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Abstract

:

The imperative to transform current energy provisions is widely acknowledged. However, scant attention has hitherto been directed toward rural municipalities and their innate resources, notably biogenic resources. In this paper, a methodological framework is developed to interconnect resources from waste, wastewater, and agricultural domains for energy utilization. This entails cataloging existing resources, delineating their potential via quantitative assessments utilizing diverse technologies, and encapsulating them in a conceptual model. The formulated models underwent iterative evaluation with engagement from diverse stakeholders. Consequently, 3 main concepts, complemented by 72 sub-concepts, were delineated, all fostering positive contributions to climate protection and providing heat supply in the rural study area. The outcomes’ replicability is underscored by the study area’s generic structure and the employed methodology. Through these inquiries, a framework for the requisite energy transition, with a pronounced emphasis on the coupling of waste, wastewater, and agriculture sectors in rural environments, is robustly analyzed.
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1. Introduction


To ensure the future livelihood of humankind, the international community adopted the 2030 Agenda in 2015. Consisting of 17 Global Sustainable Development Goals (SDGs) for socially, economically, and ecologically sustainable development, this agenda is a roadmap for the future that will enable people around the world to live in dignity while preserving the natural foundations of life in the long term. As part of the transition toward a more sustainable future for humankind, goal 7 seeks to strive away from the use of fossil fuels, such as natural gas, coal, and oil, by increasing the share of renewable energy in the global energy mix to significantly enhance energy efficiency [1]. Researchers have intensified their work to deliver solutions to meet the defined goals of the 2030 Agenda in terms of heat and electricity supply. New technologies are being developed, such as hydrogen-based combined heat and power units (CHP) [2], and the efficiency of existing technologies, such as solar panels, windmills, and gas turbines, has been continuously increased [3,4,5,6,7]. However, achieving the goals set forth by the 2030 Agenda appears to be challenging. In the past few decades, the world has experienced a rapid increase in primary energy consumption; from 1950 until the year 2023, it had more than doubled [8]. For the future, studies (e.g., [8]) have predicted an increase of 28% in global primary energy consumption from 13.8 billion tons of oil equivalent (bn toe) in 2016 to 17.6 bn toe in 2040. Of that predicted total increase, 40% will be covered by renewable energies. Therefore, the share of primary energy consumption accounted for by conventional energies will only decrease by 6% from 86% in 2016 to 80% in 2040. While the increase in the electricity sector in recent years is notable, the heating sector lacks an accelerating momentum [9].



The necessary shift toward renewable energies and higher energy efficiency does not only pose a technological challenge. It also requires a complex process of altering our current energy consumption and production methods at national, continental, and global scales [10]. The process of planning and implementing this transition is confronted by a range of challenges, including conflicting objectives and values, and it requires a navigation of the complexities and uncertainties associated with political and administrative considerations. Additionally, it involves the coordination of multiple stakeholders throughout the transition process [11].



Municipalities and local authorities play a pivotal role in driving energy planning and energy transition efforts [12,13]. In the past, the primary focus was on larger municipalities that have well-equipped staff with the necessary capabilities [14]. Recently, a gradual shift toward rural areas was observed [15,16], leading to the current implementation of a national law requiring each municipality in Germany to design a Communal Energy Plan (CEP). In light of the pursuit for renewable energies and heat waste as sole sources of usage for heating purposes, the aim of a CEP is to determine a climate-friendly and progressive heat supply at the municipal level as a long-term prospect and to identify measures of its implementation. The transformation toward a more renewable energy system must be ecological, economical, and socially acceptable [17]. Thus, each CEP should incorporate the local conditions of its municipality, such as the technical infrastructure systems, environmental and economic aspects, as well as human resources [18]. This shift is not surprising, given that approximately 90% of the European Union’s territory is rural or predominantly rural, and slightly over half of the European population resides in such areas [19]. Rural areas offer the essential resources and suitable locations for renewable energy production [20,21,22].



In rural areas, a significant accumulation of agricultural residues and animal manure is evident [23,24]. Moreover, organic and green waste is generated, with some of it either remaining uncollected or being transported over substantial distances for treatment. Furthermore, additional biogenic resources can be derived from the wastewater sector, which frequently lacks modern technical infrastructure in Germany’s rural regions [25,26]. Despite the inherent benefits, these three sources of biogenic resources are seldom integrated into a cohesive management system. Their utilization and coordinated management face a multitude of non-technical challenges, encompassing social, economic, and legislative dimensions [27,28]. These challenges include resource competition, conflicts over land use, environmental considerations, regulatory and policy obstacles, community acceptance, economic viability, and issues related to skills and training.



Managing entities like municipalities and municipal utilities is confronted with constrained resources in the forms of limited time, personnel, and expertise to proactively steer the development and execution of renewable energy concepts. This dilemma emerges from the juxtaposition of external challenges and the internal need for competence, all within the constraints of finite resources [29]. Consequently, there is a pressing need for guidance to assist local stakeholders in structuring the implementation of rural energy concepts that harmonize the wastewater, waste, and agricultural sectors, while being tailored to their unique circumstances.



