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Abstract

:

The urgent need to meet climate goals provides unique opportunities to promote small-scale farm anaerobic digesters that valorize on-site wastes for producing renewable electricity and heat, thereby cushioning agribusinesses against energy perturbations. This study explored the economic viability of mono-digestion of cow manure (CWM) and piglet manure (PM) in small manured-based 99 kWel plants using three treatment schemes (TS): (1) typical agricultural biogas plant, (2) a single-stage expanded granular sludge bed (EGSB) reactor, and (3) a multistage EGSB with a continuous stirred tank reactor. The economic evaluation attempted to take advantage of the financial incentives provided by The Renewable Energy Sources Act in Germany. To evaluate these systems, batch tests on raw and solid substrate fractions were conducted. For the liquid fraction, data of continuous tests obtained in a laboratory was employed. The economical evaluation was based on the dynamic indicators of net present value and internal return rate (IRR). Sensitivity analyses of the electricity and heat selling prices and hydraulic retention time were also performed. Furthermore, an incremental analysis of IRR was conducted to determine the most profitable alternative. The most influential variable was electricity selling price, and the most profitable alternatives were TS1 (CWM) > TS1 (PM) > TS3 (CWM). However, further studies on co-digestion using TS3 are recommended because this scheme potentially provides the greatest technical flexibility and highest environmental sustainability.
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1. Introduction


At the end of 2019, global energy demand was projected to grow by 12% by 2030 [1]. The share of fossil fuels in the primary energy mix has remained above 80% since the 1950s [2]. COP26 promised to kickstart the urgently needed transition from pledges to real-world actions [3]. To minimize global warming and the impact of climate change, greenhouse gas (GHG) emissions must be reduced drastically [4]. “Another important global challenge is the security of energy supply because most of the known conventional oil and gas reserves are concentrated in politically unstable regions” [5].



In this context, biogas from wastes, residues, and energy crops are expected to play an important role in the future [5,6,7]. Biogas contributes to the primary targets of the current energy transition by replacing fossil resources and reducing methane emissions related to the disposal of biodegradable waste, thereby reducing GHG emissions. In addition, the resulting digestate can be used to enrich agricultural soils, which contributes to creating carbon sinks. Methane-rich biogas can also replace natural gas as a feedstock in the production of chemicals and materials [5,7].



The Renewable Energy Sources Act (Gesetz für den Ausbau erneuerbarer Energie, EEG) stimulated an increase in biogas plants in Germany from approximately 1000 in 2000 to approximately 9632 operating plants in 2020 [8,9]. However, due to changes in the EEG, only small liquid manure plants and waste digestion plants benefit from the original remuneration system outlined in 2012. In addition, economical support for processing biogas that can be put into the natural gas grid (biomethane) has increased. Supports for participating in direct marketing (market and flexibility premium) have also increased. Thus, the current funding conditions are directing biogas technology toward decentralized and flexible power generation from biogenic residues and waste materials [9].



A commonly used criterion to assess the performance of the anaerobic digestion (AD) of a given substrate is the biomethane potential (BMP) [10]. BMP tests are routinely performed in academia and industry to determine the methane potential of a given substrate [11]. Determining the BMP is the first step in evaluating the digestibility or applicability of a substrate because the BMP parameter provides valuable information about general degradability, expectable energy yield, and the economic evaluation of new biogas plants. Typically, BMP is determined by a BMP test procedure in a batch anaerobic fermentation assay, which is a reliable and straightforward method that avoids inconsistencies in the collected data [10,12,13].



Profitability is another challenge in the biogas industry [14]. Broader implementation of the biochemical conversion of biowaste, especially in rural areas, requires an intensive analysis of various technical aspects, e.g., biodigester design and its applications, pre-treatment, and co-digestion processes to enhance the biogas yield. In addition, economics plays a crucial role, and various cost factors, e.g., substrates, substrate collection, transport, biodigester, electricity, and heat selling prices, must be considered. In addition, current and future policies are essential to realizing the practical implementation of new technologies [6,14], and techno-economic models are used to identify the industrialization potential of a project [15].



An important challenge in the implementation of AD from manure and wastes is selecting the most cost-effective combination of technologies [16]. Two-stage or multistage reactors, in which the hydrolysis/acidogenesis and acetogenesis/methanogenesis steps occur in the same or separate digesters are becoming increasingly popular because they allow easier control and optimization of the operation, thereby obtaining higher rates and yields of biogas, by separating the steps in which AD occurs [17]. Another two-stage process that has drawn attention is the dual solid–liquid treatment system, as reported by Zhang et al. [18], who compared the digestion of raw food waste versus the digestion of the liquid and solid phases of the food waste. They found that methane production increased by 13.6% in the dual system compared to raw digestion. In addition, El-Mashad and Zhang [19] used batch tests to compare the co-digestion of a raw mixture of dairy manure and food waste, as well as its liquid and solid fractions. The mass balance showed that co-digestion of the liquid phase yielded 32% less methane compared to the raw mixture. El-Mashad and Zhang stated that the yield of the solid phase should also be included in the balance to realize a more complete analysis. Although digestion of the solid phase presents some issues in a continuous stirred tank reactor (CSTR) due to high solid content, it should not be used directly as a fertilizer or as composting feedstock because this will produce GHG emissions [19].



