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For the existing biogas plants (BGP) in Germany, the period of the public support scheme begins to end in 2021. From a technical point of view, essential components have an operational life span of more than 20 years and allow for an extended operation. However, a profitable extension would require suitable follow-up concepts and depends on the underlying plant-specific setup, the regional conditions, as well as the regulatory and economic framework. Based on an expert evaluation, four promising follow-up concepts were identified in a multistage process consisting of expert interviews, workshops, and an online survey. These follow-up concepts are “Basic flexibilization,” “Substrate change,” “Seasonal flexibilization,” and “Biomethane upgrading.” They were assessed with a plant-specific biogas repowering model for a heterogeneous data set of 2,508 BGPs and were compared in three scenario frameworks to derive robust development paths. To capture the heterogeneity of the existing BGPs in Germany, the model was developed further regarding regional parameters such as power output, substrate mix, and emission factors. Across all the scenarios, “Seasonal flexibilization” proves to be the most promising follow-up concept for more than 50% of the BGPs. This is followed by “Substrate change,” which is particularly suitable for larger BGPs with high shares of energy crops and no heat utilization. Biomethane upgrading is usually the second choice compared to participation in extended public support schemes for electricity production. However, it is the only concept that is profitable under current market conditions due to the high CO2-quota prices in the German fuel sector. The development pathways also show a significant potential to increase the net GHG reduction, which on BPG average can be nearly doubled. Our approach shows that the interplay of the heterogeneous BGP structure, the applied economic decision variable, and the nonuniform framework conditions in different energy markets is of crucial importance when assessing similar biogas markets, identifying robust follow-up pathways, or designing framework policies.
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INTRODUCTION
In the early 2020s, the first generation of renewable energy plants in Germany reaches the end of their 20 years’ support period by the German Renewable Energy Sources Act (EEG). At the same time, the German electricity system is in a crucial phase of its energy transition. Conventional, dispatchable capacities such as nuclear and coal power plants are phased out or starting to be phased out. The share of renewable electricity is targeted to rise from 38 to 65% in 2030% (CDU, CSU, and SPD, 2018). Of this electricity, 14%, equivalent to 31.46 GWhel, is produced in biogas plants (BGPs) including the biomethane conversion pathway. The majority of these BGPs were built in the agricultural sector (Daniel-Gromke et al., 2018).
The biogas sector is growing in the European Union (EU) as well as worldwide. Yet, unlike Germany, most countries in the EU are less dominated by agricultural BGPs. The examples of Sweden and Norway, with a focus on biomethane production for fuel use, also show that the end-use energy sector can differ considerably (Scarlat et al., 2018). Regarding the future role of biogas, further growth is projected. The International Energy Agency’s outlook on biogas and biomethane predicts that global demand for direct use of biogas is to double or quadruple, depending on the underlying scenario (IEA, 2020). In comparison with carbon capture and storage bioenergy also plays a vital role in many scenario pathways toward limiting global warming at 1.5°C (IPCC, 2018).
Sorda et al. (2013) found that the German framework conditions in place at the time offer considerable economic potential for BGP expansion and overly favor smaller BGPs, even though larger plants and resource-sharing cooperations would be more efficient. Similarly, Balussou et al. (2018) conclude a shift toward new small manure and biowaste BGPs under the frameworks of the EEG 2012 and 2014 and that the majority of the existing BGPs would switch to a flexible operation. An extended operation period after 20 years is not regarded in either study, although that would be possible for many BGPs from a technical point of view. Unlike photovoltaic and wind power plants, electricity from biogas causes high fuel costs, primarily due to substrate provision and production. This makes a cost-covering operation hardly feasible under current market conditions without public support schemes. Outside Germany, BGPs are usually operated under some kind of support scheme as well (Banja et al., 2019). Likewise, similar issues will arise when support schemes change or expire at a certain point.
To address this issue, an extended support period of 10 additional years for existing bioenergy power plants was introduced in the EEG 2017 (Deutscher Bundestag, 2016). However, remuneration rates are considerably lower than before, require participation in a bidding process, and thereby increase economic pressure (Güsewell et al., 2019). In addition, new regulatory demands and amendment in the framework requirements, such as the flexibilization in the electricity sector (Szarka et al., 2013) or further digestate storage of the German fertilizer ordinance (BMEL, 2017), continuously induce necessary adaptions. The additional costs are usually offset by little or no revenues and thus increase the economic pressure. Further pressure is exerted by societal demands and the ecological impact of BGPs. In Germany, BGPs are characterized by a high share of energy crops (Daniel-Gromke et al., 2018), which are associated with negative ecological impacts compared to the use of manure, residues, or organic waste streams (O'Keeffe et al., 2019).
In consideration of changing framework conditions and ongoing new requirements, one can conclude the biogas and bioenergy sector in Germany is entering an important transition phase, also called the “Post-EEG” period. Besides, there are currently different incentives and mechanisms in the energy sectors. While in the electricity sector there is technology-specific constant remuneration in addition to the EU emissions trading system, there is a technology open and volatile market base GHG quota in the fuel sector. In the heat sector, climate protection efforts are comparatively low1. Expanding the perspective to the EU or the world the picture on the framework conditions becomes even more diverse. With the background of a necessary ambitious climate policy (Howard and Sylvan, 2021) more framework changes in the near future are likely.
Therefore, BGPs need new concepts to prove themselves robustly in these uncertain and complex conditions and extend their operation either within or even beyond a new support framework. Gökgöz et al. analyzed and compared such concepts for a single BGP and concluded that local sales and distribution of biomethane as a compressed natural gas substitute in combination with a flexible operated CHP unit can be a profitable concept for the future. However, when analyzing so-called follow-up concepts, the strong regional differences due to the underlying agricultural structure must be considered. These differences can be found, for example, in the size of the plant, the substrate mixture, or prices and have led to the very heterogeneous structure of the BGPs in Germany today. Accordingly, the BGPs in Matschoss et al. (2019) are grouped into five different categories regarding the regional substrate mix.
Against this background, the questions arise of how many existing BGPs can extend their operation and how much dispatchable renewable capacity can contribute to the power system, but also how the interplay of different follow-up concepts, the heterogeneous structure of the BGPs, and changing and nonuniform framework conditions might affect this development. Therefore, the goals of this study are:
1) Identify promising and select suitable follow-up concepts to extend the operation period of the existing BGPs.
2) Analyze and assess the technical, ecological, and economic effects of selected follow-up concepts regarding the heterogeneous structure of BPGs by the example of three distinct German regions.
3) Define reference BGPs representing the heterogeneous structure and identify beneficial parameters for a successful extension of operation regarding the BGPs characteristics and framework conditions.
4) Determine the optimal and robust follow-up concepts and the associated development paths for the existing BGPs in these regions under different scenario frameworks including a simulation of the EEG bidding process and the possible decommissioning.
