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Abstract: Bioenergy is a building block of the ongoing transformation toward renewables-based
energy systems. Bioenergy supply chains are regionally embedded and need to be seen in a place-based
context with specific characteristics and constraints. Using a German case study, the potential of
regionally embedded bioenergy chains in the past and the future is analyzed and discussed in
this paper. The analysis integrates socio-ecological data and applies sustainability criteria in a
multi-criteria decision analysis (MCDA) using the Preference Ranking Organization Method for
Enriched Evaluation (PROMETHEE) methodology. The case study is focused on an industrial biogas
fermenter in northwestern Germany, which currently uses predominantly maize as a substrate for
bioenergy. Objectives for future development according to the ambitions of the UN Sustainable
Development Goals and the EU Renewable Energy Directive (RED II) discussion are set and include
the involvement of the farmer as biogas plant operator and other regional stakeholders. Since the focus
of the research is put on the contribution of alternative biomass, such as grass, for the optimization of
bioenergy settings, the question concentrates on how different mixtures of alternative biomass can be
embedded into a sustainable management of both the landscape and the energy system. The main
findings are threefold: (i) bioenergy supply chains that involve alternative biomass and grass from
grasslands provide optimization potentials compared to the current corn-based practice, (ii) with
respect to more sustainable practices, grass from grassland and alternative bioenergy supply chains
are ranked higher than chains with increased shares of corn silage, and, more generic, (iii) optimization
potentials relate to several spheres of the social-ecological system where the bioenergy structure
is embedded. To conclude, sustainable enablers are discussed to realize optimization potentials
and emphasize the integration of regional stakeholders in making use of alternative biomass and in
making regional bioenergy more sustainable.

Keywords: regional supply chain; MCDA; PROMETHEE; biogas; SDG; sustainable management;
stakeholders

1. Introduction

The transformation of energy systems toward renewables-based energy structures encompasses
societal, economic, technical, and environmental dimensions and implies a more decisive role for
citizens and communities [1]. This becomes even more important where bioenergy is a major part of a
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regional energy supply [2]. The purpose of this paper is to assess whether alternative, residual biomass
can improve regionally embedded bioenergy supply chains and contribute to a more sustainable
regional development. In general, bioenergy supply chains are regionally embedded and need to
be seen in a place-based context with specific characteristics and constraints [3-5]. In this paper
regional impacts of bioenergy production are examined in both aspects: on the one hand, bioenergy is
influenced by the regional characteristics such as soil quality and climate conditions finally affecting
the availability of biomass. On the other hand, a region itself is influenced by existing bioenergy chains,
e.g., by providing work, becoming manifest in the landscape, and increasing the general income of
a region.

The complexity of ambitions and implications of bioenergy correspond to the UN Sustainable
Development Goals (SDGs) with its targets as announced in the 2030 Agenda for Sustainable
Development “Transforming our World” [6]. Subsequently, the SDGs have been of growing relevance
at regional and national levels, providing both aims and advice for taking action. Although the SDGs
have been formulated for universal application, their implementation and indicator assessments need
to reflect specific circumstances of a given national and regional context [7]. Energy represents one
SDG (Affordable and Clean Energy) with priorities on renewables. Bioenergy can make a significant
contribution in that respect [8]. Biomass production and its use for energy supply interfere with several
other SDGs, i.e., Life on Land, Zero Hunger, or Responsible Production and Consumption. Bioenergy
is part of a nexus of societal needs and calls for fair balance with other dimensions of sustainable
development [9]. The SDG indicators have potential to play a decisive role in that respect and enable a
wide range of stakeholders and decision-makers to plan and act in progressing toward the goals and
targets [8].

A stepwise approach is recommended according to the SDG-based assessment and optimization
framework for bioenergy solutions. Biomass is often used in multiple ways. For example, animal manure
can be used for biogas production and can still be used as fertilizer on the field after being treated in a
biogas fermenter. This concept of cascade use is essential for a beneficial bioenergy solution in the
regional context and has also been acknowledged by other researchers [10-13]. This also implies a
cross-sectoral collaboration of stakeholders for bioenergy improvements. Hence, landowners, farmers,
and the owners of bioenergy plants need to act in symbiosis, since all are interested in their supply
chains. This becomes even more important if there is a strong competition for either biomass supply or
even land. By means of an extended bioenergy network with more participants than farmers only,
biomass can be used in a more sustainable way, as shown by others [14-20]. Recently, bioenergy and
cascading of the use of biomass have been integrated in bioeconomy concepts and their realization in
various settings [21].

The controversial discussion of bioenergy production in Germany is a good example of how the
debate is strongly related to available regional biomass, especially with regard to maize (or here also
called corn). According to the literature and laboratory results, maize is known as the most efficient
energy crop concerning the gas yield and used to be the main fermentation substrate in Germany for
biogas production [22]. Up to 73% of the renewable substrate input (excluding manure) of German
biogas plants in 2015 was covered by silage maize [23]. This was due to the high incentives deriving
from the German EEG (Renewable Energy Sources Act). A decrease in wildlife and plant biodiversity
and arable land for food or fuel production as well as groundwater pollution by non-site-specific
fertilization are the main concerns mentioned within the biogas discussion. However, there has
always been competition for land due to the food-versus-energy discussion. In addition, there is also
competition for areas to apply fertilizers since there are more fertilizers available than areas to fertilize.

A binding European Union (EU) target for the total share of renewable energies in the gross
final energy consumption of the EU is anchored in the Renewable Energy Directive (RED II): by 2030,
the share should be at least 32% (Art. 3, Para. 1). Each member state sets national contributions
to achieve the EU’s overall binding target within the framework of the integrated national energy
and climate plans [24]. Concurrently, the updated EU bioeconomy strategy aims to encourage the
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substitution of fossil carbon with biomass feedstock in the industry and in energy production while
preserving ecosystem services [25]. Links between the EU bioeconomy strategy and the SDGs are
inherent. Synergies and lock-ins of a future bioenergy as part of a future bioeconomy and related
SDG targets are numerous and diverse [26]. Because of the biodiversity discussion and the food
competition discussion, bioenergy is a less accepted energy in German society, compared to other
established renewable energy carriers. Although the acceptance of renewable energies in society is
generally high, aspects such as the so-called “NIMBY mentality” (Not In My Backyard) lower the
acceptance of bioenergy as energy source. Most reasons for the low acceptance are the odor of the fresh
biomass (especially if animal slurry is used) and the high traffic on the road with the accompanying
noise. A detailed discussion of the public acceptance of bioenergy can be found in the review of
the European Framework for the Diffusion of Biogas Uses [27]. The more tangible the projects of
bioenergy plant installations become and the closer they are installed to the environments of peoples’
concerns, the lower will be the acceptance of those projects [14]. However, this is in accordance with the
review [27] that public acceptance increases when information is given early, i.e., during the planning
phase of a biogas plant. Often there is also active participation taking place with the involvement of
more than one stakeholder where all partners see benefits for everyone. In contrast, other researchers
can confirm that especially for bioenergy villages the prospectively involved inhabitants of such a
village have very positive opinions on the participation in such a project: “An early involvement of
villagers in the planning and organization process increases the chances of success. The inhabitants
can contribute their own competencies and knowledge, and the tasks can be spread across many
shoulders” [28].

The production of bioenergy in general is linked to the use of biogenic raw materials and involves
farmers or owners of biogas fermenters. The raw materials “only” have to be “developed” and
transported to the energy producer, who then generates energy when it is needed. It must be clarified
which raw materials are most suitable for producing bioenergy, and how they can be developed and
made accessible. Despite the fact that maize achieves the highest gas yield, residual biomass can also
be considered for bioenergy usage for the case study area [20,29]. Residual biomass is defined in
this paper as unused grass from grassland, municipal and industrial (process) waste (e.g., biowaste),
agricultural side products (e.g., cow dung, liquid cow manure, and plant material from landscape
conservation). Since these biomass types are not part of the usual bioenergy chain, the bioenergy
farmer in our case study (cf. Section 2.1) is required to ask local administrative bodies and water
authorities to get access to the residual biomass. Often this alternative biomass is available at no costs
if the bioenergy farmer is taking care of the transportation.

Our research question is to assess how different mixtures of alternative biomass can be embedded
into a sustainable management of both the landscape and the energy system in line with the Sustainable
Development Goals? To answer the question, a multi-criteria decision analysis (MCDA) using the
Preference Ranking Organization Method for Enriched Evaluation (PROMETHEE) methodology is
applied. The research is focused on a specific case study area in northern Germany. The focus of this
research is on the contribution of alternative biomass to regional bioenergy solutions. The system
boundary is set on a regional sustainable development approach within a socio-ecological context.
This involves the interaction of different stakeholders who did not interact in the past, such as, for
example, public water body authorities and biogas plant owners. Because of the high competition of
acquiring raw materials as feed for the fermenter, a closer view is set on the raw material supply chain
for the fermenter along with former unused material. Furthermore, we assess how different mixtures
of alternative biomass can be embedded into a sustainable management of both the landscape and the
energy system. These alternative biomass scenarios are compared with the baseline scenario and a
scenario with increased usage of corn silage.
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2. Materials and Methods

In order to answer the research question, a stepwise approach in the multi-criteria assessment
of best options was followed. This was to ensure optimized regionally embedded bioenergy value
chains within the selected region (cf. Section 2.1) and in the vicinity of an operating biogas plant
by making use of available alternative biomass. The baseline for this assessment was established
through interviews with regional experts in order to evaluate the unused potential of the “alternative
substrates” in this region. Therefore, in addition to the local farmers and plant operators, water body
authorities, municipalities, landowners and local decision-makers participated.

