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Abstract

Considering the challenges of decarbonization, the energy transition, and the necessity
to increase resource efficiency in the context of the circular economy, there is a need to
develop sustainable solutions for the material and energy use of biogenic waste. Biogenic
waste, which remains underutilized and can be regarded as an untapped resource, offers
significant potential for sustainable energy production. In this context, biogas plants are a
key technology, as they convert biogenic waste into renewable energy, reduce greenhouse
gas emissions, and contribute to closing material cycles. The standardized life cycle
assessment (LCA) methodology is a tool for the systematic analysis and evaluation of
environmental impacts of products, systems, or services. The objective of this study is
to develop a methodological and conceptual framework for the LCA of the innovative
biogas plant based on a rotating drum fermenter. The environmental aspects of biowaste
utilization and the role of the biogas plant in waste reduction and energy production are
discussed in the broader context of the circular economy. Due to its complexity, this paper
considers LCA with focus on the definition of the goal and scope of the study in accordance
with international standards.

Keywords: life cycle assessment; biogas; circular economy; biowaste utilization; anaerobic
digestion

1. Introduction

Anthropogenic climate change is one of the greatest global challenges and efforts to
reduce and limit greenhouse gas emissions are urgently needed [1-3]. In this context, the
European Union and national governments have established ambitious climate targets and
passed climate laws with the objective of achieving climate neutrality by 2050 or 2045. The
importance of this topic is emphasized by strategies and measures for a more climate- and
resource-friendly economy worldwide [4,5].

From a climate and resource protection perspective, the significance of renewable
energies such as solar, wind, hydropower, and biomass is increasing, as they represent an
alternative to fossil fuels (coal, oil, natural gas), thereby reducing greenhouse gas emissions
and the use of primary raw materials [3]. By the year 2030, it is anticipated that at least
40 percent of the European Union’s electricity demand should come from renewable energy
sources [6,7]. The German sustainability strategy calls for an expansion of renewable
energy sources at the national level, thereby aligning with the overarching objective of the
European Green Deal [7,8].
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International and national frameworks—such as the European Green Deal, the Federal
Climate Protection Law, the Renewable Energy Sources Act, the Circular Economy Act, the
National Biomass Strategy, and the National Circular Economy Strategy—aim at harnessing
this potential to promote sustainable solutions [4,5,9-12].

At the same time, the increasing scarcity of resources requires a more efficient use and
conservation of resources to preserve our natural resources and operate within planetary
boundaries [3]. The concept of the circular economy aims to use resources as efficiently as
possible, minimize waste, and reuse and recycle materials in closed loops [13]. The National
Circular Economy Strategy summarizes the German Federal Government’s objectives and
measures for implementing a comprehensive circular economy [12]. Furthermore, the
National Biomass Strategy advocates for the implementation of consistent cascading and
multiple utilization [11].

The growing volume of waste is not only an environmental challenge but—in view of
biogenic waste streams—also a potential source of sustainable energy production. In this
study, the term biogenic waste is used as a generic term for all organic materials of plant or
animal origin. According to the European Waste Framework Directive, biowaste is defined
as “biodegradable garden and park waste, food and kitchen waste from households, offices,
restaurants, wholesale, canteens, caterers and retail premises and comparable waste from
food processing plants” [14].

Nonetheless, approximately fifty percent of biowaste from households is currently
still only composted without a previous energetic valorization [15].

At present, biogas production in Germany relies mainly on agricultural feedstock,
while biowaste fermentation plays a comparatively minor role. This discrepancy leads
to sustainability conflicts, as the cultivation of energy crops, such as maize, competes
with food production and can affect biodiversity [16,17]. In this context, the European
Bioeconomy Strategy and the Integrated National Energy and Climate Plan emphasize the
need to increase the share of biobased renewable energy. Due to land restrictions, more
biogenic waste streams are to be used for this purpose [18,19]. Accordingly, the utilization
of waste biomass for energy will be of particular importance in the future energy supply.

Numerous studies have assessed the positive impact of biogas production on reducing
greenhouse gas emissions. These analyses are primarily based on life cycle assessments
(LCAs) [20].

The LCA methodology is an established tool for the quantitative evaluation of the
environmental impact of products, systems, or services. It enables a comprehensive analysis
of the entire life cycle—from raw material extraction to production, use, and disposal—and
identifies potential for optimization. Thus, LCA supports decision-making for sustain-
able technology developments and promotes their social acceptance. This also holds for
innovative biogas plants [21,22].

The first LCA studies comparing fossil and biogenic energy sources were published at
the beginning of the 1990s [23]. Since then, a significant number of LCAs from various Euro-
pean and Asian countries have addressed the topic of biogas plants and production [24-27].
LCA studies on bioenergy evaluate a system’s efficiency by examining factors such as
energy utilization, energy production, environmental impacts, and greenhouse gas emis-
sions [26]. Published LCAs focused on a variety of aspects, including the comparison
of feedstock, the determination of the optimal mixture, the updating of emission data in
databases, and the comparison of different scenarios [28].