METHODICAL APPROACH
To achieve these goals, a methodical approach consisting of an expert evaluation (Identifying Promising Follow-Up Concepts) and an analysis with an established biogas repowering assessment model was chosen. Several model adaptions had to be made to adequately model the follow-up concepts and the heterogeneous structure of the BGPs (Model Analysis and Regional Adaptations). Furthermore, reference BGPs representing this heterogeneous structure were defined (Reference BGPs Representing the Existing Heterogeneous Structure). The follow-up concepts were evaluated with key performance indicators (KPI) like the differential amount required for a cost-covering operation, which has to be balanced by public funds or newly established markets for ecological services (Assessment with Key Performance Indicators). Finally, three scenario frameworks were formulated to determine robust follow-up concepts (Scenario Frameworks to Determine Development Pathways). Scenario parameters include the design of the extended EEG support scheme, energy market prices, as well as technical progress of biogas technologies.
Identifying Promising Follow-Up Concepts
The expert evaluation consisted of a multistage interview and survey process to select a manageable number of follow-up concepts. After a project-internal identification and evaluation of possible follow-up concepts, experts from different sectors of the biogas industry were interviewed in a guideline-based way. Based on the results of the interviews, a standardized online survey (n = 40) was carried out and included the query on the following concepts (concepts selected for detailed modeling assessment are highlighted in bold):
• Flexibilization of combined heat and power (CHP) use on-site
o Nationwide marketing of electricity (Flex Base)
o Regional marketing of electricity
o Future system services in the electricity sector
• Substrate Change
o Alternative energy crops
o Agricultural residues and manure
• Heat utilization
o Seasonal flexibilization (Seasonal Flex)
o Direct heat use in a gas boiler
• Biomethane upgrading
o Upgrading and grid injection (Biomethane)
o Upgrading and local fuel supply in the transport sector
o Pooling of BGPs via microgrids with central upgrading
• Digestate processing
Each concept had to be assessed with five evaluation criteria such as economic success or impact on biodiversity. Each criterion was also weighed regarding its importance for an extended operation. For a comparison of the follow-up concepts, an overall index was calculated. This index combines the weighting of the evaluation criteria with the concept-specific evaluation (see Supplementary Table S9 for the results).
According to this overall index, the follow-up concept of “Substrate Change” was assessed as very positive and relevant (index of 0.49). Therefore, it was prioritized for modeling. In addition, the concept with the second-best index, “Seasonal Flex,” was further investigated in the model. The nationwide marketing received the lowest index value (0.38). However, because it is a concept that is already widely implemented in Germany, it was analyzed as the reference base (Flex Base). Besides, biomethane upgrading and the subsequent injection into the natural gas grid (Biomethane) is chosen because the option of producing a different product for various markets makes a concept comparison interesting. Even though the overall index of this concept was assessed lower compared to the other biomethane upgrading concepts such as local fuel supply in the transport sector, grid injection of biomethane is currently the most common concept.
Model Analysis and Regional Adaptations
The model analysis was conducted using an established biogas repowering assessment model for the existing BGPs implemented in Matlab (see Güsewell et al. (2019) for more details on the general model and Güsewell et al. (2021) for more details on the CHP dispatch optimization). Figure 1 gives a graphical overview of the model. Major regression functions for different BGPs components are given in the supplementary materials. Regional data based on monitoring studies and surveys were integrated into the model to include the existing BGPs of the German federal states of Baden-Wuerttemberg (BW), Thuringia (TH), and Lower Saxony (Niedersachsen, NI) (Implementing Regional Heterogeneity). Another model focus was on additional input data such as the calculation of regional greenhouse gas (GHG) emissions factors for alternative substrates like the cup plant (Silphium perfoliatum L.) (Greenhouse Gas Emission Factors of Substrate Provision). Further adaption had to be made to incorporate the follow-up concepts (The Selected Follow-Up Concepts and Their Core Design).
[image: Figure 1]FIGURE 1 | Overview of the plant-specific model for existing biogas plants; BGP, Biogas plants; MILP/LP, Mixed-integer linear programming; CHP, combined heat and power; GHG, Greenhouse gas; NPV, Net present value; LCOE, Levelized cost of energy/electricity.
The Selected Follow-Up Concepts and Their Core Design
As described above, four final follow-up concepts were selected for the model analysis. The configuration details of these concepts are listed in Table 1. It was assumed that each implementation of the on-site CHP concepts intends to participate in the extension period of the EEG. To do so, participation in the bidding process is required and the requirements of the EEG, like a minimal power quotient (PQ)2 of two, must be met. Consequently, flexible electricity production in line with the demand is pursued. Electricity revenues are based on the nationwide marketing at the German day-ahead auction. The dispatch optimization was done using the historical data for the years 2008–2019 (Open Power System Data, 2020). The concepts “Substrate Change” and “Seasonal Flex” are thus a combination of nationwide marketing and their specific concept idea. For example, in the “Substrate Change” concept, conventional energy crops such as maize silage are replaced with alternative crops such as Cup plant, wheat, and maize straw. The aim is to reduce the GHG impact while maintaining the rated power output. The newly established emission factors of Supplementary Table S11 are used for the alternative substrates. It was assumed that the necessary substrates are available at each site. The goal of “Seasonal Flex” is a higher heat utilization rate because seasonal heat demand often limits full heat utilization with year-round gas and heat production. In contrast, the gas production of “Seasonal Flex” follows the average heat demand of each month, e.g., in winter months, the production is higher than the yearly average. The yearly rated power output is also reduced to be in line with the applied synthetic heat demand profile for a generic residential area. More details of the seasonal flexibilization and the comparison of different operation modes are given in Güsewell et al. (2021). For the “Biomethane” concept, there are no changes in rated power and gas production. The CHP unit is replaced with a membrane-upgrading unit. The process electricity and heat demand must be supplied by the grid and a heat boiler, respectively. The biomethane is marketed as a fuel in the transport sector.
TABLE 1 | Core design, adjustments, and impacts on power output and substrate mix of the four selected follow-up concepts.
[image: Table 1]Implementing Regional Heterogeneity
In the substrate analysis module (see Figure 1), plausible data from 2,508 BGPs were used. The data are derived from the matched and merged EEG plant master and transaction data released by the German transmission system operators (TSOs) (ÜNB, 2019). Table 2 shows an overview of the main input data in the three states and provides an insight into regional variations regarding parameters such as installed capacity. In addition, Figure 2 shows the regional distribution rated power output (A) and the average substrate mix (B)/(C). E.g., the plants in TH are rather big with an average installed capacity of 0.53 MWel and often make use of the available heat. They also have the highest share of manure in their substrate mix, yet the manure amount is the lowest in absolute terms, as there are comparable few BGPs in TH.
TABLE 2 | Main model input data derived from the transmission system operators data for the year 2018.
[image: Table 2][image: Figure 2]FIGURE 2 | Regional distribution of rated power output (A) and average substrate mix in the states of BW, TH, and NI in absolute (B) and relative (C) terms (based on Härdtlein et al. (2013), Reinhold (2015), TLL (2015), Reinhold (2017), Matschoss et al. (2019)); BW, Baden-Wuerttemberg; TH, Thuringia; NI, Lower Saxony.