In this context, the aim of this article is to demonstrate a systematic stakeholder-oriented approach to define viable energy concepts based on the integrated management of wastewater, biogenic waste, and agricultural residues. Based on a rural area in Germany, the suggested approach consists of several steps, including an in-depth analysis of the given situation in the case study area as well as an assessment of the economic and ecological consequences of executing these diverse concepts, considering the distinct material flows within the study area. Thus, the motivation of this study lies in offering rural stakeholders a guideline for investigating the individual local energetic potentials of utilizing residues from wastewater, waste, and agricultural sectors. In this way, this study adds a conceptual energy component that should be considered in the design process of CEPs for rural areas.



This article is structured into five sections. Following the introduction, a description of the study area, the methodological steps, and the analytical framework is provided in Section 2. In Section 3, details of how the methodological approach is applied and the identified energy concepts are presented. A discussion of the results is presented in Section 4. Finally, the findings are summarized in Section 5.




2. Materials and Methods


2.1. Study Area Description


The case study area (Figure 1) is the administrative union Am Ettersberg, consisting of 19 villages and three smaller towns in Germany. Additionally, three neighboring villages are part of the study area, as they are also members of the local wastewater association responsible for the administrative union Am Ettersberg. Located within a typical rural area in Thuringia, the study area holds approximately 9000 inhabitants and spans an area of nearly 100 km2. Since 1990, the demographic change led to a significant decrease in population, whereas for the state of Thuringia, a loss of 8.7% has been predicted for the period from 2021 to 2042; this trend can be also observed in the study area [30].



With the purpose of providing reliable tasks in the public sector despite the demographic challenges, the administrative union Am Ettersberg was established in the year 2019 [32]. Prior to its establishment, an administrative union consisting of a smaller number of villages governed the area. From a communal perspective, today’s administrative union is responsible for the energy transition and design of a CEP.



Aiming to overcome the dependence on fossil fuels, local authorities must define the future energy solutions for all areas under their jurisdiction (e.g., decentralized or grid-bound). This includes options for how renewable energies and industrial heat can be used in generating and distributing energy locally [33]. Another public task lies in the management of biogenic waste. This includes public loads, such as green cuttings, and waste in public areas, e.g., parks and roadsides. However, this public green waste is not collected properly and is disposed of in a non-compliant way to current state of the art. The same applies to private green biowaste.



Wastewater management in the municipality Am Ettersberg is widely decentralized, which is typical for the rural areas of Thuringia [34]. A wastewater association is responsible for providing adequate wastewater treatment in the study area. However, due to limited financial resources, the required infrastructure projects are considered long-term endeavors [35]. Currently, only a minority of residents within the operational zone have access to biological wastewater treatment. Fecal sludge disposal is costly, though it could potentially be harnessed for on-site energy generation. The remaining inhabitants lack access to state-of-the-art wastewater treatment, necessitating urgent action. Simultaneously, there exists an opportunity to implement more resource-efficient systems that facilitate synergy across various sectors.



Economically, agriculture is a driving force for the development of livable rural areas in Thuringia [36]. In addition to basic food production, the range of services includes the development of alternative sources of income. Specifically, the need for an increasing link with the energy industry is given. In 2016, Thuringian farmers operated 260 biogas plants, collectively supplying electricity to nearly 340,000 households [37]. As of 2023, the number of biogas plants has barely changed [38]. These dynamics are similarly observed in the farms situated within Am Ettersberg. Given the absence of other major corporations in the region, farms serve as the primary employers. The economic emphasis among them varies; some exclusively prioritize arable land products, while others engage in intensive livestock farming, frequently complemented by the operation of biogas plants.




2.2. Methodology


To identify suitable energy concepts for the study area, a systematic methodological approach was applied by the researchers (adopted from [39,40]). This approach is primarily based on the recommended steps for municipal energy planning [41,42], which involves conducting a thorough inventory analysis, assessing potential, and identifying actionable options. While previous models and methodologies for renewable energy supply in urban areas and communities have considered different kinds of biomass (e.g., [43,44,45]), there has been a notable absence of a combined examination of material flows despite its significant potential, particularly in rural areas [25].



Therefore, this study integrates the conventional approach of life cycle assessments (Goal and Scope–Life Cycle Inventory (Cradle to Grave)–Impact Assessment–Interpretation), which is commonly utilized for evaluating waste disposal pathways (see [46,47]) and resource planning [48]. The intention is to bridge the gap by applying this established methodology to the assessment of biomass in the context of renewable energy supply for municipalities. This novel approach not only extends the existing framework but also addresses a crucial aspect of rural energy planning by considering material flows and their potential impact on sustainable energy solutions.