The approach was as follows and is described in the following sections:

(a) Identification of the regionally available biomass potentials in a bioenergy region typical for
both natural and socioeconomic conditions of established German regional bioenergy structures
(agriculture and grassland areas as typical regions in the rural northwestern area of Germany,
cf. Section 2.1). This step established an inventory of the regional preconditions for a sustainable
bioenergy production.

(b) Analysis of the socio-ecological context of bioenergy supply chains for the assessment of the
potential of so far unused biomass (cf. Section 2.2). This step introduced a generic framework
for the analysis of the regional bioenergy structure, using the criteria of economic, social,
and environmental conditions for all phases of the bioenergy process chain.

(c) Participatory definition of realistic options for optimized biomass mixtures (cf. Section 2.3).
Bioenergy producers together with regional stakeholders identified options for modified bioenergy
chains at this step. They aimed at the integration of alternative substrates that could be made
available for bioenergy purposes at high levels of feasibility.

(d) Gathering of site-specific data and reference data sets (cf. Section 2.3). Quantitative and
semiquantitative data on the criteria of the analytical framework were gathered from bioenergy
plant owners and literature at this step.

(e)  MCDA according to the socio-ecological context and data with a preference analysis of the
identified options according to PROMETHEE outranking method (cf. Section 2.4). The final
step aimed at the identification of alternative bioenergy chains that could optimize the current
regional bioenergy structures most.

2.1. Identification of the Regionally Available Biomass Potentials for Bioenergy

The following approach was taken to identify the biomass to be integrated into potential regionally
embedded alternative bioenergy chains. The regional focus was set on a region in the vicinity of
an operating biogas plant in the northwest of Germany (Figure 1). This rural area has less fertile
sandy to silty soils or peaty soils. A total of 58% of the area is used for agriculture. Prominent is a
grassland-dominated agriculture (pasture as well as hay and grass silage production) for dairy farming.
Horticultural activities, mainly tree nursing, are of minor relevance. The soil and climate allow for
crop production over the entire vegetation period [14].

The gap between the biomass potentials and the biomass currently used for bioenergy in the
region was assessed in geographic information systems (GIS) analyses and by interviews with regional
actors. Accordingly, the use of biomass in the case study region depends on five aspects in particular:
(i) the supply chain of biomass is normally defined by operators of bioenergy plants and their access to
local farmers’ biomass; (ii) a feedstock of a biogas plant is normally made up by the prevailing biomass
or manure in the region; (iii) the competition for arable land to grow energy crops, including alternative
biomass like grass, is high [30]; (iv) very few farmers currently align with local landscape management
associations to acquire alternative biomass [14]; and (v) the availability of primary produced biomass
is limited, in contrast to a high availability of manure.
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Figure 1. Case study location. The area of Ihausen is located in the northwestern part of Germany.
(own figure).

This current situation marks a transition of regional bioenergy driven by changing European
and German legal settings. The competition for biomass is very high in this region and was even
intensified due to the incentives of the German Renewable Energy Sources Act (EEG). By giving high
incentives for feeding-in electricity at the beginning of the EEG’s history, subsequently the maximum
amount of maize used in biogas fermenters was gradually reduced. The latest version of the EEG
from 2017 restricts the use of maize to up to 44% of the total mass of substrate [23]. As the market for
biogas plants was nearly saturated by the time of this last EEG revision, there are only very few biogas
plants operating under this revised EEG. Hence, most of the biogas plants are allowed to use up to 60%
maize, and therefore, this number was taken for one of the scenarios later in this chapter. Therefore,
biogas plant operators in the case study region will be forced to reduce the amount of maize as biogas
substrate in their plants when their EEG subsidies are running out. However, because of the high gas
yield of maize [22], many biogas plant operators still grow maize in these regions. More recently, RED
IT as part of the EU’s “Clean energy for all Europeans package” came into force. This directive asks for
a broader view. With respect to bioenergy, it requires consideration of the socioeconomic conditions of
bioenergy chains. It is worth mentioning that a concurrent directive on the Governance of the Energy
Union and Climate Action (EU 2018/1999) discusses aspects of bringing together local authorities,
civil society, businesses, investors and other stakeholders to establish a multi-level energy dialogue.
This context was considered in this study to highlight the benefits of new stakeholder alliances to make
the regional bioenergy supply chain more sustainable and to conform to the new EU regulations.
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2.2. Analysis of the Socio-Ecological Context of Bioenergy Supply Chains for the Assessment—Definition
of Criteria

Any optimization of bioenergy supply chains has to take regional conditions into account [14].
This includes considering socio-cultural, economic conditions and legal regulations that provide
the framework for the generation and use of bioenergy. It also relates to the involvement of actors
from different stakeholder groups [31-34]. In this assessment, socio-ecological data were integrated
and applied to sustainability parameters in a multi-criteria decision analysis (MCDA) using the
PROMETHEE methodology to outrank optimization scenarios. As the focus was set on socio-ecological
data, most environmental indicators such as CH; and N;O emission occurring during the whole
bioenergy supply chain were not included in this assessment and were reduced to CO, emissions during
transportation and production of biomass. However, the topic of emissions has been discussed in many
other references [35-38]. Resulting from the authors’ experience in biomass-related projects, criteria for
the evaluation of biogas in a regional context were developed. The traditional supply-chain operations
reference model (SCOR) was modified with the involvement of project partners to meet the challenges
of the production of bioenergy, resulting in the identification of the processes: material supply, logistics,
production, and usage [39]. The distribution of converted energy and its accompanying emissions was
not part of this study and is excluded here. Each process was specified by the definition of targets.
Since different stakeholders participated in this process the best possible targets for the region were
formulated and were therefore relative to this specific region. Subsequently all located targets were
expressed within suitable criteria [40,41]. The criteria were elaborated together with the plant operator.

Figure 2 identifies criteria alongside targets for processes in the regional production of bioenergy,
as assessed by our local partners. Therefore, these targets fit into the area of northwestern Germany
and may not be transferable to other regions, countries, and continents. Targets for the optimization of
different steps of bioenergy chains were defined with the regional stakeholders. A set of criteria were
attributed to the targets. Quantitative or semiquantitative data in the indicated unit were compiled
for each criterion from literature, official statistical data, and regional bioenergy operators. Criteria
values were then calculated for each alternative action based on: (i) data from operators directly,
(ii) data and indicators from literature (e.g., the Federal Statistical Office of Germany [42], the Bavarian
State Research Institute for Agriculture (LfL) [43], the Association for Technology and Structures
in Agriculture (KTBL) [44]), (iii) software tools (e.g., cost efficiency calculator KTBL [45], feed-in
tariff calculator German Biomass Research Centre (DBFZ) [46], basic data from Dunglnfo [47] for the
calculation of humus balance), and (iv) for criteria with insufficient data the values were introduced
based on expert knowledge.

The weighting of the individual criteria was applied in the outranking of options in the participatory
assessment (MCDA-PROMETHEE). In addition to criteria values the PROMETHEE methodology
requires information on the weighting of criteria. Therefore, the assessment followed an approach
to give equal importance (0.25) to each target: material supply, logistics, production, and usage.
In weighting each criterion it was assumed that all elements had the same importance for the
decision-maker [48]. For each criterion the average weighting is presented in Figure 2. For all criteria
a Gaussian preference function was applied, since it was proved to be stable [49]. For this function
the parameter o needed to be determined. The input data were normalized from 0 (worst value) to
1 (best value), therefore, o of 0.3 was applied as in [50]. Calculations of some criteria were repeated,
e.g., the calculation for working hours was taken from a cost efficiency calculator instead of a calculation
based on performance indicators for fixed and variable working hours. Furthermore, the methane
yield of the plant was taken as reference rather than the total mass of substrate.
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Figure 2. Correspondence of criteria to targets for supply chain processes in the production of bioenergy.