Next to the main input derived from the TSO data, the following parameters are differentiated according to their regional allocation (data derived: Schmehl et al., 2012; Härdtlein et al., 2013; Reinhold, 2015; TLL, 2015; 3N, 2017; Reinhold, 2017). For the model Modules 1 and 2 (M1, M2 in Figure 1) these parameters include inter alia the engine type (spark-ignited or ignition oil) and the number of CHP units, the process type (single- or two-staged), the average substrate mix, as well as types of digesters and digestate storage. For Module 3 (M3) they further include the average net heat usage rates, manure area potential, substrate area yields, and price as well as average plant-field distances. Details of the technical data are shown in S 1 to 5 and for the substrate data in S 11. Unavailable regional data were replaced with Germany-wide data, e.g., for engine types in NI.
As the regional data were not available on the same consistent basis, new classifications had to be implemented. While for BGPs in BW these classifications were based on the size of the BGP, for the BGPs in TH and NI they had to be changed to a classification based on the regional district. Next to different classification methods, different calculation methods had to be used. For example, the HRT used for the design of the net digestion volumes was calculated according to average values of the size class for BW (see Supplementary Table S3), Eq. 1 for TH (Reinhold, 2015), and depending on the manure share and the process type for NI (Liebetrau et al., 2011) (also see Supplementary Table S4).
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with Xmanure being the weight share of the manure substrates in the substrate mix.
Additionally, it was assumed that 13% of the digestate storage tanks in TH are lagoons that cannot be covered gastight (Reinhold, 2017). Also, there were no region-specific data available for the agitator and feed technology in TH and NI. Hence, the type of technology and daily electric consumption were assumed based on the data of BW.
Greenhouse Gas Emission Factors of Substrate Provision
GHG emissions of energy crops and other biogas substrates play a major role in overall GHG balance and specific GHG emissions of biogas or electricity from biogas. Regional conditions also have an impact on these emissions (Dressler et al., 2012). Therefore, GHG emissions factors were determined for the regions of BW, NI, and TH. The emission balance was calculated based on the life cycle assessment (LCA) approach of DIN EN ISO 14040 and 14044 (DIN, 2006; ISO, 2006) using the LCA software Umberto and Matlab. The specific calculations are based on similar studies such as in Pucker et al. (2010), Schmehl et al. (2012), Bacenetti et al. (2013), and Jacobs et al. (2017). Many basics are also based on Rösemann et al. (2019).
First, all emission sources of the substrate cultivation were identified, these are shown in Figure 3. The input for the substrate cultivation process is shown in green on the left and the resulting emissions are shown in red on the right. The production and use of seeds, fuels, pesticides, and mineral fertilizers are sources for emissions of CO2 or N2O. Each emission type was converted into CO2 equivalents using corresponding factors (IPCC, 2013). The functional unit is one ton of fresh mass.
[image: Figure 3]FIGURE 3 | Emission sources of substrate cultivation and biomass supply.
Second, the emissions balance requires the yields of the substrates, demand of fertilizers and used fertilizers, pesticides demand, fuel demand (based on field size, mechanization of machines, and farm-to-field distance), seed quantity, crop and root residues, nutrient composition of the substrates (N, P, K), fertilizer application techniques, and Nitrogen ground reserves. Many of these parameters are distinguished regionally, e.g., the average field size is 2, 5, and 20 ha for BW, NI, and TH, respectively, and are substrate specific such as the mechanization degree. Different emission factors based on literature data were used for the identified emission sources (KTBL, 2013; Roth et al., 2013; KTBL, 2014; Effenberger et al., 2016; UBA, 2016; Wernet et al., 2016; EEA, 2019; Rösemann et al., 2019; LWK; Niedersachsen, 2021).
For the substrates listed in Supplementary Table S11, the emissions balance results in the stated CO2 equivalents per ton of fresh mass. The main differences between the regions result from different yields, impact sizes, and the associated fuel requirements, as well as the different nitrogen reserves (N-Min) in the ground. Negative emissions result for all manure-type substrates, as the use of these substrates in BGPs avoids emissions compared to conventional open storage. For manure-type substrates, no differences in the federal states are assumed.
Reference Biogas Plants Representing the Existing Heterogeneous Structure
A twofold approach was followed to enable a structured comparison of results at the individual plant level. First, a clustering was carried out in which different characteristic parameters describing the initial setup of the BGPs are defined (Table 3). The goal of clustering is to reduce the computational time of the dispatch optimization and establish which clusters predominate in the database used (see The Selected Follow-Up Concepts and Their Core Design). The combination of different classes for the characteristic parameters of Table 3 leads to a theoretical number of 90 (=5x3x3x2) clusters. However, only 80 of these clusters showed one or more BGP, with an average of 31 BGPs across all the clusters. From each of these 80 clusters, a maximum of three BGPs was chosen for the detailed dispatch optimization. The results of these three BGPs were then assigned to all other BGPs in the same cluster. This is possible because key influencing parameters of dispatch optimization such as the plant size, substrate mix (influences e.g., the internal heat demand), and external heat demand (restricting the optimization) are similar within a cluster.
TABLE 3 | Characteristic parameter and range classes to determine representative plant clusters.
[image: Table 3]Second, six major clusters were normatively selected from the 80 clusters, to define reference BGPs for a detailed comparison of the results of fundamentally different BGPs. The goal of this selection was to maintain a high parameter variance while reducing the clusters to a manageable number and representing a large share of the database. Besides the parameters of Table 3, the type of digestate cover was added to characterize the reference BGP, as this can have a considerable impact on the operation of the extended period. For each of the six clusters, a single BPG was chosen to specify the parameters (Table 4). In total, 23% of the BGPs in the data set are represented by these six clusters and 17.22% if the digestate cover is included as an additional assignment parameter.
TABLE 4 | Main parameters of the reference biogas plants (BGPs) determined for the initial, first EEG period and the follow-up concepts in the REF scenario.
[image: Table 4]Assessment with Key Performance Indicators
To assess the follow-up concepts regarding technical, ecological, and economic aspects, KPIs were defined and evaluated (Table 5). Next to the levelized cost of electricity (LCOE), the missing margin, the differential amount, and the normalized net present value (NPV) were used for the economic evaluation. The missing margin is the amount needed for cost-covering operation when participating in the EEG bidding process and includes additional revenues such as the flex bonus, a measure to incentivize flexibilization within the EEG support scheme. In comparison, the differential amount only considers market revenues and presents the amount needed for cost-covering operations outside the EEG system. The normalized NPV is used as the criterion to determine which follow-up concept is implemented in the development paths of the scenario analysis. The mean fuel efficiency and GHG emissions are the technical and ecological KPI, respectively.
TABLE 5 | Key performance indicators (KPI) for the assessment of follow-up concepts and extended operation of biogas plants.
