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Abstract


Biomethane from manure, agricultural residues, and biowaste has been prioritized by many energy strategies as a sustainable way to decrease greenhouse gas (GHG) emissions in the transport sector. The technology is regarded as mature; however, its implementation is still at an early stage. At EU level, there are currently two major instruments relevant for promoting the production of biomethane from waste and residues and which are likely to contribute to unlocking unused GHG mitigation potentials: the Renewable Energy Directive 2018/2001 (RED II) and the European Emission Trading System (EU ETS). Our study analyzes the effects of these two instruments on the competitiveness of biomethane as an advanced transport fuel in relation to different policy scenarios within the RED II framework and under EU ETS conditions. Within the RED II market framework for advanced biofuels, biomethane concepts that use manure as a substrate or as a cosubstrate show significantly lower GHG mitigation costs compared to advanced biofuels. With respect to the current EU ETS conditions for bioenergy, it is helpful to consider the GHG reduction potential from the non-ETS agricultural sector as a way to unlock unused potential for reducing GHG emissions.
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1. Introduction


Driven by ambitious GHG reduction targets, the European Union has created different political instruments to promote renewable energy [1,2,3]. Biomethane from animal manure, agricultural residues, such as straw, and biowaste is regarded by different policy strategies as a sustainable way to decrease greenhouse gas (GHG) emissions in the energy and transport sectors [4,5]. In particular, the use of animal excrement in anaerobic digestion plants is thought to contribute significantly to reducing GHG emissions because of improved manure management [6]. When manure is conventionally stored in open storage systems on farms, it inevitably produces GHG emissions [7]. By introducing manure as a substrate in a biogas plant early on, these GHG emissions can largely be avoided [8].



1.1. Background


In addition to replacing fossil fuels, the production of biomethane from animal manure achieves additional savings that are increasing in importance [9]. Nevertheless, there remains a vast amount of unlocked GHG mitigation potential by using animal manure [10,11,12].



There are currently two major instruments at EU level that are (or can be) relevant for the promotion of biomethane from waste and residues.



Firstly, the share of renewables in the EU transport sector is (and will be) mainly driven by the targets defined in the Renewable Energy Directive 2009/28/EC (EU RED) and the follow-up Directive 2018/2001 (RED II). RED II defines the market size for renewables in the EU transport sector, in particular for advanced fuels such as biomethane from waste and residues. Because of discussions on the sustainability of bioenergy and the resulting introduction of several sustainability criteria as part of the directive, the GHG mitigation potential of biofuels and bioenergy carriers has increased in significance and has become an important criterion for a biofuel’s success on the market. With the introduction of a cap on biofuels from food and feed crops and the introduction of a subtarget for advanced biofuels, the 2015 version of the RED and the follow-up directive RED II have triggered a shift towards the increased use of biofuels from residues and waste materials.



The maximum proportion of biofuels produced from food and feed crops will be frozen at 2020 consumption levels, plus an additional 1% (with a maximum cap of 7%) for road and rail transport fuel. At the same time, advanced fuels must supply a minimum of 0.2% of transport energy in 2022, 1% in 2025, and at least 3.5% (double-counted) by 2030. The revised Renewable Energy Directive (revised RED II), which results from the changes to the proposal of the European Commission and the Council [13], increases the overall target for the share of renewable energies in gross final energy consumption in the European Union from 32% to 40% in 2030. Furthermore, it proposes to increase the share of sustainable advanced biofuels from at least 0.2% in 2022 to 0.5% in 2025 and 2.2% in 2030 (compared to 1.75% without double-counting in the current RED II).



Assuming that the RED II (and Red II revision) subtarget will create a “protected market” for advanced fuels, several technological pathways suitable for converting the feedstocks listed in Annex IX, Part A of RED II will compete within this market as described above. Thus, the first step in evaluating the competitiveness of biomethane as an advanced biofuel is to assess potential competitors within the advanced fuel subtarget market. With respect to the characteristics of the qualified feedstock, technology options such as biomethane or the production of synthetic fuels seem to be appropriate. Consequently, we consider in our analysis two alternative, market-ready advanced fuels as potential competitors to biomethane.