In this study, we attempt to determine the economic profitability of integrating an expanded granular sludge bed (EGSB) reactor and a solid–liquid separation process in a typical agricultural biogas plant to provide flexibility and increase the efficiency of treating raw, solid, and liquid manures (and other agricultural substrates). The assessment was conducted using batch tests to determine the methane yield and methane production rate of the raw, solid, and liquid phases. An economical analysis using the net present value (NPV) as a function of hydraulic retention time (HRT) for the solid and raw phases in a CSTR was conducted to compare the profitability of the dual solid–liquid system compared to raw digestion.




2. Materials and Methods


2.1. Raw Materials


Two substrates were considered in this study, i.e., piglet manure (PM) and cow manure (CWM). PM and CWM were chosen because the German government has implemented special incentives to address GHG reduction in the agricultural sector and improve the circular use of nitrogen [20].



The PM and CWM were previously processed using screw press systems that separated the solid and liquid phases. Here, a separation process with a 100 µm sieve (Klass Wendelfilter, KLASS Filter GmbH, Eresing, Germany) was applied for the PM. The CWM was collected from farmers in a pre-separated form, which was then processed by a second separation using a screw press with a sieve size of 200 µm [10].



The raw, solid, and liquid fractions of the substrates were characterized by the dry matter (DM) content, volatile solids (VS), macromolecules, and nutrients. The results of these analyses are given in Table 1.




2.2. Setup, Experimental Validation, and Mathematical Modeling of Batch Tests


The batch assays of the organic substances were conducted according to the Association of German Engineers [21]. The setup is thoroughly described by Regalado et al. [10]. The data used to analyze the methane yield curves (MYC) were the net daily methane cumulative production (inoculum contribution subtracted). Here, the following criteria based on recommendations from the literature [21,22,23] were applied to confirm the validity of the experiments.



	
Stopping criterion. The test concluded when the relative increase in YCH4 was less than 1% for three consecutive days.



	
Plausibility criterion. The existence of abrupt or nonmonotonic trends in the curves requires individual analysis of the affected test.



	
Reproducibility/accuracy criterion. After eliminating potential outlier(s) or outlier curve(s), a coefficient of variation (CV) less than 6% between the curves was required.



	
The BMP of the positive control (cellulose) was between 85 and 100% of the theoretical BMP (between 352 and 414 NLCH4 kgVS).






Once the MYCs of the raw and solid phases of the substrates satisfied these requirements, a first-order one-step model (Equation (1)) was fit using the average of the curves. Note that the liquid phases were characterized using the results from Regalado et al. [10], who reported the root mean square errors (RMSEs) of the fit.


   MY     ( t )  =   BMP  ∞    ·  (  1 −  e  − kt    )   



(1)







Here, MY is the methane yield LCH4/kgVS, BMP∞ is the extrapolated MY at infinite retention time in LCH4/kgVS, and k is the first-order reaction constant (1/d).



The degradation fraction (fd) values were calculated by modifying the equations from Raposo et al. and Ebner et al. [13,24], where, rather than using a BMP∞ value calculated using data from Weender or Van Soest analysis, the BMP∞ value was taken from the fit from Equation (1).


   fd    =     MY   tfinal       BMP  ∞       



(2)







Here, MYtfinal is the methane yield LCH4/kgVS at the end of the tests and BMP∞ is the extrapolated MY at infinite retention time in LCH4/kgVS.




2.3. Estimation of HRTs in Continuous Stage


Substrate conversion is time- and process-dependent [21,25]. Weinrich [26] presented a general relation of batch tests and CSTRs with different substrates in Equation (3), which assumes that the rate constant k is transferable from a batch to a continuous system. This assumption is based on the correct theoretical determination of biogas potential via model-based extrapolation, as in Equation (1).


   MY     ( t )  =   BMP  ∞    ·  (    k · HRT   1 + k · HRT    )   



(3)







Here, MY is the methane yield LCH4/kgVS, BMP∞ is the extrapolated MY at infinite retention time in LCH4/kgVS, k is the first-order reaction constant (1/d), and HRT is the hydraulic retention time (d).



Note that an MY(t) must be selected to estimate the operational HRT in a CSTR; thus, 0.8 of the BMP∞ fit by Equation (1) was considered the standard if a quality adjustment was obtained.



The HRTs in the EGSB reactors were assessed based on practical experiments conducted at a laboratory scale published by Häner et al. [27]. Häner et al. [27] employed filtered pig slurry as a substrate in an EGSB reactor and a fixed-bed (FB) reactor. The author fitted linear regression models for both reactors using the organic loading rate (OLR) measured in gCOD/L/d as the independent variable and methane production rate (MPR) as the response variable. The smallest HRT considered efficient was 3 d for the EGSB reactor; however, an inverse relationship between MY and OLR has been described previously [28,29,30].



