.
According to Özesmi and Özesmi [40], this process is known as qualitative aggregation. For example,
“selling electricity,” “FIT,” “additional income,” and “turning manure into energy” were combined
into a variable called “additional source of income.” As suggested by Gray et al. [52], to validate
aggregation, subsuming variables were validated by two experts in biogas production. At the end,
the variables of these three types were integrated and reduced to 20, 20, and 16 variables, respectively
(Tables 2–4).
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Table 1. Profile of the 22 interviewees.
Interview No.

Occupation

Age

Experiences with Biogas

1
2
3
4
5
6
7
8
9
10
12
14
11
13
15
16
17
18
19
20
21
22

Dairy farmer
Dairy farmer
Dairy farmer
Dairy farmer
Dairy farmer
Dairy farmer
Dairy farmer
Arable farmer
Arable farmer
Arable farmer
Arable farmer
Arable farmer
Arable farmer
Arable farmer
JA Shihoro officer
JA Shihoro officer
Engineer
Engineer
Municipal officer
Municipal officer
Researcher
Researcher/consultant

50s
40s
30s
40s
40s
40s
30s
50s
50s
40s
40s
40s
30s
30s
50s
30s
50s
40s
50s
50s
50s
40s

Running biogas plant within a farm for 15 years. Providing digestate 12 neighbor arable farms.
Running biogas plant within a farm for five years.
Started running a biogas plant within a farm since 2016.
No access to biogas plant.
No access to biogas plant.
No access to biogas plant.
No access to biogas plant.
Receiving digestate since 2016.
Receiving digitate for 10 years from the neighbor biogas owner.
Receiving digestate for 15 years.
Receiving digestate on remote field but not on the main fields.
Received digestate until five or six years ago, but not at this moment.
Never received digestate.
Never received digestate.
Coordinating biogas plant projects in the cooperative for nearly 10 years.
Working in the renewable energy division within the cooperative since 2015.
Over 15 years of working experience in biogas engineering.
Thirteen years of working experience in biogas engineering.
Working on biogas development projects for six years.
Over 15 years of experience in financial support for biogas development projects.
Over 30 years of research experience in anaerobic digestion and biogas engineering.
Doing a PhD study on biogas. Over 20 years of experience in consultation for the biogas sector.
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Table 2. Motivation variables identified in mental models and their citation frequency.
Category

Variables

Citation
Frequency

Dairy Farmers
No. (% 1 )

Arable Farmers
No. (% 1 )

Non-Farmers
No. (% 1 )

p2

Biogas plant

Additional source of income
Reduced energy costs through self-provision (e.g., hot water)
Utilization of available resources
Reduced workload for manure handling
Farm enlargement as biogas plants can handle additional amount of manure produced
Proper management of manure (reduced pollution/contamination risk)
Less collective manure management by using “on-farm” biogas plant

12
10
8
7
7
5
3

5 (71)
3 (43)
2 (29)
2 (29)
4 (57)
4 (57)
2 (29)

3 (43)
3 (43)
3 (43)
1 (14)
1 (14)
1 (14)
0

4 (50)
4 (50)
3 (36)
4 (50)
2 (25)
2 (25)
1 (13)

NS
NS
NS
NS
NS
NS
NS

Reduced odor from spreading digestate compared with compost
Reduced fertilizer costs through digestate substitution
Recovery of fermentation residuals in agriculture
Quick-release nitrogen fertilizer
High fertilizer value for grassland
Reduction of weed seeds
Easy and quick to spread

14
11
6
6
5
4
2

4 (57)
3 (43)
1 (14)
1 (14)
1 (14)
2 (29)
0

4 (57)
3 (43)
1 (14)
2 (29)
2 (29)
1 (14)
1 (14)

6 (75)
5 (63)
4 (50)
3 (38)
2 (25)
1 (13)
1 (13)

NS
NS
NS
NS
NS
NS
NS

Environmental benefits
Improved energy security
Improved understanding of residents toward dairy farming
Being well-known as an “ecological town”
Creation of new jobs
Contribution to agricultural development

13
9
6
4
4
3

5 (71)
2 (29)
3 (43)
0
0
1 (14)

4 (57)
3 (43)
0
1 (14)
0
0

4 (50)
4 (50)
3 (38)
3 (38)
4 (50)
2 (25)