1.2. Scope of the Study


The aim of the second instrument, the EU Emission Trading System (EU ETS), is to increase the cost of using carbon-intense energy carriers. In theory, raising the cost of using carbon-intense energy carriers would bring these costs more in line with the production costs for renewable energy carriers (which are typically associated with higher costs and lower GHG emissions). The low price for CO2 certificates means that certificate trading is currently not an effective way to increase the cost of CO2-intensive energy carriers and thus to create a balance between the provision of energy from biomass and fossil energy supply. Additionally, the EU ETS is not applied to all sectors and, in particular, the provision of biomethane using manure as a feedstock relies on a trans-sectoral production chain.



The GHG reduction potential of using manure-based biomethane affects the energy sector by replacing fossil fuels and influences the agricultural sector by improving manure management. It could be an appropriate way to allocate the GHG emission reduction potential to the two related sectors—energy and agriculture—and to identify policy fields in which additional instruments should be implemented so that unused GHG mitigation potentials can be unlocked [9,11]. In Germany, for example, only around 50% of the mobilizable technical biomass potential of animal manure with a value of 37 PJ [12,14] is used for energy purposes. At the same time, including non-ETS emissions (or reductions) is an interesting way to take into account cross-sectoral GHG mitigation in the framework of EU ETS.



Consequently, for the future utilization of this potential, one of the most important questions is: How competitive is biomethane as an advanced biofuel in the European road transport sector?



While GHG emissions and mitigation costs for biogas and biomethane have been addressed in many studies, for instance by coupling economic and GHG accounting models [15], by assessing the economics of biogas GHG mitigation potential [16], and by calculating the environmental impact of biomethane production, considering different types of technologies and substrates [17]. The effects of the different support schemes on biomethane have been rarely compared and are mostly within the framework of the EU RED [18,19] and RED II [20]. At the same time, the market for biomethane and its competitiveness with other advanced fuels have not been taken into account [21].



To answer the scoping question, we assessed the market for biomethane and the competitiveness of biomethane within this study. For that purpose, we considered different perspectives. On the one hand, we assessed the competitiveness of biomethane by comparing GHG emissions and the production costs of biomethane with values of other advanced biofuels as competitors in the advanced fuels market within the RED II framework. Therefore, we consider different biomethane concepts based on animal manure, straw, and biowaste, and two other advanced biofuels: ethanol based on straw and FT diesel based on waste wood. In doing so, we use the definition of advanced biofuels according to Annex IX of RED II. On the other hand, we examined under which conditions the EU ETS is an effective instrument to decrease the GHG mitigation costs of biomethane pathways.





2. Materials and Methods


In order to assess the GHG mitigation potential of biomethane in the European transport sector, we (1) defined different model concepts for biomethane and two other competing advanced fuels, (2) built three scenarios for the assessment framework, and (3) calculated the GHG emission mitigation costs for the different fuels.