In recent years, several studies have extended these analyses, focusing on the environ-
mental performance of biogas and composting systems based on organic waste. Recent
reviews highlight both methodological advances and persistent challenges, including the
need for methodological standardization of functional units and system boundaries as well
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as the importance of accurate emission factors to enable objective comparisons [29-32].
Case studies provide additional practical insights. Lewerenz et al. showed that decentral-
ized plant structures and short transport distances can reduce emissions more effectively
than the choice of treatment technology itself [33]. Lyng et al. demonstrated how LCA
can inform decision-making in new plant development [34]. Finally, Garkoti et al. high-
lighted the potential of circular economy-based biogas systems, particularly in emerging
economies, integrating technological, economic, and environmental dimensions [35].

In analyzing the status quo of existing LCA studies, it was also noted that it is dif-
ficult to compare them because they often have different goals, scopes, functional units,
system boundaries, and feedstocks [26]. Furthermore, there is a lack of LCA studies that
integrate different levels of biogas production and the value network, taking into account
the requirements of the circular economy.

However, the nexus of bioenergy, circular economy, and climate impact has not been
sufficiently considered. A more integrated approach is needed to leverage synergies, en-
hance resource efficiency, and contribute to climate mitigation. The overarching objective of
the ongoing RegBioFerm research project (2023-2026) is therefore to integrate these aspects
into a scalable material-energy value network based on biogenic waste in the South Hesse
eco-model region. RegBioFerm is intended to serve as a model for other regions in Hesse,
Germany, and Europe. For this purpose, an innovative anaerobic digestion process, that
has already been developed up to technology readiness level 6 (TRL 6: technology demon-
strated in relevant environment), is scaled up to a large-scale, multi-input demonstration
plant (TRL 8: system complete and qualified), and a highly efficient cascaded energetic and
material utilization of biogenic waste is implemented [36]. This research project is based on
the findings of two consecutive projects, “Gartrommel” (September 2013-December 2014)
and “BioTrom” (January 2015-December 2015) [37,38].

The core of the biogas plant under consideration is an innovative rotating drum
fermenter for municipal biowaste. The fermenter is equipped with static mixing tools
mounted on the inner mantle which during the reactor’s turning motion provide gentle
axial mixing of the substrate. Substrate feed and digestate extraction happen pneumatically
through the central hollow axis of the fermenter. The fermenter design allows a length of
up to 30 m and a diameter of up to 6 m, thereby attaining dimensions comparable to those
of large-scale industrial plants, with a volume of 850 cubic meters. However, the fermenter
can also be designed in a compact container format with low specific manufacturing costs,
making it suitable for decentralized material flows.

Such a compact fermenter is currently under construction and will be tested as part
of the RegBioFerm research project. This core component is the starting point for the
cascading use of biogenic waste based on the described innovative fermentation process.
The biomass is initially utilized as a material and subsequently as an energy source within
the value network in the South Hesse eco-model region at the Biebesheim am Rhein site,
yielding the outputs biomethane, electricity, heat, and compost.

In comparison with conventional fermentation technologies, such as batch fermenta-
tion (garage system) or plug flow fermentation, the rotating drum fermenter offers several
potential advantages from an environmental perspective. A key aspect is the exclusive
utilization of biogenic waste as feedstock. This eliminates conflicts of interest related to
land use and potential competition with food or feed production, a common concern in
the context of energy crop utilization. With regard to emission reduction, the permanently
closed system design of the fermenter offers the possibility of significantly reducing diffuse
emissions, especially methane losses. Conventional systems, by contrast, are frequently
linked to increased emission risks, for example, due to open feeding processes, leaks, or
emissions during digestate removal. In addition, the compact design of the rotating drum
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fermenter technology enables improved integration into cascading utilization paths. This
includes, for example, the combination of fermentation and downstream composting, as
well as the targeted recycling of nutrients into agricultural material cycles. The process
thus contributes to closing material cycles and implementing circular economy principles
in a regional context.

The project is accompanied by the LCA methodology to comprehensively evaluate
the environmental impact of this innovative biogas plant and to identify and implement
process, product, and system improvements. Furthermore, the LCA serves as a link between
the technical-experimental aspects of the project and the feasibility study.

The novelty of the intended LCA lies in three aspects: (i) the use of an innovative
rotating drum fermenter for anaerobic digestion, (ii) the integration of cascading valoriza-
tion, where the digestate serves as input for an existing composting facility, and (iii) the
embedding of the waste valorization chain within a regional context.