[image: Table 5]Scenario Frameworks to Determine Development Pathways
For the scenario analysis, three frameworks were formulated to analyze essential exogenous parameters for the comparison of the follow-up concepts and the possible development pathways of the BGP in the three regions until 2035. Table 6 provides an overview of these parameters, which can be categorized as EEG requirements, technical adaptations and progress, and economic development. The frameworks only differ for the EEG requirements and the economic development. For the economic parameters, time-series taken from various system studies were used (see Supplementary Table S10). Technical adjustments and the development of CHP and biomethane upgrading technologies are the same in all the scenarios. Parameters such as the growth rate for the electric efficiency of new CHP units are given because they can have a big impact on the profitability of BGPs (Güsewell et al., 2019). The first scenario called “EEG 2017 extension” is the scenario reference (REF). Here, the requirements of the EEG 2017 are implemented, and it is assumed that no further changes will take place. These requirements include the so-called corn cap limiting the use of maize silage and grains, the maximum bid limit, the mandatory HRT in the gastight system, and a minimum PQ for flexible operation. In contrast to the EEG 2017 auction volumes do not end in 2022 but continue with the same volumes (see Supplementary Table S10). Regarding economic development, no increase in the market value of flexible power production from biogas is estimated. The market value is therefore only based on the dispatch optimization of the historical data. Additional revenues from the intraday market and provision of balancing power are also assumed. In the transport sector, high GHG-emission reduction goals equal high CO2 prices. The revenues for biomethane, therefore, consist of the energy sales for the gas plus the GHG-quota prices.
TABLE 6 | Scenario framework parameters.
[image: Table 6]In the scenario “Strong flex demand” (Flex++), it is assumed that the demand for flexibility in the power system increases strongly due to a rapid expansion of volatile renewables in combination with a generally strong climate policy. This leads to a higher mandatory PQ of four. Also, there is an increase in market value, flexibility revenues, and higher CO2 prices up to 300 €/t CO2.
In the scenario “New paths in the EEG” (EEG-MOD), a possible EEG reform is played out. The most important requirements here are a modified minimum hydraulic retention time and a higher maximum bid limit for small BGPs below 200 kWel rated power. Besides, a minimum GHG emission reduction concerning the recast Renewable Electricity Directive (RED II) is introduced for BGPs participating in the EEG. The reduction must be at least 70% to the reference value of 659 g/kWhel.
For simplicity, no changes to the original state of the BGP within the first EEG support period are assumed. Also, the development paths do not regard new BGP installations. The bidding process of the EEG 2017 is also strongly simplified and explained below:
• The bidding auction volume, which applies to all bioenergy plants throughout Germany, is allocated according to the current capacity of the BGPs in the three regions under observation. Approximately 65% of bioenergy capacity comes from BGPs and 30% of them are located in BW, TH, and NI.
• Each BGP can only bid once. It always bids with the lowest missing margin of the three on-site CHP concepts if the missing margin lies below the bid limit and, in the case of the EEG-MOD scenario, below the minimum GHG reduction.
• Each BGP submits its bid 3 years before the start of the extended operation period. BGPs compete against each other in a uniform pricing model until the auction volume of the respective year is used up.
• “Leftover” volumes are transferred to the next bidding year.
After simulating the bidding process for each year, the NPV is calculated for each concept and BGP. For BGPs within the auction volumes, the income is based on the uniform price derived in the corresponding year, again only for on-site CHP concepts. If all NPVs are lower than zero, the BGP will be decommissioned after its original 20 years’ operation period. If there is more than one concept with a positive NPV, the concept with the highest normalized NPV will be implemented (for a flow chart of the general approach also see Supplementary Figure S1).
RESULTS
The plant-specific results are shown for the reference BGPs. The aggregated results are either grouped according to the region or the successful follow-up concept.
Concept Comparison on the Plant Level
Table 7 shows the specific effects of the follow-up concepts on BGP4 in the REF scenario. Since BGP4 is affected by the corn cap (see Table 1), the substrate mix also slightly changes in the concept “Flex Base.” Despite a lower absolute substrate input, the rated power output increases due to efficiency gains by the bigger and newer CHP unit. In the concept “Seasonal Flex,” the substrate input is strongly reduced, the rated output halved, and the average HRT increases to over 300 days. Owing to the higher PQ, the installed capacity is in the range of the other CHP concepts, which lies between 800 and 900 kWel (for the other reference BGP compare Table 4). The upgrading capacity of the “Biomethane” concept is 102 Nm3/h, which is significantly below the current average of 623 Nm3/h of upgrading plants in German (Völler and Reinholz, 2019). While the lowest LCOE for the CHP concepts can be achieved by “Flex Base,” the missing margin is the lowest for “Seasonal Flex.” Higher heat utilization rates and specific heat revenues are the main drivers. The LCOE of biomethane is 90.7 €/MWhHHV, which is comparatively low for a plant of this size (Billig, 2016). “Biomethane” is also the only concept being close to profitability under “pure” market conditions (see differential amount). Still, 18.8 €/MWhHHV has to come from other income sources to operate on a cost-covering basis.
TABLE 7 | Effect of the follow-up concept on the characteristic parameters and key performance indicators of BGP4 in the REF scenario.
[image: Table 7]BGP4 is not successful in the bidding process, even though the follow-up concept with the lowest missing margin and therefore possible bid is well below the maximum bid limit of 151.31 €/MWhel. The reason is the limited auction volume in the corresponding year of 2028. The available auction volume for that year is 39 MW while the submitted bid volume of all the participating BGPs is 160 MW. As a result, the EEG remuneration cannot be obtained by BGP4. The NPV based on market revenues only is negative.
The highest mean fuel efficiency can be achieved by “Biomethane” since no combustion process takes place in the CHP unit, which is associated with a considerable loss of energy. Looking only at the CHP concepts, “Seasonal Flex” shows the highest value with 33.49%. It is also the concept with the lowest GHG emissions since it combines a change in substrate mix and an increase in heat utilization.
As shown in Figure 4, the trends for BGP4 also apply to the other reference BGPs. LCOE of the CHP concepts are highest for the “Seasonal Flex” and lowest for “Flex Base,” except for BGP5 and 6. Here lowest LCOE is achieved by “Substrate Change.” One reason is the smaller reduction in rated power in comparison with “Flex Base.” Since these BGPs are located in NI, which accounts for the majority of all BGPs, the weight on the average LCOE for all plants (n = 2,508) is very strong and leads to the lowest average LCOE for “Substrate Change” (see Supplementary Figure S5). For the reference BGPs, the LCOE for “Biomethane” range from 82.23 to 128.2 €/MWhHHV. Again, the results highlight the economies of scale, being highest for BGP1 and lowest for BGP5.
[image: Figure 4]FIGURE 4 | KPI comparison of follow-up concepts for the representative BGPs in the REF scenario; BGP, Biogas plants; LCOE, Levelized cost of energy/electricity; GHG, Greenhouse gas.