2.1. Model Concepts


2.1.1. Biomethane Concepts


Three model pathways for biomethane production were assessed with regard to their specific GHG emissions and GHG mitigation costs. The three biomethane value chains investigated were biomethane from animal manure (Figure 1A), biomethane from a mixture of animal manure and straw (Figure 1B), and biomethane from biowaste (Figure 1C). For our assessment, the biomethane concepts had an assumed annual biomethane production of approximately 1,700,000 m3 with a feedstock requirement of 40,000 t of animal manure per year (plant A), 26,000 t of animal manure and 6500 t of straw per year (plant B), and 26,000 t of biowaste per year (plant C) based on KTBL data [22]. After biogas was produced via digestion, a pressurized water-washing technology was used in the upgrading step with a capacity of 350 Nm3 biogas per hour. In addition to carbon dioxide separation, the upgrading process also includes biogas pretreatment processes such as desulfurization and drying. The plant is running for 8300 h per year. Heat for the biomethane facility was supplied internally. In this case, part of the biogas produced was converted in a biogas boiler. The electricity for the biogas plant and the upgrading plant was taken from the public electricity grid. Methane emissions from biogas production and upgrading were included, assuming a methane loss of 1% during biogas production [17] and 0.2% during the upgrading process [23]. Depending on the retention time of the substrates in the fermenter, post-fermentation processes of the fermentation residues (digestate) in the digestate storage tanks can result in high residual methane emissions. With an uncovered storage facility, climate-relevant emissions between 19 [24] and 69 g CO2-eq.*MJ−1 [25] can be assumed. Considering that in modern biogas plants the digestate storage is gas-tight covered, and that a gas-tight cover will be mandatory in the future, we assume that the digestate is stored in closed tanks. For this reason, no GHG emissions from biogas digestate were taken into account. Due to the declaration of the used biogas substrates (manure, straw, and biowaste) as waste and residues [3], the assessed lifecycle of the investigated biomethane concepts starts with the collection and transport processes of the substrates (e.g., straw baling, straw transport from field to biogas plant). Greenhouse gas emissions from upstream processes associated with, e.g., livestock breeding such as, for example, emissions caused by crop cultivation for animal feed, or in the case of straw use, the emissions from cereals cultivation were not included in the assessment. Also not considered in this GHG calculation are two aspects, related to the handling of the digestate. The first aspect concerns GHG emissions from the transport and the field application of the digestate. In particular, nitrous oxide emissions from spreading the digestate can have an influence on the GHG balance. The second aspect is related to the fertilizing effect of the digestate and the associated substitution of, in particular, synthetic nitrogen fertilizer. Climate-relevant emissions resulting from the energy-intensive production of synthetic nitrogen fertilizers can be avoided in this manner. In this sense, digestate based on residual and waste materials is not related to cultivation areas directly. As upstream processes are not considered, the nutrients remaining in the digestate (which could replace synthetic fertilizers) cannot be credited to the system. The same also applies to the GHG emissions from digestate field applications.




2.1.2. Bioethanol from Straw


In our assessment, we included a straw-to-ethanol plant concept (Figure 1D) with an annual production capacity of approximately 50,000 t of bioethanol and a feedstock requirement of 275,000 t of wheat straw per year [26]. First, the straw is crushed and then broken down into its basic constituents (cellulose, hemicellulose, and lignin) using steam and pressure. In a subsequent liquefaction step, hemicellulose is dissolved into C5 sugars and cellulose is dissolved into C6 sugars, with the aid of enzymes. The sugars are subsequently fermented into bioethanol. The produced bioethanol is then concentrated through multiple distillation and rectification steps and through subsequent dehydration. Biomass byproducts supply the auxiliary energy for process heat and electricity.




2.1.3. Biomass-to-Liquid (BtL) from Woodchips


For the biomass-to-liquid pathway (shown in Figure 1E) considered in this study, we assumed an annual Fischer–Tropsch fuel (FT diesel) production of approximately 188,000 t with an annual feedstock requirement of 1,641,921 t of woodchips from short-rotation coppice [26]. The fuel production is based on the multistage gasification of dried woodchips. The gasification process is followed by gas scrubbing and by conditioning to syngas. This subsequently undergoes FT synthesis in a fixed-bed reactor and is converted to FT crude products using catalysts. After product separation, the wax fractions are converted to FT diesel through hydrocracking using an H2 feed. The necessary process heat is supplied via natural gas. The saturated steam, which is not used in the process, is superheated and used in a steam turbine to generate surplus electricity.





2.2. Scenarios for GHG Mitigation Costs


The biomethane concepts were assessed in relation to various support instruments: on the one hand, in comparison to other advanced biofuels as competitors within the subtarget set out in RED II, and on the other hand in comparison to natural gas in the framework of the EU Emission Trading System (EU ETS). The assessment was carried out using a three-scenario approach based on the different support instruments:




	
In scenario 1, the GHG mitigation costs for the biomethane concepts are assessed and compared with the values for the competing advanced biofuels as defined by RED II. In this case, the GHG emission values for the biomethane under consideration and other advanced biofuels include the complete lifecycle emissions calculated according to the methodology set out in the directive.



