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Abstract

:

Reforestation is a threat to permanent grasslands in many alpine regions. Using these areas to produce biogas energy may help to preserve these important landscapes and save fossil fuels by adding a renewable local heat and electricity source. This case study compares (a) a status quo (SQ) reference scenario with heating oil, wood-chips, and grid electricity as municipal energy sources, and (b) a hypothetical local biogas (LB) scenario (to also be used as a municipal energy source) based on a 500-kWel biogas plant with steam explosion pretreatment. Here, hay from previously unused grassland is the main biogas substrate, whereas, in the reference SQ scenario, these grasslands remain unused. Life cycle assessment (LCA) results for LB and SQ scenarios are significantly different at p < 0.05 in all six impact categories. In three categories, the LB scenario has lower impacts than the SQ scenario, including climate change (0.367 CO2-eq kWhel-1 versus 0.501 CO2-eq kWhel-1). Dominant contributions to climate change in the SQ scenario are from the extant municipal energy sources that the LB biogas plant would replace; in the LB scenario, important contributions include unburned methane from the biogas plant, as well as CO2 emissions from hay production machines. In summary, important environmental impacts can be reduced and alpine grasslands can be preserved by biogas production from that grass. The advantages of integrating a local biogas plant in municipal energy and waste systems depend strongly on the extant municipal energy system characteristics.
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1. Introduction


Grasslands have a wide range of ecological functions and are home to highly diverse, specialized ecosystems. For alpine communities, they also play a significant role in winter and summer tourism, upon which these communities are economically dependent. A growing portion of alpine grasslands in Austria is no longer used for extensive forage production, due to difficult farming conditions, competition with intensive livestock operations, and the lack of a new generation of farmers [1]. Where forage production has ceased, using the grass to generate renewable electricity and heat from biogas could save fossil fuels and contribute to covering the energy demand generated by the tourism industry. In addition, local organic residues that are partly generated by tourism could be used as supplemental biogas substrates, increasing energy output and forming an integrated agromunicipal resource system [2].



Biogas generation from lignified biomass, such as late-cut grass from abandoned alpine grassland, generally requires pretreatment to increase digestibility. Steam explosion pretreatment (SEP) has been shown to improve the digestibility of lignified biomass such as agricultural residues and late-harvested grass with low feed quality [3,4,5,6,7]. Briefly, the SEP process exposes biomass to steam at a temperature up to 160–220 °C and under high pressure for varying retention periods [3]. Then, the biomass–steam mixture is abruptly depressurized, resulting in thermochemical and mechanical decomposition of the biomass. SEP not only increases the decomposition rate of the biomass but also increases specific biogas yields. It is considered environmentally advantageous as it boosts energy efficiency [8] and does not require the use of chemical additives or catalysts. SEP has also been shown to have an odor-reducing and sanitizing effect on organic wastes [8,9]. Digestate can thus be applied directly to fields without further treatment, facilitating closed nutrient cycles [10]. Implementing SEP has been shown to make the entire process of biogas production more economical [11].



The environmental impacts of biomass utilization strategies should be carefully assessed. Life cycle assessment (LCA) is an established, comprehensive approach to quantifying the environmental impacts of products and services [12], as well as entire technical systems. LCA literature on the effect of SEP on biogas production is sparse and even more so when it comes to the assessment of biogas production from extensively or formerly unused grasslands. Bedoić et al. [13] dealt with “residue grass” as input in biogas production but not from extensive alpine areas in Austria and without SEP. They concluded that they see some potential in the future use of grass in the production of biogas energy. Vo et al. [14] assessed the influence on sustainability and carbon intensity of grass as input substrate for biogas production but not for lignified substrates and therefore without pretreatment. Wang et al. [15] conducted an LCA for five different pretreatment combinations, including SEP, on biofuel generation from wheat straw. SEP with a catalyst was found to be environmentally favorable in comparison to the other pretreatment technologies. Prasad et al. [16] compared the environmental impacts of SEP to three other pretreatment technologies on a laboratory scale for lignocellulosic biomass. They found SEP to have the second lowest impacts for two of the four impact categories studied, and the third lowest for the other two categories. Schumacher et al. [17] compared the energy balance of biogas from maize silage and whole-plant triticale with and without SEP. They concluded that the energy demand for the pretreatment makes SEP an unfavorable option. On the other hand, Kral et al. [2] found that biogas production from maize stover with SEP had far lower impacts than conventional biogas production from maize silage. A recent literature review on LCA papers dealing with agro-biogas systems [18] did not show any results of energy systems comparable to the case studies of the current paper. To the authors’ knowledge, biogas production from abandoned alpine grasslands with SEP has not been examined from an LCA perspective. Neither was an LCA found that uses a system expansion (SE) approach (see Section 2.3) to test the influence of replacing the current energy system of a community with an alternative energy system based on “green” energy carriers. An assessment of the environmental impacts of biogas energy generation from grassland is nonetheless important because this may help to sustain grassland utilization in sensitive regions or where it is no longer cost-efficient. Such research findings may also be of interest for other, non-alpine ecological compensation areas where grassland biomass is extensively used to promote biodiversity. From a wider perspective, such research may contribute to a better understanding of the environmental implications of adding biogas energy to an existing municipal energy and waste infrastructure.