This approach consists of the four following steps, which will be depicted in more detail below (Figure 2):




	
Inventory analysis to assess the current technical infrastructures and biogenic material flows in the analyzed sectors in the study area;



	
Potential analysis to identify suitable technology options to transfer biogenic residues into energetic potential;



	
Conceptualization to define the energy concepts and their sub-concepts;



	
Concept evaluation to identify the (dis)advantages of each sub-concept in reference to the current system.
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Figure 2. Conceptual framework of the methodology used. 






Figure 2. Conceptual framework of the methodology used.
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Inventory analysis: The inventory analysis involves a comprehensive assessment of infrastructures and material flows within the waste management, wastewater management, and agricultural sectors, as well as the energy demand in the study area.



In the waste management sector, particular focus is placed on biowaste and private or municipal green waste, along with the respective collection systems and disposal routes, including the distances travelled. Additionally, any existing treatment facilities, especially those with energy output, such as biogas plants, are taken into account.



Within the wastewater management sector, the quantities and compositions of sewage sludge are of primary importance. This includes a consideration of pre-treatments and disposal routes, along with corresponding distances. Furthermore, sewage sludge treatment plants (including dewatering, drying, and digestion) within the area under consideration are documented. Future developments like the construction of municipal sewage treatment plants or the decommissioning of small-scale sewage treatment plants and related changes in sewage sludge generation are also considered.



In agriculture, the focus lies on previously unutilized material flows. This encompasses manure and compost, as well as residual straw. Additionally, existing agricultural biogas plants and their respective input materials are recorded. The energy demand within the area of interest plays a crucial role in determining the utilization of energies generated through new energy concepts. Local consumable energies such as heat and fuel are particularly relevant. The determination of heat demand should be spatially resolved and can be simplified through the use of statistical indicators (e.g., [49]) or can be derived from existing municipal heat planning. If there are no aggregated data available for calculating the heat demand of private households in rural municipalities due to a decentralized supply structure, it can be derived at the building level using the online tool TRAIL (see [44]). TRAIL provides the heat demand of private households in kWh/(m2 of living space per year) in a 100 × 100 m grid for all Thuringian municipalities based on publicly accessible data (statistical data on building age [50] and typical heat demand by building age and type [50], with 3D buildings on the level of detail 2 (LoD2 city model) [51]). From the LoD2 city model, the living area for each residential building was determined following the TRAIL calculation algorithm [49]. Then, the heat demand per building was calculated as follows:


   Q  building   =    A  · 0.8 · n ·  C  heat    



(1)




where Qbuilding is the annual heat demand of a specific building, A is the building floor area, n is the number of floors, and Cheat is the specific heat demand in kWh/(m2·a) of the corresponding tile in the 100 × 100 m grid [49]. The heat demand of non-residential buildings, for which no consumption data are available, as well as commercially used buildings, can be estimated based on the gross floor area of these buildings and their characteristic values depending on the type of use [52].



In addition to capturing the infrastructure, material flows, and energy demands of public entities and private households, these aspects should also be taken into account for relevant commercial and industrial enterprises. An overview of the captured data for the inventory analysis is given in Table 1.



In the next step, a life cycle inventory of the current utilization pathways for all considered material flows in terms of costs, revenues, greenhouse gas emissions, carbon credits, and energy consumption are compiled using the available literature or operating data. Then, the abovementioned parameters are summed up across the pathways to determine the costs, revenues, emissions, credits, and cumulative energy expenditures for the existing system. The balance framework of the life cycle inventory is schematically shown in Figure 3.



The energy content of the material flows should be determined to identify effective utilization routes at a later stage.



Utilizing this flow balance enables the identification of weaknesses in the current system, pinpointing areas such as outdated treatment technologies or unutilized material flows. Simultaneously, it is crucial to assess the objectives of local stakeholders in the study area concerning resource utilization, heat planning, and future developments, particularly in the context of energy resources.



Potential analysis: Potential analysis aims to identify various technology options (conversion technologies) for energy-optimized treatment and the effective utilization of material flows (adopted from [53]). This includes a special focus on technologies that allow for the combined treatment of multiple material flows from different sectors. Additionally, it involves identifying any potentially necessary technologies for the pre-treatment (provision technologies) of material flows. Furthermore, the analysis seeks to identify potential utilization technologies to harness the products generated through the application of conversion technologies.



In this context, relevant parameters for all identified technology options (provision, conversion, and utilization) should be determined. These parameters include investment costs, operating costs, revenues, lifespan, greenhouse gas emissions, carbon credits, and energy consumption. These factors are evaluated in relation to local specifics, such as the quantities of material flows to be treated and transportation distances.



Conceptualization: During this phase, the main concepts are formulated by aligning the identified technology options with the objectives set by regional stakeholders. Any material flows not addressed in the central conversion technology will have their existing utilization pathways incorporated into the main concepts to ensure that a complete life cycle inventory is prepared for each concept.



Additionally, sub-concepts are developed through the exploration of different combinations of treated material flows using the conversion technologies and potential utilization technologies to obtain the resulting products.



Concept evaluation: It is important to select a time frame (TF) for assessing energy concepts. This period is typically determined by the longest lifespan among all considered technology options. However, deviations may occur in cases of different planning scenarios at the local or higher levels.