This study aims to address a significant research gap by proposing a systematic ap-
proach and providing clear target definitions for the LCA of the innovative biogas plant
with rotating drum fermenter technology. This gap arises from the fact that existing LCA
studies on biogas systems predominantly focus on conventional technologies and often
apply inconsistent definitions of functional units, system boundaries, and allocation proce-
dures, limiting comparability and transparency. Building on the limitations of previous
reviews, which rarely address methodological challenges in the early phases of LCA for
innovative and multifunctional systems, we develop a methodological framework and
conceptual foundations for the flexible and comprehensive assessment of environmental
impacts. The focus is on the definition of the functional unit, the system boundaries, and
allocation procedures, as well as on the methodological challenges that arise in the context
of a regional circular economy project with a cascading use perspective.

The methodological approach is based on the ISO standards 14040 and 14044, which
provide a framework for LCA [21,22]. This article considers LCA with focus on the first
phase, the definition of the goal and the scope of the study, to provide a sound and flex-
ible basis for analyses at different levels. This is because conducting an LCA within the
RegBioFerm project requires a precise methodological foundation due to the project’s scale
and complexity. The comparability of LCA studies represents a fundamental challenge.
Therefore, a transparent and consistent delimitation is necessary to ensure methodolog-
ical coherence within the project. Moreover, a complete LCA in the first project phase is
associated with methodological uncertainties. The main methodological challenges lie
in the definition of the functional unit and the system boundaries, as these parameters
significantly affect the interpretation of results. Detailed consideration of these key aspects
forms the basis for a scientifically resilient, robust, and comprehensible LCA. These defini-
tions influence subsequent phases: the data collection of the inventory analysis, the impact
analysis, and the interpretation.

In summary, the objective of this study is to develop a methodological and conceptual
framework for the LCA of the innovative biogas plant based on a rotating drum fermenter.
To assess whether this objective has been achieved, several preliminary key performance
indicators (KPIs) are introduced. These include the completeness, transparency, traceability,
and flexibility of the framework. Furthermore, the comparability of results, applicability
within the research project, and the added value it offers to stakeholders. These KPIs
will be revisited in the discussion to evaluate the methodological robustness and practical
relevance of the proposed framework.
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2. Materials and Methods

The LCA methodology is a proven tool for systematically analyzing environmental
impacts at various levels, comprehensively mapping benefits, and identifying optimization
potential. However, several methodological challenges complicate its application. There
is no consensus in the literature regarding key aspects of LCA modeling, including the
selection of an appropriate functional unit, the definition of system boundaries, the allo-
cation of environmental impacts to co-products, and the modeling of the carbon cycle of
biomass [25].

To ensure standard-compliant implementation, the project accompanying LCA is car-
ried out in accordance with ISO standards 14040 and 14044 [21,22]. The LCA is conducted
in four iterative phases: goal and scope definition, inventory analysis, impact assessment,
and interpretation (Figure 1) [21].

Life Cycle Assessment framework

Goal and scope
definition

L1

Inventory

. Interpretation
analysis

i

Impact
assessment

Figure 1. The four iterative phases of an LCA [21].

The first phase of the LCA involves the definition of the goal and scope of the study,
which forms the foundation for conducting a standardized LCA. This phase is outlined in
the following subsections.

2.1. Goal of the Study

The goal definition should address the following aspects: the area of application, the
research interest, the target groups, and publication [21,22,39].

The area of application of the project accompanying LCA lies in the comprehensive
assessment of the environmental impacts of the innovative biogas plant and the value
network over its entire life cycle.

The application LCA pursues several objectives. Firstly, the objective is to ensure a
comprehensive quantitative assessment of the environmental impacts over the entire life
cycle of the innovative biogas plant. In this context, process, product, and system improve-
ments are to be identified and implemented. Three levels of analysis will be classified as
follows: the biogas plant, the biogas production, and the entire value network. Secondly,
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differences in results within the relevant impact categories are to be determined depending
on the influencing factors. Finally, it is imperative to derive recommendations for action
from the LCA of the entire value network with regard to the application scenarios consid-
ered. Moreover, the modeling approaches should be transferable to similar substitution
problems with strong spatial reference.

The target groups include both internal and external stakeholders. The former encom-
passes funders and project partners. The latter includes the scientific community, interested
parties from the biogas sector, and the public.

2.2. Scope of the Study

Within the scope of the study, the product system to be examined is first described. Fur-
thermore, the functional unit, system boundaries, allocation procedure, impact categories,
and data sources and quality are defined in this context.

2.2.1. Product System: Biogas Plant

The product system under scrutiny is the innovative biogas plant itself (Figure 2). The
pilot plant measures 15 m in length, has a diameter of 2 m, and a volume of approximately

(

45 cubic meters.

rotating drum fermenter

<

~!

)
~ D
Y e
_ i L R
. ) receiving hopper

-
mixer

digestate removal

feeding

Figure 2. Pilot plant with the innovative rotating drum fermenter, including main components
(Finsterwalder Umwelttechnik GmbH & Co. KG, Bernau am Chiemsee, Germany).