Except for BPG6, the lowest missing margins can be achieved by “Seasonal Flex.” “Seasonal Flex” can even be economically advantageous for plants without heat utilization, like BGP1&5. The reason is the higher power and flex revenues, which, in turn, are caused by a higher PQ as well as higher spot market prices in the winter months. The plant-specific results regarding the differential amount are slightly different, with “Flex Base” achieving the lowest values for BGP1, 2, and 4. Considering all plants, on average lowest values are achieved by “Substrate Change,” but differences to “Flex Base” are however very small (see Supplementary Figure S5).
As with BGP4, a “Substrate Change” usually leads to an improvement and thereby to a decrease in GHG emissions, but also a slight decrease in mean fuel efficiency. An explanation lies in the lower energy densities and methane yields of the newly introduced substrates, resulting in smaller power output and higher auxiliary consumption. For “Seasonal Flex,” the main factor for the GHG emission reduction is also the change in the substrate mix. The influence of the substrate mix is also evident when comparing the different reference BGPs and is also strongly linked to the size of the plant (compare with Table 4). Small plants like BGP1 show very low emissions due to high manure shares, while large plants like BGP5 and 6 show high emissions due to high shares of energy crops.
Concerning the auction results in the REF scenario, BGP1 and BGP6 show too high missing margins in all the concepts. Only BGP2 and BGP3 are successful in the auctions, which leads to positive NPV as can be seen in Figure 5. Although BGP2 shows a higher missing margin in comparison to BGP4, it is successful because competition is less in the corresponding auction year. Together with the comparatively low investments for “Seasonal Flex,” the highest normalized NPV can be achieved. For BGP1 and “Biomethane,” the normalized NPV comes closest to zero compared to all other concepts and BGPs in the case of an absent EEG support scheme. Even though investments are almost twice as high compared to CHP concepts, the high investments of “Biomethane” lead to generally higher normalized NPV compared to the CHP concepts under market conditions but are low when compared to successful participation in the EEG support scheme.
[image: Figure 5]FIGURE 5 | Comparison of investments (A), net present value (NPV), and normalized NPV (B) for the follow-up concepts of the representative biogas plants (BGPs) in the REF scenario.
The successful participation in the EEG support scheme strongly depends on the scenario framework as the results for the Flex++ and EEG-MOD show (compare Supplementary Tables S6, S7 for BGP4 and Supplementary Figures S2, S3 for all reference BGPs). In the Flex++ scenario, BGP4 is now successful in the bidding process. The reasons are the increased bidding volume and the nonexistent degression for the maximum bid limit. The obtained bid of 97.35 €/MWhel in the uniform pricing approach of the auction simulation leads to normalized NPV which is strongly positive (0.91). In contrast to the REF scenario, the best result for BGP4 is achieved by “Substrate Change” with a corresponding missing margin of 73.35 €/MWhel. The lower values can be explained by the higher PQ and higher flex revenues. For BGP4 the higher efficiency of “Seasonal Flex” cannot offset the advantage of economies of scale of “Substrate Change.” “Biomethane” also improves but remains unprofitable with a normalized NPV of -0.01. Besides BGP4, BGP1 and 5 are also successful in the auctions with “Substrate Change” and BGP3 with “Seasonal Flex.” BGP2, on the other hand, is no longer successful.
Effects of Regional Heterogeneity
Figure 6 shows the KPIs LCOE, differential amount, mean fuel efficiency, and specific GHG emissions in the three regions as box plots under the theoretical implementation of “Flex Base” for all the plants in the REF scenario.
[image: Figure 6]FIGURE 6 | Regional differences and distribution of key performance indicators (A–D) for “Flex Base” in the REF scenario; BGP4 is additionally marked; Boxplots with a whisker value of 2.5; Circle = Mean value; Dots = Outliers; LCOE = Levelized cost of energy/electricity, GHG, Greenhouse gas; BW, Baden-Wuerttemberg; TH, Thuringia; NI, Lower Saxony.
Regarding the LCOE, the BGPs in NI stand out with the highest average value of 205 €/MWhel, resulting from the strong rated power reduction for many BGPs due to the corn cap and previous high shares of energy crops. As there is also a considerable amount of small BGPs, this leads to more outliers with very high LCOE. The largest range of LCOE is found in BW, as there is a high share of small BGPs, and the data basis is more heterogeneous compared to the one of NI. The lowest LCOE is found in TH due to the high number of large BGPs with high shares of manure and thus low variable gas costs. For the differential amount, the distribution is quite similar since revenues are assumed to be the same in each region.
Like the economic KPIs, the existing BGPs in TH show the lowest average GHG emissions and the highest mean fuel efficiency. For NI, there is a wide range of fuel efficiency due to the wide range of plants, including the smallest plant and the largest number of BGPs above 700 kWel,rated. The same applies to the range of specific GHG emissions, which is very high in NI, ranging from 485 to −500 kgCO2-eq/MWhel. Also, the mean and median values are highest for NI. Reasons for this are the high share of energy crops, but also higher GHG emission intensities for substrates such as maize silage (see Supplementary Table S11). This highlights the strong influence of the regional context and specific site properties on the GHG emission reduction potential, as noted e.g., in O'Keeffe and Thrän (2020).
Regional differences and influence are also visible when looking at a different concept (“Biomethane”) and scenario (EEG-MOD) (compare with Supplementary Figure S4). Again, the lowest LOCE is found in TH and the highest range in BW. The differences in LCOE between the BGPs of NI and BW are lower for “Biomethane” (with substrate optimization) than for “Flex Base” (without substrate optimization). The substrate optimization with regards to new requirements like low GHG emissions has therefore a greater impact on the BGPs of NI than of BW. Owing to the high GHG quota prices of the EEG-MOD scenario, almost 25% of all BGPs, in TH even more than 50%, show negative differential amounts, which corresponds to a cost-covering and profitable operation. In comparison with “Flex Base,” the mean fuel efficiency increases considerably as there is no CHP process step. On average, the mean fuel efficiency is highest in NI and lowest in TH. The same applies to the GHG emissions, which are on average 60 (BW), 39 (TH), and 81 (NI) kg CO2-eq/MWhHHV.
Impact of the Scenario Framework on the Development of Existing Biogas Plants
Figure 7 shows the development of the number of BGPs, the cumulative installed electric and biomethane capacity until the year 2035 for all three scenarios. Also, it shows the distribution of the plant-specific implemented follow-up concepts, including the number of BGPs still operating within the first EEG support period. In all the scenarios, there is a strong decline in the number of BGPs, whereby this is most pronounced in the REF scenario. Here, only 23% of the BGPs still operate in 2035. In the Flex++ (48%) and EEG-MOD (54%) scenarios, significantly more BGPs can keep up their operation in 2035. The impact on the installed capacity is much less severe due to the flexibilization and addition of new capacity. In the REF scenario, installed capacity drops by 61% until 2035, while it even rises by 29% in the Flex++ scenario. In the EEG-MOD, it initially rises until the end of the 2020s, only to fall again to 1,122 MWel in 2035, which corresponds to an almost stagnant development. This development varies greatly from region to region, e.g., in the REF scenario, the installed capacity in TH remains constant, while it falls by over 70% in NI (see Supplementary Figure S6).
