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Abstract

:

The German Renewable Energy Sources Act (EEG) has been deemed successful in promoting German biogas production. However, the German state-level biogas production development (BPD) under the EEG has not been systematically studied and compared. This research aimed to study the German state-level BPD using the multivariate linear regression model with a dummy variable, and to spatially quantify the environmental and agricultural consequences using the geographic information system (GIS) technique to identify the necessities of regional-based analysis on Germany’s BPD. The empirical results indicated that Saxony-Anhalt was advanced in BPD, while farmers’ response from Bavaria to EEG was the weakest. The reason behind could be the differences in farmers’ personality traits and risk cognitions toward the biogas production investment. The spatial analysis indicated that Saxony-Anhalt had more severe environmental problems caused by the biogas production expansion than Bavaria. Therefore, to promote BPD in states such as Bavaria, an increase in the nationwide unified subsidy might lead to an overreaction of the EEG strong response states, e.g., Saxony-Anhalt, leading to more serious environmental problems. In the end, there is a need for more regional-based research on studying the BPD in Germany in the future to avoid the ambiguity of large-scale studies.
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1. Introduction


In order to promote the German energy transition (Energiewende), the Germany Renewable Energy Sources Act (EEG) went into effect as one pillar of the climate protection policies in 2000 [1]. This policy has the primary purpose of encouraging the generation of different renewable energy types [2]. One segment of the EEG policy focuses on the promotion of bioenergy production. Bioenergy has been widely considered as a significant contributor to global renewable energy production [3]. It has a competitive advantage as its production does not strongly depend on fluctuating resources such as wind and solar [4]. The core measure of EEG to promote biogas production is a nationwide unified remuneration scheme that provides the plant operators a guaranteed price for the generated electricity for 20 years [2,5,6]. This financial support has efficiently motivated the farmers to adopt the biogas plants Germany-wide in the last two decades. Between 2000 and 2017, the number of biogas combined heat and power plants increased from 850 to 9331 in Germany, with the cumulative installed power capacity rising from 50 to 4800 MW [7]. According to the statistics of 2017, around 95% of all the operating biogas plants in Germany were running on manure and energy crops. The proportions of animal excrement and energy crops were around 50% and 49% of the total substrate input, respectively [8]. The cultivation area of silage maize for biogas production increased substantially from less than 200,000 to around 900,000 ha during the period from 2007 to 2018 [9].



Researchers have agreed that EEG is an effective renewable energy policy, especially in promoting German bioenergy production [10,11,12]. The nationwide high biogas production adoption rate (BPAR) made Germany the leading country in biogas production development (BPD) with a biogas production of 329 PJ and a share of 50% of total biogas production in the European Union (EU) in 2015 [13,14,15]. However, the opinions on the German state-level BPD were different. For instance, DBFZ [16] reported that Bavaria, Lower Saxony, and Baden-Württemberg were the leading states in biogas production. 3N-Kompetenzzentrum [17] argued that Lower Saxony occupied the top position in bioenergy production. Diekmann et al. [18] conducted various assessments to evaluate the BPD in each German state and reported mixed results. Agentur Für Erneuerbare Energy [19] praised Thuringia as the most successful state for producing green electricity using bioenergy. Daniel-Gromke et al. [20] also showed that Bavaria, Lower Saxony, and Baden-Württemberg together provided more than half of the number of biogas plants in Germany. In contrast, Vergara and Lakes [4] argued that EEG strongly promoted biogas production in Brandenburg, where the number of biogas plants has increased substantially.



The studies mentioned above mainly deployed the number of biogas plants and the total plant output as gauges for the state-level BPD [17]. However, these measures might not be appropriate in such cross-state comparisons. For instance, more biogas plants can be built in the states with a greater administrative area, e.g., Lower Saxony and Bavaria. Moreover, other exogenous effects that also have influences on the BPD were not controlled for. For example, a higher total plant installed capacity can be expected in the state where the resources for biogas production are rich. Taking land potentials as an example, the comparison among the federal states showed that by far the most considerable land potentials for renewable feedstock cultivation are located in Lower Saxony and Bavaria, where both the total number of plants and the total output are the highest [21]. Therefore, to understand the German state-level BPD under the energy transition, an unbiased indicator of development and the control of exogenous effects are needed in the comparison.



The main goal of this study was to identify the necessities of regional-based studies for German BPD analysis by answering the following research questions: (1) Is there state-level imbalanced BPD under the energy transition in Germany? (2) Are the environmental impacts of BPD distinguished between different levels of BPD? To study these two research questions, we adopted both empirical and spatial analyses. As the proxy of the state BPD, we used the BPAR in our study. By employing the multivariate linear regression with a dummy variable model (MLRDV), we accounted for the exogenous effects in the comparison among states. These effects were feedstock richness, production cost, and financial availability. On the basis of the empirical results, we identified the highest- and the lowest-BPAR states for further spatial analysis. The spatial analysis procedure was designed following the difference in difference (DiD) analysis approach [22]. By comparing the agricultural structural changes, biogas production densities, and the landscape changes of the selected states, we could clearly understand BPD’s impact on the environment, while accounting for other effects. If there are state-level imbalanced BPD and if a subsequent difference in the severity of environmental problems caused by BPD is detected, there would be a necessity to have more regional-based studies to study the BPD and the corresponding environmental problems in Germany. Figure 1 provides an overview of the research framework for this study.




2. Data and Methods


2.1. Data


We first collected the data for the empirical research on quantifying the German state-level BPAR. Three German city-states, i.e., Berlin, Bremen, and Hamburg, and the smallest federal state, Saarland, were excluded due to the data availability and quality. To control for the exogenous effects that might influence the BPAR of the studied states, the state-level data on various social–economic and agricultural factors of the studied states were gathered. In total, we collected the panel data for each of the studied 12 German federal states from 2000 to 2015. Table 1 presents the descriptive statistics of the collected data.