The objective of this LCA case study is to examine the potential environmental impacts of a hypothetical local biogas system (LB scenario) with SEP that is integrated in the waste and energy system of an Austrian alpine municipality. The substrate is mainly hay from currently unused alpine grassland, supplemented by local organic waste (municipal organic wastes from hotels and households, frying oils and fats, green cuttings) and by manure. As a reference for comparison, the status quo scenario (SQ scenario) describes the current situation where alpine grasslands are not used, manure is field-applied after storage, and local organic waste is treated far from the municipality, at a regional biogas and composting plant. Local energy in this reference scenario comes from the electricity grid and from mainly fossil heat sources.




2. Materials and Methods


2.1. Overview of Scenarios


This section gives an overview of the two scenarios studied, with details given in the subsequent sections. The status quo (SQ) scenario (Figure 1) represents current grassland and waste management, as well as energy services, in the case study municipality. At present, a significant amount of the municipality’s alpine grassland is not being managed or at risk of being abandoned, potentially yielding 1186 t DM a−1 grass, which is the basis for biogas production in the LB scenario [19]. Grassland still managed for feed is not considered in this study.



Local organic waste includes municipal organic wastes (from households, hotels, restaurants, etc.), oils and fats (primarily from hotels, restaurants), and green cuttings (grass and hedge clippings). They are transported separately to a regional waste management facility located 100 km from the municipality. There, the municipal organic waste and oil and fat fractions are anaerobically digested to produce biogas, which is combusted in a combined heat and power (CHP) module [Municipality of Lech administration, pers. comm.]. Its electricity output is fed entirely into the regional grid. Heat generated by the module is assumed to be used mostly off-site, with the remainder used either for fermenter heating on-site or wasted. Liquid fermenter digestate is applied directly to fields, and solid fermenter digestate is composted together with the green cuttings fraction at the same facility. Operations to preserve unproductive grasslands in the SQ scenario (one cut every 2–3 years) are excluded in this LCA. System expansion (SE) processes are explained in Section 2.3 below.



The local biogas (LB) scenario (Figure 2) centers around a hypothetical 500-kWel biogas plant built in the case study municipality. Its primary substrate is assumed to be grass (conserved as hay) from grassland that is unmanaged in the SQ scenario but, in the LB scenario, is harvested with a single late cut. The utilization of grassland biomass represents the major difference to the SQ scenario. Local organic wastes are now co-digested with the hay (at a local biogas plant) rather than sent to the regional waste management facility. Solid manure (mainly from dairy cattle) is now also co-digested. Management of equal amounts of livestock manure is considered in both scenarios. Before entering the fermenters, hay, green cuttings, and the local organic wastes undergo SEP. Solid manure is added directly to the fermenter. The biogas generated in the fermenters is fed into a CHP module. All electricity produced by the CHP is fed into the local power grid, replacing regional national grid electricity. Details are given in Section 2.3 below. CHP heat that is not used for plant operations is assumed to be either fed into the local district heating system (replacing heat that in the SQ scenario comes from oil-fed residential heaters) or wasted.




2.2. Biogas Substrates


Table 1 lists annual substrate amounts. All waste and manure substrates are modeled without upstream burdens and enter the system prior to transportation to municipal or local waste treatment.



Total biogas generation in the SQ scenario is only 77,168 Nm3 a−1, or 7.8% of what would be used for operation of the LB scenario’s hypothetical 500-kWel biogas plant (986,842 Nm3 a−1). In the LB scenario, the hay amount was adjusted to provide the balance of substrate required for operating a 500-kW biogas plant at full load after calculating the biogas yield from the local organic waste and manure substrates [3,20]. This plant size was chosen according to the potential hay supply in and around the studied municipality and according to efficiency considerations with respect to the SEP. Based on data from [19], a portion of the hay (59.6%) would have to be sourced from alpine grasslands in adjacent communities.



In the LB scenario, grassland processes include mowing, swathing, haymaking, baling, loading bales, and hay storage. Hay production with on-field drying was modeled using a modified ecoinvent process (hay extensive, at farm) from the ecoinvent database [21]. Transportation distance assumptions are based on regional practices and local conditions. Municipal organic wastes and green cuttings are assumed to be transported approximately 100 km (to the regional waste treatment facility) in the SQ scenario and 5 km (to the local biogas plant) in the LB scenario. Transport processes for both scenarios are based on the ecoinvent process, “transport, tractor and trailer”, for hay and green wastes and on the ecoinvent process, “transport, lorry 7.5–16 t”, for all other substrates. In the SQ scenario, storage and field application of solid manure is based on the ecoinvent process, “solid manure loading and spreading”, and emission factors for solid manure storage and land application were adjusted following [22] (see also Supplementary Materials).