Only biogenic waste such as green waste, biowaste, food waste and agricultural by-
products is used as input material (feedstock). These have a lower environmental impact
on the system, as they are waste streams rather than energy crops. The substrate is almost
completely fed into the innovative fermenter and undergoes anaerobic fermentation. Green
waste is an exception. Part of this material flow goes into the fermentation process, while
the majority is processed directly in the basic composting process. Anaerobic digestion
produces two main outputs, namely biogas and digestate. The biogas can be fed to a
combined heat and power plant to generate green electricity and heat for industry and
commerce. Potentially, the biogas could also be upgraded to biomethane for industry
and commerce. The digestate will be integrated into the downstream composting process,
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where it is further processed into high-quality compost for agricultural use. Carbon dioxide
and waste heat are also produced. These by-products can be utilized in regional specialty
crop cultivation, thereby contributing to sustainable value creation.

In RegBioFerm, regeneratively converted electricity and heat are provided for regional
industry (herb drying) and agriculture (special crops). The underlying concept is transfer-
able to other regions, provided that region-specific factors such as substrate availability
and infrastructure are taken into account. In such contexts, the converted bioenergy could
also be utilized by industrial customers. This underscores the flexibility and scalability of
the process, which contributes both to a sustainable energy supply and to the promotion of
resource-conserving agriculture.

Figure 3 shows a flow chart of the biogas plant and illustrates that the product system
can be divided into the following four subsystems: substrate provision, biogas production,
digestate utilization, and biogas utilization.

Substrate provision
Subsystem 1
Delivery of
green waste, biowaste
and food waste
Substrate
treatment
Transport
Biogas production
Subsystem 2 -
Feeding
Innovative
drum fermenter
Digestate | Biogas
removal removal
Digestate Biogas
utilization utilization |
Subsystem 3 3 Subsystem 4 -
Gas Biomethane
N .
Transport treatment for industry and
l_ commerce
Green electricity
» Composting CHP > for industry and
commerce
v — v
Compost CQz Wastg heat
for agriculture for special crop for special crop
cultivation in the region cultivation in the region

Figure 3. Flow chart of the biogas plant with subsystems.

In summary, the product system has several functions, with the overarching cascading
use of biogenic waste at the center. This facilitates a decentralized and sustainable supply
of regeneratively produced biomethane, electricity, and heat from biogas to the South Hesse
eco-model region. In addition to energy production, the digestate is further processed into
high-quality compost.
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2.2.2. Functional Unit

The LCA standard specifies that the functional unit must be formulated in accordance
with the goal previously defined. The definition of the functional unit is fundamental to
the results of an LCA, as it enables comparison and quantifies the benefits and drawbacks
of the product system under investigation. The functional unit also forms a reference to
which the input and output flows are related [21,22].

The definition of the functional unit is a key aspect of the analysis and assessment of
the environmental impacts of innovative plant technology. The scientific literature contains
a variety of approaches to defining the functional unit in the context of the environmental
impacts of biogas production [25].

Gopal et al. compared 75 LCA articles and identified that “values expressed through
per unit mass of feedstock and per unit energy of electricity produced are the most fre-
quently chosen functional units, as they are free from the further conversion process” [26]
(p- 686). Depending on their primary function, Bacenetti et al. categorize the analyzed
biogas plants into two types: those that generate energy and those that are used for waste
treatment. The functional unit is contingent on this classification. To ensure comparability,
they recommend using electricity or methane produced as the functional unit for plants fed
with energy crops. In the case of plants fed with waste, the mass of the fermented feedstock
is recommended as the functional unit [25]. In their study, Timonen et al. employed two
functional units to assess the environmental impact of both end products [40].

A fundamental distinction is made between an input-related or output-related per-
spective. An input-related functional unit is based on the substrates used, such as manure,
waste, or biomass (mass flow). While an output-related functional unit is defined as the
products that are generated during the process of biogas production (energy flow). The
value creation stages of the production process, such as the intermediate product biogas or
the product biomethane, can also serve as a functional unit. It should be noted that there
is a difference between the products, as their utilization can have different environmental
impacts [25]. Moreover, the consideration of energy output is a subject of interest in the
existing literature because “the main function of the anaerobic digestion plants is to produce
energy” [25] (p. 678).

In the case study under investigation, two options were identified based on the main
functions of the biogas plant that could serve as a functional unit. These are compared in
Table 1, which highlights their respective focus, objective, system boundary, advantages,
and limitations. It must be taken into account that the considered product system, the
biogas plant, is a multiproduct system. Depending on the definition of the functional unit,
an allocation problem of the input and output flows may arise. The associated allocation
problem and potential allocation procedures that can be considered in this context are
presented in more detail in Section 2.2.4.

Table 1. Comparison of options for the functional unit.