The spatial analysis aimed to quantify and compare the agricultural structure and landscape changes resulting from different BPD degrees during the studied period. Therefore, the data were collected at two time points, namely, before 2000 and after 2015, according to the data availability. In terms of agricultural structure change evaluation, we obtained the county-level data on silage maize cultivation area for the years 1999 and 2016 from the Federal Statistical Office of Germany. Moreover, we collected the Germany administrative unit spatial data at the NUT3 (Nomenclature of Territorial Units for Statistics) level. Regarding the biogas production density and landscape change evaluations, we made use of the Corine Land Cover (CLC) maps for the years 2000 and 2018. Furthermore, the geographical information on the biogas plants distribution and their corresponding installed capacity in Germany were extracted from EE-Monitor for the years 2000 and 2015. The EE-Monitor monitors the nature protection implications of the expansion of renewable energy in the power sector. Table 2 summarizes the collected data for spatial analysis.




2.2. Methods


2.2.1. Statistical Analysis


To empirically analyze the German state-level BPD, we made use of the MLRDV model to control for the exogenous effects. The MLRDV model could be dated back to 1950 [29]. From 1950 to 1980, this research method did not attract enough attention [30,31,32]. At the beginning of the 1980s, using the MLRDV model, Gibbons [33] proposed the basic methodology of event study, which focused on analyzing the impacts of policies and events. Since then, scholars have presented several examples of this approach and made this technique a well-known econometric technique [34,35,36,37,38]. As an extension of the univariate linear regression model, the MLRDV model allows studying the effect of the non-numeric independent variable by including it as a dummy variable in the regression model. The estimated coefficient on the dummy variable is interpreted as the independent effect of the underlying categorical variable on the dependent variable, after accounting for the effects of the other control variables in the model [39].



As the independent variable, we adopted the BPAR (ICPC) to proxy the state-level BPD. This variable was calculated by dividing the cumulative biogas plants installed capacity (IC) by the number of farming personnel (FP), which could also be regarded as state-level farmer per capita biogas plant installed capacity. Compared to the traditional indicators for bioenergy development, e.g., number of plants and total installed capacity, this variable further controlled for the state’s size effect to enable more appropriate comparisons among the states. The state detected to have higher BPAR was also more advanced in BPD. This variable was constructed as follows:


  I C P  C t i  =   ∑   j = 0   t − 2000   I  C  2000 + j  i  / F  P t i  ,  



(1)




where t = 2000, 2001, …, 2015, and i = 12 studied German federal states.



Three variables were included as independent variables in the regression model to account for the effects that might influence the BPAR. The first one was the state-level biogas technical potential per hectare of utilized agricultural land, which was denoted as   B T  P t i   . This variable indicated the richness of available biogas production feedstock, e.g., energy crops and manure, in the studied states. The biogas technical potential measured technical electricity productivity according to the availability of different feedstock types for biogas production [6,40,41,42]. As discussed in the previous research of Thiering [43], the transportation of substrates was inefficient from both economic and environmental perspectives. Therefore, the biomass for farm-scale biogas plants was generally obtained from a biogas plant’s immediate vicinity. This finding was confirmed by Csikos et al. [44], who found that biogas plants were concentrated in areas where energy crops were largely cultivated. In Germany, most of the biogas plants were medium-size farm-scale biogas plants [45]. Therefore, if the biogas technical potential per hectare of utilized agricultural land was high in a state, farmers from this state were prone to adopt biogas production. Furthermore, due to the varieties of Germany’s landscapes, the per hectare biogas technical potential varied enormously among the states during the studied period. Therefore, we included this variable in our regression model.



This variable was computed by calculating the state level biogas potential, which was proxied by the biogas-based electricity technical production volume using the available feedstock. In the current study, we adopted manure from cattle (Cattle) and pig (Pig), silage maize (Maize), and grass (Grass) as substrates for biogas production. After multiplying by the corresponding electricity generation rates (EGRC, EGRP, EGRM, and EGRG), the sum of the products was divided by the utilized agricultural lands of the states (UTA) to control for the state’s size effect.


  B T  P t i  =   C a t t l  e t i  × E G  R C  + P i  g t i  × E G  R P  + M a i z  e t i  × E G  R M  + G r a s  s t i  × E G  R G    U T  A t i    ,  



(2)




where t = 2000, 2001, …, 2015, and i = 12 studied German federal states.



The second variable was the yearly state-level transaction-based average agriculture land price   L  P t i   . The data on this variable were obtained directly from the Federal Statistical Office of Germany from 2000 to 2015. Arable land as a scarce production resource was needed for both building plants and providing feedstock for biogas production. Farmers only invested in a biogas plant if the production factors, e.g., farmland, were available or affordable [46]. Investors often leased or bought agricultural land for biogas production [47]. Under the EEG financing support, biogas production was more attractive than other traditional agricultural production activities. Farmers who wanted to build biogas plants but lacked land had a greater willingness to pay on the land market [48,49]. Consequently, the land purchase and rent prices were high in the regions where biogas production boomed [50,51,52,53]. However, as presented in the previous study, high agricultural land price might “scare away” the new biogas investors. Especially when the guaranteed subsidies of EEG were reduced, e.g., EEG 2014 emendation, the increasing land rental and purchase price would eat up the profit from biogas production investment [11]. Moreover, agricultural land prices also varied strongly among the federal states during the studied period. For example, in 2015, the transaction-based agricultural land price was 48,835 EUR/ha in Bavaria, while, in Thuringia, the price was only 10,450 EUR/ha.