Between the two scenarios, the produced biogas differs both by amount and by the plant’s location: the LB scenario yields much more biogas than the treatment of organic wastes alone in the SQ scenario, due to additional hay from previously unused grasslands. With regard to location, all LB substrates are processed within the municipality, while in the SQ scenario, all biogas is produced in the regional waste treatment plant.



In both scenarios, all substrates are shredded before entering the fermenter or SEP unit.




2.3. System Expansion (SE) Approach and Energy Modeling


To account for the large differences in biogas production between the two scenarios, and to avoid allocation between the CHP co-products, heat and electricity, both scenarios were designed for functional equivalence in a system expansion (SE) approach following the recommendations of the ISO standards 14,040 and 14,044: equal amounts of the co-products electricity and (off-site useful) heat, both in the municipality and in the region, are obtained in both scenarios by adding supplementary energy sources. This approach is equivalent to a substitution approach that would include credits for the energy replaced by hypothetical biogas plant in the LB scenario [12]. Since the LB scenario co-digests manure in its local biogas plant (see below), the storage and field application of an equal amount of manure (mainly dairy cattle) is also included as an SE process in the SQ scenario.



The supplementary energy sources (SE electricity/heat) were modeled as follows (Table 2): the LB scenario’s much higher electricity output is balanced in the SQ scenario by adding 3,442,935 kWh a−1 of SE electricity as the average electricity consumption mix of Vorarlberg province [23,24], where the municipality and the waste treatment center are located. This mix is composed of 80% hydro power, 12% imports from Germany, and 8% local electricity production from renewables. Balancing the heat outputs needed to account for both scenario locations: in the case study municipality, the LB scenario is assumed to provide 80% of the CHP heat for off-site use (3,302,526 kWh a−1; or 2,807,147 kWh a−1 after 15% losses in a local district heating network, [25]). This is matched in the SQ scenario by 2,807,147 kWh a−1 SE heat from existing oil-fueled residential heating systems [19,26], since it was assumed that such systems are most likely to be displaced by the LB scenario’s hypothetical CHP heat output. The effect of this assumption on the LCA results is examined by a sensitivity analysis in Section 3.4 below. At the regional waste treatment plant, the SQ scenario provides off-site heat of 258,247 kWh a−1; it is assumed that the off-site heat is used close to the treatment plant, with negligible heat transfer losses between CHP and the consumption site. In the LB scenario, this is balanced by the same amount of SE heat based on an average regional heat mix [23,24].



Further assumptions for the energy model relate to the operation and the output of the CHP module. On-site electricity for plant operations and processing of the fermentation residue (40,164 kWh a−1 for the SQ scenario and 504,026 kWh a−1 for the LB scenario) is purchased from the power grid with the same average regional consumption mix as used in the SQ system expansion. The CHP unit operates for 7470 h per year, combusting 240 Nm3 biogas per hour with a 55% methane content at electrical and thermal efficiencies of 38% and 42%, respectively [2]. In the SQ scenario, 11.5% (or 37,123 kWhth a−1; [27]) of the CHP heat output is required on-site for fermenter heating [28] and at the regional waste treatment plant, by various heat-consuming processes. A further 8.5% (27,439 kWhth a−1) of the heat output is assumed to be dissipated as waste heat, and the remaining 80% (258,247 kWhth a−1) is assumed to be used off-site. Moreover, 80% of the CHP heat is also used off-site in the LB scenario, but 13.3% (549,239 kWhth a−1) of the CHP heat output is required on-site for fermenter heating and for SEP. Without SEP, the on-site heat requirements for the LB scenario would be 11.5%, as in the SQ scenario, or 474,738 kWhth a−1. The remainder of the LB CHP heat output (6.7% or 276,392 kWhth a−1) was assumed to be wasted. Air emissions due to CHP operations and methane leakage from fermenters and auxiliary installations were modeled as described in Kral et al. [2].




2.4. Digestate and Nutrient Modeling


The management of biogas fermentation residues (digestate) emits nitrous oxide, ammonia, and methane, both on-site and off-site. Digestate is mainly stored in the secondary fermenter. Additional storage for days to weeks was assumed to be in closed tanks without additional emissions as most of the emissions happened in the secondary fermenter already [29,30]. In both the SQ and LB scenarios, the digestate is separated into a solid and a liquid fraction, but only in the SQ scenario is the solid digestate composted and sold as a soil amendment for gardening purposes with manual field application. In the LB scenario, a portion of the fermenter digestate is used as a fertilizer on the same grassland from which the hay was harvested ensuring closed nutrient cycles. The remaining fermenter digestate is assumed to be marketed to local farmers.