NS
NS
NS
NS
0.019
NS

Digestate

Local
community

1

Dark gray indicates the percentage of respondents is higher than 50%, while light gray indicates response rates between 30 and 50%. 2 Results are based on Fisher’s exact test. NS: no
statistically significant association (p > 0.1). Statistically significant associations (p < 0.05) are emphasized in boldface.
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Table 3. Constraint variables identified in mental models and their citation frequency.
Category

Biogas plant

Digestate

Local
community
1

Citation
Frequency

Dairy Farmers
No. (% 1 )

Arable Farmers
No. (% 1 )

Non-Farmers
No. (% 1 )

p2

High investment and running (e.g., repair) costs
Limited grid access and competition with other renewables (solar PV)
Dependence of feed-in tariff on political circumstances/Lack of long-term perspective
Insufficient government support, late payment, and high competition to be supported
High manure composition variability and its treatment
Unsure economic benefits
Lack of use for heat generated in particular night and summer time

15
9
6
5
4
3
2

7 (100)
2 (29)
3 (43)
1 (14)
3 (43)
2 (29)
0

3 (43)
1 (14)
0
1 (14)
0
0
0

5 (63)
6 (75)
3 (38)
3 (38)
1 (13)
1 (13)
2 (25)

0.081
0.052
NS
NS
NS
NS
NS

Expected high competition for available farmland to spread digestate
High transportation costs and road conditions
Limited timeframe for digestate application (e.g., depending on weather and seasonal
conditions)
Unclear impacts on yield/limited knowledge and practices
Requirement of spreading equipment and its cause of soil compaction
Preference of composted manure over liquid digestate
Nutrient variability due to, for example, uncovered slurry tank and differences in
feedstock
Low acceptance rate among neighbors/poor linkages and communication with suppliers
Suppliers careless about demand-side wish (e.g., spreading digestate with proper timing
and amount)
Limited storage capacity
Odor from spreading digestate

10
9

5 (71)
2 (29)

3 (43)
6 (86)

2 (25)
1 (13)

NS
0.016

Dissemination of information about biogas system
Low returns to local community

Variables

8

1 (14)

6 (86)

1 (13)

0.005

6
6
6

1 (14)
0
2 (29)

5 (71)
5 (71)
4 (57)

0
1 (13)
0

0.005
0.002
0.039

4

2 (29)

2 (29)

0

NS

4

0

3 (43)

1 (13)

NS

3

0

3 (43)

0

0.024

3
2

3 (43)
0

0
2 (29)

0
0

0.045
NS

2
1

0
0

1 (14)
1 (14)

1 (13)
0

NS
NS

Dark gray indicates the percentage of respondents is higher than 50%, while light gray indicates response rates between 30 and 50%. 2 Results are based on Fisher’s exact test. NS: no
statistically significant association (p > 0.1). Statistically significant associations (p < 0.05) are emphasized in boldface.
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Table 4. Action variables identified in mental models and their citation frequency.
Category

Variables

Citation
Frequency

Dairy Farmers
No. (% 1 )

Arable Farmers
No. (% 1 )

Non-Farmers
No. (% 1 )

p2

Biogas plant

Establishment of the joint biogas plant to share costs
Continuation of the current FIT or even raising the purchase price
Subsidy for plant construction
R&D for low-costs, high-productivity, and user-friendly biogas production and utilization
Improvement of power distribution/transmission environment

8
7
4
3
3

5 (71)
3 (43)
1 (14)
0
0

0
0
1 (14)
0
0

3 (38)
4 (50)
2 (25)
3 (38)
3 (38)

0.021
NS
NS
0.082
0.082

Subsidy for new equipment and using a contractor to handle/spread digestate
Clarification of the actual merits of digestate as fertilizer
Technical support to develop a crop nutrition plan including digestate use
Upgrading to be more user-friendly
Providing and spreading digestate in low price or free of charge
Organizing a study group, match-making between digestate supplier and demander
Supplier’s improved understanding of user’s needs (e.g., timing and amount of spread)

7
6
5
4
4
4
2

4 (57)
2 (29)
1 (14)
0
0
1 (14)
0

3 (43)
3 (43)
2 (29)
4 (57)
3 (43)
2 (29)
2 (29)

0
1 (13)
2 (25)
0
1 (13)
1 (13)
0

0.058
NS
NS
0.010
NS
NS
NS

Use of energy and heat in, e.g., public buildings and horticulture
Use the biogas plants as a tool in environmental education
Establishment of municipal electric power systems
Open new markets for digestate products (e.g., use digestate in organic farming)