The third variable was the federal state level yearly per capita disposal income     D I  C t i   , which was used to control for the effect of regional economic situations and financial resources on answering EEG calls. As reported in other studies, more than half of the German agricultural biogas plants were in private hands [15]. Farmers who adopted the biogas plants anticipated this as an investment to diversify their income sources [43,54]. As reported by Rodriguez-Palenzuela and Dees [55], European savings and investing behaviors have been largely influenced by disposable income changes. The increase in disposable income generally led to a fall in savings and an increase in nominal consumption and investment. Therefore, disposable income played a vital role in the biogas plant adoption decision-making process. Additionally, the per capita disposable income increased significantly from 2000 to 2015, and much like the transaction-based agricultural land prices, the per capita disposable income varied strongly among the states. To control for this effect, the state-level disposable income per capita was taken into the regression model. The data on this variable were directly collected from the Federal Statistical Office of Germany. Table 3 shows the descriptive statistics of the selected variables.



After determining three control variables, the regression model was finally completed by including the state dummy variable   R  D i    indicating the 12 studied federal states of Germany. To avoid the dummy variable trap, we coded 11 state categories for this dummy variable. The dropped state served as the reference in the result interpretation. The estimated coefficient on the dummy variable could be interpreted as the BPD of each studied state after controlling for the state’s size effect and other exogenous effects. The regression model was defined as follows:


  I C P  C t i  = α + B T  P t i  + l n ( L  P t i  ) + l n ( D I  C t i  ) + R  D i  +  ε t  ,  



(3)




where t = 2000, 2001, …, 2015, and i = 12 studied German federal states.




2.2.2. Spatial Analysis


As Weiland [56] mentioned, maize as the primary biogas production feedstock was significantly more efficient than manure. Consequently, a large segment of biogas plants were running on energy crops, with silage maize representing about 70% of the biogas input for energy crops and contributing around 56% of the total biogas energy production [5,57,58]. Dornburg [59] generally discussed the conflicts between the increasing demand for biogas and biodiversity, water availability, and food security. Gawel and Ludwig [60] pointed out a prevailing structural change in agricultural production during the EEG period. This agricultural structure change is also known as the “maizification” and has led to significant changes in agricultural land use [61]. Scholars argued that the expansion of silage maize was at the cost of losing land use for food production, which raised the agricultural land price and threatened food security [47,62,63]. Furthermore, Hötker et al. [64] argued that maize cultivation was intensive and included more fertilizer and pesticides than other crops. The intensification of energy crop cultivation also led to a loss of crop diversity, negative influence on soil fertility, and reduction in farmland biodiversity [65,66,67]. Furthermore, to realize the economies of scale, biogas plant operators were prone to have larger plants. The high feedstock demand of large-size plants might cause indirect land-use change (iLUC) and greenhouse gas (GHG) emissions during the feedstock transportation [11,60].



Against this background, the current study focused on determining the impacts of BPD on the environment, namely, the assessments of agricultural structural change, biogas production density, and landscape pattern change. The spatial analysis procedure followed the DiD research design by spatially comparing the changes in the three abovementioned aspects between states with the highest and the lowest BPARs over the studied period. This research procedure allowed us to identify the influences on the environment of different BPD levels and conclude that the detected difference in the influence was a consequence of BPD.



The first spatial analysis focus was on the agricultural production structural change caused by maize expansion. We first computed the silage maize cultivation area of 1999 and 2016 for each county in Germany. Then, we calculated the growth rate of the maize cultivation areas during this period. The calculated county-level growth rate of maize cultivation area was further spatialized at the NUT3 level by using ArcGIS. To determine whether the silage maize expansion was accompanied by the bioenergy development, we further spatially compared the county-level maize expansion rates between the highest- and the lowest-BPAR states.



The focus of the second spatial analysis was on the biogas production density on different land-use types. We first used the CLC inventory data in 2000 and 2018 to assess the regional land-use change during the studied period. The land-use types were aggregated into eight categories, which are summarized in Table 4. After this, the spatial distribution map of biogas plants was overlaid with the CLC 2018 map to identify the densities of biogas plants on different land-use types. Then, we compared the average installed capacity between the selected states on each land-use type. Moreover, the proportions of installed capacity and number of biogas plants on each land-use type of the total state installed capacity and the number of biogas plants were calculated.



The third aspect was quantifying the spatial and temporal patterns changes of landscape in the selected federal states using the landscape matrices, which were calculated using the ArcGIS extension package Patch Analyst 5.1. This approach contained nonspatial composition analysis, e.g., abundance of patch types, and spatial configuration analysis, e.g., patch shape, to understand the spatial heterogeneity and fragmentation of the natural ecosystems. The CLC map 2000 and CLC map 2018 in vector format were used to conduct the patch analysis. Seven matrices were considered in this research: (1) class area (CA), (2) number of patches (NumP), (3) mean patch size (MPS), (4) mean shape index (MSI), (5) area-weighted mean shape index (AWMSI), (6) edge density (ED), and (7) patch density (PD). CA and NumP were the indicators illustrating the landscape change process of the state. MPS was the primary predictor of diversity within a patch. MSI and AWMSI could be used to assess patch diversity and sensitivity to fragmentation. ED was related to the degree of spatial heterogeneity and was used to describe the dynamics of the abundances and attributes of specific types of edges. PD was a limited, but fundamental index of landscape pattern analysis. Compared to NumP, this index further expressed the number of patches on a per unit area basis that could facilitate the comparisons among landscapes of various sizes. Table 5 provides detailed equations and explanations of these landscape matrices.






3. Results


3.1. State-Level Bioenergy Production Development


To avoid the dummy variable trap, we randomly dropped the federal state Hesse in the region dummy variable categories. The regression results are summarized in Table 6. The variance inflation factor test was adopted to test the multicollinearity of the independent variables in the regression. The result is reported in Table S1 (Supplementary Materials). In addition, the normality of the regression residuals was checked using Shapiro–Wilk and Kolmogorov–Smirnov tests. The result is presented in Table S2 (Supplementary Materials). The linear regression model diagnostic plots for residuals can be found in Figure S1 (Supplementary Materials).