In the case study, Target 1, Material Supply, aims at using substrates that do not compete with
food or animal feed production. It tries to minimize the material costs and promote ecosystem-based
farming. Energy crop cultivation will be socially accepted and at the same time bioenergy will provide
secure employment. These sub-targets are expressed through different criteria. The Use of material
not directly competing with food production describes the use of substrates that are not primarily
used for generating biogas. First, the amount of energy crops used in an area has direct influence on
other local agricultural activities. Less energy crop cultivation means less pressure on agricultural food
production. Second, this will help keeping permanent grassland in the region, which has an overall
positive effect on the region’s ecology. Third, using agricultural and other organic waste products as a
substrate allows to close the loop of the bioenergy supply chain. Material Costs describes the price for
the individual substrates such as corn silage or liquid manure, excluding transportation costs. Material
costs were calculated based on information from an operator survey. Corn silage was available in
the region for 30 EUR/t. Liquid cow manure was partly available from own cattle and additionally
bought from farmers in the region for 4.5 EUR/t. Alternative substrates such as plant material from
landscape conservation and biowaste were available at no costs; however, the owner of the plant
had to provide transport for the substrate himself. The same is applicable to Soil quality (change in
humus balance), reflecting that the cultivation of land induces a change in humus balance. Maize,
for example, has a negative impact on the humus balance; in contrast, grassland has a positive effect.
Key figures on the change of humus balance for the cultivation of different substrates are given in [47].
The Fuel consumption agriculture criterion specifies the fuel consumption at harvest time. It is based
on the use of a field chopper consuming 65 L diesel and a tractor consuming 14 L diesel to harvest
2 ha/h. This criterion does not include fuel-consuming processes during other agricultural processes
such as plowing, sowing, and fertilizer application due to the lack of data. Share of maize plants in
area describes the amount of cultivable land in a region that is used for energy crops. The share of
farmland for cultivation of corn/maize is reduced by the usage of alternative substrates and increased
by the usage of corn silage as a substrate. The current state equals the current share of maize plants
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in the region, according to the statistical data [51]. Working hours agriculture assesses the working
hours invested in cultivating biomass substrates. In this case study working hours in agriculture
only occurred for the cultivation of corn, and 7.6 h/ha for corn silage was assumed based on the
literature [52].

Target 2, Logistics, aims at reducing transport costs and the regional environmental impact but
it also tries to increase secure employment in the sector. Therefore, Transport costs describes the
costs for shipping substrates from the farm area to biogas plants. Transport costs were calculated
with a linear model, giving specific transport costs depending on the transport distance [53]. For all
substrates, distances were taken either from an operator survey or calculated based on GIS results
from previous studies [14]. Up to 50% of the current usage of corn silage was available at a very short
distance of less than 1 km. However, additional corn silage needed to be bought from distances up to
15 km. Plant material from landscape conservation was only available decentralized, and therefore
transport distances of up to 20 km were taken into account. The Avg. transport distance reflects the
average distance of getting the substrate from its source to the biogas plant. The criterion CO, balance
transport determines the greenhouse gas (GHG) emissions occurring during transport of substrates
and digestates. Working hours transport describes transporting substrates or digestate, thereby also
reflecting the time for loading and unloading. Similar to the CO, balance transport, work hours
transport are directly influenced by the transport distances of the substrate. Greenhouse gas emissions
for the return trip of the transport vehicle were taken into account.

Target 3, Production, aims at minimizing the operational costs, achieving a high material efficiency,
thereby reducing the environmental impacts. Cost per production unit, i.e., the electricity generation
costs, are made up of the variable cost, fixed costs, indirect costs, and the actual supply of electricity to
the grid. The CO, balance production criterion reflects the output of CO, emissions at different stages
of biogas production such as cultivating plants, the actual biogas generation, and digestate utilization.
The CO; balance production takes into account greenhouse emissions for the (i) provision of substrates
in the form of soil cultivation, fertilizers, pesticides, and direct emissions (N,O emission from soil) as
well as the (ii) biogas production in the form of the provision of the biogas plant, operating material,
leakage, and processing of biogas in a cogeneration unit. Working hours plant relates to “loading”
the plant with solid or liquid substrates and tasks such as control, sample taking, documentation, or
maintenance and repair. Finally, the Working hours plant mainly depends on the ratio of liquid and
solid substrate, since solid substrate requires substantially more time for treatment and feeding of the
plant [54].

Target 4, Usage, aims at maximizing the income. Total income p.a. describes the annual income/loss
before taxes. It was calculated based on a cost efficiency calculator from the Association for Technology
and Structures in Agriculture [45]. Since the annual mass was taken as reference in this case study
the gas yield varied across the scenarios directly influencing the income. The gas yield assumed for
alternative substrates (e.g., plant material from conservation areas 102 m3/t) was substantially smaller
than the gas yield of corn silage (197.6 m>/t).

2.3. Participatory Definition of Realistic Scenarios of Options for Optimized Biomass Mixtures with Applicable
and Regional-Specific Options

The analysis included several alternative scenarios. The different scenarios are described by
the usage of alternating substrates within those mixes. In order to provide a comparability of the
alternative actions, either (i) the annual total mass of substrate [t/a] or the (ii) annual methane yield
of the mix of substrate [mg’:H4 / a] can be defined as constant. In this study both approaches were
investigated for the biogas plant in Ihausen.

The following subsection gives a brief overview of the scenarios that were used to derive the
substrate mixes:
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a. Scenario A—Baseline: The current mix of substrate is based upon an operator survey
executed within a project performed on cross-country borders in Germany and the Netherlands
(GroenGas-DELaND, EU-project, Dutch-German cross-border program).

b. Scenario B—Max 60% corn silage: The German Renewable Energy Sources Act (EEG) 2012 used
to allow farmers a maximum usage of corn silage of 60% (EEG § 27 Biomasse Abs. 5 Nr. 2, 2012).
As discussed in the introduction, because the EEG 2012 applied to the majority of biogas plants,
this value was preferred to the latest version of EEG in 2017. Since corn silage has a very high
gas-yield-to-material cost ratio many operators can maximize the revenue of the plant by using
the highest possible amount of corn silage. However, this always has to be considered within
the regional context and the increased usage of corn silage is connected to negative social and
ecologic impacts on biodiversity in the region.

C. Scenario C—Alternative substrates: Alternative substrates to biomass are available in the
region that are not yet considered for bioenergy production and are mainly provided by
external stakeholders outside the classic bioenergy supply chain (e.g., municipalities, water body
authorities, etc.). Besides energy crops, a detailed observation of substrates that are not produced
for the target of biogas production was conducted. Alternative substrates were classified
within the groups of (i) municipal and industrial (process) waste (biowaste), (ii) agricultural
side products (cow dung, rye silage, corn-cob mix, liquid cow manure, roadside and buffer
strips along water courses, and grass waste from local residents), and (iii) plant material from
landscape conservation (grass from permanent grassland and conservation areas). Potentials
were calculated with the support of geographic information systems (GIS) [14] and data from
the Federal Statistical Office of Germany [51]. For the scenario of the potential of alternative
substrates several assumptions were made. Firstly, all alternative substrates are available
for usage in the case study biogas plant. Therefore, no competition with other industries
(e.g., direct usage of cow dung) is considered. Secondly, alternative substrates from group (iii),
plant material from landscape conservation, can be used free of charge in this region, excluding
the costs for transport. Emissions and costs resulting from the process of landscape conservation
were not considered within this study. It should be noted, that these alternative substrates are
fully in line with the emission reduction targets of RED II and these substrates are generally
not in conflict with land-use change. Material costs for substrates other than grass are specific
to the considered region. Thirdly, the usage of a diverse mix of alternative substrates requires
technical adjustments of the plant and could lead to instable operation. This was not considered
as extra costs.

d.  Scenario D—100% Grass from Grassland: The northwestern area of Germany is covered by a
huge amount of grassland, and therefore, biogas farmers tend to use grass from grassland as feed
to the biogas plant as well. On average, material costs for grass from grassland is zero in this
area, therefore, their actual costs represent the harvesting costs, including transportation, since
the operator of the plant can use the substrate as long as he harvests the area on own expense.

2.4. Substrate Compositions

The different types and masses of substrates resulted in similar annual methane yields in the
Ihausen region for the three defined scenarios (Table 1). The numbers were either generated by GIS
analysis and derived from a former analysis published in [14], or were provided by the plant operator
itself or provided by the municipality. Figure 3a,b show the material flows of each Scenario.
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Table 1. Substrate composition case study area Ihausen.

Substrate in t/a Scenario A Scenario B Scenario C  Scenario D
Corn silage 1209 5844 - -
Rye silage (whole crop) 429 - 429 -
Corn-Cob Mix 80 - 80 -
Liquid cow manure 5762 3896 2881 -
Separated cow dung - - 722 -
Grass from grassland 8423 - 715 14,153
Plant material from
(a) Conservation areas - - 620 -
(b) Roadside and buffer strips along water courses - - 2400 -
(c) Grass waste from local residents - - 2547 -
Biowaste - - 1880 -
Annual mass of substrate [t/a] 15,903 9740 12,274 14,153

Annual methane yield

3 721,816 721,843 721,838 721,803
[mCH4 / “]

Scenario A

Corn silage [t/a]

%

Rye silage (whole crop) [t/a]

Corn-Cob-Mix [t/a]

0
O,

Liquid cow manure [t/a] Biogas plant
@

(5,762D Methane yield [m3/a]

Grass from Grassland [t/a]

®

%

ScenarioB
Corn silage [t/a]

®

Liquid cow manure [t/a]

®

Biogas plant
Methane yield [m3/a]

(a)

Figure 3. Cont.
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Scenario C

Grass from permanent grassland [t/a]

Separated cow dung [t/a]
70N

\ 4

J22)
Rye silage [t/a]

N
N
((D
A 4

O O

Corn-Cob-Mix [t/a]
a0 &l
G

Roadside- and buffer-strips
along water courses [t/a]

©

%

Biogas plant
721,838
Liquid cow manure [t/a] -e

Methane yield [m3/a]
2,881

Grass waste from local residents [t/a]

Q547

Biowaste [t/a]

|

620>
O

Grass from conservation areas [t/a]

ScenarioD

Biogas plant

Grass from Grassland [t/a]

Methane yield [m3/a]

(b)

Figure 3. (a) Material flows of Scenarios A and B. (b) Material flows of Scenarios C and D.