Next, greenhouse gas emissions, carbon credits, and cumulative energy expenditures are calculated on an annual basis for each utilization pathway. The calculation of necessary investment costs, discounted expenses, and revenues are aggregated to a present value (PV) and then converted into equivalent annual cost (EAC) according to current guidelines for dynamic cost comparisons for water management facilities [54] using the Formulas (2) and (3):


  PV =    I 0        1 + p    i    +    Σ     operating    costs i   ∗     1 + g    i  −   revenues  i        1 + p    i     



(2)




where I0 is the investment cost, p is the interest rate, g is the annual price increase rate, and i is the year.


  EAC =   PV   TF    



(3)







Following this, the parameters mentioned above are aggregated across all material flows to determine the net emissions, EAC, and cumulative energy expenditures for each sub-concept. In the subsequent step, the greenhouse gas abatement potential (AP) and the greenhouse gas abatement costs (ACs) for all sub-concepts are computed as indicators for their climate change mitigation effects as well as economical performances. This is carried out by comparing the results of the calculations and energy savings obtained in the previous step with the results for the existing system using Formula (4):


  AC =   ∆    EAC      ∆    emissions    =     EAC  j  −      EAC   0        emissions  j  −      emissions   0     



(4)




where j indicates the values for the corresponding sub-concept, and 0 indicates the values for the existing system.



Finally, a sensitivity analysis is carried out, considering economically relevant parameters such as energy costs, transportation costs, price increases, interest rates, and the chosen time frame. This analysis helps identify the optimal concepts based on criteria like maximum greenhouse gas reduction potential, lowest greenhouse gas reduction costs, the best ratio of greenhouse gas savings to investment costs, and the best ratio of greenhouse gas reduction costs to investment costs. These findings are then aligned with local objectives and goals to identify the optimal sub-concept.





3. Results


Applying the previously described methodology to the study area requires a structured process. Therefore, the results will be presented below according to each of the four analytical steps.



3.1. Results of Inventory Analysis


Waste disposal is managed at the district level. The municipal waste management company is the entity responsible for waste disposal. Due to the rural structure of the study area and the resulting lack of economic viability for the separate collection of organic waste, the municipal waste management company set the goal of widespread on-site composting. In the study area, biogenic household waste was not yet separately collected. Therefore, it was collected together with residual waste in a pick-up system and subsequently loaded onto trucks at the district’s depot located at a distance of approximately 30 km. From there, it was thermally treated in an incineration plant located about 140 km away. Since precise data on waste quantities in the municipality are not recorded, they must be estimated based on the quantities and compositions of waste for the entire district provided by the district works, as well as population figures. Information regarding the compostable fractions of household waste is available from the household waste analysis for 2016/2017 [55]. Green waste was collected through three containers located in the municipality, using a drop-off system. These containers contained private and municipal green waste.



Focusing on wastewater management, approximately 54% of the population was connected to a central municipal sewage treatment plant, 39% had access to a mechanical small-scale sewage treatment plant, and 7% had access to a fully biological small-scale sewage treatment plant. Consequently, the collected sludge primarily consisted of sludge from small-scale sewage treatment plants with a very high water content. The data on sludge production and composition were provided by the wastewater disposal entity of the study area. The sludge in the study area was not collected or treated centrally but rather disposed of at a large sewage treatment plant located approximately 30 km away.



In the study area, there are two large agricultural enterprises. In addition to plant production, their activities include the breeding of sows and dairy farming, along with the operation of a power-driven biogas plant. The heat generated by this biogas plant is utilized for heating the stables and buildings, although a significant portion remains unused.



The heat supply in the study area is characterized by a decentralized structure due to its rural nature, and there is no centralized heating network. The majority of heat generation is fossil-based, with a significant portion coming from heating oil, as only a few villages are connected to the gas network. Since there are no aggregated data available for the heat demand of private households in the rural municipality due to this decentralized supply structure, these were derived at the building level from the online tool TRAIL (see Formula (1)).



The data on heat demands were then consolidated using a heat cadaster. This was gradually expanded to include non-residential buildings for which consumption data are available (buildings owned by the municipality and industrial buildings). In addition, other municipal buildings for which no consumption data are available, as well as commercially used buildings, were added by estimating the heat demand based on the gross floor area of these buildings and their characteristic values depending on the type of use.



The electricity demand for private households in the study area was adopted from TRAIL. This was based on statistical data on average electricity demand per person. The municipality provided the electricity demand for the community (street lighting, sewage treatment plants, municipally owned buildings, etc.).



The energy demand for road transportation was extrapolated from the energy demand for Thuringia [56], using the population figures for the study area.



Based on the data collected as described above, a balance was created for the quantities and energy contents of material flows, as well as the costs, revenues, greenhouse gas emissions, carbon credits, and cumulative energy expenditures for the material flows generated in the study area, which include sludge, organic waste, green waste, cattle manure, swine manure, and residual straw. This is illustrated in Figure 4. The costs were discounted within a 30-year time frame using Formula (2) for comparison with the later energy concepts.