Processes related to manure and digestate management were based on ecoinvent but some emissions were adjusted to the factors given in the Supplementary Materials and below: emissions from digestate separation, processing, and from land application of finished solid digestate/compost were taken from [30,31] (see also Supplementary Materials). The compost plant infrastructure is based on “compost plant, open” and the composting process is based on “compost, at plant”—for both ecoinvent processes, the electricity mix was adjusted to the consumption mix of Vorarlberg. Emissions from the field application of the non-composted liquid digestate in the SQ scenario and from the digestate fractions in the LB scenario were calculated according to values given in [29,32,33] (see also Supplementary Materials). Digestate transportation to the fields was calculated with an average one-way distance of 5 km in both scenarios. Moreover, in both scenarios, the liquid digestate is transported and field-applied using a tractor and vacuum tank trailer (based on the ecoinvent process, “slurry spreading, by vacuum tanker”) equipped with a splash plate, as is common practice in Austria [34]. The solid digestate in the LB scenario is applied to grassland using a solid manure spreader. Emission factors for solid manure loading and spreading (SQ scenario only) were taken from [22] (see also Supplementary Materials). In the absence of location-specific data, a closed nutrient cycle through digestate application on land was assumed for both scenarios with no additional fertilizer brought into the system.




2.5. Infrastructure Modeling


Infrastructure in the SQ model includes construction materials for the biogas and composting plants at the regional waste treatment center, as well as for storage tanks and machinery for field application of solid manure. In the LB model, the infrastructure includes materials for construction of the biogas plant, including the SEP unit, as well as for manufacturing of agricultural machines for grassland management and digestate field application. The biogas plant model includes two mesophilic fermenters in series and the CHP unit; both are modeled based on Kral et al. [2]. The LCA model also includes materials and energy for construction and maintenance, as well as transportation of construction materials. In the SQ scenario, the infrastructure for the regional biogas plant and CHP was simply assumed to be a fraction of the LB scenario’s 500-kW plant and a fraction of its CHP module. The two fractions are proportional to the SQ scenario’s smaller substrates input (no grassland use; thus, only 13.3% of LB scenario substrates, on an fresh matter basis) and to the resulting lower methane yield (7.8% of LB methane yield), respectively (Table 1). Disposal of system infrastructure is beyond this study’s system boundaries, like in most other biogas LCA studies [18]. If not indicated differently, infrastructure is based on ecoinvent processes, as stated in Kral et al. [2].




2.6. LCA Modeling Approach


For simplicity, a functional unit of 1 kWh of electrical output from the CHP module is chosen as a unit of reference for all calculated environmental burdens. However, since an SE approach was followed in both scenarios to address the co-product problem, a direct comparison of results with other biogas LCAs is obviously limited to those that include the provision of a similar amount of useful heat as calculated here.



LCA models were assembled using the software openLCA v.1.8 [35]. Data on the case study municipality were taken from a previous study [19]. Leading manufacturers of the CHP generator and of the SEP unit provided proprietary data on their respective technologies and their typical operation as described in Kral et al. [2]. These primary data were supplemented with secondary data from the literature and from the ecoinvent database [21].



Potential environmental impacts are evaluated using six impact categories: climate change (with the 100-year global warming potential or GWP as indicator), non-renewable cumulative energy demand, freshwater ecotoxicity, human toxicity, terrestrial acidification, and particulate matter formation. These categories were selected based on the main environmental impacts that can be expected from biogas production [36]. Five of the selected categories are from the ReCiPe midpoint (H) impact assessment method [37], and the sixth, non-renewable energy demand is from [38]. Biodiversity impacts are not assessed, both for lack of an established method and because biodiversity data could not be identified that would describe the impact of putting abandoned alpine grasslands back in service. Land use is not quantified because a comparison between the two scenarios is a foregone conclusion, since one scenario uses only organic wastes, whereas the other scenario uses a large area of alpine grasslands.



The robustness of the scenario comparison, given uncertain model parameter values, was tested with Monte Carlo simulations (n = 1000 unless stated otherwise), with estimated, literature-based, and ecoinvent probability distribution functions. Statistical analyses of the resulting indicator distributions were performed with the SPSS software [39], with medians tested for significant (p = 0.05) differences with a Mann–Whitney U test between the two scenarios and with a Kruskal–Wallis test with Bonferroni correction between subsystems within each scenario.



Sensitivity analyses were used to test the importance of assumptions regarding the SE electricity and heat sources: the first sensitivity analysis replaces the regional electricity consumption mix for Vorarlberg province with the national Austrian electricity mix as the source of SE electricity. The second sensitivity analysis alters the SE heat process in the SQ scenario that locally balances the CHP off-site heat in the LB scenario. In the SQ model, this was assumed to be oil-fired residential heating systems, but the sensitivity analysis assumed for the LB scenario (a) that no CHP off-site heat is marketed at all—a kind of “worst case scenario” for biogas production that removes the need for the SQ heat SE process entirely; or (b) that the SE heat is a variable mixture of heating oil and wood-chips burned in existing municipal district heating systems.





3. Results and Discussion


3.1. Overall Scenario Comparison


The comparison of the SQ reference scenario with the LB scenario yields mixed results for the six environmental impact categories considered (Table 3 and Figure 3).