As shown in Table 6, there were significant variations in state-level BPAR after controlling for the other exogenous effects. Moreover, the control variables were all highly significant, suggesting their substantial impact on BPAR. Compared to Hesse, Saxony-Anhalt and Mecklenburg-Vorpommern had, on average, 14.46 and 12.83 kW/h more per capita biogas plants installed capacity during the studied period from 2000 to 2015, whereas Bavaria and Baden-Württemberg had per capita 5.22 and 2.99 kW/h less, after controlling for all other effects. In general, we found that the federal states in former East Germany had comparably higher BPAR than the states in former West Germany. Saxony-Anhalt was the state with the highest BPAR among all the studied 12 federal states in Germany, while Bavaria’s BPAR was the lowest. All these findings implicated that, under the nationwide unified EEG financial support, states had different BPARs, indicating the imbalanced BPD of Germany federal state during the studied EEG period.




3.2. Agricultural Structural Change


The large spatial discrepancy of maize expansion rates among all the studied German counties is displayed in Figure 2. As shown, Germany experienced a substantial maize expansion from 1999 to 2016. Over 330 counties reported an increasing maize cultivation area with the growth rates varying from 0.21% to 2851.72%. Furthermore, six counties were starting to practice silage maize cultivation during this period. In contrast, the maize cultivation area decreased in only 24 counties, and 23 counties remained with no maize cultivation.



Compared to 1999, the average silage maize cultivation area in Saxony-Anhalt and Bavaria in 2016 increased by 229.04% and 65.36%, respectively. Specifically, the county-level maize expansion of these two states showed large variations. For instance, 71% of the Saxony-Anhalt counties had increased maize cultivation area from 1999 to 2016 with the growth rates varying between 52.09% and 776.54%. In contrast, Bavaria showed a milder change among the counties. About 88% of the Bavaria counties observed an increasing maize cultivation area with the maize cultivation area’s growth rates in a lower and narrower range from 0.42% to 340.83%. Around 7% of Bavaria counties even showed decreased maize cultivation or became no-maize counties during this period.




3.3. Biogas Production Density on Various Land-Use Types


As reported in Table 7, the dominant land-use type in Saxony-Anhalt was arable land, which occupied more than half of the landscape. Forest land was the second-largest land-use type in Saxony-Anhalt. In Bavaria, the dominant land-use types were also the arable land and forest, which had similar proportions. The proportion of other agricultural area showed a decreasing trend in both states from 2000 to 2018, with a larger decline being observed in Bavaria. This mainly resulted from the conversion to arable land and pasture to fulfill the land requirement for bioenergy and food crop cultivation, as well as regional animal farming business development. The change matrices are summarized in Tables S3 and S4 (Supplementary Materials).



As shown in Figure 3a, Saxony-Anhalt demonstrated a bigger average biogas plant size on all the studied land-use types than Bavaria. The average biogas plant installed capacity ranged from 291.03 to 398.06 kW/h on the six studied land-use types in Bavaria, whereas the mean size of plants ranged from 442.84 to 984.33 kW/h on these six types in Saxony-Anhalt. The largest average plant size was 984 kW/h, which was found in forests in Saxony-Anhalt. This was three times bigger than the average plant size located in Bavaria forests. The mean size of biogas plants located in other vegetated areas in Saxony-Anhalt was 593 kW/h, and no biogas plant was found on this land-use type in Bavaria. Generally, Bavaria displayed a biogas production system dominated by small-scale plants, while the plants in Saxony-Anhalt were relatively large.



In Saxony-Anhalt and Bavaria, the number of biogas plants increased from three to 403 and from 80 to 2848, and the cumulative installed capacity raised from 2211 to 213,754 kW/h and from 16,018 to 1,019,751 kW/h during the period through 2000 to 2015, respectively. As presented in Figure 3b, according to the CLC 2018, a large number of established biogas plants until 2015 were distributed in the urban area, arable land, and pastures in both states. Compared to Bavaria where the biogas production was more evenly distributed in these three land-use types, Saxony-Anhalt had a significantly larger proportion of biogas plants built in the current urban area, with a corresponding higher total installed capacity. However, it should be mentioned that both states experienced intense land-use change from 2000 to 2018. Biogas plants located in the urban area according to CLC 2018 might have been built at that time in another land-use type. Figure 4 summarizes the changes in all land-use types on which the biogas plants were built until 2015 according to the comparison between CLC 2000 and CLC 2018. As shown, the biogas plants distributed on land-use types such as urban area and forest were originally converted from other land-use types, e.g., arable land or other vegetated area.




3.4. Landscape Pattern Change


The fragmentation of a certain land-use type was detected, if an increase in patch number and a decline in patch size of this land-use type were observed simultaneously. As reported in Panel A of Table 8, in Saxony-Anhalt, an increase in the number of patches was observed in almost all land-use types from 2000 to 2018 with the exception of other vegetated area and urban area. The most substantial increase in patch number was found in other vegetated areas with an increment of 346.25%, followed by natural grasslands, pastures, and arable land. As to the mean patch size change, sharp decreases were observed in the other vegetated area (−71.88%), natural grasslands, arable land, and other agricultural land. These observations indicated that other vegetated area, natural grasslands, and arable land in Saxony-Anhalt experienced stronger fragmentation. In terms of Bavaria, the results are summarized in Panel B of Table 8. The strongest rise in the number of patches was detected in pastures with an increase of 86.72%, followed by arable land and other vegetated land. The decreases in the mean patch size were mainly identified in other agricultural land, other vegetated land, and arable land in Bavaria. Forest, as an important flora and fauna habitat, increased in both Saxony-Anhalt and Bavaria from 2000 to 2018. In Saxony-Anhalt, the number of patches increased by 20.36% and the mean patch size decreased by 11.93%, while, in Bavaria, the number of patches showed a slight increase of 3.69% and the change in mean patch size was negligible.