[image: Figure 7]FIGURE 7 | Development of existing plants until 2035 in all three regions (n = 2,508) by comparing the three scenarios. Showing distribution of plant-specific implemented follow-up concept, installed electric capacity, and biomethane capacity.
One influence on the different developments is the maximum bid limit, which is reduced by the degression in the REF scenario while it remains constant in the Flex++ and EEG MOD scenarios. For example, if the follow-up concepts with the lowest missing margin are implemented in the REF scenario, 1,632 plants could participate in the bidding process, whereas the frameworks of Flex++ and EEG-MOD would enable the participation of 2,356 and 2,164 plants, respectively. Another main reason is the different auction volumes. Despite the high PQ and participation rates in the Flex++ and EEG-Mod scenarios, the cumulative auction volumes would be almost sufficient (83 MW are missing in the REF scenario). However, the distribution of the auction volumes over time is decisive. The years from 2023 to 2029 play the main role here. In individual years, up to 445 MWel of auction volume are missing (Flex++ in 2029), while around 2035 up to 1,000 MWel remain due to carryover of left-over volumes to the subsequent years. For relatively new BGPs built after 2010, only the maximum bidding limit is, therefore, an obstacle, while older BGPs are subject to much stronger competitive pressure.
The distribution of the most profitable follow-up concepts also differs considerably in the scenarios. For example, in the REF scenario, “Seasonal Flex” is implemented almost exclusively. As shown in Figures 4, 5, “Seasonal Flex” is advantageous for BGPs with a certain size and generally low missing margins. The main advantage lies in the higher PQ. Changing framework conditions and equally high PQ for all concepts reduce the advantage of the “Seasonal Flex” concept. The “Substrate Change” becomes the most important concept (Flex++). For equal PQ, rated power output and economies of scale are the driving factors. The regional differences (size distribution and substrate mix) also play important roles here. Since the “Substrate Change” is more important in NI, BGPs in this state profit the most from higher PQ and higher auction volumes (also compare Supplementary Figures S6–S8). In the REF scenario, BGPs in NI reduce the most, due to comparable higher LCOE and missing margins as well as the limited auction volumes. Similarly, BGPs in BW profit strongest from the conditions in the EEG-MOD scenario, with additional support for small plants. In contrast to the Flex++ scenario, “Flex Base” gains significant shares in the EEG-MOD scenario, mainly in BW and NI. The existing BGPs in TH show the most robust development when comparing all scenarios. The main concept being implemented here is also the “Seasonal Flex” concept.
In the Flex++ and EEG-MOD scenarios, the higher GHG quota prices enable more BGPs to switch to “Biomethane” upgrading. This leads to a cumulative biomethane capacity of 27 MWHHV (Flex++) and 62 MWHHV (EEG-MOD) in 2035. The latter corresponds to 543 GWhHHV annually. In addition to the current biomethane sales of approximately 400 TWhHHV this would cover 39% of the current methane fuel market volume of 2.43 TWhHHV (Völler and Reinholz, 2019). However, the methane fuel market is expected to develop further by 2035. For example, forecasts for the liquefied natural gas market assume 9.7 to 32.5 TWhHHV in 2030 (Edel et al., 2019). The main drivers are seen in the requirements of the RED II for advanced fuels.
The larger number of BPGs in EEG-MOD can be attributed, on the one hand, to the lower substrate price increase and the resulting lower LCOE. On the other hand, smaller BGPs are favored in the bidding process in EEG-MOD. This dynamic pushes some of the larger BGPs out of the bidding process. However, these BGPs then “fall back” on the “Biomethane” concept as the next economically viable option. This shows that participation in EEG auctions is usually the most profitable option when there are several options to choose from. The regional distribution for the “Biomethane” concept is different once again. Roughly 70% are found in NI, 5–10% in TH, and 15–20% in BW (also compare Supplementary Figures S6–S8).
Scenario developments such as the decommissioning of BGPs or the implementation of certain follow-up concepts strongly affect the gross GHG emissions and the net reduction potential of the existing BGPs (Figure 8). All the scenarios register a strong reduction in the gross GHG emissions of the biogas, electricity respectively biomethane production. In 2035, emissions are only 2% (REF), 7% (Flex++), and 6% (EEG-MOD) of the 2020 value. The reduction is closely related to the decommissioning rate but also to changes in the overall substrate mix, in which the share of liquid and solid manure increases from 40% in 2020 to 70% (REF), 55% (Flex++), and 60% (EEG-MOD) in 2035 (see Supplementary Figure S10). Maize silage will account for a share of only 18% (REF) to 24% (EEG-MOD) in 2035. Technical progress like lower methane slip in CHP units and more gastight digestate storage systems also contributes to the reduction of gross GHG emissions.
[image: Figure 8]FIGURE 8 | Development of greenhouse gas (GHG) emission reduction by all existing BGP until 2035 in all three regions (n = 2,508) comparing all three scenarios. Showing sector-wise shares of GHG emission avoidance, GHG emissions of biogas production, and the resulting net reduction.
Still, the absolute amount of manure decreases, leading to a decrease in the GHG avoidance of manure storage emissions. Together with the implementation of different follow-up concepts (e.g., increase in heat usage in the “Seasonal Flex” concept) and the changing reference values for the substituted energy type (see Supplementary Table S10), this changes the shares of the GHG emission avoidance in each sector. The share of substituting fossil electricity decreases while shares of manure emission avoidance, substituting fossil heat and fuel increase. The electricity sector, however, stays the main cause for avoiding GHG emissions.
All these developments also ensure that the decline of the net GHG reduction (= gross reduction less GHG emissions) in relation to the number of BGPs, electricity production, and substrate input is significantly lower (compare Figure 8 with Supplementary Figures S9, S10). Compared to 2020 the net reduction per BGP rises from 817 t CO2-eq/a to 1,615, 1,520 and 1,412 t CO2-eq/a in the REF, Flex++ and EEG-MOD, respectively. In the EEG-MOD scenario, 93% of the net GHG reduction of 2020 can be maintained. Thus, the existing BGPs become significantly more efficient in terms of GHG avoidance. However, the REF scenario also shows that a large share of 55% of the current GHG reduction potential may be lost. If not compensated by other measures outside the biogas sector, this would lead to an overall increase in GHG emissions, as the GHG reduction from manure digestion decreases by 25% (EEG mod) to 60% (REF).