For all impact categories, the difference between SQ and LB results is significant (p < 0.05), despite overlapping interpercentile ranges in most categories. The LB scenario’s total GWP is 0.367 kg CO2-eq kWhel−1, significantly lower than the SQ scenario total of 0.501 kg CO2-eq kWhel−1. Without the emissions from the SE heat, the LB scenario’s total GWP would decrease even further, to 0.350 kg CO2-eq kWhel−1. This value fits well into the wide range of literature values for biogas energy (electricity plus heat) GWP without SE or credits for avoided fossil energy impacts from off-site CHP heat use. An LCA study of forty-one Austrian biogas plants with a wide variety of substrate mixes calculated a wide GWP range of 119 to 722 g CO2-eq kWhel−1 [40]. Specifically for a mainly clover/grass-silage fed Bavarian biogas plant, a GWP of 584 g CO2-eq kWhel−1 is reported [41]. For grass-silage biogas from intensively used grassland, we estimate a GWP of 202 g CO2-eq kWhel−1, based on [42]. For a more accurate comparison, results from those studies were adjusted to reflect the characterization factor for methane used in this study.



In addition to a climate change advantage, the hypothetical LB scenario has considerably lower environmental impacts in the categories of non-renewable energy demand and freshwater ecotoxicity (40% and 42% of SQ scores, respectively). By contrast, impact scores for the categories of terrestrial acidification and particulate matter formation are substantially higher in the LB scenario (393% and 371% of SQ scenario emissions, respectively). Human toxicity impacts are slightly higher in the LB scenario (106% of the SQ scenario), but comparable for both scenarios.




3.2. SQ Contribution Analysis


3.2.1. Climate Change Impacts


A contribution analysis of the SQ scenario’s overall GWP (Figure 4) shows the dominance of the two energy-related SE subsystems. The other subsystems together contribute only 17%, or 0.086 kg CO2-eq kWhel−1. These subsystems are in descending order of their GWP: digestate management and storage, SE solid manure management, unburned biogas methane from the CHP exhaust (also known as methane slip), substrates procurement (transport only, as they are all wastes), infrastructure construction and maintenance, and fermenter emissions. The last two are not shown in Figure 4 due to their contributions of less than one percent each. Substrates procurement includes the transport of organic wastes over 100 km to the regional waste treatment plant, but its total contribution is less than 0.008 kg CO2-eq kWhel−1. This demonstrates that the avoidance of organic wastes’ transport in the LB scenario has negligible environmental benefits. Of the two energy SE processes, the combustion of heating oil in residential systems contributes most, 49% of total GWP, or 0.245 kg CO2-eq kWhel−1. The SE electricity regional mix causes the second highest GWP contribution, 34%, or 0.171 kg CO2-eq kWhel−1. SE electricity impacts are mainly due to electricity imports from neighboring Germany (84% of the subsystem GWP, or 0.144 kg CO2-eq kWhel−1, mostly from lignite and hard coal power plants). Electricity production within the region itself is based on renewables and thus only contributes 16% of the process GWP.




3.2.2. Other Impact Categories


As with climate change impacts, the two energy-related SE subsystems dominate in three other impact categories. For acidification and particulate matter formation, however, impacts from the field application of digestate are the largest contribution.



Non-renewable energy demand is almost exclusively caused by SE heat (heating oil combustion; 63% or 3.49 MJ-eq kWhel−1) and by fuel combustion for generating imported SE electricity (32% or 1.75 MJ-eq kWhel−1). Emissions from heating oil production are responsible for 85% or 0.00011 kg 1,4-DCB-eq kWhel−1 of overall freshwater ecotoxicity, mainly caused by bromine (64% of total impact score) and hydrocarbon (15% of total) emissions, which can both be traced back to crude oil extraction. SE electricity consumption causes 68% or 0.013 kg 1,4-DCB-eq kWhel−1 of SQ human toxicity impacts. SE heating oil contributes an additional 23% or 0.004 kg 1,4-DCB-eq kWhel−1. Emissions from digestate application account for the majority (52% or 0.00196 kg SO2-eq kWhel−1) of overall terrestrial acidification and of particulate matter formation (36% or 0.00026 kg PM10-eq), both due to ammonia emissions. Ammonia also dominates particulate formation as it forms particles in the atmosphere as secondary air pollutants.



Almost all of the SQ subsystems were significantly different from each other over the six tested impact categories. The only exception is in the climate change category, where the two lowest-contributing subsystems, “infrastructure construction and maintenance” and “fermenter”, are too similar in value.





3.3. LB Contribution Analysis


3.3.1. Climate Change Impacts


In contrast to the SQ scenario, the LB scenario uses much more substrate and generates much more biogas, and this explains most of the LB scenario’s main contributions. Its climate change impact (Figure 5) is dominated by methane slip from the much larger biogas CHP (37% of overall emissions, or 0.136 kg CO2-eq kWhel−1), followed by digestate application emissions and by the production and processing of substrates (20% or 0.074 kg CO2-eq kWhel−1 each). The methane slip contribution is within the range reported by a large-scale monitoring study of 16 biogas plants [41]. Impacts due to digestate management occur mainly in the form of methane and nitrous oxide emissions (45% and 39% of digestate GWP, respectively), and almost all the rest (15% of digestate GWP) is due to CO2 from transport, separation, and spreading machinery operation. Most substrate-related emissions stem from hay production (76% of substrate GWP, or 0.056 kg CO2-eq kWhel−1) and are mainly caused by agricultural machinery operation. By comparison, Gerin et al. [43] calculated only 0.022 kg CO2-eq kWhel−1 for grass silage production for farm-scale biogas electricity in the Belgian Ardennes, using extensive grassland harvested for biodiversity conservation. However, they assume a yield that is more than double that of this study’s alpine grassland, and hay requires more machinery use than grass silage. Further contributions to the LB scenario’s GWP include: emissions due to biogas fermenter operations (10% of total GWP or 0.038 kg CO2-eq kWhel−1), biogas plant construction and maintenance (8% or 0.029 kg CO2-eq kWhel−1), and SE heat (4% or 0.015 kg CO2-eq kWhel−1).