According to Figure 5, both Saxony-Anhalt and Bavaria showed increased PD from 2000 to 2018. The highest PD was found in natural grassland in Saxony-Anhalt and in other vegetated land in Bavaria. The change in ED suggested a higher degree of spatial heterogeneity and types of edges in Bavaria than in Saxony-Anhalt. This could especially be observed in the land-use classes of forest land, arable land, and pastures. These findings indicated that the patches in other agricultural land became smaller and more compact in both states. However, this was accompanied by a rapid decrease in edge types and spatial heterogeneity. MSI showed an upward trend in both federal states. Specifically, except for arable land, Bavaria showed a higher level of patch diversity than Saxony-Anhalt in all the land-use classes. The AWMSI analyzed the perimeter–area relationship of the patches. The result showed that the arable land in Saxony-Anhalt, as well as the arable land and pastures in Bavaria, were clearly more sensitive to fragmentation than any other land-use types.





4. Discussion


After controlling for the exogenous environmental and economic effects, the empirical results indicated that the BPARs varied enormously among the studied German federal states. Since the EEG promotion program was unified at the national level, the variations in state-level BPAR could be due to differences in state-level promotion programs, such as Energie und Klimaschutz in Saxony, Energie in Saxony-Anhalt, and Bioenergiewettbewerb in Baden-Württemberg or farmers’ personality traits and risk cognitions [68]. In this section, we focus on discussing the farmers’ personality traits and investment risk cognitions and their biogas production adoption behaviors.



For many farmers in Germany, operating biogas plants was an alternative investment to diversify their income sources [5,43,54]. Under the same investment conditions and returns provided by EEG, it was clear that farmers from different states anticipated this investment differently. As reported in previous studies, there existed a correlation of attitudes toward behavior [69,70]. Therefore, the variations in attitudes toward bioenergy production investment led to farmers’ heterogeneous behaviors. Since, in the regression model, the exogenous effects that objectively influence the biogas production adoption were controlled for, the variations in behaviors resulted from the differences in farmers’ endogenous factors that influenced the investment decision subjectively. Studied systematically in behavior finance, these factors were the investors’ personality traits and risk cognitions, such as time preference, risk preference, and perception [69,71,72,73].



As found by Liu [74], more risk-averse farmers needed significantly more time to adopt a new form of agricultural biotechnology. Moreover, in Germany, a large number of biogas plants were operated in private hands [15]. Local farmers needed credit to facilitate the construction of biogas plants [75]. As discussed in Brown et al. [76], more risk-averse households were less tolerant of fluctuations in their financial circumstances and, therefore, were less prone to take debt. Daly et al. [77] also argued a positive linear relationship between the probability of applying loans and the risk attitude. Therefore, despite the availability of low-interest biogas plant construction loans, risk-averse farmers might still resist holding debt to build biogas plants [78]. Furthermore, as demonstrated by Wang et al. [73], the responses to the “wait-or-not” question ($3400 this month or $3800 next month) were highly heterogeneous among a large segment of the population in the world. Even inside Germany, there was a difference in time preference between the residents of former East and West Germany [79]. These findings indicated that people’s activities varied in terms of their orientation toward the present or toward the future. Due to the loan repayments, the farmers’ annual income might be even lower than before when operating biogas plant in the first few years. After paying back all the debts, much higher profits could be obtained by the operators. Thus, risk-neutral but less patient farmers might refuse to adopt biogas plants. However, to have a more conclusive argument, a further regional study is needed.



To raise the BPAR, the EEG’s remuneration is to be increased to attract the farmers who are comparably reluctant to build biogas plants. However, since the EEG subsidy scheme is nationwide unified, the increase in remuneration might lead to overreaction in states where farmers are willing to operate biogas plants for even lower subsidy. In the current study, we already observed significant state-level differences in adopting biogas production. A further increase in the subsidy to promote biogas adoption in states such as Bavaria and Baden-Württemberg might lead to overreactions in, for instance, Saxony-Anhalt and Mecklenburg-Vorpommern.



Compared to Bavaria, Saxony-Anhalt with a much higher BPAR was more vulnerable to biogas production-related agricultural and environmental problems. For instance, we observed stronger agricultural production structure change reflecting in maizification in Saxony-Anhalt than in Bavaria. Since we could not distinguish the purposes of the cultivated silage maize between the feed for livestock and the substrate for biogas production, the expansion of the total silage maize cultivated area could also be induced by the development of livestock farming. Figure 6 presents the livestock unit change (German: Großvieheinheit) on hand in Germany between 1999 and 2016. Generally, Germany showed a decline in livestock on hand during this period, with approximately 88% of counties in Germany having a negative growth rate. Compared to Bavaria, where only 3% of counties had an increase in livestock unit on hand, 43% of counties from Saxony-Anhalt showed expansion of livestock farming from 1999 to 2016. The decrease rates in livestock unit on hand of the counties in Saxony-Anhalt were normally no less than −25%, whereas, in Bavaria, these rates were down to −50%. In summary, both states experienced a decline in livestock farming; while, in Bavaria, the livestock units on hand declined by more than 18%, Saxony-Anhalt had a relatively flat downward trend with the decrease rate being less than 8% during the period 1999 to 2016. As shown in Figure 7, the nationwide cultivation area of silage maize used for livestock farming also decreased from 2007 to 2015, while the cultivation area of silage maize for biogas production strongly increased in these 9 years [80]. Therefore, we could draw a preliminary conclusion that the observed substantial maize expansion in Saxony-Anhalt was mainly due to the rapid development of biogas production.