	
In scenario 2, we assessed the GHG mitigation costs for biomethane concepts in the context of the EU ETS and calculated the CO2 certificate price at which the advanced provision costs are competitive with the natural gas price. A crucial factor in this scenario is that the EU ETS defines GHG emissions from bioenergy as zero. Therefore, the differences between the GHG mitigation costs for the various biomethane value chains are the result of the different production costs.



	
Scenario 3 aims to investigate the potential impact on the GHG mitigation costs for biomethane when the GHG mitigation effects from improved animal manure management (non-ETS agricultural sector) and the overall GHG emissions are taken into account. Here, we assumed that emission savings in the agricultural sector from biomethane production could be monetized within the EU ETS. Consequently, the corresponding GHG emission savings associated with the production of biomethane from manure is incorporated in the GHG emission values relevant for calculating the GHG mitigation costs.









2.3. Calculating the GHG Mitigation Costs


GHG mitigation costs express the price for the mitigation of a specific amount of greenhouse gas emissions by the use of an energy carrier with relatively higher costs and lower emissions compared to the reference fuel. The following Equation (1) was used to calculate GHG mitigation for the reduction of 1 ton of CO2-eq. by substituting fossil fuels with biofuels:


   C   GHG   mitigation    =    C  Biofuel   −  C   Fossil   fuel        GHG    Fossil   fuel    −   GHG   Biofuel     =   ∆ C   ∆ GHG    



(1)




where the additional cost of biofuels (∆C) results from the difference between the specific production cost of biofuels (CBiofuel) and the specific production cost of fossil fuel (CFossil fuel), whereas the net GHG emissions avoided by replacing fossil fuels with biofuels (∆GHG) is the difference between the GHG emissions of the fossil fuel (GHGFossil fuel) and the GHG emissions of the biofuel (GHGBiofuel). According to this methodology, the mitigation costs are sensitive to two factors: on the one hand, the cost difference between biomethane and the reference, and on the other hand, the difference between the specific GHG emissions of the fuels. As costs for biofuels and fossil fuels are both volatile, we present our results in the following sections as the function of GHG mitigation costs in relation to the cost/price difference between biofuels and fossil comparators.




2.4. Database


The specific greenhouse gas emissions of the advanced biofuel concepts considered here were calculated based on the guidelines set out in RED II [3]. The RED II methodology clearly defines the basic framework for the calculation of the specific GHG emissions. The methodology used in the evaluation of GHG emissions is described in the following section. The system boundaries, which define the framework in which the calculation takes place and determine which energy material flows are taken into account in the assessment, are set as well-to-wheel. The greenhouse gases relevant for GHG calculation are carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). The global warming potential of greenhouse gases is expressed in kg of carbon dioxide equivalents (CO2-eq.). To convert a specific methane mass to kg CO2-eq., the methane weight is multiplied by 25 and the nitrous oxide mass is multiplied by 298 (based on a period of 100 years, according to IPCC 2007). The CO2 emissions from biofuels use are not included in GHG calculation; according to the IPCC, biogenic CO2 emissions are considered to be offset by the CO2 sequestration during plant growth. The functional unit which defines the quantification of the product, and which shall provide a reference to which the inputs and outputs are related, has been set for biofuels as 1 MJ biofuel. According to the GHG calculation approach of the RED II, the option for the consideration of coproducts is allocation according to the lower heating value. Allocation means that emissions shall be divided between the main and the coproducts in proportion to their energy content (lower heating value according to RED II methodology). Furthermore, The RED II framework allows to include credits for the use of manure/slurry as biogas substrate. The conventional storage of manure can lead to significant emissions of methane. These emissions can be reduced in case manure is used as a substrate for biogas production. The RED II recognizes this benefit by a credit of 45 g CO2-eq. per MJ manure used (i.e., 54 kg CO2-eq. per t fresh matter). According to the RED II methodology, GHG emissions associated with the construction and the demolition of the biofuel production plants were not considered. The specific overall greenhouse gas emissions calculated according to the described methodology for the investigated advanced biofuels are shown in Table 1. While the values for biomethane from biowaste, bioethanol from straw, and BtL from woodchips are of a similar order of magnitude, the provision of biomethane based on animal manure and biomethane based on a mixture of manure and straw cause significantly fewer emissions. This is primarily due to the credits for the improved manure management. The difference in overall GHG emissions between the two concepts (100% manure) shows how highly sensitive the credit is to the GHG emissions.