3.3.2. Other Impact Categories


In contrast to the LB climate change contribution, biogas CHP emissions contribute little to the other five impact categories studied. Instead, hay production, biogas plant infrastructure, and digestate management contribute the most. The largest portion of the LB scenario’s non-renewable energy demand (48% or 1.1 MJ-eq kWhel−1) is linked to emissions during fuel combustion for hay substrate production and transport, followed by energy consumption for construction materials production (18% or 0.4 MJ-eq kWhel−1).



LB freshwater ecotoxicity impacts are predominantly due to bromine emissions from crude oil production, again for fuel consumed during hay substrate production (39% or 2.08 × 10−5 kg 1,4-DCB-eq kWhel−1) and for mastic asphalt surfaces at the biogas plant (17% or 9.14 × 10−6 1,4-DCB-eq kWhel−1).



Human toxicity impacts are largely caused by the production of infrastructure for hay production (roughage storage facility including a hay blower and a telescopic spreader; 45% or 0.009 kg 1,4-DCB-eq kWhel−1) and by construction materials for the biogas plant (27% or 0.005 kg 1,4-DCB-eq kWhel−1). These impacts can be traced back to production wastes for copper used in the various materials, including arsenic (26% of total impacts), lead (17%), and mercury (16%).



Most of the overall terrestrial acidification impacts (66% or 0.010 kg SO2-eq kWhel−1) and particulate matter formation (48% or 0.0013 kg PM10-eq kWhel−1) are caused by digestate management, mainly from ammonia emissions.



There is a statistically significant difference between most of the six LB scenario subsystems over the six impact categories evaluated. Between digestate management and the production/processing of substrates, no significant difference was found for the climate change impact category.





3.4. Sensitivity Analyses


Two key modeling assumptions were tested for their effect on the impact assessment outcomes. The first sensitivity analysis replaces the regional electricity mix with the national Austrian grid electricity mix (consumption at mid-voltage including imported electricity), both for the SE electricity and for the biogas plant operation. The national Austrian mix has a much higher carbon footprint than the regional mix (0.411 CO2-eq kWhel−1 versus 0.185 CO2-eq kWhel−1). Substituting the national Austrian mix adds 0.212 kg CO2-eq kWhel−1 (or 42%) to the total GWP of the SQ scenario (0.713 versus the original 0.501 CO2-eq kWhel−1) and 0.030 CO2-eq kWhel−1 (or 8%) to the total GWP of the LB scenario (0.397 versus the original 0.367 kg CO2-eq kWhel−1). As is to be expected, a higher carbon footprint for grid electricity affects mostly the SE consumption in the SQ scenario and thus increases the advantage of the LB scenario in terms of climate impact. Vo et al. [14] also found the used electricity mix to be crucial for the performance of power to gas systems upgrading biogas produced from grass and slurry.



The second sensitivity analysis alters the local SE heat system in the SQ scenario that is assumed to be replaced by the LB scenario’s CHP off-heat. Originally, this local SE heat is oil-fired residential heating that is common in the municipality. In the first alternative, a worst case for the LB scenario is that it is not able to market the biogas CHP off-heat at all. Consequently, the SQ scenario would not need to match off-heat by including a local SE heat mix, and this would reduce the overall SQ GWP dramatically from 0.501 to 0.256 kg CO2-eq kWhel−1, which is only 70% of the LB scenario’s GWP. This clearly demonstrates the importance for biogas energy of using CHP off-heat. Bacenetti et al. [44] also emphasize that the utilization of waste heat can significantly improve the GWP of biogas electricity. In the second alternative assumption, CHP off-heat in the LB scenario is assumed to be marketed again, but the matching SE heat in the SQ scenario is only partially assumed to come from oil-fired residential heating systems, with the remaining heat coming from wood-chip fired district heating. In the extreme, modeling the SQ scenario with all SE heat from wood-chip fired district heating (and none from oil-fired heating) would also lead to a much reduced GWP (from 0.501 to 0.270 kg CO2-eq kWhel−1), only 74% of the LB GWP. Figure 6 compares the overall scenario GWPs under this alternative assumption, as the shares of replaced heat in the SQ scenario change from all wood-chip heat and no heating oil to the opposite. For a GWP advantage of the LB scenario over the SQ scenario, a minimum of 42% of the CHP heat used off-site would have to replace heating oil (and a maximum of 58% would replace wood-chips). This threshold percentage is a low estimate, since it is based on the median GWP and does not account for the uncertainty of the two systems. Evangelisti et al. [45] also report that the most critical assumption for the LCA of large-scale food waste digestion concerns the quantity and composition of the energy substituted by the biogas energy. A detailed model for the most likely future energy system in the municipality is outside the scope of this study, but it would require a careful evaluation of the number of homes and enterprises likely to switch their heating systems, and a detailed analysis of any integration of CHP off-heat into the existing local district heating operations. For example, the LB plant could allow the district heating system to shut down during off-peak months, preventing its operation at inefficient partial loads and thus reducing pollutant emission factors.