The increased land use for maize production crowded out the local food and cultural crop cultivation [46,47,62,63]. Moreover, the environmental impacts of biogas plants were attributed mainly to energy crop production from the life-cycle perspective. The results of a regional life cycle assessment (RELCA) model showed that the feedstock cultivation contributed about 52–67% of the total GHG emissions for biogas production in Central Germany [81,82]. Compared to a fossil-fuel-based system for electricity and heat supply, it appeared that specific eutrophication and acidification potentials for biogas from maize were significantly higher [15].



The biogas production density analysis indicated that the biogas production was more concentrated in urban areas than in other land-use types in Saxony-Anhalt. According to Daniel-Gromke et al. [20], about 92.60% of the total input for biogas production in Germany was energy crops and animal excrement. In Saxony-Anhalt, only 15 biogas plants were biowaste digestion plants until 2016 [83]. Therefore, only a small proportion of plants located in urban areas ran on household and industrial wastes. The operation of other urban-located plants relied on energy crops and manure, which needed to be transported from arable land. We further observed that most of the biogas plants in Bavaria were small-scale, while the plants’ installed capacity in Saxony-Anhalt was generally large. This might be because about 49% of Saxony-Anhalt farms were larger than 100 ha, while only 4% of farms in Bavaria reached this scale. Around 50% of the farms in Bavaria were less than 20 ha [84]. The high demand for transported feedstock in Saxony-Anhalt raised the cautions of the potential iLUC risks and GHG emissions. Additionally, agricultural biogas plants in the urban area might also influence the city and town dwelling life quality. As argued by Paterson et al. [85], many residents resist the biogas production under the motto “not in my backyard” because biogas plants are smelly and plant operation brings a risk of explosion.



The land change analysis results suggested high fragmentation of arable land and pastures in both states from 2000 to 2018. One of the driving factors was the intensified animal farming and energy crop cultivation during the EEG period. This was consistent with Csikos et al. [44], who detected changes in landscape patterns, reduced crop diversity, and the homogenization of arable land and pastures, after introducing biogas plants. However, compared to Bavaria, Saxony-Anhalt with more rapid biogas production development showed lower landscape heterogeneity and higher vulnerability to fragmentation. Regarding the forest, Campbell and Doswald [86] and Hartmann [87] reported a negative relationship between biogas production development and species biodiversity due to loss of habitat. In the current study, although there was no severe fragmentation detected in both states, the forest in Saxony-Anhalt showed a relatively strong increase in the number of patches and a decrease in the mean patch size. This observation also indicated a potential threat of biogas production to species habitat and regional biodiversity.




5. Conclusions and Outlook


This study contributed to the current literature of biogas production development under Germany’s energy transition by comparing the German state-level biogas production development during the studied period from 2000 to 2015, after accounting for the exogenous effects. We identified that there were uneven developments of biogas production among the federal states in Germany. Moreover, unlike most other studies that claimed Bavaria and Lower Saxony were the leading states in biogas production development, we found that the per capita biogas plant installed capacity in the former East Germany states was significantly higher. Apart from other reasons such as scales of farms, development of livestock farming, and state-level support, this could be due to the diversities of farmers’ personality traits and risk cognitions, which led to different attitudes toward the biogas production investment. Furthermore, in the spatial analysis, we identified that the biogas production-related environmental problems in the states with higher per capita biogas plant installed capacity were more severe. For instance, stronger maize expansion was observed in the region with higher BPAR. Additionally, we observed that more biogas plants in the state with higher BPAR were located in nonarable areas, which could result in iLUC and higher GHG emissions during feedstock transportation. Furthermore, we also found that fragmentation of arable land and pastures accompanied the biogas development. Higher-BPAR regions were more vulnerable to habitat and regional biodiversity losses. Therefore, to increase the BPAR in the states where the farmers responded to the EEG weakly, an increase in the nationwide unified subsidy might lead to an overreaction of those strong response states. The overreactions could lead to severe agricultural and environmental problems identified in this research.



The presented study also had limitations due to data availability. Firstly, we could not obtain the data about the feedstock types of each biogas plant. Moreover, as mentioned in the discussion, in the regional crop statistic record, the cultivated silage maize’s usage was not differentiated between biogas production feedstock and livestock fodder. We surveyed the published literature and found that the Integrated Administration and Control System (IACS) could be a very crucial data source for similar research. This information system could provide spatially and temporally precise information on agricultural land use, and it classifies the total silage maize area into different groups according to their utilization [4].



The current study results emphasized the necessity of future regional-based studies to support more sustainable bioenergy management under the German energy transition. For instance, to sustainably develop the national level biogas production and avoid overreaction of some states, future studies should focus on the states where farmers are less willing to adopt biogas production. Therefore, a more regional-based behavior finance study supported by local survey data could help to understand the farmers’ concerns in adopting biogas plants and could provide the solution to increasing the BPAR of these states or regions. Furthermore, to study the impacts caused by biogas production development, more regional-based studies are required to cope with the regional heterogeneities in the future. Some well-developed approaches can be found in the literature. For instance, to evaluate the environmental burdens associated with the bioenergy production value chain, regional-based LCA is more applicable. One of the regional-based LCA models is the RELCA model [82], which can capture site-specific characteristics and enable a reliable and accurate environmental impact assessment. In terms of the social impact of bioenergy production, the regional specific contextualized social life cycle assessment model (RESPONSA) [88,89] could be applied.
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Figure 1. The overview of the current research framework. 
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Figure 2. Germany county-level silage maize cultivation area change between 1999 and 2016. 






Figure 2. Germany county-level silage maize cultivation area change between 1999 and 2016.