Notable negative points in the balance include particularly high emissions from the direct application of swine manure, elevated costs due to the external disposal of untreated sludge, the suboptimal disposal of high-calorific organic waste and green waste, and the underutilization of excess heat from the biogas plant.



In several workshops and discussions with stakeholders from the wastewater management sector (Managing Director of the wastewater disposal entity), waste management sector (Member of the Environmental Committee of the district), and agriculture sector (Managing Director/Department Head of the agricultural enterprises), as well as members of the municipal administration (Mayor, Energy Manager of the municipality, and Head of the Building Department), the objectives of each sector were discussed. The objectives were outlined as follows:




	
Wastewater management: the aim is to reduce the high costs of external sludge disposal by implementing in-house treatment solutions.



	
Waste management: this sector is open to cross-sector collaboration and partnerships.



	
Agriculture: This sector’s focus is on the continued operation of the existing biogas plant that is economically viable beyond the expiration of the state Renewable Energy Law (Erneuerbare-Energien-Gesetz (EEG)) subsidies. Also, this sector aims to explore opportunities for utilizing swine manure, especially for meeting their own energy needs.



	
Municipality: the aim is to ensure a sustainable heat supply within the municipal area, with a preference for leveraging regional resources.









3.2. Results of Potential Analysis


To investigate how to transform the biogenic resources into energy, different technologies were catalogued, and their impacts were quantified. Based on a literature review (see [57,58,59]), biogas plants with power generation in combined heat and power units (CHP), fermentation with the upgrading to biomethane, combustion, gasification, hydrothermal carbonization (HTC), and pyrolysis were identified as suitable conversion technologies for the partial joint treatment of the relevant material flows in the study area. Their specific characteristics were documented in technology profiles.



In some cases, (pre-) processing steps are required for certain material flows. Likewise, only some of the technologies are suitable for certain material flows. Different products can be provided using the various conversion technologies identified from the literature review. These findings are summarized in the table below (Table 2).



To effectively harness the respective material flows and the resultant products, a range of extraction and utilization technologies is imperative. Regarding extraction technologies, consideration encompasses a separate collection of biowaste and straw extraction. As for utilization technologies, integration involves a heating network, mobile heat storage, a biomethane filling station, and biomethane injection into the gas grid.




3.3. Results of Conceptualization


Derived from the conversion technologies and aligned with the goals of local stakeholders, three primary concepts were discerned. By modifying the pertinent material flows and corresponding technology options for each concept, a total of 72 sub-concepts were delineated in accordance with the three main concepts.



3.3.1. Concept 1: Maximum Heat Provision


Based on the high heat demand identified in the inventory analysis and considering the structural suitability of a selected village in the study area, Concept 1 aims to provide the maximum amount of heat in the area through the establishment of a district heating network. Possible heat sources include the utilization of excess heat from the existing biogas plant, an expansion of this biogas plant for the utilization of treatment-requiring material flows, and the construction of a new heating plant. By varying the heating plant (combustion/gasification), the materials used (option 1: straw; option 2: green waste; option 3: straw + green waste), the configuration of the existing biogas plant (option 1: existing fermenter; option 2: new fermenter; option 3: without excess heat), and the biogas substrates used (option 1: cattle manure; option 2: cattle manure + sludge; option 3: cattle manure + organic waste; option 4: cattle manure + sludge + organic waste), a total of 48 sub-concepts were considered for Concept 1 (see Figure 5).




3.3.2. Concept 2: Emission Minimization through Swine Manure Utilization


Due to the identified high greenhouse gas emissions from untreated swine manure in the study area, the digestion of this material presents significant potential for minimizing greenhouse gas emissions. Through the co-digestion of other treatment-requiring materials, synergistic effects can be harnessed, leading to significant cost savings and enhanced emission reductions. Moreover, this approach presents the prospect of producing climate-neutral energy products, including upgraded biogas, as well as electricity and heat. By varying the utilization technologies for biogas (option 1: CHP + mobile heat storage; option 2: upgrading to fuel; option 3: upgrading + injection into gas grid) and the biogas substrates used (option 1: swine manure; option 2: swine manure + sludge; option 3: swine manure + organic waste; option 4: swine manure + sludge + organic waste), 12 sub-concepts were identified for Concept 2 (see Figure 6).




3.3.3. Concept 3: Optimized Sludge Management


External sludge disposal constitutes a significant cost factor for the considered sectors. Achieving a more efficient local treatment of sludge is feasible by tapping into existing waste heat sources, such as the available biogas plant, or previously unexplored biomass potentials. Moreover, this approach opens up the possibility for producing high-quality biochar. Concept 3 introduces 12 sub-concepts by varying the sludge treatment technology (option 1: dewatering + drying; option 2: hydrothermal carbonization; option 3: pyrolysis), the heat provision (option 1: new biogas plant + CHP; option 2: existing biogas plant + CHP), the utilization of biochar from hydrothermal carbonization or pyrolysis (option 1: sludge disposal; option 2: soil conditioner; option 3: fuel), and the materials involved in hydrothermal carbonization (option 1: sludge; option 2: sludge + organic waste; option 3: sludge + organic waste + green waste) (see Figure 7).