Thus, Regalado et al. [31] performed experiments in the same laboratory using three EGSB reactors, each identical to the reactor used by Häner et al. [27], to perform co-digestion of the liquid fractions of PM, CWM, starch wastewater (SWW), and sugar beets (SBT) using three 30 L EGSB reactors. The author studied the synergistic effects of two three-substrate mixtures (i.e., PM + CWM + SWW and PM + CWM + SBT) using the PM + CWM mixture as a benchmark. Here, Stover–Kincannon models for the MPR were combined with an inverse function for the MY to find the optimal operational HRT intervals.



In addition, Batstone et al. [32] indicated a linear relationship between the log (HRT) vs. log (% DM) at low DM content values. However, this relationship is only valid up to a DM content of 1%, and both mixtures were greater than this threshold. In the work of Regalado et al. [31], the optimal HRTs of both three-substrate mixtures were proportional to the DM ratio between both mixtures. Cremonez et al. [33] suggested an inverse relationship between the degradation rate and substrate complexity in the order of sugar (mono and disaccharides), starch, proteins, hemicellulose, lignin, and waxes and greases.



Thus, the HRT for the PM liquid was selected in reference to the work of Häner et al. [27]. However, a constraint of 50 ± 5% of the maximal MPR was imposed because optimal intervals were identified by Regalado et al. [31] close to this interval. For the CWM liquid, the HRT value of the PM liquid was adjusted by multiplying by DM (CWM)/DM(PM) because both substrates have similar complexity.




2.4. Economic and Environmental Impact Assessment


Three treatment schemes were analyzed in this study. As shown in Figure 1a, the first scheme is a typical single-stage agricultural biogas plant using a CSTR. In the second scheme, an EGSB replaces the CSTR of the single-stage plant, and a solid–liquid separation stage is included. Here, the liquid fraction is treated by the EGSB reactor, and the solid phase is transported to another plant (with assumed cost-neutral transport), as shown in Figure 1b. In the third scheme, substrates undergo solid–liquid separation. Then, the liquid phase is treated by an EGSB reactor, and the solid phase is treated using a CSTR (Figure 1c).



Economic performance is one of the most important factors affecting a project’s viability [34]. The economic assessments of the treatment schemes shown in Figure 1 are based on special subsidies for biogas plants provided by the German government [35] (EEG; acronym from untranslated German). Effective as of 2021, the EEG states that biogas plants using predominantly manure (>80 wt%) with an installed electrical capacity of less than 150 kWel are eligible to receive funding corresponding to 22, 23 EURct/kWhel. Note that this funding has a yearly degression of 0.5% depending on the year of commissioning, which is also shown in Figure 1.



The economic performance of each scheme was estimated based on the material and energy balances. Here, the HRTs were calculated as described in Section 2.3, and the electrical power outputs were fixed to satisfy the requirements for special funding as per the EEG. In addition, a yearly input flow of the respective raw substrate was calculated based on a fixed 99 kWel using the methane yield. The equipment costs were obtained by direct quotations from German companies with respective cost versus scale, and the costs were validated according to the literature.



Capital expenses (CAPEX) were calculated based on the reactor(s) and the combined heat and power (CHP) system costs. For each area, the direct cost and working capital were calculated as a function of the equipment costs [36,37].



In addition, operational expenditures (OPEX) were calculated according to the mass and energy balances. Here, the OPEX calculations for each scenario included the energy costs for pumps, separation, heating, internal electricity, salary, as well as substrate transport costs.



Note that this economic assessment is classified as a preliminary study (budget authorization) with a precision of –20% to +25% according to Don W. Green and Robert H. Perry [38]. The general procedure is illustrated in Figure 2. The economic profitability of the three treatment schemes was evaluated based on dynamic indicators, e.g., the NPV and internal rate of return (IRR). In addition, an incremental analysis of the IRR was performed to compare profitable alternatives.




2.5. Economic Assessment Calculation Flow Diagram


Sensitivity Analysis


Sensitivity analysis was conducted to identify the most influential input parameters on the investment’s economic sustainability. Here, three parameters were varied, i.e., HRT, electricity, and heat selling price. These input parameters were varied by ±10%, ±20%, and ±30% compared to the baseline. In addition, the effect of the economy of scale was measured by varying the capacity of the plant for all scenarios because, in many biogas industries, the startup process requires more time, and the plant must occasionally operate at a reduced capacity due to the instability of the process [15]. Note that limiting conditions (NPV = 0) were also investigated for each scheme.






3. Results


3.1. Batch Test Results


The dispersion analysis of the MYCs identified the presence of one outlier curve for PM raw, PM liquid, and CWM raw, respectively. These individual MYCs were eliminated to maintain a CV of less than 6%. The curves are shown in Figure 3 and Figure 4, where the numbers in the legends represent the valid number of replicates for each curve.



The MYCs of the solid and raw phases of the substrates exhibited slow growth on the first days of the tests, which is in agreement with the liquid phase results reported by Regalado et al. [10]. Regalado et al. [10] identified slow methane production at the beginning of the tests and there were small lag phases. Consequently, the best fit of the three compared models was the modified Gompertz model, as shown in Figure 3b and Figure 4b. Note that the lag phase was present in the raw substrate; thus, in the solid phase, an overestimation of the biogas production is expected for the first days by the first-order model. Nevertheless, the application of the first-order model was in the interest of the research due to the simplicity and the ability to predict the HRT of a CSTR in the continuous phase using the parameters of the fit model using Equation (3) extracted from Weinrich [26].