Option 1: Option 2:
1 kWh of Energy Generated 1 Ton of Biogenic Waste

Focus Biogas as an energy source, electricity and/or Entire material flow, fermentation of biogenic waste
heat production into biogas and digestate

Objective Investigation of the energy efficiency of the system,  Assessment of the environmental impact of the
comparability with other energy sources entire system

System boundary  Processes contributing to energy generation, system  Holistic approach that considers all processes

expansion for digestate utilization
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Table 1. Cont.

Option 1:
1 kWh of Energy Generated

Option 2:
1 Ton of Biogenic Waste

Advantages e  Simple definition and calculation Avoids allocation
Comparison with other energy sources, Enables before-and-after comparison of the
systems and technologies original composting process
e  Suitable for energy-related analyses e  Relevant for other composting plants
considering anaerobic digestion upstream
Limitations

Requires allocation due to co-product
Narrow focus on energy output
Environmental impacts are not
completely considered

More complex modeling
Less suitable for comparison with other
energy sources

For this study, the functional unit of 1 ton of biogenic waste (option 2) is preferred.
This decision aligns with the primary functions of the biogas plant, which are the treatment
of organic waste and the reduction in environmental impacts by closing material cycles.
The decision to prioritize a waste-based functional unit is justified given the multi-output
nature of the plant and its role within a cascading resource use system. Importantly, the
anaerobic digestion process is implemented upstream of an existing composting facility,
thereby creating an integrated treatment cascade. Only a waste-related functional unit
allows for a transparent assessment of the additional environmental benefits arising from
this cascade structure. Moreover, this functional unit contributes to clarifying the synergy
between waste treatment and energy production, enabling a more holistic evaluation of the
system’s ecological performance.

2.2.3. System Boundaries

System boundaries are categorized as technical, geographical, and temporal system boundary.

The technical system boundary describes the scope of the process modules that are
included in the analysis of a system [21,22,39].

In this case, the approach taken is to consider the entire life cycle (cradle-to-grave) of
the biogas plant. The life cycle encompasses all stages, from the delivery of waste, waste
acceptance and substrate preparation, through biogas production and energy generation,
to the utilization of biogas and digestate. The transportation in between is also considered.
This includes both the internal logistics at the biogas plant site and the external delivery
logistics for waste collection and delivery. The technical system boundary is gradually
extended using three levels of analysis. Consequently, processes lying outside this boundary
are not taken into account. The technical system boundary of the biogas plant is illustrated
in Figure 4.

In the first step, an LCA of the biogas plant is prepared, which refers to system
boundary 1 (blue = gate-to-gate) and the subsystem 2 (biogas production) contained therein.
In the subsequent step, an LCA of biogas production is prepared, considering various
technical process variants. This assessment encompasses the subsystems 1 and 2 (substrate
provision, biogas production) within system boundary 2 (green = cradle-to-gate). Based on
this, the LCA is extended to the entire value network, considering further processing and
alternative utilization options. This is illustrated by system boundary 3 (yellow = cradle-
to-grave) and the subsystems 1 to 4 (substrate provision, biogas production, digestate
utilization and biogas utilization).
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Digestate Biogas
removal removal
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Digestate Biogas
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r treatment
+
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Composting CHP for industry and
commerce
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Compost CO, Waste heat
for agriculture for special crop for special crop
cultivation in the region cultivation in the region

Figure 4. System boundary of the biogas plant with three levels of analysis.

It should be noted that the types of feedstocks and their transport distances have
an essential influence on the environmental impacts of biogas plants [27,41]. In addition,
it is important to consider influencing factors such as the specific conditions of biogas
utilization and digestate utilization [27,42—45]. A holistic view of these factors within the
defined system boundary is therefore essential in order to ensure a sound assessment of
the environmental impacts of biogas plants.

The geographical system boundary defines the spatial scope of a system within which
all relevant processes, including inputs and outputs, are considered [39].

The biogas plant under consideration is located in central Germany, in the South Hesse
eco-model region in the district of Groi-Gerau, more precisely in the town of Biebesheim
am Rhein. Accordingly, the geographical system boundary of the system is the site of the
composting plant and the biogas plant in Biebesheim am Rhein. The system boundary is
extended by the delivery of biowaste and the utilization of composted digestate.

Within the geographical system boundary, the feeding of the biogas plant with waste
streams is also important, as this is determined by the seasonality of the substrates. The
waste streams utilized in this process consist of green waste, biowaste, and food waste.
The availability and composition of these waste streams fluctuate with the seasons. For
example, larger quantities of green waste are produced during the spring and summer
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months, while biowaste and food waste can vary due to seasonal consumption habits.
This variability affects the substrate quality and quantity, thereby impacting the results
of the LCA [15,46]. This aspect is also linked to the value network, as the availability of
waste varies between urban and rural areas. Regional circumstances influence the logistics,
collection structures, and consequently the LCA of the value network. A detailed analysis
of the influencing factors will be provided in a future article.

The temporal system boundary describes a reference year or an observation period for
data collection [39].