4. Conclusions


Locally produced biogas (LB) energy, fed by steam-explosion pretreated hay from previously abandoned grassland and by local organic wastes, has a significantly lower environmental impact in three out of six studied categories than the current status quo (SQ) biogas scenario, where the grassland biomass is not utilized and only local organic wastes generate biogas in a regional waste treatment center. A life cycle assessment based on system expansion compares the environmental impacts of generating equal amounts of electricity and heat from both systems. The LB scenario’s GWP (0.367 kg CO2-eq kWhel−1) is found to be significantly lower, only 73% of the SQ scenario’s GWP (0.501 kg CO2-eq kWhel−1). Even more pronounced advantages of the LB scenario relative to the SQ scenario are found in two other impact categories, non-renewable cumulative energy demand and freshwater ecotoxicity, with LB impacts only 40% and 42%, respectively, of the SQ impacts.



The main reason for the SQ scenario’s disadvantage in these impact categories is the fossil fuels required to match the energy output of the LB scenario’s biogas CHP. By contrast, the LB scenario’s GWP is dominated by methane slip from the CHP unit, followed by emissions during digestate management and during hay production from grassland.



The comparison between the two scenarios is not entirely favorable for the LB scenario: in two impact categories—terrestrial acidification and particulate matter formation—the LB scenario has substantially higher environmental impacts, at 341% and 319% of the SQ impacts, respectively. Both categories are dominated by ammonia emissions during the storage and field application of much larger amounts of digestate than in the SQ scenario. In the last category studied—human toxicity—impacts are comparable for both scenarios. In the SQ scenario, they are caused by the SE electricity mix but, in the LB scenario, by infrastructure production (hay production equipment and biogas plant construction materials).



A sensitivity analysis of the GWP confirms the critical importance of the LCA model’s energy system assumptions: replacing the renewables-heavy local electricity mix with a more carbon-intensive national grid mix increases the SQ GWP by 42%, but the LB GWP increases only by 8%, thus emphasizing the LB scenario’s advantage. Assumptions about which SE heat source in the SQ scenario is replaced in the LB scenario by marketed biogas CHP off-heat can even change which scenario has the lower GPW: when the replaced heat source is renewable (district heat from wood-chips) instead of fossil (residential oil furnaces), the SQ scenario’s GWP is substantially reduced, to only 74% of the LB scenario’s climate impact, respectively. If the LB off-heat cannot be marketed at all, the SQ scenario also gains an advantage, with its GWP being only 70% of the LB GWP. The GWP is comparable for both scenarios if at least 42% of the LB scenario’s marketed CHP off-heat replaces residential oil furnaces in the SQ scenario, and the remainder replaces district heat from wood-chips.



In summary, under the assumptions made in the study, a hypothetical local biogas production from abandoned alpine grassland and from local organic wastes can be expected to reduce greenhouse gas emissions and to preserve alpine grassland, if partially at the expense of other environmental impacts. These findings are especially relevant to local decision-makers who wish to move towards more sustainable local energy sources.
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Figure 1. System diagram of status quo (SQ) scenario. System expansion processes are added to maintain functional equivalence with the local biogas (LB) system (see Figure 2). For simplicity, upstream processes are not shown in the system expansion part. 
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Figure 2. System diagram of local biogas (LB) production scenario. System expansion processes are added to maintain functional equivalence with the status quo (SQ) system (see Figure 1). For simplicity, upstream processes are not shown in the system expansion part. 
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Figure 3. Comparison of relative impacts of the SQ and LB scenario. Higher impact for a category = 100%. 
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Figure 4. Contribution of subsystems to status quo (SQ) scenario, climate change impact category. Error bars: 5th–95th interpercentile range, based on 1000 Monte Carlo simulations. SE = system expansion subsystems (heat, electricity, and manure treatment); CHP = methane slip from exhaust; substrate = transportation of substrates. 
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Figure 5. Contribution of subsystems to status quo (LB) scenario, climate change impact category. Error bars: 5th–95th interpercentile range, based on 1000 Monte Carlo simulations. SE = system expansion subsystems (heat and electricity). 
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Figure 6. Sensitivity of SQ scenario total GWP to changes in assumed SQ system expansion heat source (total local SE heat = heating oil share + share of wood-chip-fueled district heating). 
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Table 1. Annual substrate inputs and methane and energy yields in the case study scenarios. In the LB scenario, hay and manure are added to currently used SQ substrates to allow operation of a 500 kWel biogas plant [3,20]. FM = fresh matter, DM = dry matter, SEP = steam explosion pretreatment.
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Substrate Inputs