The fits of the first model for the raw substrate and solid phase of both manure types are summarized in Table 2. As can be seen, the difference between the model and the CMW solid was the largest, which is primarily due to the step lag phase. Consequently, CWM solid also had the lowest fd and relatively short termination of the test by the applied criteria. Despite having an equal k value to the solid PM, the BMP∞ value was much higher, which indicates overestimation by the first-order model.



The raw PM obtained the best fit, and its k value was approximately three times that of the k value for the solid phase. Nevertheless, a higher value of k is expected in the raw phase than in the solid phase, given that the organic matter is more accessible due to solubilization [39]. In addition, the test appeared to reach a degradation value of 0.99 in 27 days. However, the results reported by Regalado et al. [10] for the liquid phase were 444.57 LCH4/kgVS, and a test duration of 17 d if the same 1% criterion is followed.



Thus, despite the encouraging results for the raw PM, a comparison between treatment systems using a combination of solid and liquid phases or only the raw substrate was considered necessary to determine the most profitable alternative.




3.2. Estimation of Hydraulic Retention Times in Continuous Stage


The operational HRTs of the treatment of the solid and raw substrates in the CSTRs were estimated using Equation (3). Here, the target MY value was 0.8 of the BMP∞ value shown in Table 2. For the CWM solid, the target value was the average MY value because the BMP∞ was likely overestimated by the first-order model, as shown in Figure 3c. Nevertheless, the first-order constant of the model was employed in this case. The resulting MY and HRT values are summarized in Table 3.



We found that the raw PM can be processed in less than 30 days, which represents a large time reduction compared to a typical agricultural biogas plant where representative HRT values are between 50 and 150 days [40,41]. Biogas plants at an industrial scale are rarely operated using mono-digestion of manures. Typically, manures are co-digested with substrates with high DM content to increase OLR to take advantage of the co-digestion positive interactions [42,43,44]. Nevertheless, several studies were conducted at the pilot plant scale or under mono-digestion of manures using CSTR technology. For example, Jurado et al. [45] operated a CSTR at an HRT of 25 days, and through the AD model no. 1 (ADM1), they found that the operating time was not sufficiently large to assure disintegration and hydrolysis of the solid manure matter. Consequently, the organic particulate matter did not contribute significantly to methane production. Rodriguez-Verde et al. [46] operated a CSTR with raw pig manure at an HRT value of 20 days. Batstone et al. [32] suggested a layout recommendation for the treatment by reactor type and DM content, being HRT 10 d the lowest achievable for CSTR (mixed reactors) but at DM content lower than 1%. Thus, the HRT is strongly influenced by substrate complexity and DM content. As a result, to ensure a similar substrate degradation in dry anaerobic to the ones achieved in regular or wet AD, higher operational HRTs should be applied since the organic matter is usually less available [33,43,47,48]. Therefore, the model’s predictions are consistent with results reported in the literature regarding industrial use of biogas plants. Nevertheless, studies at lower operating scales suggest that lower HRT values can be realized.



To estimate the HRT of the liquid phase, the model represented by Equation (4) was implemented to determine the HRTs interval for which MPR/MPRmax equal to 50% ± 5% is encountered. Given that the model is purely empirical, it was only valid for the liquid PM. Then, the HRTs of the liquid CWM were determined by multiplying the limits of the HRTs interval from the liquid PM by DM (CWM)/DM(PM). The determination of the HRT for CWM from PM corresponds to an extrapolation of the relationship between HRT and DM in the feed of the reactor for high-rate AD proposed by Batstone et al. (2015). The results are shown in Table 4.


   MPR    = 0.2527   ·    OLR    + 0.1292    



(4)







A large difference between the HRTs from the liquid PM and CWM was observed as calculated according to the above criteria. Nevertheless, this difference also existed in the treatment of raw substrates using the CSTR reactors despite a critical difference in the underlying assumptions for the HRT estimate. For the CSTR, the calculations were based on batch data, and for the EGSB, the calculations were based on an adjustment by the DM content of the continuous experimental data of the liquid PM obtained in our laboratory. However, large differences were observed between the results of the raw and liquid phases of both PM and CWM.



In Table 5 the results of different studies using similar substrates and reactor technologies are presented.



The calculated values are within the interval reviewed in the literature (Table 4). Lower HRT values and higher OLRs are likely achievable; however, given that MY and COD removal efficiency tends to diminish with lower HRT values [28,29,30], an HRT that assured a more balanced relationship between MPR and substrate usage efficiency was targeted. However, the values for the mono-digestion of liquid CMW in an EGSB reactor are rather large.




3.3. Economic Assessment and Sensitivity Analysis


3.3.1. Capital Expenditures


The economic analysis was performed based on quoted cost curves received for the main equipment. The CAPEX of all treatment schemes at a rated capacity of 99 kWhel is shown in Table 6.