3.4. Results of Concept Evaluation


Based on an Excel tool created for this case study, the necessary investment costs, discounted costs, and revenues for each utilization pathway, as well as greenhouse gas emissions and cumulative energy expenditures, were calculated on an annual basis for all the sub-concepts. These values were then summed for comparison within each main concept. By comparing them with the existing system, the required investment costs, greenhouse gas emission abatement potentials, greenhouse gas abatement costs, and energy savings were derived. The results are presented in a diagram (Figure 8). The diagram depicts the annual GHG abatement potential on the x-axis and the specific GHG abatement costs on the y-axis. The size of the circles corresponds to the investment costs required for the implementation of each sub-concept, and the color indicates their alignment with the main concepts. It is important to note that almost all the sub-concepts have negative GHG abatement costs, indicating that these sub-concepts are associated with financial savings or revenues.



Depending on the prioritized objective, different concepts represent the optimum:




	
Establishing a district-heating network with the incineration of straw and green waste, along with the treatment of cattle manure, organic waste, and green waste, enables the highest greenhouse gas emission reductions. However, this option entails very high investments. As was the case before, sewage sludge would continue to be externally disposed without prior treatment, and swine manure would not be utilized in this sub-concept (see Figure 9).



	
The dewatering and drying of sewage sludge, using the excess heat from the existing biogas plant, offers the lowest GHG abatement costs, resulting in significant financial savings with manageable efforts. For this purpose, sewage sludge dewatering and drying facilities would be installed, which would receive the required heat from the existing biogas plant. Subsequently, the dried sewage sludge would continue to be disposed externally. The remaining material flows would be treated or disposed of in the same manner as in the existing system (see Figure 10).



	
The co-digestion of swine manure and sewage sludge presents the best ratio of investment costs to mitigation potential and mitigation costs. The generated biogas would be upgraded and subsequently distributed as fuel. The disposal routes for the remaining material flows remain the same in this sub-concept as in the existing system (see Figure 11).








A one-dimensional sensitivity analysis was conducted for the parameters including transportation costs, energy costs, interest rate, evaluation period, and price increase, as these parameters have a significant influence on the economic performance of the concepts aside from the investment costs. The remaining parameters that form the basis of the calculations were retained, since they are precisely known due to local conditions (e.g., distances and material flows) or can be considered secure based on thorough research (e.g., emissions), and no significant alterations are to be expected. The GHG abatement costs were used as the case study variable. In light of the significant uncertainties prevailing in recent years, particularly concerning costs, especially in the energy sector, the estimation of realistic parameter ranges proved to be a challenging task. Consequently, wide parameter ranges were chosen for the following parameters: interest rate, price increase, transportation costs, and energy costs. The volatile nature of these variables underscores the complexity of forecasting, making it difficult to establish well-founded parameter ranges.



The selection of the evaluation period typically aligns with the longest depreciation time of the system components under consideration. However, due to the extended operational lifetimes observed in certain technologies, such as heat networks, the evaluation period was expanded to up to 50 years. This expansion was motivated by the recognition that some technologies exhibit longer lifespans in practical applications than initially anticipated. Conversely, given the anticipated significant shift in the role of biomass within the future energy system, it is necessary to consider substantially shorter evaluation periods in this context. The ranges of the parameters used are depicted in Table 3.



A rising interest rate, especially in concepts where depreciation costs constitute a significant portion of the annuities (concepts with HTC), leads to significantly higher abatement costs. The magnitude of the influence depends on the proportion of depreciation to annual costs, which, in turn, is determined by the ratio of investment costs to ongoing expenses. Overall, the interest rate exerts no significant influence on the ranking of sub-concepts, resulting in low sensitivity overall (see Appendix A, Figure A1).



The evaluation period also affects the results of some concepts. It is evident that, with a duration of 20 years and especially in concepts involving HTC, significant inflection points occur due to necessary reinvestments after the depreciation period. The distribution of concepts remains largely unchanged, indicating that the considered evaluation period does not have a decisive influence on the choice of concepts. With the exception of the aforementioned cases, the evaluation period does not lead to noteworthy changes in the ranking of concepts and is therefore considered not highly sensitive (see Appendix A, Figure A2).



Price increases primarily impact external sludge disposal, making it considerably more expensive. This leads to increased savings compared to the existing system in concepts where sludge is utilized. A price increase has a substantial impact on the ranking of the main concepts but only a minor effect on the ranking of sub-concepts, making it conditionally sensitive (see Appendix A, Figure A3).



Regarding energy costs, it is observed that an increase in these expenses makes concepts with high electricity production or heat generation more economical. However, energy costs do not have a significant impact on the overall results, thus also being conditionally sensitive (see Appendix A, Figure A4).