As we did not calculate specific costs for the production of the advanced biofuel options, literature values and references for advanced biofuel production were used. Due to the high volatility of costs and nonharmonized assumptions and framework conditions, we used bandwidths for the comparison of advanced biofuels with each other in scenario 1 shown in Table 1. The GHG mitigation potential in scenario 1 was calculated according to the fossil reference defined in RED II, with a value of 94 g CO2-eq.*MJ−1 [3].





3. Results of GHG Mitigation Costs


3.1. Scenario 1: Comparison of the GHG Mitigation Costs for Biomethane and Other Advanced Biofuels as Competitors in the Advanced Fuels Market within the RED II Framework


The introduction of the subtarget for advanced biofuels in RED II has resulted in the development of a defined market for advanced biofuels and has meant that the GHG mitigation costs for bioenergy carriers have become a factor in distinguishing between the various bioenergy options. The calculations in this scenario include the total lifecycle greenhouse gas emissions of the advanced biofuel pathways for biomethane and other advanced biofuel competitors.



Based on the figures in Figure 2 for overall GHG emissions and the bandwidths of the costs, the specific GHG mitigation potential for the advanced biofuel concepts considered here is calculated and compared to the GHG emissions of the fossil references defined in RED II. The respective cost bandwidths are shown in Figure 2. Based on the assumptions made, biomethane value chains that use animal manure show the highest GHG mitigation potential compared to the fossil fuel reference, due to the given credit for improved manure management, and the production costs are lower than for the other advanced biofuels under consideration: bioethanol from straw and BtL from woodchips. The production of biomethane from biowaste causes similar costs but higher GHG emissions, due to the higher demand on process energy (electricity from the grid) [28]. A higher share of renewable energies in the electricity production mix can lower the GHG emissions associated with the production of biowaste-based biomethane. It can be stated that all the biofuels considered have a high GHG reduction potential compared to the fossil reference (defined in RED II with a value of 94 g CO2-eq.*MJ−1).



As mentioned before, costs for biofuels and fossil fuels are both volatile. Therefore, we calculated the GHG mitigation cost (according to Equation (1)) based on GHG mitigation potential shown in Figure 2 as functions using cost/price differences between advanced biofuels and fossil reference fuels. This means that we calculated GHG mitigation costs based on the relative price difference and not based on absolute cost figures. Figure 3 shows the functions of GHG mitigation cost for each biofuel option in relation to the cost/price difference between the biofuel option and fossil fuel. Under the assumptions made, the results in Figure 3 show significantly lower GHG mitigation costs (and consequently more flat-curve characteristics) for biomethane concepts using animal manure as a biogas and biomethane substrate and as a cosubstrate in a mixture with straw compared to the other advanced biofuels under consideration. The values for the GHG mitigation cost shown in Figure 3 are highly sensitive to the GHG reduction potential, similar to the values shown in Figure 2.