[image: Land 10 00135 g002]







[image: Land 10 00135 g003 550] 





Figure 3. The biogas production development until 2015: (a) the distribution of averaged installed capacity (IC) on different land-use types; (b) the proportions of cumulative installed capacity and biogas plants on different land-use types in Saxony-Anhalt and Bavaria. Note: UR: urban area, AL: arable land, OA: other agricultural land, PA: pastures, FO: forest, OV: other vegetated land. Source: EE-Monitor, CLC 2000, and CLC 2018. 
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Figure 4. The detected biogas plant locations with land-use change during 2000–2018 in federal states of a) Saxony-Anhalt and b) Bavaria. Source: EE-Monitor, CLC 2000, and CLC 2018. 
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Figure 5. Landscape matrix evaluation. Note: the value of PD was multiplied by 1000 to facilitate visualization. 
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Figure 6. Germany county-level livestock unit on hand change. 
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Figure 7. Germany silage maize cultivated area for different utilization purposes. Source: FNR. 
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Table 1. Description of collected data used in statistical analysis.
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	Variable
	Abbreviation
	Unit
	Source





	Installed capacity of each year newly established biogas plant
	IC
	kW/h
	[23,24]



	Yearly headcount of cattle
	Cattle
	head
	[25]



	Yearly headcount of pig
	Pig
	head
	[25]



	Yearly area of cultivated maize
	Maize
	ha
	[25]



	Yearly area of grassland
	Grass
	ha
	[25]



	Yearly per capita disposable income
	DIC
	Euro
	[25]



	Yearly average agricultural land transaction-based price
	LP
	Euro/ha
	[25]



	Yearly farming personnel
	FP
	-
	[25]



	Yearly utilized agricultural land
	UTA
	ha
	[25]



	Annual cattle manure electricity generation rate per head
	   E G  R C    
	kWh/head
	[26]



	Annual pig manure electricity generation rate per head
	   E G  R P    
	kWh/head
	[26]



	Annual maize electricity generation rate per hectare
	   E G  R M    
	kWh/ha
	[26]



	Annual grassland electricity generation rate per hectare
	   E G  R G    
	kWh/ha
	[26]
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Table 2. Summary of the collected data for spatial analysis. NUTS, Nomenclature of Territorial Units for Statistics.
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	Data
	Data Type
	Time Range
	Unit
	Source





	Biogas plant geographic information
	Spatial
	2000 to 2015
	-
	[23,24]



	Silage maize cultivation area
	Statistical
	1999 and 2016
	ha
	[25]



	Germany administrative area (NUTS3)
	Spatial
	2016
	-
	[27]



	Corine Land Cover (CLC) map
	Spatial
	2000 and 2018
	-
	[28]
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Table 3. Descriptive statistics for selected variables used in statistical analysis.
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	Variables
	Min
	Mean
	Median
	Max
	SD





	ICPC (kW/h per capita)
	0.0037
	3.3953
	2.4915
	11.9663
	3.2251



	BTP (MW/h per ha)
	2.79
	5.27
	5.20
	8.23
	1.37



	LP (EUR per ha)
	2460
	13,906
	12,366
	48,835
	9509



	DIC (EUR per capita)
	12,566
	17,787
	17,807
	23,771
	2603










[image: Table] 





Table 4. Land-use types in the current study.
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	Land Use Types
	Abbreviation
	CLC Code
	Specification





	Urban areas
	UA
	111
	Continuous urban fabric



	
	
	112
	Discontinuous urban fabric



	
	
	121
	Industrial or commercial units



	
	
	122
	Road and rail networks and associated land



	
	
	123
	Port areas



	
	
	124
	Airports



	
	
	131
	Mineral extraction sites



	
	
	132
	Dump sites



	
	
	133
	Construction sites



	
	
	141
	Green urban areas



	
	
	142
	Sport and leisure facilities



	Arable land
	AL
	211
	Non-irrigated arable land



	Pastures
	PA
	231
	Pastures



	Other agriculture land
	OA
	221
	Permanently irrigated land



	
	
	222
	Rice fields



	
	
	242
	Complex cultivation patterns



	
	
	243
	Land principally occupied by agriculture, with significant areas of natural vegetation



	Forests
	FO
	311
	Broad-leaved forest



	
	
	312
	Coniferous forest



	
	
	313
	Mixed forest



	Natural grassland
	NG
	321
	Natural grasslands



	Other vegetated land
	OV
	322
	Moors and heathland



	
	
	324
	Transitional woodland shrub



	
	
	331
	Beaches, dunes, sands



	
	
	333
	Sparsely vegetated areas



	
	
	334
	Burnt areas



	Wetlands and waterbodies
	WW
	411
	Inland marshes



	
	
	412
	Peat bogs



	
	
	421
	Salt marshes



	
	
	422
	Salines



	
	
	511
	Water courses



	
	
	512
	Water bodies



	
	
	521
	Coastal lagoons



	
	
	522
	Estuaries







Source: Corine Land Cover change maps, European Environment Agency.
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Table 5. Landscape matrix indicator calculation.
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	Metric
	Calculation
	Unit
	Specification





	Class area (CA)
	     ∑   j = 1  n   a  i j   / A   
	ha
	Where aij is the area (m2) of patch j for the i-th land-use type, and A is the total landscape area (m2).



	Number of patches (NumP)
	     ∑   i = 1  n   P i    
	number
	Where Pi refers to the number of patches of type i.



	Mean patch size

(MPS)
	     ∑   i = 1  n   a i  / m   
	ha
	Where ai is the patch size, and m is the total patch number of the i-th landscape.



	Mean shape index

(MSI)
	     ∑   j = 1  n   (     P  i j       π    ∗     a  i j    2     )  /  n i    
	-
	Where Pij is the perimeter of patch ij, and ni is the number of patches of the same type.



	Area-weighted mean shape index (AWMSI)
	     ∑   j = 1  n   [     P  i j     m i n  P  i j      (     a  i j       ∑   j = 1  n   a  i j      )   ]    
	-
	Where minPij is the minimum perimeter of patch ij in terms of number of cell edges.