Transportation costs play a crucial role in concepts where sludge is utilized. In cases of external disposal, transportation constitutes a significant portion of the total costs. Therefore, a reduction in transportation expenses leads to greater savings compared to the existing system. The influence of transportation costs on the overall results is particularly pronounced. Transportation costs have substantial effects on Concept 3 and negligible impacts on other concepts, with no influence on the ranking of sub-concepts, making such costs conditionally sensitive as well (see Appendix A, Figure A5).



Overall, sensitivity analysis reveals that significant changes in the ranking of the main concepts only occur at the edges of the parameter ranges, and these mostly affect the sub-concepts within a given concept. Therefore, the examined parameters are classified as slightly sensitive for comparing the concepts with each other.





4. Discussion


This manuscript delineates a systematic approach for the comprehensive integration of biogenic resources across diverse sectors. Functioning as a nexus, this approach establishes a collaborative framework involving both private and public stakeholders within waste management, wastewater management, and agricultural domains, which are recognized as potential contributors to the biogenic resources essential for energy generation. This paper provides an exhaustive and foundational elucidation of the procedural steps a rural municipality should undertake to harness biogenic resources for energy production in rural environments.



Employing an iterative strategy, the methodology’s development underwent recurrent cycles of inventory analysis, potential analysis, conceptualization, and concept evaluation. This iterative design unfolded in tandem with the active engagement of local stakeholders representing the pertinent sectors. Key figures, including the mayor, local energy manager, and representatives from industrial and civil sectors, participated in a collaborative fashion. This approach facilitated the development of a pragmatic methodology.



Crucially, the conceptualization phase remained an ongoing consultative process with local stakeholders to ensure that the continuous results aligned with real-world implementability. This proactive engagement sought to validate the viability and feasibility of the proposed methodology within the temporal constraints of practical application.



By focusing on the interconnected dynamics of waste management, wastewater management, and agriculture, this study selectively delves into a particular facet and a designated option space pertinent to energy transition. As a consequence, no deliberate juxtaposition or assessment is made vis à vis with alternative sustainable energy supply concepts. Nevertheless, it is imperative to recognize that the outlined methodology possesses the versatility to be incorporated into a more comprehensive and holistic perspective. Notably, industrial biomass (e.g., from breweries) or forestry biomass is not considered as in other approaches (see, e.g., [53,60]) and must be analyzed on a case-by-case basis. On the other hand, the energy potential of wastewater and its partial material flows are rarely integrated in biomass investigations combining more than two sectors (see, e.g., [61]). This study, therefore, provides a new type of added value for research into the energetic utilization of biogenic resources.



The scope of this study demarcates the spatial confines within which the analyses and conceptual frameworks were tailored. Consequently, the exploration overlooked potentially synergistic biogenic resources from neighboring areas that could amplify the efficacy of the investigated concepts. Importantly, the formulated concepts are elaborated for three distinct target settings within the study domains. Any extension of these investigations to alternative study areas necessitates a bespoke adaptation, as there exists no universal “recipe” applicable to all locales. Rather, the configuration of technology options (and their combinations) must be individually modeled to ascertain their efficacy in achieving specific objectives.



However, the developed methodology remains highly replicable in rural settings, with the exception of noted limitations and location-specific considerations. The used calculations and values were derived from the recognized technical rules of the sectors involved in this study and were verified with the specific stakeholders in the study area. Furthermore, methodological and technical focal points were discussed and defined jointly in workshops.



Implementing the developed methodology yielded reliable results within the study area. The three core concepts, along with their sub-concepts, which were collaboratively crafted with local stakeholders, contribute positively to both climate protection and local heat supply. This underscores the effectiveness of interconnecting waste management, wastewater management, and agriculture to generate pertinent energy solutions.



Notably, the obtained outcomes prompted immediate efforts from local stakeholders to realize Concept 3. However, discussions with local stakeholders and experts affirmed the desirability of a combined approach involving all three core concepts. The study area’s generic structure for rural municipalities enhances the potential for widespread applicability. As the study area consists of 19 municipal districts, the findings also hold significance for inter-municipal cooperation in diverse local settings.



To advance the scientific evolution of the research findings, dynamic exploration is warranted. This entails various analyses, e.g., analyzing the impact of changing population figures on the achieved results. Additionally, there is a need for addressing unresolved issues surrounding legal implementation and financial management for local stakeholders. Given the ongoing transformation of the institutional framework for energy concepts, the role of biomass in local energy generation requires continuous scrutiny in future studies.



Applying the presented approach should be supported by adjusting policies at the local and national levels. At the local level, the paradigm of the cross-sectoral management of biogenic residues should be incorporated into municipal statutes and administrative guidelines to initialize a shift from predominant sectoral management solutions toward energy-optimized approaches based on combinations of biogenic residues of different sectors. Furthermore, to be able to implement each identified sub-concept, adjustments of national policies are needed. The current institutional framework is not aligned with the aim of the systematic usage of local residues for energy production and the implementation of corresponding concepts. For example, from an operator’s perspective, it is almost impossible to secure the (long-term) procurement of local residues due to competitive tendering requirements under the law, which makes investing in approaches to utilize local residues considerably more difficult.