3.2. Scenario 2: GHG Mitigation Costs for Biomethane in the EU ETS


In contrast to scenario 1, the GHG mitigation costs for the biomethane concepts were calculated in this scenario based on the assumption that emissions from biofuel production are not accounted for within the EU Emission Trading System framework. In addition, in contrast to scenario 1, we calculated the GHG mitigation costs with actual cost values, in order to better illustrate the special consideration of bioenergy in the context of the EU ETS. For biomethane production we used values from [27]. For the fossil fuel we assumed a price of 3 EURct*kWh−1 [34] and emission values of 67.6 g CO2-eq.*MJ−1 [35] for natural gas. As emissions from biofuels are considered to be zero, differences in the GHG mitigation costs only result from differences in production costs. Figure 4 shows the mitigation costs for the biomethane concepts (based on assumptions in Table 1) in relation to a cost difference between biomethane and natural gas.



The results show clear differences between the biomethane value chains under investigation. Because of the relatively lower production costs for biomethane from biowaste and animal manure, the mitigation costs for these value chains are comparably lower than for biomethane concepts using a mixture of animal manure and straw.



The GHG mitigation cost value chains range from 123 EUR*t CO2-eq.−1 to 247 EUR*t CO2-eq.−1. These values represent the CO2 certificate price at which the costs for natural gas and the respective biomethane value chain reach a breakeven point (in fact, an increasing price for CO2 certificates would increase the costs for the utilization of carbon intense energy carriers in the EU ETS). Figure 4 also shows the relation between GHG mitigation costs and the cost/price difference between the biomethane value chains and natural gas. Assuming a consistent difference of greenhouse gas emissions between natural gas and biomethane, the mitigation costs increase as the cost/price differences between both energy carriers rise.




3.3. Scenario 3: GHG Mitigation Costs for Biomethane in the EU ETS Including Non-ETS Sectors


Scenario 3 moves beyond the current EU ETS to include greenhouse gas emissions from the non-ETS agricultural sector, in this case in the form of GHG emissions from improved animal manure management. The values of the GHG emissions from improved manure management for the biomethane concepts (biomethane based on 100% animal manure and biomethane based on a mixture of animal manure and straw) are shown in Table 1. As a consequence of the inclusion, the GHG mitigation costs for the two biomethane value chains using animal manure as a substrate decrease significantly. Figure 5 shows the CO2 certificate price at which the costs for natural gas and the respective biomethane value chain reach a breakeven point (as mentioned, an increasing price for CO2 certificates would increase the costs for the utilization of carbon intense energy carriers in the EU ETS). The mitigation costs for biomethane based on animal manure decrease from 152 EUR*t CO2-eq.−1 to 66 EUR*t CO2-eq.−1. The mitigation costs for biomethane from animal manure and straw, compared to natural gas, decrease from 247 EUR*t CO2-eq.−1 to 185 EUR*t CO2-eq.−1.





4. Discussion


4.1. RED II Perspective


Biomethane produced from animal manure, straw, or biowaste can achieve very high savings in greenhouse gas emissions of up to 200% by using animal manure as substrate over fossil fuels and can be considered very competitive compared to other advanced biofuels. As the specific production costs are in similar bandwidths for all advanced biofuels under consideration, the GHG mitigations costs are highly sensitive to the specific GHG mitigation potential. Due to the credit given for improved manure management according to RED II methodology (and highly dependent on it), the use for manure-based biomethane is associated with the highest potential for GHG mitigation. In addition, the use of straw and biowaste shows high GHG mitigation potential. The GHG mitigation potential of biomethane from biowaste will increase, due to the use of process energy associated with lower GHG emission.



Although the subtarget for advanced biofuels set out in RED II offers particular advantages for biomethane from waste and residues, there are some market restrictions. The subtarget of 1.75% in 2030 will develop a market of approximately 31 PJ [36]–39 PJ [37] for advanced fuels in the German transport sector and between 227 PJ [38] and 416 PJ [39] in the European transport sector. In the case of Germany, for instance, biomethane production capacities of 36 PJ [40] and a mobilizable technical biomass potential for animal manure in the amount of 37 PJ and for straw with 26 PJ are available for this [12].