	Edge density (ED)
	   T E / T L A   
	m/ha
	Where TE is the total edge, which is defined as the length of edge that exists at the interface between two classes, and TLA is the total landscape area.



	Patch density (PD)
	     ∑   i = 1  n  P i / T L A   
	number/100 ha
	Where Pi refers to the number of patches of type i.
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Table 6. Regression results.
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Variables

	
Coefficient

	
Standard Error

	
t-Value






	
Intercept

	
−155.46 ***

	
8.64

	
−17.76




	
Control Variables




	
BTP

	
3.52 ***

	
0.27

	
13.07




	
ln(LP)

	
12.18 ***

	
1.06

	
11.52




	
ln(DIC)

	
1.68 ***

	
0.30

	
5.59




	
Region Dummy Variables




	
Schleswig-Holstein

	
−3.78 ***

	
0.56

	
−6.57




	
Lower Saxony

	
−0.77

	
0.48

	
−1.61




	
North Rhine-Westphalia

	
−2.64 ***

	
0.37

	
−7.17




	
Rhineland-Palatinate

	
1.95 ***

	
0.29

	
6.68




	
Baden-Württemberg

	
−2.99 ***

	
0.30

	
−9.80




	
Bavaria

	
−5.22 ***

	
0.40

	
−12.94




	
Brandenburg

	
8.66 ***

	
0.33

	
26.44




	
Mecklenburg-Vorpommern

	
12.83 ***

	
0.35

	
36.65




	
Saxony

	
8.89 ***

	
0.34

	
26.53




	
Saxony-Anhalt

	
14.46 ***

	
0.50

	
29.03




	
Thuringia

	
10.52 ***

	
0.36

	
29.63




	
Adjusted R2

	
0.95




	
Sample size

	
192








Note: *** denotes 99.9% confidence level.
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Table 7. Land-use change patterns in Saxony-Anhalt and Bavaria from 2000 to 2018.
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Land-Use Types

	
Percentage of Landscape (%)

	
Percentage Change 2000–2018 (%)

	
Absolute Area Change 2000–2018 (%)




	
SA_00

	
SA_18

	
BA_00

	
BA_18

	
SA

	
BA

	
SA

	
BA






	
UR

	
7.20

	
7.18

	
5.65

	
6.92

	
−0.01

	
1.27

	
−0.18

	
22.46




	
AL

	
58.45

	
54.86

	
29.23

	
33.4

	
−3.59

	
4.16

	
−6.15

	
14.24




	
PA

	
7.51

	
11.48

	
13.55

	
20.26

	
3.97

	
6.71

	
52.81

	
49.53




	
OA

	
2.83

	
0.76

	
13.86

	
0.82

	
−2.07

	
−13.04

	
−73.10

	
−94.05




	
FO

	
21.33

	
22.61

	
34.28

	
35.32

	
1.28

	
1.04

	
6.00

	
3.03




	
NG

	
0.55

	
0.31

	
0.79

	
1.06

	
−0.18

	
0.27

	
−32.26

	
34.71




	
OV

	
1.30

	
1.64

	
1.40

	
1.11

	
0.33

	
−0.29

	
25.46

	
−20.97




	
WW

	
0.82

	
1.10

	
1.23

	
1.11

	
0.28

	
0.13

	
33.62

	
−10.33








Note: SA: Saxony-Anhalt, BA: Bavaria, UR: urban area, AL: arable land, OA: other agricultural area, FO: forests, NG: natural grassland, OV: other vegetated land, WW: wetland and waterbodies.
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Table 8. The patch number and mean patch size in various land-use classes.
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Land Use Types

	
Number of Patches (MumP)

	
Mean Patch Size (MPS)




	
2000

	
2018

	
Change

	
2000

	
2018

	
Change






	
Panel A: Saxony-Anhalt




	
UR

	
1349.00

	
1315.00

	
−2.52%

	
109.65

	
112.29

	
2.40%




	
AL

	
483.00

	
978.00

	
102.48%

	
2487.51

	
1152.94

	
−53.65%




	
PA

	
718.00

	
1481.00

	
106.27%

	
215.06

	
159.32

	
−25.92%




	
OA

	
490.00

	
202.00

	
−58.78%

	
118.83

	
77.52

	
−34.76%




	
FO

	
953.00

	
1147.00

	
20.36%

	
459.93

	
405.08

	
−11.93%




	
NG

	
62.00

	
134.00

	
116.13%

	
182.37

	
57.16

	
−68.66%




	
OV

	
80.00

	
357.00

	
346.25%

	
335.19

	
94.24

	
−71.88%




	
WW

	
130.00

	
169.00

	
30.00%

	
130.17

	
133.79

	
2.78%




	
Panel B: Bavaria




	
UR

	
3735.00

	
4370.00

	
17.00%

	
106.70

	
111.68

	
4.67%




	
AL

	
3494.00

	
6284.00

	
79.85%

	
590.29

	
374.98

	
−36.48%




	
PA

	
3698.00

	
6905.00

	
86.72%

	
258.45

	
206.99

	
−19.91%




	
OA

	
5278.00

	
750.00

	
−85.79%

	
185.25

	
77.59

	
−58.11%




	
FO

	
5773.00

	
5986.00

	
3.69%

	
418.94

	
416.35

	
−0.62%




	
NG

	
489.00

	
620.00

	
26.79%

	
113.70

	
120.79

	
6.23%




	
OV

	
777.00

	
1155.00

	
48.65%

	
127.26

	
67.67

	
−46.82%




	
WW

	
564.00

	
571.00

	
1.24%

	
154.22

	
136.63

	
−11.41%








Note: SA: Saxony-Anhalt, BA: Bavaria, UR: urban area, AL: arable land, OA: other agricultural area, FO: forests, NG: natural grassland, OV: other vegetated land, WW: wetland and waterbodies.
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