The current state substrate composition comprises corn silage, rye silage (whole crop), corn-cob
mix, liquid cow manure, and grass from grasslands.

The max 60% corn silage substrate composition represents Scenario B with the legally highest
possible corn silage amount, according to EEG 2012. As mentioned before, the increased usage of corn
silage is expected to enable the biogas plant owner to increase the annual income. Next to corn silage,
liquid cow manure is used and available at no extra cost to the biogas plant owner in this region due to
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the high volume of dairy farming in the region. The use of liquid manure reduces the solid matter
percentage and guarantees a stable fermentation. As a result, Scenario B shows the lowest annual mass
of substrate, followed by Scenarios C and D, and finally, Scenario A with the highest annual mass.

Scenario C, Alternative substrates, represents potentially available substrates and again not all of
them are usable in a biogas plant due to legal restrictions or other uses of the substrate. The substrate
composition includes plant material from roadside (central reservation and verges) and buffer strips,
local residents” and organic household waste. Furthermore, separated cow dung is used. In order to
reduce transport costs regular cow manure is refined in a compaction process, separating the solid
phase of the substrate. According to the owner of the biogas plant this allows to reduce 85% of the
mass, while retaining 60% of the gas yield of the substrate.

Grass from grassland is abundantly available to the biogas plant owner as long as he collects and
transports the substrate himself. The sole usage of grass from grasslands is considered in a variant of
the alternative substrate composition as Scenario D, 100% Grass from grassland.

2.5. Multi-Criteria Decision Analysis (MCDA) According to the Socio-Ecological Context and Data with a
Preference Analysis of the Identified Options According to PROMETHEE Outranking Method

The Preference Ranking Organization Method for Enriched Evaluation (PROMETHEE) was
applied in this study to assess the best suitable solution within the regional bioenergy production. It is
a methodology within the multi-criteria decision analysis (MCDA) family [55]. Based on an outranking
approach it allows practitioners and researchers to rank a finite set of alternative actions among criteria
and is increasingly used in a wide range of applications [56]. Furthermore, MCDA can be utilized to
evaluate problems in the context of sustainability, since it is regarded as a flexible method with the
possibility of facilitating the dialogue between stakeholders, analysts, and scientists [57].

PROMETHEE is based on pairwise comparisons of alternatives in order to identify dominance of
one alternative over another [58]. The outranking method PROMETHEE is applicable in cases
of incomplete and contradictory information. In contrast to other MCDA methods, complete
compensation of criteria is possible to a limited extent within outranking methods [50]. In the
real world, decision-making problems are uncertain to some extent [59]. This research is applied to a
real world case, a biogas plant in Ihausen, Germany. Therefore, PROMETHEE was chosen as the most
suitable method. Also, this MCDA procedure has been proven to be efficient and widely applied in the
research field of bioenergy [60-62]. PROMETHEE I involves the calculation of negative net flow ¢—
and positive outranking flows ¢+ for each scenario. The net flow describes how much a scenario was
preferred over all other scenarios. PROMETHEE II provides a complete ranking of the alternatives
by calculating the net flow ¢. The higher the net flow, the better the alternative [55]. In this study
PROMETHEE Il was applied. The net flow for each scenario was calculated and is presented in the
Results section. To perform the analysis, the Visual PROMETHEE 1.4 Academic Edition software
(Marechal, Brussels, Belgium) was used [63].

3. Results

This section presents the results of the multi-criteria decision analysis using the PROMETHEE
methodology. The section begins with a presentation of the criteria values and then provides the
preference ranking (net flow) for the biogas plant.

3.1. Criteria Values

Following the description of the different substrate compositions, this section presents and assesses
the criteria values for the case study Thausen. A general description of the criteria was presented in
Section 2.2. Therefore, the criteria values for the Ihausen case study were calculated as previously
described. However, as mentioned before, the annual methane yield of the plant was defined as constant
across the scenarios to make a comparison possible. The total mass of substrate needed to achieve the
same methane yield was significantly higher in scenarios with alternative substrates (see Table 2).
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Table 2. Criteria values of case study region.

Criteria Unit Scenario A Scenario B Scenario C Alternative  Scenario D 100% Grass Reference
Baseline Max 60% Corn Silage Substrates from Grasslands

1. Material
1 Useof m;tifii?éggtpiggitcltyigﬁmpeﬂng % 89.20 40 95.85 100
1.2 Material costs cent/m> CHy 14.20 32.38 6.81 5.88 [64]
1.3 Soil quality (change in humus balance) tHum.Cc/a —-6.70 -93.50 -21.36 62.44 [47,65]
14 Fuel consumption agriculture L/t 1.19 6.64 0.46 0 [53,66]
1.5 Share of maize plants in area ha 24 117 0 0 [42]
1.6 Working hours agriculture hours/a 1491 888 1974 1549 [52,67]

2. Logistic
2.1 Transport costs EUR/t 5.29 4.60 7.80 6.42 [53,64]
2.2 Avg. transport distance km 10.57 13.00 16.35 10.00 [68,69]
23 CO, balance transport m%cgﬁ/ . 15.64 11.79 18.68 13.18 [45]
2.4 Working hours transport hours/a 1683 897 1916 1816

3. Production

3.1 Costs per production unit cent/kWhg; 17.00 18.78 14.01 15.97 [64,70]
3.2 CO; balance production gco2/kWhg 47.2 26.1 24.3 63.6 [54]
3.3 Working hours plant hours/a 876.30 786.90 798.40 921.40 [54,71]

4. Usage
4.1 Total income p.a. EUR/a 124,496 40,938 145,004 169,712 [70]
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Table 2 shows that Scenario D, Grass from Grassland, and Scenario C, Alternative substrates were
more profitable and had less negative impact on the biodiversity in the region, compared to other
scenarios. The fuel consumption depends on the percentage of material received from agricultural
activities and was a reason for a higher number in Scenarios A and B with higher inputs of corn and
rye. In contrast, the soil quality showed the best results in Scenario D as grasslands are known for
carbon capture, whereas maize and rye cultivation resulted in a negative scenario and reduced the soil
quality. This echoed the much discussed and well researched critique of maize cultivation, resulting
not only in a negative impact on the soil quality but also in the high competition with material for
food production. Moreover, grass is known for a positive humus balance and caused therefore the
only positive value in category 1.3, Soil quality. Furthermore, longer working hours in agriculture for
Grass from Grasslands were determined since the operator of the plant could only use the substrate
as long as he cut and collected the substrate from the field. Compare to maize, which is harvested
once in a season, grass is harvested up to five times in a season and caused, therefore, longer working
hours. This explained the low value in 2.4, Working hours transport, in Scenario B and the high value
in Scenario D. Scenario C showed the longest average transport distance as material from municipal
cultivation areas was also included; however, it was not always available close to the biogas plant.
As grass cultivation is naturally related to its substrate-specific emissions it related to the high value in
3.2, CO;, balance production. Noticeable was also the difference in material costs between Scenarios A
and B and C and D. It should be noted that material costs underlie permanent fluctuation and that this
indicator may vary within a range related to weather conditions during the season. Details on the
calculation method and the values are provided in the Supplementary Materials (Tables S1-515) to
this article.

3.2. Preference Rankings

The preference rankings shown in this chapter represent the results of the performed PROMETHEE
analysis. The results are presented in a vector graph to visualize the obtained net flows ¢. The net
flow describes how much a scenario was preferred over all other scenarios. Therefore, the scenario
with the highest net flow value would have the best criteria values under the consideration of the
applied weighting.

Figure 4 shows the preference rankings for the case study Ihausen. The annual methane yield of
the mix of substrate [m?éH4 / a] was the defined constant for all scenarios in this case study.

E 100% grass from grasslands = Alternative substrates = Max 60% corn silage = Baseline

1
0.8
0.6

0.4 0.2649

0.2 0.1041

0
-0.2 -0.0425

-0.4
06 -0.4116
-0.8

-1

Figure 4. Results of Preference Ranking Organization Method for Enriched Evaluation (PROMETHEE-II)
analysis for the four scenarios adapted to the case study region Thausen (net flow ¢).
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The 100% Grass from grassland scenario showed the highest net flow among all considered
scenarios, followed by the Alternative substrates scenario. This was mainly caused by the usage of
either free or cheaply available substrates such as liquid cow manure, separated cow dung, and plant
material from roadside and buffer strips as well as grass waste from local residents. This resulted in
low material costs that caused low costs per production unit and a high total income. Furthermore,
the substitution of corn and rye silage resulted in no change in soil quality and fuel consumption for
agriculture. Disadvantages of the usage of the potential alternative substrates were again the loss of
working hours in agriculture as well as increased transport costs and CO, emissions for transport.