DISCUSSION
Parameters Favoring a Successful Extension Period
From the results, several parameters can be identified that favor a successful extension period, e.g., through low LCOE. One important parameter is the plant size, with economies of scale becoming less important above a rated power output of 140–200 kWel,rated. Equally important are high shares of substrates characterized by low variable gas costs such as manure. This is more dominant for existing plants compared to new installations because the share of capital-related costs becomes smaller compared to demand-related ones such as substrate costs (see also Güsewell et al. (2019)). However, the shift in cost shares is counteracted by the effects of flexibilization, which leads to lower full-load hours and thus a higher share of fixed costs per unit of energy produced. Determining the optimal substrate mix depends on many aspects including location, future supply conditions such as yield development under increasing global warming, and the availability of manure or residues. High manure shares or other low GHG-intense substrates are also important regarding revenues in future decarbonized energy markets. This applies not only to the fuel sector, where low GHG-intense substrates are already more profitable today but also to renewable heat and power markets, as considered by the RED II and partly the EEG-MOD scenario.
As a result, small manure plants (BGP1) and plants with a high share of energy crops (BGP 4–6) face great difficulties when extending their operation. In the REF scenario, only 4% (BGP4) or 14% (BGP5) of the assigned BGPs can extend their operation. BPG1 and 6 have currently no prospect to extend operation. However, small manure plants still have long remaining runtimes until the 2030s under the EEG support scheme. The framework conditions may change in their favor by then. Larger manure plants like BGP2 and 3 have better chances in the REF scenario and 38 and 75%, respectively, extend their operation. As current markets do not compensate for the ecological advantage of smaller plants, further developments of the framework are particularly important for smaller plants. This is highlighted by the 85 and 89% of BGP1 type prevailing in the Flex++ and EEG-MOD scenarios, respectively.
An existing heat usage or the option to develop a heat sink is equally important for the extended operation. Of the BGPs prevailing, 63% (Flex++) to 75% (REF) utilize heat. High net heat utilization should be targeted in any CHP concept. The flexibilization, especially with a seasonal focus, contributes to this because higher heat loads can be covered. Existing gastight digestate storages are also relevant if higher gas storage or GHG reduction requirements exist. If these requirements are low or nonexisting, gastight digestate storage is not crucial or advantageous. Only 41% (REF) of prevailing BGPs initially have gastight storage compared to 63% (Flex++) and 56% (EEG-MOD). Assessing all factors from a regional perspective, the BGPs of TH are considered to be robustly positioned for different developments in the legal and economic framework.
The resulting differential amounts make clear that revenues from conventional power and heat markets are not sufficient under the current design. Even a significant increase in electricity market prices of 30% (Flex++ to REF) and higher flex revenues would allow only 3.5% of the CHP concepts to operate outside of the EEG support scheme. On-site CHP operation without public support schemes is still considered economically unfeasible in the short and medium terms. An exception for a few BGPs might be the self-supply of energy on the farm (Güsewell et al., 2020). Hence, a future cost-covering operation of BGPs demands drastic changes in the market design leading to high energy and CO2 prices. The future development of these parameters is highly uncertain. Estimates of trends, opportunities, and risks of future markets are given in Supplementary Table S8. Especially, the biomethane fuel market in the transport sector is currently estimated to be very dynamic, with many trends indicating increasing sales opportunities. For on-site CHP, an increase in the flexibility demand is expected. However, without a higher CO2 price, fossil gas-fired power plants will still have a cost advantage and high available capacities will not lead to shortage prices and higher margins (Kopiske et al., 2017). The increase in the value of flexibility is therefore likely to remain limited and operation outside a public support scheme will not be profitable. The extension of public support schemes, therefore, remains the largest opportunity but also poses higher risks compared to the past. Here, high auction volumes are regarded as more important than the limits on the maximum bids. Besides, rising substrate costs constitute a very high risk for all the concepts.
Robust Follow-Up Concepts and Risk-Reducing Strategies
A silver bullet follow-up concept that is equally suitable for all BGPs is not apparent. The future options of the revenue structure and the initial setup of the BGPs are too diverse. Still, participation in the EEG auction with a strong flexibilization and high PQs is considered the most profitable option for the extended operation period. Higher PQs are important due to several reasons: First, economies of scale are stronger for gas utilization than gas production due to higher efficiency rates and lower specific investment and operating costs for larger CHP units. Second, lower full load hours increase the service life and reduction of replacement procurements. Last, higher PQs enable higher market value and specific revenues. Our conclusion regarding the most promising economic concepts differs from the one of Gökgöz et al. (2020), even though a combination of biomethane upgrading and CHP utilization is not part of this study. However, the result of this study is more robust considering the high number and heterogeneity of BGPs.
Although the auction process is more complex and involves more effort and higher risk than previously fixed feed-in remuneration, the remuneration of the bidding process and the flex bonus offer higher security than the entry into non-EEG concepts and new markets. The business model remains relatively unchanged since there is no new main product. However, flexibilization and direct marketing may represent a transfer of decision-making authority or intervention in the business, e.g., if the flexible CHP production is fully remote controlled.
Regarding the different CHP concepts, “Seasonal Flex” is a robust concept considering the shares across all scenarios. Not only is there an economic advantage of around 10 €/MWhel,rated power for many BGPs, but also a strong improvement of GHG emissions (see also Supplementary Figure S5). A risk-reducing strategy and promising option for operators could be outlined as follows: A moderate flexibilization within the first EEG period with PQs around two to three, followed by a reduction of rated power for the extension period. On the one hand, the later “smaller plant” has relatively high efficiency (because of the larger CHP unit); on the other hand, high flexibility is available at times when flexibility may have a significantly higher value than the current case. Moreover, sufficient wintertime flexibility would be retained in the case of “Seasonal Flex.” Also, the investments of the flexibilization are distributed over a longer period and a high PQ in the extended period can be achieved with a lower investment.
A “Substrate Change” could also play a significant role in the future. Even though in general it is associated with higher costs, as also stated in the study of Stürmer (2017), it can be economically advantageous if an otherwise inevitable reduction of rated power can be averted. For BGPs in NI, this is especially important, because most BGPs going for the “Substrate Change” are located in NI. To be able to monetarize the ecological improvements regarding GHG emissions, but possibly also biodiversity and soil quality, new financial instruments and changes in the regulatory framework are needed such as an area premium for crops favoring biodiversity, incentives for humus build up, a minimum requirement of certain crop types or more drastic environmental requirement regarding the agricultural subsidies of the EU.
The switch to “Biomethane” upgrading comes with higher investments, which on average across all scenarios and BGPs are twice as high (also compare (A) in Figure 5 and Supplementary Figure S1), and volatility of the sales markets3 compared to the CHP concepts under the EEG support scheme. Therefore, it is not economically advantageous in direct comparison. In the case of a scenario with a nonexisting EEG support scheme, it would be the only profitable path. As Matschoss et al. (2020) also have shown there is considerable potential in biomethane upgrading of the existing BGPs. However, the existing biomethane upgrading plants, currently supplying the biomethane CHP market, might also switch to the transport fuel sector, because feed-in tariffs for biomethane CHP are reduced (Horschig et al., 2018). Competition in the limited biomethane market in the transport sector might therefore increase and possible revenues decline.