5
2
2
1

1 (14)
0
0
0

0
0
0
0

4 (50)
2 (25)
2 (25)
1 (13)

0.081
NS
NS
NS

Digestate

Local
community
1

Dark gray indicates the percentage of respondents is higher than 50%, while light gray indicates response rates between 30 and 50%. 2 Results are based on Fisher’s exact test. NS: no
statistically significant association (p > 0.1). Statistically significant associations (p < 0.05) are emphasized in boldface.
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Finally, citation frequencies of motivation, constraint, and action variables were compared
among three groups of stakeholders: dairy farmers, arable farmers, and non-farmers (Tables 2–4).
These comparisons were made with respect to biogas plant installation, digestate use as a fertilizer,
and impacts of biogas and digestate use on the local community. The most frequently mentioned
variables in the mental models produce a sense of the most important features affecting the different
stakeholders. Fisher’s exact test was applied to investigate similarities and differences among the
stakeholder groups at a significance level of 0.1. No quantitative analysis of mental model structure
was conducted in this study, but it will be addressed in an upcoming article. Rather, we used a
qualitative analysis of the interview recordings to understand how and why different factors impacted
stakeholders’ views of biogas systems.
4. Results
4.1. Motivations
Table 1 displays the motivation variables that the stakeholders presented. The most frequently
mentioned benefit of biogas installation for all stakeholders was the additional source of income
generated from electricity sales. Seven of the stakeholders also mentioned that plant installation would
be essential for dairy farmers who intend to increase the number of dairy cattle (farm enlargement).
This is because biogas plants are believed to be an appropriate means of handling large amounts
of slurry manure, which reduces workload for manure handling. In addition, biogas plants were
seen by all groups as an effective way of reducing energy costs through self-provision. In particular,
dairy farmers appreciated the use of co-generated heat for processing raw milk.
Regarding the benefits of digestate use, the main motivation for all three groups was the reduction
in odor from spreading digestate compared to conventional composts. Half of the stakeholders
expected reduced fertilizer costs by substituting commercial fertilizers for digestate. Some stakeholders
saw digestate as a quick-release nitrogen fertilizer that would be valuable in grasslands. In addition,
anaerobic digestion of manure was perceived to be effective for inactivating weed seeds mixed
in manure.
At the local community level, 12 stakeholders from all three groups considered that biogas
systems had environmental benefits, such as reduced nitrogen leaching, odors, and GHG emissions.
Nearly half of the non-farmers believed that wide implementation of biogas systems can lead to
energy self-sufficiency and a ripple effect on the local economy (e.g., creation of new jobs). Compared
to non-farmers, dairy and arable farmers tended to be less motivated by these benefits to the local
community. However, dairy farmers believed that wide implementation of biogas systems, including
improvement of barn environments (e.g., less disposal of manure within a farm) and reduction of
manure odor, would lead to an improved image of dairy farming in general.
4.2. Constraints
Table 2 displays stakeholders’ cognitive constraint variables. Financial issues were the most
frequently mentioned constraints related to biogas plants. In particular, 15 stakeholders, including
all dairy farmers, pointed out the high costs of plant construction. Eight of them also mentioned
that this is the critical barrier preventing small- and medium-sized dairy producers from setting up a
biogas plant.
Among non-farmers, more than half of them were unsatisfied with the current situation of electric
power sale (i.e., limited grid access due to a monopoly of Japan’s electric power system and competition
with other renewable energy companies, such as solar). Three out of four dairy farmers without the
plant noted risks of future policy changes around renewable energy production support (e.g., reduction
of FIT), and they thought this lack of long-term stability would be a potential barrier to install biogas
plant on their farms.
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More than 70% of dairy farmers were concerned about handling such large amounts of digestate
if more biogas plants would be installed in the town. The main future threat they perceived was
potentially higher competition for gaining access to fields as the number of biogas plants increased in
the neighborhood. Three arable farmers also mentioned the same concern.
Most arable farmers were not inclined to use digestate as a substitute for chemical fertilizer
regardless of their previous digestate use. The top six mentioned constraints included: (1) distance
and costs for digestate transportation; (2) limited timing and conditions for application, because liquid
digestate cannot be spread on rainy and windy days or on sloping fields; (3) unclear impacts on yield;
(4) risk of soil compaction by heavy digestate spreaders; (5) preference of solid composted manure over
liquid digestate; and (6) high variability of nutrient contents and dry matter contents. Conventional
compost can be stored on a shelf, but liquid digestate requires a storage tank and re-application of