Nevertheless, the current low rate of 5–6 PJ [41,42] gaseous fuels in the German transport sector and 84 PJ [43] in the European transport sector reveals the existing limitations for the use of biomethane, which is primarily due to the low share of gas-fueled vehicles in the passenger car and truck fleet. However, the advantages of biomethane listed here with regard to the GHG reduction potential and costs could, with the right incentives, lead to an increase in gas-fueled vehicles. Optimistic scenarios expect, for instance, that the number of gas-fueled trucks will increase from 9000 to 480,000 by 2030 in Europe [44].




4.2. EU ETS Perspective


In contrast to the RED II perspective, the EU ETS does not calculate greenhouse gas emissions from bioenergy based on a lifecycle assessment approach that includes comprehensive mass and energy balances of all process steps. Greenhouse gas emissions from bioenergy use are considered zero in the context of the EU ETS; in other words, biomethane users do not need emission certificates for the biomethane they use. When, in this context, greenhouse gas emissions from bioenergy are considered zero, there are no differences in the specific GHG performance of biomethane value chains. Consequently, differences in the GHG mitigation costs for the biomethane value chains calculated based on EU ETS conditions solely result from differences in their production cost. Particularly high GHG reduction effects are not taken into account and, therefore, have no competitive advantage. The GHG mitigation costs range from 123 EUR*t CO2-eq.−1 to 247 EUR*t CO2-eq.−1.



The use of animal manure in biomethane plants can result in substantial GHG reductions in different sectors. This is due to the substitutions in the transport and energy sector and improved manure management in the agricultural sector, which avoids climate-related GHG emissions from animal manure storage. With respect to emissions from the agricultural sector, the production of biomethane based on animal manure can result in a CO2 certificate price of 75 EUR*t CO2, which is much lower than other GHG mitigation options in the transport sector.




4.3. Limitations of the Study


In our study, we used typical model concepts to calculate GHG mitigation costs. GHG balances are individual balances that are highly dependent on process-specific characteristics, methodological assumptions, and data availability. The values shown in this study for the advanced fuels are therefore only valid under the specified framework conditions. Furthermore, the proposed consideration of the GHG mitigation potential in the non-EU ETS agricultural sector is an amalgamation between the entire value chain assessment according to RED II and current EU ETS conditions that set bioenergy at zero emissions. This approach is more a political measure to unlock unused GHG reduction potentials. However, if greenhouse gas emissions from manure storage are taken into account, the question arises as to whether downstream emissions also have to be considered, even though they can be associated with other EU ETS sectors.



Another aspect to consider is that GHG mitigation in intersectoral value chains is linked to allocation problems. There are two main challenges here. Firstly, determining bioenergy emissions within the framework of the EU ETS as zero and including non-EU ETS emissions and/or the entire upstream chain. Secondly, finding a way to promote GHG reductions in the agricultural and energy sector in order to unlock unused GHG reduction potential.





5. Conclusions


Biomethane from waste and residues can mitigate significant GHG emissions compared to fossil fuels, but the production costs of biomethane often exceed the costs of fossil fuels.



GHG mitigation costs are typically calculated from a specific point of view (for example, from that of political decision-makers). Our investigation focused on the conditions under which biomethane from animal manure, biowaste, and agricultural residues can be competitive as an advanced fuel in the European transport sector.



The first perspective addresses the policy instruments that promote renewable energy carriers under the RED II framework. Biomethane based on animal manure, on a mixture of animal manure and straw, and on biowaste can achieve a GHG mitigation potential of up to 200% compared to the fossil reference, and enjoys the advantages offered by the subtarget for advanced fuels set out in RED II. The perspective of the calculations then shifted towards the EU ETS mechanism. Depending on the actual GHG performance and cost of the specific biomethane pathway, CO2 emission certificate prices of between ~120 EUR*t CO2-eq.−1 and ~250 EUR*t CO2-eq.−1 were calculated.