5. Conclusions


The transition toward sustainable energy systems requires a more efficient use of energy and the systematic coupling of different energy sources from various sectors. From a socio-economic perspective, a transition and future energy supply at the municipal level needs to be affordable, consumer-friendly, efficient, and environmentally friendly. In order to pursue energy transition, urban and rural municipalities are challenged with designing Communal Energy Plans describing their long-term perspective on heat supply. In comparison to renewable energy sources such as solar power, wind energy, and geothermal heat, the systematic coupling of biogenic residues from waste, agriculture, and wastewater sectors for energy production has barely been considered by community decision makers until now. Aiming to support the design of suitable energy systems for rural areas, this paper outlines a systematic approach consisting of four steps, starting from an in-depth analysis of local technical and biogenic aspects to the conceptualization and evaluation of potential energy concepts. The presented approach supports decision makers to systematically investigate the local energy potential of biogenic residues from waste, agriculture, and wastewater management and define the energy concepts suitable for the local conditions. While it can be assumed that most municipalities rely on other sources of energy to meet their energy demand, biogenic residues can be considered a relevant component of the transition toward locally based, diversified, and climate-friendly energy systems.
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Figure A1. Interest rate in the sensitivity analysis. 






Figure A1. Interest rate in the sensitivity analysis.



[image: Sustainability 15 16573 g0a1]







[image: Sustainability 15 16573 g0a2] 





Figure A2. Time frame of the sensitivity analysis. 
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Figure A3. Price increase in the sensitivity analysis. 
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Figure A4. Energy costs in the sensitivity analysis. 
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Figure A5. Transportation costs in the sensitivity analysis. 
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Figure 1. Map of the study area, the municipality Am Ettersberg, and its location in Germany [31]. 
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Figure 3. Balance framework of the life cycle inventory. 
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Figure 4. Schematic representation of the existing system and its life cycle inventory. 
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Figure 5. Schematic of sub-concepts for Concept 1. 
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Figure 6. Schematic of sub-concepts for Concept 2. 
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Figure 7. Schematic of sub-concepts for Concept 3. 
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Figure 8. GHG abatement costs and potentials and investment costs of the evaluated concepts. 
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Figure 9. Schematic representation of the concept with the highest GHG reduction. 
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Figure 10. Schematic representation of the concept with the lowest GHG abatement costs. 
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Figure 11. Schematic representation of the concept with the best ratio of investment costs to GHG abatement costs and potential. 
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Table 1. Captured data for inventory analysis.
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Energy Sector

	
Wastewater Sector

	
Waste Sector

	
Agriculture Sector






	
Material flows

	
Energy demand in

households (heat, fuel)

	
Sewage sludge

	
Biowaste from households

	
Manure




	

	

	
Private green waste

	
Compost




	
Energy demand in

industry (heat, fuel)

	

	
Municipal green waste

	
Residual Straw




	

	

	
Landscaping materials

	
Further input material




	
Infrastructure

	

	
Pre-treatments

	
Collection system(s)

	




	

	
Disposal routes

	
Disposal routes

	




	

	
Treatment facilities

	
Treatment facilities

	
Biogas plant(s)











 





Table 2. Investigated technology options, with (pre-) processing steps and outputs.
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	Biogas Plant and CHP
	Biomethane Plant
	Combustion
	Gasification
	Hydrothermal Carbonization
	Pyrolysis





	Input
	
	
	
	
	
	



	Organic Waste
	Shredding, separation of impurities
	Shredding,

separation of impurities
	No
	Drying
	Yes
	Drying



	Green Waste
	Shredding,

separation of impurities
	Shredding,

separation of impurities
	Drying
	Drying
	Yes
	Drying



	Sewage sludge
	Yes
	Yes
	Drying
	Drying
	Yes
	Drying



	Cattle manure
	Yes
	Yes
	No
	No
	Yes
	No



	Swine manure
	Yes
	Yes
	No
	No
	Yes
	No



	Straw
	Shredding
	Shredding
	Yes
	Yes
	Yes
	Yes



	Output
	
	
	
	
	
	



	Heat
	Yes
	No
	Yes
	Yes
	No
	No



	Electricity
	Yes
	No
	No
	Yes
	No
	No



	Fuel
	No
	Yes
	No
	No
	Yes
	Yes



	Fertilizer/soil conditioner
	Yes
	Yes
	No
	No
	Yes
	Yes










 





Table 3. Parameters of sensitivity analysis.
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	Parameter
	Default Value
	Range





	Interest rate
	3%
	0–10%



	Evaluation period
	30 yr
	10–50 yr



	Price increase
	0%
	0–10%



	Transportation costs
	EUR 0.58/(t·km)
	EUR 0.20–1.50/(t·km)



	Energy costs
	100%
	30–300% energy price limit
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