composted manure as a soil amendment, causing extra application costs. In contrast to the major
cognitive motivation of reducing odor (Table 2), two arable farmers still perceived that digestate has
an unpleasant odor.
In addition to these difficulties for the actual usage of digestate, non-technical constraints also
were identified. Some arable farmers were afraid to use it because none of their neighboring farmers
used it, while they also felt that there were poor linkages and communication with the dairy farmers
who supplied the digestate. In addition, the characteristics of suppliers matter. Some arable farmers,
in particular non-digestate users, believed that suppliers were careless about the demand-side wishes
(i.e., spreading digestate with proper timing and amount) and instead put greater priority on their
disposal of digestate.
Furthermore, insufficient knowledge of digestate among farmers was regarded as a barrier for
successful digestate use. This was mainly due to the limited access of gaining information and meeting
experts. It should be noted that most of these technical and non-technical constraints to digestate use
were mentioned by arable farmers, while only a few variables were raised by the other two groups.
A few comments on community challenges were found in the mental models of arable and
non-farmers. One from each group considered that local people had insufficient knowledge of biogas
systems, while one arable farmer felt that only dairy farmers received the benefits of biogas systems,
and there were low returns to the whole community.
4.3. Actions
The actions that the stakeholders think would be necessary to take for wide implementation and
maintenance of biogas system are shown in Table 3. The most frequently mentioned action was to
start a new project of joint biogas plants. The joint biogas plant includes co-digestion of cattle manure
collected from multiple small- and mid-sized dairy farmers. This action, as a way of sharing various
costs, was suggested by eight stakeholders, including all dairy farmers who had no experience with
biogas plants. Continuation of or increases in the level of current public support (FIT and construction
subsidies) was recommended by dairy and non-farmers.
The majority of non-farmers thought that more technical development is needed to produce
biogas at lower costs and with more efficiency for further promotion of biogas plant installation.
Government financial support for engineers and researchers was recommended. Simplification of the
technology, leading to more user-friendly operation systems, also was suggested.
Regarding the actions for stimulating digestate use, the most common suggestion (from seven
of the dairy and arable farmers) was increased financial support to purchase new equipment, such
as spreaders, and the use of contractors who can handle digestate collection and spreading on behalf
of plant operators. On the contrary, more than 40% of arable farmers believed that plant operators
(i.e., dairy farmers) should spread digestate free of charge and with proper timing and amounts.
When looking at suggestions raised by arable farmers, the most popular action was to clarify
the actual merits of digestate as a fertilizer. This includes chemical analysis of nutrient contents and
field experiments of digestate application. The second most frequent suggestion was to upgrade
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digestate to be more user-friendly. For example, this includes (1) treating digestate to homogenize
nutrient contents, (2) upgrading digestate to a solid or concentrated product, (3) downsizing digestate
spreaders to avoid soil compaction, and (4) providing sub-tanks for digestate storage near the fields to
avoid frequent round trips between a plant and the fields.
The stakeholders, mainly arable farmers, mentioned that more action would be needed to
overcome non-technical constraints on digestate use. These actions include organizing a study group
to learn how to use digestate, setting up a place where digestate suppliers and receivers can be matched
up, and developing a decision support system through which arable farmers can be supported to make
a crop nutrient plan for digestate use. Some farmers expect that JA Shihoro may play a significant role
in coordinating a study group and matching.
In order to take advantage of the benefits or to overcome the barriers to biogas systems at the
community level, some stakeholders, in particular non-farmers, noted several actions. The most
frequent suggestion was to expand the energy use system outside of dairy farms. This includes
application of co-generated heat to greenhouse farming and public buildings.
5. Discussion
5.1. Similarities in Perception of Biogas Systems
The creation of mental models among the various biogas stakeholders revealed similarities and
differences among each variable type. Stakeholders commonly perceive that the benefits of biogas
systems can bring (1) additional sources of income, (2) reduced energy costs through self-provision,
(3) reduced odor from spreading digestate compared to composted manure, (4) reduced fertilizer costs
through digestate substitution, and (5) various environmental benefits (Table 1). These five benefits
are identified widely in the literature [1,4,15,53], confirming that the majority of stakeholders hold the
same basic understanding of what biogas systems can offer. Although earlier studies found that social
acceptability of biogas plants remains a key constraint preventing its widespread deployment [54,55],