Peters and Timmerhaus [55] recommended Lang factors for the chemical industry with values of 4.13 and 4.83 for plants handling liquids and solids–liquids, respectively. Nevertheless, smaller values are typically used for biogas plants [56,57,58]. Amigun and Blottnitz [56] found that a factor of 2.63 can be used to accurately predict the costs of medium or small biogas plants in Africa, and a smaller value of 1.79 is a better predictor for large plants. Vo et al. [57] employed a factor of 1.79 for a biogas plant with biogas upgrading technology included. Nevertheless, the accuracy of those values was questioned by Kenneth Ndyabawe and William S. Kisaalita [58], who found that the Lang factor should be 2.40–2.98 depending on the location of the plant. Thus, a factor of 2.69 was selected because it is the average of the values reported by Kenneth Ndyabawe and William S. Kisaalita [58].



The total capital investment of the plants was compared to the values reported by Balussou et al. [59]. The comparison was established between treatment scheme 1 and business case A from the work of Balussou et al. [59], which evaluated a typical biogas plant without a biogas upgrading unit with an output of two 380 kWel CHP units for a total value of 760 kWel from Balussou et al. [59]. All purchase costs were adjusted by capacity in consideration of the inflation factor by means of the six-tenths rule and the chemical engineering plant cost index [60]. The obtained value was 1.11 million euros, which has a relative difference of approximately 13.5% from that estimated for treatment scheme 1 in Table 6. Thus, the Lang factor values employed were considered valid for the specific case of Germany.



For both substrates, the costs of investment for all treatment schemes were similar, and those from CWM were consistently slightly more expensive than those from the PM. This difference existed due to the substrate properties because CWM requires higher HRT for all treatment schemes. The OPEX values are shown in Table 7.



As can be seen, the largest operating cost was electricity, which increases with the amount of required substrate. Thus, the costs associated with PM are always higher than those for CWM because the DM content of PM is significantly lower than in CWM. The operation costs were significantly higher in treatment scheme number 2 because only the liquid fraction of the substrate is employed in this scheme.



Introducing the EGSB reactor appreciably increases the electricity consumption of the system due to the high-power consumption of the recirculation pump. Possible alternatives to reduce costs are reducing the up-flow velocity or completely replacing the EGSB with a UASB reactor, which is a very similar high-rate reactor [61,62,63].



The NPV calculations for the base case for each substrate by treatment scheme are shown in Figure 5a,b.



In both cases, the more profitable scheme is the typical agricultural biogas plant, i.e., treatment scheme 1. For both substrates, the investment is recovered between years seven and eight. The other profitable alternative under the basic case involves adding an EGSB reactor to treatment scheme 1, i.e., treatment scheme 3 should be employed to treat CWM. However, the investment is not recovered until after year 13 in this case.



We found that treatment scheme 2 is not profitable under the current conditions, being slightly more profitable for PM than for CWM. The main cause for this lack of profitability was the high operational costs, primarily electricity costs.



The NPVs and IRRs for all alternatives are given in Table 8.



The IRRs of the two alternatives in treatment scheme 1 were appreciably better than the others. However, the alternative with the highest IRR is not always the best option; thus, an incremental analysis of IRR was performed. The results demonstrated that the order among profitable alternatives is treatment scheme 1 (CWM) > treatment scheme 1 (PM) > treatment scheme 3 (CWM). Thus, the treatment schemes involving high-rate reactors should only be used if special financial support for treating very low DM content is applied.




3.3.2. Sensitivity Analysis


To evaluate the profitability of the treatment schemes, a sensitivity analysis of the electricity and heat selling price was conducted for each substrate, where the NPV at year 20 was calculated. The results are summarized in Figure 6a,b.



In both cases, the electricity selling price had a larger influence on the profitability of the schemes than the heat selling price, as shown by the slope in Figure 6a,b. Treatment scheme 1 was profitable under all analysis conditions, which demonstrates the robustness of the system. In contrast, treatment scheme 2 requires an increase in the electricity selling price of 12.06% for PM and 18. 31% for CWM to reach the break-even point. Treatment scheme 3 reached the break-even point at 3.01% for PM and –16.32% in the electricity selling price. Thus, treatment scheme 3 is likely to be profitable based on the recent increments in electricity prices in Europe and specifically in Germany given that the KWh price has risen to 42 cents/kWh for renewable energies [64]. This represents a price increment of 200% of the electricity compared to the reference price used in this study. At such a high price, all treatment schemes are profitable. As a reference, treatment scheme 2 for CWM was the least profitable system, and its IRR changed from 7.00% up to 21.44%.



The most significant change due to heat selling price is realizing the break-even point at approximately 10.05% for PM. Thus, including the EGSB in the typical treatment scheme for both substrates is very close to being profitable.



In addition, sensitivity analysis of the HRT was conducted under the assumption that the MY value remained constant in the interval of ±30% variation in the HRT. The results are shown in Figure 7a,b.



The difference in the slope from the different costs is explained by the difference in electricity costs, which depends on equipment sizing. The high operational costs of the EGSB, particularly electricity costs, are significantly hindered by the applied OLR; hence, the slope of treatment scheme 2 diverges between both substrates. In addition, the break-even point for PM is reached when the HRT value of both reactors in treatment scheme 3 is reduced by 9.12%.