Furthermore, no costs for technical adjustments of the plant were taken into account, but there was
a need for technical adjustment of biogas plants to be able to process alternative substrates (e.g., grass
from grasslands). However, this was out of the scope of this study for the sake of simplification.
The next section discusses the results and their implications in detail.

4. Discussion

Since the focus of this research was on the contribution of alternative biomass to the challenges
of regional bioenergy settings related to the future fate of bioenergy in Germany, this article
followed the question of how different mixtures of alternative biomass can be embedded into a
sustainable management of both the landscape and the energy system. We can answer the question in
three directions.

(i). From mono-substrates to diverse substrates with alternative biomasses

Against common belief [22,23,72] corn silage cannot be confirmed as the substrate that always
gives the most economic benefits or the highest gas yields. In other words: the usage of alternative
substrates is especially useful in regions with high competition for land and is now favored in RED II.
However, RED II lacks a default value for grass silage, and therefore the assumptions are different
from region to region. Other researchers have already come to the same conclusion [20].

Accordingly, scenarios with usage of both potential and usable grass from grasslands and
alternative substrates as well as a scenario with increased usage of corn silage were compared to
the current state of the case study plant. The main findings are threefold: (i) grass from grassland
and alternative bioenergy supply chains are ranked higher than chains with increased shares of
corn silage, (ii) bioenergy supply chains that involve alternative biomass and grass from grasslands
provide optimization potentials compared to the baseline scenario and, more generic, (iii) optimization
potentials relate to several spheres of the social-ecological system where the bioenergy structure is
embedded. The latter is clearly dependent on topical legal frameworks, i.e., EU RED II and the EEG
in Germany in the future. The approach and results of this study demonstrate that alternatives to
realize optimization potentials can be identified and emphasize the need for integration of regional
stakeholders in making use of alternative biomass and in making regional bioenergy more sustainable
according to EU goals [24].

Shifting baselines with respect to legal frameworks constantly challenge bioenergy structures and
pose optimization needs. An example provides the sub-goal that has been set for the transport sector:
each member state must require fuel providers to ensure that the share of renewable energy in the final
energy consumption of the transport sector is at least 14% by 2030 (Art. 25). Furthermore, a number of
sustainability criteria and criteria for greenhouse gas savings for biofuels, liquid biofuels, and solid
and gaseous biomass fuels are defined (Art. 29). The biofuels, liquid biofuels, and biomass fuels
produced from agricultural biomass must not be produced from raw materials that come from areas of
high biodiversity value and with a high carbon stock. The problem of indirect land-use changes has
also found its way into RED II: there are two different measures for dealing with indirect land-use
changes (Art. 26). On the one hand, the proportion of biofuels produced from food and feed crops,
liquid biofuels, and biomass fuels used in the transport sector in each member state may contribute
a maximum of 7% to the final energy consumption in the transport sector (Art. 26, Para. 1). On the
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other hand, national limit values are set for biofuels, liquid biofuels, and biomass fuels derived from
food and animal feed crops with a high risk of indirect land-use changes, in which case a significant
expansion of the production area to areas with a high carbon stock can be observed, which will be
gradually reduced to zero by 2030. To this end, the European Commission adopted a delegated act [24]
that defines the criteria for the determination of raw materials for the production of biofuels with a
high indirect land-use (iLUC) risk.

(ii). From sectoral bioenergy to multi-faceted bioeconomy (the lock-ins of former bioenergy and
bioeconomy as an open way out of it)

Germany had the luxurious situation over the last decades where bioenergy operators could
benefit from the subsidies for the feed-in electricity and a bonus on energy crops as regulated by the
EEG. This has shifted nearly the whole bioenergy industry in Germany toward the monoculture of
maize or corn for biogas production and its transformation into electric energy, causing conflicts with
regard to food supply. After implementing the indirect land-use (iLUC) discussion on the European
level, the EEG has also shifted away from energy crops toward alternative substrates with no land
conflict or even waste, as the incentives for energy crops were reduced to zero.

Biogas supply chains always need to be considered in a local context. For example, the case study
showed that the high competition for land with the dairy industry increases material costs for corn
silage to 40 EUR/t. Therefore, a biogas plant that uses 60% corn silage as substrate would not be able to
generate income (see Table 2). On the other hand, the usage of alternative substrates could—in some
cases—actually increase the total income (without taking into account the CO, benefit) as shown in the
usable alternative substrate scenarios.

The main drawbacks of the usage of alternative substrates observed in the case study were
twofold: the usage of alternative substrates caused (i) high transport costs and CO, emissions in
the case study. However, stress on a region’s road network can be avoided by reducing peaks in
transportation. Furthermore, the (ii) substitution of corn and maize leads to a decrease of working
hours in agriculture for a plant operator. On the contrary, an increase of working hours in transport
was observed. In general, beneficial effects of the usage of alternative substrates need to be balanced
against the described disadvantages. In addition, the change of fuel for transportation would also
have an impact on the CO; emissions during production.

The key observation of our assessment resulted in a high influence of alternative substrates in
a regional context. Also, both positive and negative impacts could be identified that were always
regionally specific. In this case study the positive impacts for the region outweighed the negative
ones, as shown in the net flow (Figure 3). A Finnish case study using only grass silage as a substrate
when the grass is cultivated exclusively for energy purposes, concluded that the emission reduction
targets set in RED II are not easy to achieve. The reduction targets can be achieved though, if the
grass is cultivated due to an improved crop rotation and if only the emissions from harvesting are
included [20]. However, there are still more potential substrates to assess and discover, for example,
biomass from water bodies and their maintenance. This implies more discussion among stakeholders
and other biomass alliances that might not be existent today in these regions. More information and
adapting the overall policy framework might be necessary.

At the regional level, bioenergy systems may be integrated with the cascade biorefinery
models or offer waste management solutions [9]. Such approaches are politically promoted by
the EU and the stimulus given by the EU Bioeconomy Strategy [25]. In redesigning the bioenergy
sector, local knowledge, public health, and the community’s resilience should not be neglected,
while social-environmental benefits should be considered in addressing the viability of bioenergy
plants [1]. For the time being, integration of bioenergy in a broader bioeconomy is an ambition rather
than a substantiated way [7-9]. This study has already demonstrated the diversity of options and
implications of bioenergy. Links to other domains of bioeconomy are likely to make value chains
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even more complex, synergies and trade-offs with SDG targets more numerous, and decision-making
more difficult.

(iii). Bioenergy as part of regional actions toward sustainable development (bioenergy as an element
of solutions and SDGs guiding the way)

In a regional context, any realized bioenergy supply chain (using biomass for bioenergy
production by certain producer(s)) is embedded in a wider social-ecological context, providing
both alternative biomasses and related potential regional partners. In this study, we compared the
realized baseline scenario with three potential scenarios. In order to define sustainable measures
for regional development, this context becomes relevant in the analysis and realization of optimized
supply chains, which also need to be nested into a full set of societal settings and the overall biomass
of a region. It is important to understand local needs and constraints to find an optimum within the
regional bioenergy chain in favor of all parties. MCDA approaches are capable of analyzing such
options, acknowledging the interdependencies of a certain value chain and the context with a set of
stakeholders and actors and environmental prerequisites [10]. This has to be based on measurable
sustainability indicators as shown in Section 3. Careful selection of targets and related enablers and
indicators of MCDA is both a crucial and a difficult task. Innovations to realized bioenergy structures
are likely to increase complexity and modification of criteria. The mentioned integration of bioenergy
into bioeconomy, for example, implies covering a sustainable bioenergy supply chain that includes
all kinds of biomass and its transformation. Feed-in electricity and the combined usage of heat and
electrical power might shift toward a higher usage of gas for sustainable transportation. This way,
collaboration and cooperation among different actors regarding the provision of substrates can be
made. Mowing times, cut length, storage times, etc., are only a few aspects that need to be taken into
account. Sustainable approaches are about creating synergies that foster and contribute to regional
value creation, but at the same time keep an eye on user demands and attitudes regarding types of
energy. A holistic approach to the “bioenergy production” system is therefore important and should
also include an optimized usage of residual heat, for example.

Other recent developments will demand managing more options in both the design of bioenergy
options in bioeconomy cycles and tools like MCDA to assess them thoroughly. The technical production
of biogas is not only dependent on substrates. Another important factor to optimize the efficiency of a
biogas plant and the utilization of residual biomass is technology. Here the continuum of available
technologies is wide and often directly related to the substrate that is being used in a biogas plant.
Each regional bioenergy solution must fit into regional characteristics. This relates to the composition
of substrates as well as the usage of end products—biogas and digestate. Improvements along the
bioenergy supply chain are only possible when partnerships along that chain are created and when
central actors cooperate. This may require a central agency to lead the dialogue, and this could be,
for example, local authorities, landscape management associations, or biogas plant managers. Biomass
does not equal biogas, not only from a technological point of view but also from a legal perspective.
Biogas can only be produced from organic material if it is currently licensed by laws and regulations.
In order to foster a sustainable biogas production based on residual biomass and in order to comply
with new political requirements more research is needed. Co-benefits are added benefits and could
occur when successfully setting up a sustainable bioenergy supply chain. A good example is the
provision of heat for a local public swimming pool from a biogas plant. Providing local people or
schools with heat from a biogas plant will increase the acceptance of the plant and the technology in
general as they benefit from it. Sourcing substrates locally and regionally does not only increase the
regional added value but also creates jobs (transport, maintenance).