public opposition toward installing biogas plant was observed rarely in the mental models of the
Shihoro stakeholders. This can be attributed to initiatives made by the municipalities and JA Shihoro
that play a vital role in supporting biogas projects [56]. Several authors propose that local initiatives on
climate change and environmental protection are effective approaches for improving the community’s
understanding of renewable energy systems and to enhance local involvement to generate needed
support [55]. In Shihoro, environmental benefits at the local community level are understood by
the majority of stakeholders, suggesting that there is a huge potential for further expansion of
biogas systems.
5.2. Differences in Perception as Potential Constraints for Further Expansion of Biogas Systems
Our study found that most dairy farmers and non-farmers have focused on the input side of their
business, concentrating their resources on energy production (i.e., most variables raised were related
to biogas plants). As a result, the digestate side of biogas production has been largely neglected by
these two groups (Table 3). Moreover, most arable farmers expressed hesitation to accept digestate as
an appropriate fertilizer due to several technical and non-technical constraints (Table 2).
There appear to be three issues causing the perception differences regarding digestate use. First,
dairy farmers and non-farmers have overlooked these technical and non-technical constraints because
they already believe that digestate is a valuable fertilizer. This is confirmed by our results in Table 3
where the two groups came up with only a few action suggestions for promoting digestate use (Table 3),
meaning they rarely see any problems with it. Second, arable farmers appear to be comparing digestate
to conventional mineral fertilizers and composted manure. Mineral fertilizers are superior to digestate
in terms of nutrient contents and effects on crop growth and yield, while solid composted manure
has better storage options and can improve the structure of soil properties [5,57]. Although farming
characteristics (e.g., farming activity, farmer age, farm size, and conventional/organic farming) impact
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their decisions [58], such shortcomings affect the perceived value of digestate and its acceptance by the
majority of arable farmers. Third, in addition to quality assessment of digestate, arable farmers care
about the social relationship with digestate suppliers. Within these rural communities, embedded social
networks related to social capital have been built upon trust and communication, and play important
roles in collective actions [59–61]. These close ties offer participants more chances to exclude risk and
uncertainty. In our study, three of the seven arable farmers who received digestate mentioned that they
received it because of trustworthy relationships with their supplier. According to their explanation,
this trust was built upon their previous knowledge of the supplier’s professional skills and business
expertise, as well the supplier’s careful attention toward farmland management. This finding is in line
with that of Asai et al. [62,63], who found that a trustworthy relationship is one of the critical factors
affecting whether livestock and arable farmers establish a collaborative partnership. This indicates that
improved understanding of the demand side by dairy farmers may drastically change the acceptance
rate among arable farmers. Appreciation of trusting relationships should be more important in the
case of on-farm biogas plants than in the case of centralized biogas plants because an on-farm plant
operator is usually expected to make arrangements with arable farmers individually.
5.3. Policy Implications for the Potential Constraints
The continuation of FIT and subsidies for plant construction appears to be a prerequisite for
further expansion of biogas systems in Shihoro, as farmers’ willingness to adopt plants depend on
the availability of subsidies (Table 3). However, our results reveal that this energy policy must be
implemented in cooperation with agri-environmental policies related to digestate use. The current
energy policy provides incentives to dairy farmers to increase the number of animals to produce
more manure and to increase the farm’s turnover [64]. This produces further environmental risks for
atmospheric and nutrient pollution when proper handling and management of digestate is missing [5].
These negative externalities have already been discussed with respect to other countries, such as
Italy [64] and Germany [65].
To prevent further ecological load on the land as a consequence of expanding the number and
capacity of biogas plants, one solution is to implement mandatory planning of digestate utilization
when new biogas plants are constructed. This legal framework for assessing regional fertilization
potential in agriculture can be useful, because it avoids over-fertilization and thus promotes optimal
nutrient recycling [66]. In Denmark, planning of digestate utilization is not mandatory, but farmers
are obliged to achieve the required balance between the crop area and manure produced at the farm
level, and thus to submit annual fertilizer accounts to the authorities who report on produced, applied,
received, and provided fertilizer and manure under the Water Framework Directive (2000/60/EC) [67].
This Danish regulation also applies to digestate handling and thus requires digestate users are located
prior to planning a new biogas plant.