Based on the calculations, the following points can be concluded:



The RED II perspective



	
In general, there are significant differences in the GHG mitigation costs for the various advanced biofuels pathways investigated. Because of lower GHG emissions per MJ, biomethane based on animal manure tends to have lower GHG mitigation costs compared to other advanced biofuels. This is a competitive advantage within the protected market for advanced fuels set out by RED II. Sufficient production capacities and biomass potentials are available to serve this defined market with biomethane from waste and residues. However, the current low rate of gaseous fuels in the German and European transport sectors reveals the existing limitations for the use of biomethane. An expansion of the gas-fueled fleet and the filling station infrastructure could be one measure to unlock the unused potential of GHG mitigation by using biomethane from waste and residues, in particular animal manure, in the transport sector.






The EU ETS perspective



	
Under the current conditions, the EU ETS is not an effective instrument for increasing the costs of carbon-intensive energy carriers to reach a breakeven between the costs for natural gas and biomethane. Considering the current price for CO2 certificates, we propose taking into account the GHG reduction potential of the non-ETS agricultural sector in order to unlock unused GHG mitigation potential for the reduction of GHG emissions. The mitigation costs for biomethane from animal manure would thus decrease from 164 EUR*t CO2-eq.−1 to 75 EUR*t CO2-eq.−1.



	
Due to the flexibility in terms of the types of substrates used for biomethane production, this technology can, in theory, tap great potentials for GHG mitigation in sectors outside the EU ETS (e.g., agriculture, waste treatment, and disposal). Internalizing, and thus capitalizing on, these effects will significantly decrease the GHG mitigation costs for the respective biomethane pathways in the EU ETS.






Biomethane from waste and residues is an interesting and potentially powerful way to mitigate GHG emissions in the EU transport sector. However, the magnitude of the GHG mitigation effects from biomethane strongly depends on the type of substrate used in biomethane production processes, the greenhouse gas emissions from the fossil energy carrier substituted by biomethane, and the calculation method used by the different GHG mitigation instruments.
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Figure 1. Main process steps of the advanced biofuel pathways under consideration: (A) biomethane from manure, (B) biomethane from manure and straw, (C) biomethane from biowaste, (D) ethanol from straw, and (E) FT diesel from woodchips. 
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Figure 2. GHG mitigation potential and cost bandwidths for the biomethane concepts under consideration and other advanced biofuels. 
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Figure 3. CO2 mitigation costs functions based on cost/price differences for advanced biofuels, assuming that GHG emissions from biofuel production are calculated according to the RED II methodology (see Table 1 for emission values). 
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Figure 4. CO2 mitigation costs in relation to cost/price differences for advanced biofuels based on biomethane pathways in comparison to natural gas, assuming that GHG emissions from biomethane are zero within the EU ETS. 
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Figure 5. CO2 mitigation costs in relation to cost/price differences for different biomethane pathways in comparison to natural gas, assuming that GHG emissions from biomethane are zero within the EU ETS. For biomethane from animal manure and animal manure + straw, the GHG benefit from avoiding methane emissions from manure storage (animal manure credit) is included here. 
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Table 1. Basic assumptions for GHG mitigation cost calculations.
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Advanced Biofuels




	

	
Biomethane from Manure

	
Biomethane from Manure (80%) and Straw (20%)

	
Biomethane from Biowaste

	
Bioethanol from Straw

	
BtL from Woodchips






	
Overall GHG emissions in g CO2-eq./MJ (for biofuels: calculated according the methodology set out in RED II [3])

	
−76 (own calculations based on [22,27,28])

	
−10 (own calculations based on [22,27,28])

	
13 (own calculations based on [22,27,28])

	
13.7 [26]

	
13.7 [26]




	
GHG emissions from improved manure management in g CO2-eq./MJ

	
−88 (own calculations based on [22,27,28])

	
−19 (own calculations based on [22,27,28])

	
-

	
-

	
-




	
Costs in EUR ct/kWh

	
6.7 [27]–11 [29]

	
8.8 [27]–12.85 [29]

	
6.2 [27]–9.2 [28]

	
6.3 [30]–14 [31]

	
7.5 [32]–12, 45 [33]
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