All of the mentioned facets relate to targets of global SDGs as set by the UN (2015). Considering
SDGs and targets provides a framework and items to create scenarios for regional development
and to define criteria for assessing promising options. Ongoing discussions and studies on the
interrelationship of certain SDGs [9,21,26,72,73] will also provide guidance to local actors to identify
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and handle the benefits and risks as well as the synergies and trade-offs in making use of bioenergy in
the future.

5. Conclusions

The focus of this research was on the contribution of alternative biomass to the challenges of
regional bioenergy settings. In our case study we compared different scenarios of biomass substrate
use for a case study biogas plant. We showed that the scenarios 100% Grass from grassland and
Alternative substrates were ranked higher than chains with increased shares of corn silage. Moreover,
bioenergy supply chains that involved alternative substrates and grass from grasslands provided
optimization potentials, compared to the baseline scenario. We also showed that biomass optimization
potentials related to several spheres of the social-ecological system in which the bioenergy structure
is embedded. Hence, continuous knowledge exchange between research, politics, and business in a
region is one crucial aspect in that respect. Research provides relevant knowledge regarding crop and
soil qualities, methane outputs, or the latest trends in public participation and governance. Politics
shapes legal frameworks and legitimizes bioenergy. Businesses, including farmers and biogas plant
owners, can give feedback on the business case for bioenergy and their experiences with technology and
substrates. Hence, our study was based on an equilibrium of social, ecological, and economic indicators
with a focus on supply chains and material flows, and less emphasis was put on the environmental
impacts of the biogas process itself. Therefore, this study pointed out the need to balance the interests
and roles of regional actors as another important aspect. The SDGs have the potential to catalyze
such fair balancing and to provide serious targets for the regional process of sustainable development.
However, this study showed that even in a post-EEG era in Germany the bioenergy sector will not
disappear totally, instead, it might shift from electricity and heat production toward the biofuel sector
for transportation. Biomass, especially biowaste and animal slurry, will not disappear in the future,
hence providing enough availability of biomass.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/19/7849/s1.

Author Contributions: K.W. was involved in gathering the data on-site and performed the MCDA calculations
under the guidance of T.K. und K.G.; A.P. and N.T. took care of the paper structure and story line. All five authors
contributed substantially to the work reported. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the EU-INTERREG IV A EDR project ‘DELaND’ being part of the
Dutch-German majeure project GroenGas and by the German Federal Ministry of Education and Research BMBF
FKZ 01LN1310A, Germany.

Acknowledgments: The authors would like to gratefully acknowledge the support of the regional experts and
farmers who took part in this study, representing the sectors of agriculture, nature conservation, water management
and policy. We acknowledge this promotion of our transdisciplinary research.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analysis, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1.  Zabaniotou, A. Redesigning a bioenergy sector in EU in the transition to circular waste-based Bioeconomy—
A multidisciplinary review. J. Clean. Prod. 2018, 177, 197-206. [CrossRef]

2. McGovern, G.; Klenke, T. Towards a driver framework for regional bioenergy pathways. J. Clean. Prod. 2018,
185, 610-618. [CrossRef]

3. Cavicchi, B.; Bryden, ].M.; Vittuari, M. A comparison of bioenergy policies and institutional frameworks in
the rural areas of Emilia Romagna and Norway. Energy Policy 2014, 67, 355-363. [CrossRef]

4.  Diaz-Chavez, R.A. Land use for integrated systems: A bioenergy perspective. Environ. Dev. 2012, 3, 91-99.
[CrossRef]


http://www.mdpi.com/2071-1050/12/19/7849/s1
http://dx.doi.org/10.1016/j.jclepro.2017.12.172
http://dx.doi.org/10.1016/j.jclepro.2018.02.251
http://dx.doi.org/10.1016/j.enpol.2013.12.059
http://dx.doi.org/10.1016/j.envdev.2012.03.018

Sustainability 2020, 12, 7849 19 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Guo, M,; Richter, G.M.; Holland, R.A; Eigenbrod, E; Taylor, G.; Nilay, S. Implementing land-use and ecosystem
service effects into an integrated bioenergy value chain optimization framework. Comput. Chem. Eng. 2016,
91, 392-406. [CrossRef]

UN. Transforming Our World: The 2030 Agenda for Sustainable Development. 2015. Available online:
https://sustainabledevelopment.un.org/post2015/transformingourworld (accessed on 21 August 2019).
Linser, S.; Lier, M. The Contribution of Sustainable Development Goals and Forest-Related Indicators to
National Bioeconomy Progress Monitoring. Sustainability 2020, 12, 2898. [CrossRef]

Biber-Freudenberger, L.; Ergeneman, C.; Forster, ].J.; Dietz, T.; Borner, J. Bioeconomy futures: Expectation
patterns of scientists and practitioners on the sustainability of bio-based transformation. Sustain. Dev. 2020,
1-16. [CrossRef]

Helming, K.; Daedlow, K.; Paul, C.; Techen, A.-K.; Bartke, S.; Bartkowski, B.; Kaiser, D.; Wollschladger, U.;
Vogel, H.-J. Managing soil functions for a sustainable bioeconomy—Assessment framework and state of the
art. Land Degrad. Dev. 2018, 29, 3112-3126. [CrossRef]

Geldermann, J.; Kolbe, L.M.; Krause, A.; Mai, C.; Militz, H.; Osburg, V.-S.; Schobel, A.; Schumann, M.;
Toporowski, W.; Westphal, S. Improved resource efficiency and cascading utilization of renewable materials.
J. Clean. Prod. 2016, 110, 1-8. [CrossRef]

Scarlat, N.; Dallemand, J.-F.; Monforti-Ferrario, F.; Nita, V. The role of biomass and bioenergy in a future
bioeconomy: Policies and facts. Environ. Dev. 2015, 15, 3-34. [CrossRef]

Keegan, D.; Kretschmer, B.; Elbersen, B.; Panoutsou, C. Cascading use: A systematic approach to biomass
beyond the energy sector. Biofuels Bioprod. Biorefin. 2013, 7, 193-206. [CrossRef]

Haberl, H.; Geissler, S. Cascade utilization of biomass: Strategies for a more efficient use of a scarce resource.
Ecol. Eng. 2000, 16, 111-121. [CrossRef]

Pehlken, A.; Madena, K.; Aden, C.; Klenke, T. Forming stakeholder alliances to unlock alternative and
unused biomass potentials in bioenergy regions. J. Clean. Prod. 2016, 110, 66-77. [CrossRef]

Schmehl, M.; Eigner-Thiel, S.; Ibendorf, J.; Hesse, M.; Geldermann, J. Development of an Information System
for the Assessment of Different Bioenergy Concepts Regarding Sustainable Development. In Corporate
Environmental Management Information Systems: Advancements and Trends; Teutenberg, F.,, Gomez, ].M., Eds.;
IGI Global: Hershey, PA, USA, 2010; pp. 318-336.

Karpenstein-Machan, M.; Schmuck, P. The bioenergy village in Germany—A lighthouse project for sustainable
energy production in rural areas. In Local Perspectives on Bioproduction, Ecosystems and Humanity; Osaki, M.,
Braimoh, A., Nakagami, K., Eds.; United Nations University Press: Tokyo, Japan, 2010; pp. 184-194.
Esteves, E.; Herrera, A.; Esteves, V.; Morgadi, C. Life cycle assessment of manure biogas production: A review.
J. Clean. Prod. 2019, 219, 411-423. [CrossRef]

Timonen, K.; Sinkko, T.; Luostarinen, S.; Tampio, E.; Joensuu, K. LCA of anaerobic digestion: Emission
allocation for energy and digestate. J. Clean. Prod. 2019, 235, 1567-1579. [CrossRef]

Tamburini, E.; Gaglio, M.; Castaldelli, G.; Fano, E.A. Is Bioenergy Truly Sustainable When Land-Use-Change
(LUC) Emissions Are Accounted for? The Case-Study of Biogas from Agricultural Biomass in Emilia-Romagna
Region. Italy. Sustainability 2020, 12, 3260. [CrossRef]

Rasi, S.; Timonen, K.; Joensuu, K.; Regina, K.; Virkajarvi, P; Heusala, H.; Tampio, E.; Luostarinen, S.
Sustainability of Vehicle Fuel Biomethane Produced from Grass Silage in Finland. Sustainability 2020, 12,
3994. [CrossRef]

Lokesh, K.; Ladu, L.; Summerton, L. Bridging the Gaps for a ‘Circular’ Bioeconomy: Selection Criteria,
Bio-Based Value Chain and Stakeholder Mapping. Sustainability 2018, 10, 1695. [CrossRef]

Herrmann, A. Biogas production from maize: Current state, challenges and prospects. 2. Agronomic and
environmental aspects. Bioenergy Res. 2013, 6, 372-387. [CrossRef]

Fachagentur Nachwachsende Rohstoffe, e.V.(FNR). Basisdaten Bioenergie Deutschland. 2019. Available
online: https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/basisdaten_bioenergie_2019_web.pdf
(accessed on 21 August 2019).