Of the three variables employed in the sensitivity analysis (electricity selling price, heat selling price, and HRT), the most influential variable was the electricity selling price, which currently has reached a price above the highest one analyzed by the sensitivity analysis.






4. Discussion


Biogas plants are much more than energy producers. They are a central piece of sustainable agriculture, especially for livestock farms where optimal use of all resources, including manure, supports increased productivity of grass, forage, and arable land. In addition, the optimal use of livestock manure is a stepping stone on the path to net-zero emissions [65,66]. However, AD involving manure is typically performed using energy crops as a co-substrate, and, in the case of Germany, their mass-specific use is 48% of manures (primarily cattle manure) and 47% of renewable resources (primarily grass silage) [9]. Due to the relatively low fresh mass-specific yields of manures, less than 20% of the energy-related output is attributed to manures [65]. The German government looks forward to encouraging the use of large quantities of manure in biogas plants by providing incentives to plants that digest at least 80% of manure. However, as of 2019, the total number of plants that take advantage of this incentive was less than 15% of all plants [67]. Liebetrau et al. [65] pointed out that the reason for this was that the incentive as written in law for small manure plants only worked for plants with optimal locations with the available substrate to fulfill the installed power of the plant and that the success was hindered by farm size and their distribution in Germany. In addition, less than 20% of the available PM and 33% of available CWM are currently used in German biogas plants. Thus, although economical profitability is an important indicator of project development, it should not be the only factor because digestion of all available manure could save 3.6 million tons of CO2 [65]. Therefore, using an EGSB reactor as an alternative in the mono-digestion of liquid PM and CWM provides an alternative to realize effective digestion [50,51].



However, the relatively high operational costs of EGSB reactors compared to CSTR reactors represent a barrier to their implementation. Despite the advantages of reducing the operating HRTs the associated costs of the substrate and the energy requirement of the recirculation pump mitigate or even negate the advantages afforded by implementing the EGSB reactors. One possible way to address this issue is to reduce the up-flow velocity of the reactor; however, this may negatively impact the reactor’s flow pattern, which may in turn impact reactor performance [68,69]. Thus, an assessment of the most effective up-flow velocity is required because since up-flow velocity involves a tradeoff relationship, i.e., a higher up-flow velocity increases the rate of collisions between suspended particles and sludge, which can improve the reactor’s efficiency. In contrast, increasing up-flow velocity can also increase the hydraulic shearing force, which hinders the effectiveness of the removal mechanism by exceeding the settling velocity of a larger number of particles and breaking up or reducing the size of the biomass granules, thereby reducing efficiency [70]. Thus, experiments can be conducted to determine the optimal recirculation rate in the EGSB reactor to enhance reactor effectiveness while potentially reducing OPEX [71,72].



Another possible solution could be to replace the EGSB reactor with a UASB reactor, which is the precursor of the EGSB, but without recirculation [73,74], which would reduce operational costs. However, the second solution only makes sense if the reduction in the power consumption can mitigate the difference in reactor performance. With the UASB, problems occur more frequently in the flow pattern, e.g., short circuits or dead zones [75,76]; thus, it is not easy to predict if the overall economic efficiency of the UASB reactor will be better than that of the EGSB. Note that other types of high-rate reactors can be also employed, e.g., anaerobic filters, anaerobic membrane bioreactors (AnMBR), and anaerobic sequential batch reactors or fixed bed reactors [77]. However, UASB and EGSB reactors have been proven effective in the treatment of liquid manures [78].



In this study, we found that treatment scheme 1 was the most profitable; however, as mentioned previously, only a small fraction of plants in Germany use large volumes of manures. The flexibility provided by treatment scheme 3 can be exploited by taking advantage of incentives afforded by treating substrates (or mixtures of substrates) that are otherwise not profitable due to low OLR, e.g., PM or wastewaters [65]. Accordingly, Regalado et al. [10] selected optimal mixtures with greater than 80% mass-specific content of manure that demonstrated a possible synergistic effect. This was validated by Regalado et al. [31] in continuous operation mode, thereby proving synergistic effects between triple mixtures of PM, CWM, and either sugar beets or starch wastewater. Therefore, the treatment of liquid agro-industrial mixtures with 80% manure and an optimal C/N ratio in EGSB reactors represents an opportunity that would typically not be realized in a CSTR [65]. In addition, the life cycle assessment by Rodriguez-Verde et al. [46] demonstrated the importance of energy recovery to improve the environmental and economic feasibility of the PM treatment, as well as the improvement in both variables by co-digesting agro-industrial wastes. Prapaspongsa et al. [79] also stated that AD of manure is the most effective technology for energy recovery while retaining good economic sustainability.



As a substrate, CWM is known to be difficult to manage in mono-digestion due to its low degradability because it has already been partially degraded by the microorganisms in the cows and its high nitrogen content [80]. Thus, it is typically either mixed for its treatment with carbon-rich substrates or treated in multistage systems [9,80]. Thus, the increased flexibility of plants that employ treatment scheme 3 would also increase the environmental and economical profitability of the system while avoiding negative effects. Furthermore, tt has been found that the use of slurry or manure as a single substrate or co-substrate in AD improves both the performance and environmental sustainability of the process [46,65,66,81].