	
Substrate

	
DM Content

	
Organic DM Content

	
Annual CH4 yield

	
Annual Energy from CH4




	

	
[t FM a−1]

	
[% of FM]

	
[% of DM]

	
[Nm3 a−1]

	
[kWh a−1]






	
Status Quo (SQ) Scenario




	
To biogas without SEP

	

	

	

	

	




	
 Municipal organic waste mixture

	
894

	
39%

	
52%

	
55,772

	
555,492




	
 Oils and fats

	
36

	
95%

	
92%

	
21,396

	
213,099




	
Direct to composting

	

	

	

	

	




	
 Green cuttings

	
60

	
15%

	
89%

	
n/a

	
n/a




	
Direct to field application

	

	

	

	

	




	
 Solid manure

	
2630

	
25%

	
80%

	
n/a

	
n/a




	
Total SQ Scenario (biogas only)

	
930

	

	

	
77,168

	
768,591




	
Local Biogas (LB) Scenario




	
To biogas with SEP

	

	

	

	

	




	
 Hay

	
3371

	
87%

	
94%

	
762,663

	
7,596,119




	
 Municipal organic waste mixture

	
894

	
39%

	
52%

	
71,108

	
708,234




	
 Oils and fats

	
36

	
95%

	
92%

	
21,396

	
213,099




	
 Green cuttings

	
60

	
15%

	
89%

	
2217

	
22,084




	
To biogas without SEP

	

	

	

	

	




	
 Solid manure

	
2630

	
25%

	
80%

	
129,459

	
1,289,410




	
Total LB Scenario (biogas only)

	
6991

	

	

	
986,842

	
9,828,947
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Table 2. Annual electricity and heat outputs for the two scenarios. Scenario outputs were equalized with system expansion (SE) processes to ensure functional equivalence.
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	Energy [kWh a−1]
	Status Quo (SQ) Scenario
	Local Biogas (LB) Scenario





	Electricity
	
	



	CHP electricity, total output
	292,065
	3,735,000



	SE electricity
	3,442,935 a
	n/a



	Expanded system electricity output (CHP electricity output plus SE electricity)
	3,735,000
	3,735,000



	Heat
	
	



	CHP heat, total output
	322,808
	4,128,158



	CHP heat used on-site
	37,123
	549,239



	CHP heat used off-site
	258,247 b
	2,807,147



	CHP heat output not used
	27,439
	276,392



	SE heat
	2,807,147 c
	258,247 d



	Expanded system heat used off-site (CHP heat used off-site plus SE heat)
	3,065,394
	3,065,394







Note: a balances LB electricity for equal electricity output, based on regional electricity mix [23,24]. b authors’ assumptions: 80% of CHP heat sent to off-site use in both scenarios. LB off-site heat is reduced by 15% due to district heat transfer losses [25], SQ amount assumes consumption near regional waste treatment plant and neglects heat transfer losses. c balances LB heat used off-site in the municipality; based on residential heating oil systems. d balances SQ heat used off-site near regional waste treatment plant; based on regional heat mix [23,24].
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Table 3. Life cycle impact assessment results—scenario comparison by impact category.
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SQ Scenario

	
LB Scenario

	
LB Impacts in % of SQ Impacts




	
Impact Category

	
Reference Unit

	
Point Estimate

	
5th-Percentile

	
95th-Percentile

	
Point Estimate

	
5th-Percentile

	
95th-Percentile






	
Climate change

	
kg CO2-eq kWh−1

	
5.01 × 10−1

	
4.56 × 10−1

	
5.69 × 10−1

	
3.67 × 10−1

	
2.63 × 10−1

	
8.55 × 10−1

	
73%




	
Non-renewable energy resources

	
MJ-eq kWh−1

	
5.53

	
4.85

	
6.30

	
2.22

	
1.93

	
2.68

	
40%




	
Freshwater ecotoxicity

	
kg 1,4-DCB-eq kWh−1

	
1.26 × 10−4

	
6.16 × 10−5

	
2.36 × 10−4

	
5.33 × 10−5

	
2.89 × 10−5

	
9.44 × 10−5

	
42%




	
Human toxicity

	
kg 1,4-DCB-eq kWh−1

	
1.88 × 10−2

	
1.18 × 10−2

	
3.01 × 10−2

	
1.99 × 10−2

	
1.34 × 10−2

	
3.09 × 10−2

	
106%




	
Terrestrial acidification

	
kg SO2-eq kWh−1

	
3.78 × 10−3

	
1.89 × 10−3

	
5.71 × 10−3

	
1.48 × 10−2

	
5.03 × 10−3

	
2.47 × 10−2

	
393%




	
Particulate matter formation

	
kg PM10-eq kWh−1

	
7.26 × 10−4

	
4.78 × 10−4

	
9.81 × 10−4

	
2.69 × 10−3

	
1.41 × 10−3

	
3.99 × 10−3

	
371%
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