EU. Directive 2018/2001 on the Promotion of the Use of Energy from Renewable Sources. 2018. Available online:
https://eur-lex.europa.eu/legal-content/de/TXT/?uri=CELEX:32018L.2001 (accessed on 21 August 2019).

EU. Bioeconomy Strategy. 2018. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=
CELEX%3A52018DC0673 (accessed on 21 August 2019).


http://dx.doi.org/10.1016/j.compchemeng.2016.02.011
https://sustainabledevelopment.un.org/post2015/transformingourworld
http://dx.doi.org/10.3390/su12072898
http://dx.doi.org/10.1002/sd.2072
http://dx.doi.org/10.1002/ldr.3066
http://dx.doi.org/10.1016/j.jclepro.2015.09.092
http://dx.doi.org/10.1016/j.envdev.2015.03.006
http://dx.doi.org/10.1002/bbb.1351
http://dx.doi.org/10.1016/S0925-8574(00)00059-8
http://dx.doi.org/10.1016/j.jclepro.2015.05.052
http://dx.doi.org/10.1016/j.jclepro.2019.02.091
http://dx.doi.org/10.1016/j.jclepro.2019.06.085
http://dx.doi.org/10.3390/su12083260
http://dx.doi.org/10.3390/su12103994
http://dx.doi.org/10.3390/su10061695
http://dx.doi.org/10.1007/s12155-012-9227-x
https://www.fnr.de/fileadmin/allgemein/pdf/broschueren/basisdaten_bioenergie_2019_web.pdf
https://eur-lex.europa.eu/legal-content/de/TXT/?uri=CELEX:32018L2001
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52018DC0673
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52018DC0673

Sustainability 2020, 12, 7849 20 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ronzon, T.; Sanjuanc, A.I Friends or foes? A compatibility assessment of bioeconomy-related Sustainable
Development Goals for European policy coherence. J. Clean. Prod. 2020, 254, 119832. [CrossRef]
Capodaglio, A.G.; Callegari, A.; Lopez, M.V. European Framework for the Diffusion of Biogas Uses: Emerging
Technologies, Acceptance, Incentive Strategies, and Institutional-Regulatory Support. Sustainability 2016,
8,298. [CrossRef]

Wiiste, A.; Schmuck, P. Bioenergy Villages and Regions in Germany: An Interview Study with Initiators of
Communal Bioenergy Projects on the Success Factors for Restructuring the Energy Supply of the Community.
Sustainability 2012, 4, 244-256. [CrossRef]

Meyer-Aurich, A.; Lochmann, Y.; Klauss, H.; Prochnow, A. Comparative Advantage of Maize- and
Grass-Silage Based Feedstock for Biogas Production with Respect to Greenhouse Gas Mitigation. Sustainability
2016, 8, 617. [CrossRef]

Appel, F; Ostermeyer-Wiethaup, A.; Balmann, A. Effects of the German Renewable Energy Act on structural
change in agriculture. The case of biogas. Util. Policy 2016, 41, 172-182. [CrossRef]

Dale, V.H.; Efroymson, R.A.; Kline, K.L.; Langholtz, M.H.; Leiby, PN.; Oladosu, G.N.; Davies, M.R,;
Downing, M.E.; Hilliard, M.R. Indicators for assessing socioeconomic sustainability of bioenergy systems:
A short list of practical measures. Ecol. Indic. 2013, 26, 87-102. [CrossRef]

Scott, J.A.; Ho, W.; Dey, PK. A review of multi-criteria decision-making methods for bioenergy systems.
Energy 2012, 42, 146-156. [CrossRef]

Kaya, D.; Tiirk, M.; Kaya, T. Examining the Effect of Dimension Reduction on EEG Signals by K-Nearest
Neighbors Algorithm. El-Cezer? J. Sci. Eng. 2018, 5, 591-595. [CrossRef]

Alizadeh, R.; Soltanisehat, L.; Lund, P.D.; Zamanisabzi, H. Improving renewable energy policy planning and
decision-making through a hybrid MCDM method. Energy Policy 2020, 137, 111174. [CrossRef]

Isermann, K.; Isermann, R. Possibilities and limitations of the Nutrients cycle of C, N, P, S, K within the food
and farming sector—Moglichkeiten und Grenzen des Kreislaufes der Nahrstoffe C, N, P, S, K innerhalb des
Erndhrungsbereiches und der Landwirtschaft. In Proceedings of the VDLUFA-Schriftenreihe 61/2006, Bonn,
Germany, 27-29 September 2005; pp. 454—463.

Dobslaw, D.; Engesser, K.-H.; Stork, H.; Gerl, T. Low-cost process for emission abatement of biogas internal
combustion engines. J. Clean. Prod. 2019, 227, 1079-1092. [CrossRef]

Ledo, A.; Heathcote, R.; Hastings, A.; Smith, P.; Hillier, ]. Perennial-GHG: A new generic allometric model
to estimate biomass accumulation and greenhouse gas emissions in perennial food and bioenergy crops.
Environ. Model. Softw. 2018, 102, 292-305. [CrossRef]

Wang, H.; Zhang, S.; Bi, X.; Clift, R. Greenhouse gas emission reduction potential and cost of bioenergy in
British Columbia, Canada. Energy Policy 2020, 138, 111285. [CrossRef]

Association for Supply-Chain Management. “Supply-Chain Operations Reference Model”, Version 12.0.
2020. Available online: http://www.apics.org/ (accessed on 16 February 2020).

Meyerholt, D.; Gerdes, H. Decision support for Sustainable Supply Chain Management in praxis.
In IT-gestiitztes Ressourcen und Energiemanagement (Konferenzband zu den 5. BUIS-Tagen); Gémez, ].M.,
Lang, C., Wohlgemuth, V., Eds.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 167-179.

Pehlken, A.; Meyerholt, D.; Osmers, M. An Approach for the Assessment of Sustainable Supply Chain of
Biomass. In Proceedings of the First International Conference on Resource Efficiency in Interorganizational
Networks—ResEff, Gottingen, Germany, 13-14 November 2013; pp. 334-337.

Federal Statistical Office of Germany (Destatis—Statistisches Bundesamt). Available online: https://www.
destatis.de/DE/Startseite.html (accessed on 21 August 2019).

Bavarian State Research Institute for Agriculture (LfL—Bayerische Landesanstalt fiir Landwirtschaft).
Available online: https://www.lfl.bayern.de/ (accessed on 21 August 2019).

Association for Technology and Structures in Agriculture (KTBL—Kuratorium fiir Technik und Bauwesen in
der Landwirtschaft e.V.). Available online: https://www.ktbl.de/ (accessed on 21 August 2019).
Kuratorium fiir Technik und Bauwesen in der Landwirtschaft (KTBL), Feasibility Calculator/
Wirtschaftlichkeitsrechner Biogas. 2015. Available online: http://daten.ktbl.de/biogas/ (accessed on
21 August 2019).

Deutsches Biomasseforschungszentrum (DBFZ), Vergiitungsrechner. 2015. Available online: www.dbfz.de/
eeg-monitoring (accessed on 21 August 2019).

Software Dunglnfo Plus; Version 2007.1; Master Data; DLR-RLP: Rheinbach, Germany, 2007.


http://dx.doi.org/10.1016/j.jclepro.2019.119832
http://dx.doi.org/10.3390/su8040298
http://dx.doi.org/10.3390/su4020244
http://dx.doi.org/10.3390/su8070617
http://dx.doi.org/10.1016/j.jup.2016.02.013
http://dx.doi.org/10.1016/j.ecolind.2012.10.014
http://dx.doi.org/10.1016/j.energy.2012.03.074
http://dx.doi.org/10.31202/ecjse.385192
http://dx.doi.org/10.1016/j.enpol.2019.111174
http://dx.doi.org/10.1016/j.jclepro.2019.04.258
http://dx.doi.org/10.1016/j.envsoft.2017.12.005
http://dx.doi.org/10.1016/j.enpol.2020.111285
http://www.apics.org/
https://www.destatis.de/DE/Startseite.html
https://www.destatis.de/DE/Startseite.html
https://www.lfl.bayern.de/
https://www.ktbl.de/
http://daten.ktbl.de/biogas/
www.dbfz.de/eeg-monitoring
www.dbfz.de/eeg-monitoring

Sustainability 2020, 12, 7849 21 of 22

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Dawes, R M.; Corrigan, B. Linear models in decision making. Psychol. Bull. 1974, 81, 95-106. [CrossRef]
Zimmermann, H.J.; Gutsche, L. Multi-Criteria-Entscheidungen. In Multi-Criteria Analyse: Heidelberger
Lehrtexte Wirtschaftswissenschaften; Springer: Berlin/Heidelberg, Germany, 1991.