Single-stage digesting systems have a wide range of applications due to their low operational complexity and affordability [33]. Nevertheless, AD in multiple stages allows for manipulating the operating variables in each stage in a way that results in optimal conditions for the whole process [80]. Nonetheless, two stages are usually employed for mono- or co-digestion of readily degradable substrates given that the rapidly degradable substrates promote the production of VFAs at a higher rate than those consumed by methanogens, resulting in sudden pH drops and, as a result, process inhibition [17,33,80]. Therefore, multiple stage systems arranged with one first stage for the hydrolysis/acidogenesis and the second tank optimizes the acetogenesis/methanogenesis or hydrolysis/acidogenesis/acetogenesis and the last reactor only with methanogesis do not seem to be very economically effective, given that manures are relatively complex substrates. Nevertheless, some examples of technologically successful applications of two stages systems for manures can be found in Schievano et al. Panichnumsin et al. Demirer and Chen, Nielsen et al. [81,82,83,84].



Furthermore, a different approach for a multistage approach is the treatment of substrate(s) with very different DM content, as pointed out by Van et al. [47]. Van et al. [47] stated that two-stage systems can be better combined as two wet stages or one dry and wet stage, respectively. Hence, the possibility to combine the output of the EGSB with the input of the CSTR will be investigated to optimize the TS3.



Overall, we believe that breakthroughs in the deployment of AD will depend on various technical aspects and incentives provided by the government [66].




5. Conclusions


The typical agricultural biogas proved to be more profitable than the alternative of using either a single-stage EGSB or a multistage EGSB-CSTR to treat the liquid and the solid phase, respectively. Nevertheless, a multistage treatment scheme involving a high-rate reactor offers a possible solution for establishing a better-rounded circular economy. In addition, a multistage system allows treating large quantities of manure that otherwise would not be treated, thereby increasing the amount of carbon-neutral energy output, which is beneficial because energy security is currently a major concern.



In addition, reductions in the OPEX of the EGSB reactor as a result of optimizing up-flow velocity will make multistage treatment more competitive from an economical perspective. Furthermore, co-digestion of manure-based mixtures up to 80% FM of manure can potentially make better use of the EEG incentives for small manure-based AD plants. Thus, further research into the life cycle assessment of the co-digestion of agricultural manure-based mixtures is required.
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Figure 1. Pig and cow manure anaerobic digestion in (a) treatment scheme 1, (b) treatment scheme 2, and (c) treatment scheme 3. 
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Figure 2. HRT: hydraulic retention time; CAPEX: capital expenditures; OPEX: operational expenditures; NPV: the net present value; IRR: internal rate of return; PBP: payback period. 
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Figure 3. Methane yield curves of piglet manure: (a) raw, (b) liquid, and (c) solid. 
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Figure 4. Methane yield curves of cow manure: (a) raw, (b) liquid, and (c) solid. 
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Figure 5. Cumulative discounted cashflow diagrams by treatment schemes for (a) piglet and (b) cow manure. 
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Figure 6. Sensitivity analysis of NPV by electricity and selling price for different treatment schemes for (a) piglet manure and (b) cow manure. 
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Figure 7. Sensitivity analysis of NPV by hydraulic retention time for different treatment schemes for (a) piglet manure and (b) cow manure. 






Figure 7. Sensitivity analysis of NPV by hydraulic retention time for different treatment schemes for (a) piglet manure and (b) cow manure.



[image: Energies 15 04413 g007]







[image: Table] 





Table 1. Characterization of the liquid fraction of substrates.
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Variable

	
Piglet Manure

	
Cow Manure




	
Solid

	
Raw

	
Liquid

	
Solid

	
Raw

	
Liquid






	
DM/FM (wt%)

	
17.50

	
3.80

	
1.80

	
26.70

	
7.30

	
5.30




	
VS/FM (wt%)

	
90.13

	
67.90

	
58.33

	
89.03

	
78.50

	
69.81




	
VS/DM (wt%)

	
15.77

	
2.58

	
1.05

	
23.77

	
5.73

	
3.70




	
Crude protein/FM (wt%)

	
2.40

	
2.50

	
0.80

	
2.50

	
2.40

	
2.60




	
Crude fat/FM (wt%)

	
0.40

	
0.30

	
0.25

	
0.30

	
0.30

	
0.30




	
Crude fiber/FM (wt%)

	
5.70

	
0.00

	
0.00

	
9.30

	
1.40

	
0.00




	
Free nitrogen extracts/FM (wt%)

	
7.50

	
0.00

	
0.00

	
11.70

	
1.60

	
0.80




	
ash/FM (wt%)

	
1.50

	
1.00

	
0.75

	
2.90

	
1.60

	
1.60








DM: dry matter; VS: volatile solids; FM: fresh matter.
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Table 2. Summary of batch test results.
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	Parameter
	Piglet Manure Solid
	Piglet Manure Raw
	Cow Manure Solid
	Cow Manure Raw