In this case, the temporal system boundary is expected to cover a representative period
in the years 2025 and 2026, which begins after the hot commissioning and represents the
annual operation of the system, taking into account the seasonality of biowaste composition.

Cut-off criteria are a set of rules that determine which inputs and outputs can be
excluded from the calculations. These include the cut-off criteria mass, energy, and envi-
ronmental relevance [22,39].

In the case study under review, all mass and energy flows are excluded if they ac-
count for less than 1 percent of the total mass or total energy consumption. This also
includes the construction of the biogas plant, as its relevance decreases with long-term
continuous operation.

2.2.4. Allocation Procedure

The allocation problem arises in multiproduct systems and involves proportionally
assigning input or output flows to the investigated product system and other systems. The
approach to solving this problem depends on the type of products and systems analyzed. In
principle, the standard recommends avoiding allocation by process subdivision or system
expansion. If this is not feasible, a suitable allocation procedure must be used. Allocation
procedures are not characterized by a strictly scientific solution, as they are always based
on assumptions and methodological decisions that can vary depending on the context [22].

The investigated product system, the biogas plant, is a multiproduct system that
generates the two co-products biogas and digestate. The resulting allocation problem
represents a central challenge, as the products generated are used for different purposes.
The use of biogas in a combined heat and power plant causes a further allocation problem
in the downstream utilization process, as both electricity and heat are generated. The focus
of this study is primarily on the allocation problem of biogas and digestate, as the allocation
of CHP plants has already been extensively addressed in the literature [47,48].

The allocation problem occurs with option 1 of the functional unit, while it is avoided
with option 2. In order to correctly allocate the environmental impacts of the system in
option 1, it is necessary to distribute the inputs and outputs between the two products,
biogas and digestate. It is recommended to apply a system expansion that includes credits
for the use of digestate as fertilizer. In this case, the co-product digestate, which is further
used as fertilizer in agriculture, is included in the analysis to avoid the allocation problem
by means of substitution.

2.2.5. Impact Assessment

The impact assessment is generally carried out based on impact categories [21,22].

In the first step, the impact assessment focuses on the impact category global warming
potential (GWP), which refers to the midpoint indicator climate change and is expressed
in kg CO, equivalents (kg CO,-eq). In this context, the observation periods of 100 years
(GWP100) and 20 years (GWP20) are to be examined. This is performed to consider a
potential methane slip during biogas production and its comparably shorter residence time
(only 10-15 years) in the atmosphere [49]. In addition to the GWP, other impact categories,
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such as cumulative energy demand, acidification potential, eutrophication potential, land
use, or resource use, should be considered and will be calculated.

The selected impact categories represent a preliminary choice based on the existing
literature and should not be considered final. The detailed selection of impact categories
will be made as part of the impact assessment and the evaluation of the finalized LCA.

2.2.6. Data Sources and Data Quality

The quality of an LCA is determined by the data sources utilized, which are classified
into primary and secondary data. In principle, primary data are preferable to secondary
data from models or estimates [50].

The project is based on a combination of primary and secondary data. A structured
measurement concept is employed to systematically record and collect primary data on
material flows, energy consumption, and operational parameters of the biogas plant. This
approach ensures the creation of a database that is as precise as possible, thereby increasing
the reliability and traceability of the results. In cases where direct measurements are not
available, assumptions are made and secondary data from the literature or existing studies
are used. Secondary data from recognized databases, the literature, or existing studies are
used, especially for life cycle impact assessment (LCIA) datasets.

The modeling and calculations of the LCA are carried out using the Umberto software
(version 11) from iPoint-systems (Reutlingen, Germany). In this context, the existing
ecoinvent database (version 3.11) is utilized [51].

When selecting LCIA datasets, preference is given to datasets with a geographical
reference to Germany or Europe, if these are available. Moreover, it should also be noted
that the LCIA datasets are subject to a defined time horizon. Ideally, this should corre-
spond to the period of data collection, whereby a maximum deviation of 5 to 10 years is
considered acceptable. Nevertheless, the accuracy of older LCIA datasets is not inherently
compromised. Their validity is contingent on factors such as technological progress and
changes in the state of the art. In stable processes with constant framework conditions,
older LCIA datasets can be considered valid. Furthermore, they can be supplemented or
adjusted by updated data, for example, in the course of a changed energy mix.

Consequently, criteria are defined for the selection of LCIA datasets. These encompass,
for example, updates to the state of the art and methodological consistency so that they can
be used to classify the available LCIA datasets.

3. Results

This paper has comprehensively addressed the goal and scope definition phase. This
phase is crucial within an LCA because it defines the methodological framework for the
entire analysis.

The methodological and conceptual preliminary work in this article is an important
part of the LCA in the RegBioFerm research project and serves as a basis for further project
progress. The objective was to establish transparent and comprehensible methodological
definitions that enable a consistent analysis of the environmental impacts. The goal and the
scope of the study were determined in consideration of project-specific requirements.