Walther, G.; Spengler, T.; Queiruga, D. Facility location planning for treatment of large household appliances
in Spain. Int. J. Environ. Technol. Manag. 2008, 8, 405-425. [CrossRef]

Destatis—Statistisches Bundesamt, Agrarstrukturerhebung. 2015. Available online: https://www.destatis.de/
(accessed on 21 August 2019).

Bayerische Landsanstalt fiir Landwirtschaft (LfL), Biogas: ‘Was kosten Substrate frei Fermenter?’. 2008.
Available online: https://www.1fl. bayern.de/mam/cms07/publikationen/daten/informationen/p_32444.pdf
(accessed on 21 August 2019).

Bollmann, C.; KWS Mais GmbH. Sachgerechte Kalkulation der Ernte- u. Transportkosten fiir Biogassubstrate.
2013. Available online: http://docplayer.org/25939156-Sachgerechte-kalkulation-der-ernte-u-transportkosten-
fuer-biogassubstrate.html (accessed on 21 August 2019).

Kuratorium fiir Technik und Bauwesen in der Landwirtschaft (KTBL). Basic Figures Biogas/Faustzahlen Biogas,
1st ed.; KTBL: Darmstadt, Germany, 2007.

Brans, J.; Vincke, P. A preference ranking organisation method (The PROMETHEE Method for Multiple
Criteria Decision-Making). Manag. Sci. 1985, 31, 647-656. [CrossRef]

Behzadian, M.; Kazemzadeh, R.B.; Albadvi, A.; Aghdasi, M. PROMETHEE: A comprehensive literature
review on methodologies and applications. Eur. J. Oper. Res. 2010, 200, 198-215. [CrossRef]

Cinelli, M.; Coles, S.R.; Kirwan, K. Analysis of the potentials of multi criteria decision analysis methods to
conduct sustainability assessment. Ecol. Indic. 2014, 46, 138-148. [CrossRef]

Papapostolou, A.; Karakosta, C.; Kourti, K.-A.; Doukas, H.; Psarras, J. Supporting Europe’s Energy Policy
Towards a Decarbonised Energy System: A Comparative Assessment. Sustainability 2019, 11,4010. [CrossRef]
Mardani, A.; Jusoh, A.; Nor, KM.D.; Khalifah, Z.; Zakwan, N.; Valipour, A. Multiple criteria decision-making
techniques and their applications—A review of the literature from 2000 to 2014. Econ. Res.-Ekonomska IstraZivanja
2015, 28, 516-571. [CrossRef]

Oberschmidyt, ].; Geldermann, J.; Ludwig, J.; Schmehl, M. Modified PROMETHEE approach for assessing
energy technologies. Int. |. Energy Sect. Manag. 2010, 4, 183-212. [CrossRef]

Lerche, N.; Wilkens, I.; Schmehl, M.; Eigner-Thiel, S.; Geldermann, J. Using methods of Multi-Criteria
Decision Making to provide decision support concerning local bioenergy projects. Socio-Econ. Plan. Sci. 2017,
68, 1-15. [CrossRef]

Schroder, T.; Lauven, L.P; Beyer, B.; Lerche, N.; Geldermann, J. Using PROMETHEE to assess bioenergy
pathways. Cent. Eur. ]. Oper. Res. 2019, 27, 287-309. [CrossRef]

Mareschal, B.; Smet, Y.D. Visual PROMETHEE: Developments of the PROMETHEE & GAIA multicriteria
decision aid methods. In Proceedings of the IEEE International Conference on Industrial Engineering and
Engineering Management, Hong Kong, China, 8-11 December 2009; pp. 1646-1649.

Project “Dezentrale Energielandschaften Niederlande-Deutschland”/Decentralised Energy Landscapes
Netherlands-Germany (DELaND), Operator Survey. Unpublished work. 2014.

Eder, B.; Krieg, A. Biogas Praxis—Grundlagen, Planung, Beispiele, Wirtschaftlichkeit/Biogas in Praxis—Basics,
Planning, Examples, Feasibility, 5th ed.; Okobuch: Staufen im Breisgau, Germany, 2012.

Bachmeier, J.; Gronauer, A. Klimabilanz von Biogasstrom: Klimabilanz der Energetischen Nutzung von Biogas aus
Wirtschaftsdiingern und Nachwachsenden Rohstoffen/Carbon footprint of biogas electricity: Carbon Footprint of the
Energetic Use of Biogas from Manure and Renewable Raw Materials; Bayerische Landesansalt fiir Landwirtschaft:
Freising, Germany, 2007.

Dilger, M.; Faulhaber, 1. Materialsammlung Futterwirtschaft: Daten, Fakten und Berechnungsgrundlagen zu den
Kosten der Grundfuttererzeugung und der Futterwirtschaft/Collection of Materials for the Feed Industry: Data, Facts
and Calculation Bases for the Costs of Forage Production and the Feed Industry; Bayerische Landsanstalt fiir
Landwirtschaft (LfL): Miinchen, Germany, 2006.

Geldermann, J.; Schmehl, M.; Hesse, M. Okobilanzielle Bewertung von Biogasanlagen unter Beriicksichtiqung der
Niedersiichsischen Verhiiltnisse/Life Cycle Assessment of Biogas Plants Taking into Account the Conditions in Lower
Saxony; Georg-August-Universitat Gottingen: Gottingen, Germany, 2012.

Kranke, A.; Schmied, M.; Schon, A.D. CO,—Berechnung in der Logistik: Datenquellen, Formeln, Standards/CO,
Calculations in Logistics: Sources, Formulas, Standards, 1st ed.; Vogel: Miinchen, Germany, 2011.


http://dx.doi.org/10.1037/h0037613
http://dx.doi.org/10.1504/IJETM.2008.017510
https://www.destatis.de/
https://www.lfl.bayern.de/mam/cms07/publikationen/daten/informationen/p_32444.pdf
http://docplayer.org/25939156-Sachgerechte-kalkulation-der-ernte-u-transportkosten-fuer-biogassubstrate.html
http://docplayer.org/25939156-Sachgerechte-kalkulation-der-ernte-u-transportkosten-fuer-biogassubstrate.html
http://dx.doi.org/10.1287/mnsc.31.6.647
http://dx.doi.org/10.1016/j.ejor.2009.01.021
http://dx.doi.org/10.1016/j.ecolind.2014.06.011
http://dx.doi.org/10.3390/su11154010
http://dx.doi.org/10.1080/1331677X.2015.1075139
http://dx.doi.org/10.1108/17506221011058696
http://dx.doi.org/10.1016/j.seps.2017.08.002
http://dx.doi.org/10.1007/s10100-018-0590-3

Sustainability 2020, 12, 7849 22 of 22

70.

71.

72.

73.

Wagner, A.; Juschkat, M.; Heitkdmper, K.; Stadelmann, M.; Hartmann, S.; Schick, M. Arbeitszeitbedarf
zur Betreuung von Biogasanlagen/Working hours related to biogas plants. In Tagungsband der 12.
Wissenschaftstagung Okologischer Landbau/Proceedings of the 12th Scientific Conference on Organic Farming, Berlin,
Germany, 9 September 2013; Neuhoff, D., Stumm, C., Ziegler, S., Rahmann, G., Hamm, U., Képke, U., Eds.;
Verlag Dr. Koster: Berlin, Germany, 2013; pp. 760-763.

Amon, T.; Amon, B.; Kryvoruchko, V.; Machmidiller, A.; Hopfner-Sixt, K.; Bodiroza, V.; Hrbek, R.; Friedel, J.;
Potsch, E.; Wagentristl, H.; et al. Methane production through anaerobic digestion of various energy crops
grown in sustainable crop rotations. Bioresour. Technol. 2007, 98, 3204-3212. [CrossRef] [PubMed]

Faller, F,; Schulz, C. Sustainable Practices of the Energy Transition—Evidence from the Biogas and Building
Industries in Luxembourg. Appl. Geogr. 2017, 90, 331-338. [CrossRef]

Lutz, L.M,; Fischer, L.-T.; Newig, J.; Lang, D.J. Driving Factors for the Regional Implementation of Renewable
Energy—A Multiple Case Study on the German Energy Transition. Energy Policy 2017, 105, 136-147.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.biortech.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16935493
http://dx.doi.org/10.1016/j.apgeog.2017.06.027
http://dx.doi.org/10.1016/j.enpol.2017.02.019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Identification of the Regionally Available Biomass Potentials for Bioenergy 
	Analysis of the Socio-Ecological Context of Bioenergy Supply Chains for the Assessment—Definition of Criteria 
	Participatory Definition of Realistic Scenarios of Options for Optimized Biomass Mixtures with Applicable and Regional-Specific Options 
	Substrate Compositions 
	Multi-Criteria Decision Analysis (MCDA) According to the Socio-Ecological Context and Data with a Preference Analysis of the Identified Options According to PROMETHEE Outranking Method 

	Results 
	Criteria Values 
	Preference Rankings 

	Discussion 
	Conclusions 
	References