	BMP∞ (LCH4/kgVS)
	280.85
	359.77
	327.31
	270.98



	k (1/d)
	0.05
	0.14
	0.05
	0.07



	RMSE (LCH4/kgVS)
	12.74
	3.17
	18.16
	13.31



	MYAVG (LCH4/kgVS)
	229.80
	356.24
	224.49
	227.30



	fd
	0.82
	0.99
	0.68
	0.84



	Time (d)
	39
	27
	27
	31







BMP∞: biomethane potential; k: first-order reaction constant; RMSE: root mean square error; MYAVG: average methane yield; fd: degradation fraction; Time: test duration.
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Table 3. Estimation of operational hydraulic retention times in continuous stirred tank reactor.
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	Parameter
	Piglet Manure Solid
	Piglet Manure Raw
	Cow Manure Solid
	Cow Manure Raw





	MY
	224.68
	287.81
	224.49
	216.78



	HRT
	81.80
	28.06
	79.91
	59.99







MY: methane yield; HRT: hydraulic retention time.
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Table 4. Estimation of operational hydraulic retention time interval in expandable granular sludge bed reactors.
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	Substrate
	DM/FM (wt%)
	CODaverage (gCOD/L)
	OLR Interval (gCOD/L/d)
	HRT Interval (d)





	Piglet manure liquid
	1.80
	25.48
	[4.63–5.77]
	[4.41–5.50]



	Cow manure liquid
	5.30
	28.06
	[1.73–2.15]
	[13.00–16.20]







DM: dry matter; FM: fresh matter; COD: chemical oxygen demand; OLR: organic loading rate; HRT: hydraulic retention time.
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Table 5. Comparison of previous studies to the current research on the achievable hydraulic retention times of different manures.
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	Substrate
	Reactor Type
	Temperature (°C)
	OLRmax (gCOD/L/d)
	HRTmin (d)
	Reference





	Pig manure hydrolysates
	EGSB
	35
	21
	1.5
	[46]



	Separated pig manure
	FB
	40
	1.82
	18
	[49]



	Liquid fraction of dairy manure
	UASB
	25
	0.65
	34.8
	[50]



	Pig slurry
	UASB
	36
	16.4
	1.5
	[51]



	Cattle manure
	UASB
	55
	5.06
	7.3
	[52]



	Cattle manure
	UASB
	37
	8.63
	5.3
	[53]



	Pig slurry
	ATAD + EGSB + SBR
	35
	5.00
	6.96
	[54]



	Filtered pig slurry
	FB
	40
	13.5
	1.7
	[27]



	Filtered pig slurry
	EGSB
	40
	8.1
	3.0
	[27]







EGSB: expanded granular sludge bed; FB: fixed bed; UASB: up-flow anaerobic sludge blanket; ATAD: autothermal thermophilic aerobic digestion; SBR: sequencing batch reactor.
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Table 6. Capital expenditures by substrate and treatment scheme.
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Capital Expenditure (EUR)

	
Treatment Scheme 1

	
Treatment Scheme 2

	
Treatment Scheme 3




	
Piglet Manure

	
Cow Manure

	
Piglet

Manure

	
Cow

Manure

	
Piglet

Manure

	
Cow

Manure






	
EGSB reactor and associated costs

	
-

	
-

	
241,153

	
361,016

	
213,157

	
232,913




	
CSTR and associated costs

	
181,644

	
204,927

	
-

	
-

	
74,190

	
87,583




	
Separator

	
-

	
-

	
10,378

	
17,368

	
8596

	
11,200




	
Combined heat and power unit

	
175,000

	
175,000

	
175,000

	
175,000

	
175,000

	
175,000




	
Lang factor for the fixed plant cost

	
2.69

	
2.69

	
2.69

	
2.69

	
2.69

	
2.69




	
Total Invest

	
959,372

	
1,022,004

	
1,147,368

	
1,488,603

	
1,266,837

	
1,363,012
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Table 7. Operational expenditures by substrate and treatment scheme.
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Operational Expenditures (EUR/Year)

	
Treatment Scheme 1

	
Treatment Scheme 2

	
Treatment Scheme 3




	
Piglet Manure

	
Cow Manure

	
Piglet

Manure

	
Cow

Manure

	
Piglet

Manure

	
Cow

Manure






	
Electricity costs

	
24,974

	
13,279

	
90,353

	
65,682

	
66,002

	
28,076




	
Wage rate

	
5475

	
5475

	
5475

	
5475

	
5475

	
5475




	
Transport costs raw manure

	
13,875

	
6221

	
21,083

	
17,231

	
15,401

	
5524




	
Internal power consumption

	
10,193

	
10,944

	
10,927

	
10,927

	
10,193

	
10,944




	
Total operational costs

	
54,516

	
35,919

	
127,837

	
99,314

	
97,071

	
50,019
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Table 8. Net present values and internal rate of return of the different treatment schemes.
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Dynamic Economic Indicator

	
Treatment Scheme 1

	
Treatment Scheme 2

	
Treatment Scheme 3




	
Piglet Manure

	
Cow Manure

	
Piglet

Manure

	
Cow

Manure

	
Piglet

Manure

	
Cow

Manure






	
Net present value (EUR)

	
622,383

	
718,084

	
−189,836

	
−288,237

	
−47,373

	
257,034




	
Internal return rate (%)

	
18.70

	
19.40

	
7.49

	
7.00

	
9.44

	
12.67
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