Model Limitations and Scenario Shortcomings
One major limitation that can contribute to an overestimation of the “Seasonal Flex” is the simplifications regarding the heat demand profile. Except for the plant-specific process heat demand, it is assumed that the profile is the same for each BGP. Also, the initial heat utilization rate is the same average value in each region. In reality, these two factors vary greatly depending on the type of heat sinks supplied4 and the size of the plant.
Furthermore, each follow-up concept can be varied in many ways, e.g., by changing the PQ, the shares of the substrate mix, or the rated power output. The optimal configuration strongly depends on local plant-specific conditions such as substrate availability or nutrient limitations. Implementing the concepts for each BGP uniformly is a strong simplification when considering the development of all the existing BGPs. The uniform implementation also neglects the substrate availability regarding straw and cup plant for the “Substrate Change.”
There are also shortcomings in the analysis regarding the scenario results. First, competition, dependencies, and cooperative aspects between individual BGPs are neglected. These could exert an influence on the substrate and land markets in a region (Appel et al., 2016) and lead to locally higher substrate prices. Second, the auction bidding process was strongly simplified by neglecting strategic bidding behavior, assuming that each BGP takes part only once and in a fixed year, considering only a subsegment of the bioenergy market as well as applying a uniform-price approach instead of the actual pay-as-bid approach. Last, it is assumed that each BGP with a positive NPV extends its operation even if the NPV is very low. Questions of farm succession, financial and approval problems are not considered. All this reduces the number of BGPs extending their operation, while strategic bidding behavior and bidding several times might increase it. The fact that many BGPs undertake measures like flexibilization or gastight coverage of digestate storage long before the end of the first EEG period may further contribute to an underestimation of future extension of operations.
Outlook on the Future Organization and Business Models
The significantly more complex business models due to stronger market integration increase the risk for the operator and make it more difficult to finance new investments. Long-term planning and stretching the investments over a long period could ease this difficulty but require sufficient remaining operating time under the current support scheme. At the same time, new organizational solutions are necessary for the implementation of follow-up concepts to take account of different knowledge and skills, to realize economies of scale, to reduce transaction costs, and to open up new markets. The costs associated with the establishment of organizational structures and institutional paths are generally difficult to quantify or to integrate as restrictions in system models. From this point of view, the modeled BGP developments are rather upper estimates.
The fundamental economic disadvantage of smaller plants and the extension of the raw gas utilization requires new solutions such as those developed by Beyrich et al. (2019) and the establishment of plant pooling via microgrids (Matschoss et al., 2020). The concept of a central biogas utilization via microgrids should be weighed against a central biogas production (biomass logistics vs. raw gas logistics). In this context, it will also be necessary to integrate the development and promotion of raw gas infrastructure strategically and consistently in regional spatial planning with the supply of other renewable energies and the possibilities of power-to-gas. Furthermore, solutions must be developed for the problem of the varying remaining operating times of existing BGPs in a pooling approach. This could be done, for example, by employing a gradual expansion of a well-scalable upgrading technology or the combination with a CHP unit, which initially absorbs the small amount of raw gas and is operated more flexibly at a later point in time when more raw gas can be allocated to upgrading (i.e., at a time when larger amounts of raw gas are available).
CONCLUSION
Expiring support schemes and changing framework conditions for renewable energies pose many challenges on existing power plants. For BGPs and their high variable gas production costs, this is particularly the case, not only in the German market but also in many other markets in the EU and the world. A cost-covering operation requires either support schemes like the German EEG or high carbon prices around 200 €/t-CO2-eq.
Extending the operation of the existing BGPs also requires new follow-up concepts to deal with economic, societal, and ecological pressure. This study shows that the choice between on-site CHP or biomethane upgrading strongly depends on the framework conditions, the achievable revenues, and the required investments. The nonuniform incentives currently favor the on-site CHP usage and make follow-up concepts within the extended EEG support scheme more profitable while involving fewer risks. The most promising economic and robust follow-up concepts include high flexibility (PQ), seasonal and substrate mix adaptations, while the concrete design will be shaped by plant-specific and regional conditions.
In contrast to studies showing a considerable potential of new installations of smaller manure plants, the picture changes when existing BGPs extend their operation. In general, medium to larger BGPs above a rated power output of 140–200 kWel,rated are more successful due to economies of scale. Further key factors for a successful extension of operation are high shares of substrates with low variable gas cost and high heat utilization rates. Hence, BGPs with high shares of energy crops face greater difficulties and will have to adapt more drastically if they want to prevail. Smaller manure BGPs depend more on favoring conditions such as strong climate policy, but in return also benefit stronger from appropriate frameworks due to their GHG emissions advantage. Nevertheless, structural changes and a reduction of existing BGPs are most likely. Future policies should, therefore, regard regional differences and small-scale structures.
The potential to improve the existing BGPs with new follow-up concepts is strong regarding the GHG reduction, but rather weak regarding LCOE. These fundamentals are also possible for other markets outside Germany but less distinct due to substrate mixes that are already extensive regarding energy crops. Likewise, results on market revenues might be transferred to other markets, at least within the EU, since especially power markets are strongly connected, and climate policies are based on common regulations.
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ABBREVIATIONS
BGP, biogas plant; BW, Baden-Wuerttemberg (German federal state); CHP, combined heat and power; DM, dry matter; EEG, German renewable energy sources act (German: Erneuerbaren Energien Gesetz); EEG-MOD, Scenario: “New paths in the EEG”; el, electric; Flex++, Scenario: “Strong flex demand”; EU, European Union; GHG, greenhouse gas; LCA, life cycle assessment; LP, linear programming; HHV, higher heating value; HRT, hydraulic retention times; KPI, key performance indicator; LCOE, levelized cost of electricity/energy; MILP, mixed-integer linear programming; NI, lower saxony (German federal state, German: Niedersachsen); NPV, net present value; OLR, organic loading rates; Pel,rated, rated power output (MW); Pel,inst., installed power capacity (MW); PQ, power quotient; QHHV, inst., installed biomethane production capacity (MW); RED II, EU renewable electricity directive II; REF, reference scenario: “EEG 2017 extension”; TSO, transmission system operator; th, thermal; TH, Thuringia (German federal state); wt.%, weight percentage (%).
FOOTNOTES
1The national carbon price on fossil fuels, introduced in 2021 (Deutscher Bundestag, 2019), starts with 25 €/tCO2, a rather low starting point compared to current CO2 damage costs or other national carbon prices.
2The power quotient is the inverse of the capacity factor and defined as the ratio between installed electric capacity and the rated power output (annual electricity production) of the BGP.
3The GHG-quota prices fluctuated between 150 and 420 €/t CO2 in the last years (Mattiza, 2021). The energetic value of biomethane is based on the price of natural gas, which is also very volatile (e.g., see increase of wholesale market prices in 2021 (ENER, 2021)).
4E.g., suppling an indoor pool may lead to high heat utilization with a less strong demand profile, while suppling only some single-family homes may lead to very low heat utilization with a very strong demand profile.
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