In principle, the methodological decisions made at the beginning of an LCA have a
significant influence on future results and their interpretability. The focus at this stage is on
the definition of the functional unit and the system boundary. The determination of the
functional unit “has a significant impact on the final results” [26] (p. 686). Consequently, it
must be selected carefully.

It should be noted that the standard provides for an iterative approach. This is
illustrated by the double arrows in Figure 1. Accordingly, the goal and scope of the study
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can be adapted, updated, and specified during the study if necessary. It is essential to
justify these changes and document them in writing to ensure clarity and transparency [22].

The functional unit of 1 ton of biogenic waste was defined deliberately and in deviation
from the largely common practice of using 1 kWh of electrical energy as a reference [25].
Both approaches have advantages and limitations that can affect the system boundaries,
allocation, and comparability with other studies. The decision to proceed with option 2 is
based on the specific characteristics of the pilot plant under investigation, in order to avoid
allocation on one hand and to enable a before-and-after comparison of the site on the other.

The literature shows that only some LCA studies consider the entire life cycle of a
biogas plant [20]. Nevertheless, the LCA of the pilot plant follows the holistic cradle-to-
grave approach. By analyzing the entire life cycle, environmental impacts can be recorded
more comprehensively and potential burden shifts identified. This is crucial to ensure a
realistic assessment of environmental impacts and to provide a reliable basis for decision-
making. To address the complexity, increased data requirements, and methodological
uncertainties of a complete LCA, the system boundary is gradually extended. From a
gate-to-gate approach to a cradle-to-gate approach to a cradle-to-grave approach.

The quality of the LCIA datasets and the associated uncertainties play a central role
in the validity and reliability of the LCA results. During the evaluation phase, it is recom-
mended to carry out sensitivity analyses. The purpose of this is to validate the reliability
of the results and conclusions and to quantify the influence of individual parameters on
the overall results [22]. In this context, the assumptions made and the uncertainties of
the LCIA datasets must be taken into account. Monte Carlo simulations can also be con-
ducted to quantify the uncertainties [52,53]. Completeness and consistency checks are
optional. A comparison with reference studies or benchmark data is recommended to
understand deviations.

Finally, the methodological and conceptual principles developed in this study are
in accordance with the requirements of the ISO standards. They provide a reproducible
methodology for the assessment of biogas plants.

4. Discussion

This discussion evaluates the methodological framework presented in this study, its
contribution to LCA research, and its potential applicability in circular economy contexts.

Considering the defined objective, the proposed framework is assessed against the
preliminary KPIs introduced in the introduction. The framework is considered complete,
as it encompasses all relevant life cycle phases and environmental aspects in accordance
with ISO standards. Transparency and reproducibility are ensured by explicitly document-
ing system boundaries, assumptions, and data sources. The flexibility of the approach
is demonstrated by its ability to accommodate different waste streams and operational
scenarios. Furthermore, the structure of the framework allows for comparability with other
biogas technologies, thereby enabling benchmarking and future technology assessments.
Its successful application within the research project will demonstrate its practical feasibility,
while the identification of key indicators will provide direct added value for stakeholders,
including project partners. Together, these aspects indicate that the objective of this study
has been achieved.

A key methodological challenge in LCAs lies in harmonizing the method, as different
assessment methods and modeling approaches can be chosen, which makes comparability
difficult. In consideration of the comparability of the LCA, it is important to note that the
numerical results are not directly comparable. It is essential to consider the individual
scopes, their implementation (functional unit, system boundary, allocation procedure,
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database, etc.) and the “differences in social, economic and environmental pressures
between regions and countries” [27] (p. 1296).

However, it should be noted that the site-specific approach of option 2 may limit
the comparability of the study with other LCA studies. To reconcile site-specificity with
generalizability, it will be important to complement this functional unit with an additional,
more widely used. At a more advanced stage of the project’s LCA, the addition of a second
functional unit could be useful to enable comparison with other forms of energy production.
This would be particularly beneficial in terms of the scalability of the results in the context
of the value network under consideration. The variation in the functional unit enables a
more differentiated analysis and evaluation of the environmental impacts as well as a final
interpretation of the results. Furthermore, the consideration of a second functional unit
represents a methodological extension that enhances the robustness and validity of the LCA
results. Overall, this dual-functional-unit strategy would allow both a detailed assessment
of the pilot plant and a broader comparison with other energy production systems, thereby
enhancing the robustness and relevance of the results.

The methodological framework presented in this study can be positioned within
recent LCA research on innovative fermenters and cascading use systems. Unlike most
current studies, which focus on conventional technologies or general methodological issues,
this approach emphasizes the early-stage definition of the functional unit and system
boundaries for a rotating drum fermenter. In comparison with conventional studies, this
framework enables a more systematic assessment of site-specific options and potential
integration with circular economy strategies. Overall, it provides a transparent, ISO-
compliant foundation to guide future analyses and allow comparison with other innovative
systems once operational data are collected.