The legal framework has to be in cooperation with other policies to alleviate demand-side barriers.
More efforts are needed to improve the attractiveness of digestate for arable farmers. Below, we provide
several possible actions to address these barriers, based on the propositions made by Case et al. [58]
for promotion of organic fertilizers and by stakeholders in Shihoro (actions in Table 3). These actions
can be enacted by a mix of industry, academia, and governmental policy interventions [58].
Demand-side barriers to digestate use were related to the cost of digestate use, including transport
and equipment, such as spreaders and storage tanks. Reducing costs for digestate use could come via
subsidies for new and more appropriate equipment to handle or spread digestate, or to outsource extra
workload for digestate handling. Uncertainty in nutrient content also was perceived as a constraint
to more widespread digestate use. Improved testing and validation of fertilizer value are necessary,
such as recently available online sensors for measuring nutrient content of manure and digestate [58].
In some European countries, a quality management system for digestate is commonly adopted to
avoid conflicts between digestate providers and users [68]. In Japan, however, the installation of this
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kind of system is rarely seen in the most biogas plants. Financial support for plant operators to adopt
these technologies results in enabling accurate dosing of the digestate.
Technological innovation is needed to address demand-side barriers related to the unattractive
properties of digestate, including that it is a liquid, its odor, and its nutrient (NPK) contents (Table 2).
According to Dahlin et al. [69], there are several technologies available that range from simple (e.g.,
a solid–liquid separator to separate nitrogen and phosphorous) to very sophisticated (e.g., ammonia
stripping, membrane processes, and vacuum evaporation). However, several of these technologies
are costly, so further research on, and the development of, lower cost options should be targeted by
increasing research funding in academia and industry.
Finally, information sharing and outreach activities are essential. In the mental models of arable
farmers, some respondents indicated that they had no chance to learn about digestate and that therefore
they were not interested in it. Governments can motivate potential users by distributing information
on successful cases and holding outreach events to identify the environmental and economic benefits of
digestate use. Another key strategy may be for policy makers to make use of local leaders or “reference
farmers,” who have an influence on other farmers’ behaviors to promote digestate use. This may be a
more cost-effective approach to encourage other farmers and local communities to develop positive
attitudes toward the use of digestate.
6. Conclusions
Biogas systems are local and complex systems, involving many stakeholders affecting input
(manure and residues) and output (biogas, digestate, energy, and heat) use within a community.
Once the systems are managed properly, there is a high potential to provide multiple environmental
and socioeconomic benefits to the community. However, implementation and widespread adoption of
biogas systems are challenging because of differences in values and perspectives of biogas systems
among the diverse set of stakeholders. Thus, this study aimed to understand similarities and differences
in the views of biogas systems among its stakeholders by creating mental models among stakeholders
in Shihoro, Japan.
Our results show that stakeholders in Shihoro shared the same motivations toward accepting
biogas systems, including expected environmental benefits. This finding indicates that there is a
high potential for further expansion. However, differences were also found: arable farmers were not
attracted to digestate use due to several technical and non-technical constraints, while dairy farmers
and non-farmers were ambivalent about these demand-side constraints. From both economic and
environmental points of view, this difference in perception may lead to future conflict regarding
digestate disposal that represents a potential obstacle for further expansion. Therefore, biogas energy
policy must be implemented in cooperation with agri-environmental policies related to digestate
use. Implementation of mandatory planning of digestate use when planning a new biogas plant is
one option, and policies could be developed to improve the attractiveness of digestate for farmers.
The findings and suggestions from this study should be useful for other livestock-intensive areas of
Japan and other countries, in particular where the number of biogas plants is rapidly increasing but
the management system of the digestate produced has yet to be organized.
Several studies have indicated that, if a biogas system brings about localized benefits, it is likely to
be sustained over the long term [16,64,70–72]. The localized benefits do not have to refer only to energy
supply [16]. Our approach, using mental models to understand various stakeholders’ perceptions,
motivations, constraints, and actions related to biogas systems, explored a possible roadmap to achieve
localized benefits. The next step is to share mental models obtained among various stakeholders
in a workshop. This can improve understanding and social learning, and thus better support the
establishment of sustainable biogas systems.
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