The methodological decisions made in this study explicitly support the integration of
circular economy principles into the LCA framework. Overarching goals of the circular
economy, such as reuse and resource efficiency, can be translated into quantifiable envi-
ronmental indicators. These include net energy yield or substitution effects achieved by
replacing primary resources such as fossil fuels and (mineral) fertilizers. One key aspect
is the digestate utilization for the purpose of compost production, which conserves re-
sources and recycles nutrients while also linking energy and material flows. Adopting
a cradle-to-grave system boundary facilitates the mapping of closed material cycles and
systematically captures cascading use effects. Finally, the developed framework enables the
comparison of different scenarios (e.g., use of varying substrates). This reveals additional
cascading use effects and the synergies between waste treatment, energy production, and
nutrient utilization.

In the context of the assessment of biogas plants, a key aspect is the identification
and evaluation of potential emission reduction strategies throughout the process. Sev-
eral approaches are possible here. Using biogenic waste as substrates reduces emissions
compared to using energy crops. Another important factor is the transport distance of
the substrates. To minimize additional emissions from logistics processes, it is advisable
to choose a decentralized location for the plant in combination with a regional substrate
supply. There is also significant potential to reduce emissions by preventing methane
leaks. These can be significantly reduced through a closed plant design combined with
sealing systems and continuous leak monitoring. Furthermore, the plant’s own energy
requirements being met through locally generated energy contribute to an improvement
in the net environmental balance, as external energy purchases and associated emissions
are reduced.

The results of this work underline the added value of a methodological framework
that goes beyond previous LCA reviews of biogas systems. By explicitly addressing the
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functional unit, system boundaries, and methodological challenges, the study provides a
methodological advance for assessing innovative technologies such as the rotating drum
fermenter. This approach not only enables a site-specific evaluation within the context of a
regional circular economy project but also creates the foundation for broader comparability
with alternative energy systems.

In summary, this paper contains a basis for reliable results, which are determined
by means of a valid and comprehensible LCA. This is intended to avoid methodological
inconsistencies and to account for the variability in biogas production due to the substrate
composition over the course of the year. Moreover, meaningful categorization in the context
of other studies becomes possible. The systematic definition of this phase supports the
identification and implementation of process, product, and system improvements as the
project progresses, thereby minimizing the negative environmental impact. Overall, this
approach optimizes the sustainability performance of the biogas plant.

5. Conclusions and Outlook

This paper provides a methodological and conceptual foundation for conducting LCA
in the context of biogas plants and production. The primary focus was on defining the goal
and scope of the study.

The objective of this study was to develop a methodological framework and conceptual
foundations that enable a flexible and comprehensive assessment of the environmental
impact of the biogas plant in the RegBioFerm research project during the project employing
the LCA methodology. By systematically addressing key methodological decisions, the
approach ensures transparency, traceability, and compliance with established standards.
Relevant project parameters—such as product system, functional unit, system boundaries,
allocation procedure, impact assessment, as well as data sources and data quality—were
defined, considering project-specific requirements.

A key aspect of the industrial bioeconomy is the scaling up of the process at a national
level, in conjunction with an evaluation of its feasibility as part of a feasibility study.
The comprehensive examination of phase 1 establishes the foundation for a standardized
system within the project. This examination ensures comparability of the results, thereby
facilitating a successful transfer to the entire value network.

The specific methodological results presented in this study go beyond a descriptive
goal and scope definition and contribute to improving LCA practice for innovative biogas
systems. They include (i) a systematic comparison of different functional unit options,
(ii) a justified selection of the most appropriate functional unit considering advantages
and limitations, (iii) an analysis of the complexity and implications of different system
boundaries, and (iv) the provision of a transferable methodological framework that can be
applied to other plants and regions.

As a result, this study delivers a transferable and ISO-compliant conceptual and
methodological framework that strengthens the goal and scope definition phase of LCA.
The strength of this paper lies in the development of a conceptual and methodological
framework, which is essential for ensuring robustness, transferability, and relevance of
future results. The focus is therefore on the methodological contribution, which has indirect
but substantial practical value, enabling reliable comparisons and supporting decision-
making for stakeholders. Furthermore, the framework provides a solid foundation for
subsequent quantitative analyses and comparative assessments.

Future research will address the implementation of phases two (inventory analysis),
three (impact analysis), and four (interpretation) of the LCA, the methodological devel-
opment, and the evaluation of the practical applicability of the approach in the context
of the value network. Moreover, future work will focus on a comparative environmental
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assessment of the rotating drum fermenter system against conventional biogas technolo-
gies, standalone composting systems, and fossil energy systems. These analyses will be
based on real operational data collected during the pilot plant’s operation, enabling ro-
bust evaluation of potential environmental benefits and trade-offs. This will enable the
methodological framework developed in this study to be applied in practice, providing a
sound basis for benchmarking the new technology within the broader context of energy
and waste management.
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