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Abstract

:

The use of agricultural residues in biogas plants is becoming increasingly important, as they represent an efficient and sustainable substrate alternative. Pelletizing straw can have positive effects on transportation, handling, and biogas production. In this study, different grain straw pellets from mobile and stationary pelleting plants in Germany as well as the corresponding untreated straw were characterized and investigated for their suitability for anaerobic digestion (AD). Therefore, tests on the biochemical methane potential (BMP) and the chemical–physical characterization of unpelletized straw and straw pellets were carried out. The characterization of the pellets and the straw revealed a high average total solid content of 91.8% for the industrially produced straw pellets and of 90.8% for the straw. The particle size distribution within the tested pellet samples varied greatly depending on the pelleting process and the pre-treatment of the straw. In addition, a high C/N ratio of 91:1 on average was determined for the straw pellets, whereas the average higher heating value (HHV) content of the pellets was 17.58 MJ kg−1. In the BMP tests, the methane production yields ranged from 260–319 normal liter (NL) CH4 kg−1 volatile solids (VS) for the straw pellets and between 262 and 289 NL CH4 kg−1 VS for the unpelletized straw. Overall, pelleting increases the methane yield on average from 274 to 286 NL CH4 kg−1 VS, which corresponds to an increase in methane yield of 4.3%. Based on the results, the feasibility of using straw pellets for AD could be confirmed, which can facilitate the possibility of increased biogas production from agricultural residues such as straw pellets and thus make the substrate supply more sustainable.
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1. Introduction


The global trend in energy production involves a circular economy and sustainable supply of energy sources. Some advanced methods support the economic development of energy production by the utilization of waste biomass, while limiting ecological effects [1,2,3]. An important part of generating renewable energy with respect to sustainability is the use of agricultural waste, which can be an environmentally friendly alternative to fossil fuels [4].



Agricultural residues are considered good candidates for energy production without competing with food or induce land use changes [5,6,7]. Straw is one of the most abundant crop residues produced in the world, making it an attractive substrate for biogas production via anaerobic digestion (AD) [7,8,9,10]. In general, lignocellulosic biomasses such as straw contain three main organic polymers called cellulose, hemicellulose, and lignin, which are intertwined, making them recalcitrant and hindering sugar release [11]. This leads to increased resistance to biochemical degradation processes and therefore makes lignin-rich straw a rather poor substrate for biogas production [12,13,14].



In order to improve the biochemical degradation processes, different pretreatment processes for AD were investigated in the last decades to make the substrate more accessible to microbial activity and improve the methane production rate [8,15,16,17]. In addition to chemical and biological treatments, there are various physical pre-treatments that are widely used in the utilization of lignocellulosic biomass, such as straw [8,18]. The most common physical treatments are mechanical pretreatment methods to reduce particle size of the straw and to facilitate handling prior to feeding anaerobic reactors [19]. Moreover, a particle size reduction of straw is required in order to enhance biomass biodegradability, avoid problems within the digesters, like clogging, and to provide a homogeneous mixture during the digestion process [20]. Although a physical reduction of particulate size can increase bulk density compared with baled straw, ground straw remains difficult to handle within the biogas production chain [21]. Accordingly, densification by briquetting or pelleting can overcome logistical problems [22] and help optimize the biogas production process [23,24], although this introduces an additional treatment step that requires additional energy and can lead to further difficulties [16,25,26,27,28]. The greatest challenge in using straw for biogas production is to break down its resilient structure in pre-treatment processes in order to enable subsequent AD [17].



A reduction in particle size and the application of high pressure and temperature during the pelleting process could both accelerate the biodegradation of the biomass in the anaerobic digestion process and lead to higher methane yields. However, the difficulty in assessing the impact of biomass pretreatment technologies like pelleting on biomass components relevant to bioenergy production remains a significant challenge for studying the impact of biomass pretreatment and factors affecting subsequent use [4,14,29]. Therefore, a correlation between the biogas production of physically pretreated straw and the commonly used parameters for biomass characterization is rather poor [3,30] and to the best of our knowledge, the effect of pelleting as mechanical pretreatment for cereal straws in an anaerobic digestion process chain has been scarcely evaluated [8,14,31].



Thus, the aim of this study was to evaluate the potential of pelletized straw in anaerobic digestion processes. Therefore, different straw pellets from industrial scale and pilot scale pelleting plants were investigated regarding their physical and chemical characteristics and their biochemical methane potential (BMP). Moreover, the effect of the pelleting was evaluated by comparing BMP of the native, untreated straw with the subsequent straw pellets.




2. Materials and Methods


2.1. Straw Pellets Material


The investigated straw samples came from farmers in various regions of the federal state of Lower Saxony, Germany. Thirteen straw pellet samples from stationary, semi-mobile, and mobile production were examined (Figure A1, Table 1). Overall, eleven samples of wheat straw pellets and one each of rye and barley straw pellets were tested.



Two pellet samples were produced in an industrial scale stationary pressing process with an 8 mm diameter die at commercial pelleting plants in Germany (P7 and P8). Before pelleting, the straw was pressed into bales, stored and pre-shredded with a hammer mill, and dedusted. In contrast, mobile pelleting was carried out directly in the field without any straw pre-treatment using various mobile pelleting systems (Premos 5000 by Maschinenfabrik Bernard KRONE GmbH & Co.KG, Spelle, Germany, and METRITRON560 by Metritron GmbH, Pfronstetten, Germany) (Figure 1b). In total, three different straw pellet samples from the direct mobile production were examined (P9–P11). Six pellet samples were produced from square bales using the mobile pelleting systems as stationary pelleting plants, which were supplied with compressed and stored bales of straw (P1–P6) (Figure 1a).



In addition to the pellets from industrial-scale pelleting plants, for comparison, two different pellets (Ppp1 and Ppp2) were produced from a bale-pressed wheat straw sample in the HAWK lab by a small-scale pellet mill (PM 200, Cissonius GmbH, Zehdenick, Germany) after crushing the straw with a hammer mill through a 6 mm sieve (CF-158, Cissonius GmbH, Zehdenick, Germany) (Figure 2 and Figure A2).



In total, seven samples with a diameter of 15 mm and six samples with a diameter of 8 mm were analyzed. The lengths of the individual pellets varied between 8 mm and 65 mm (Table 1) and had different colorations ranging from light beige to green–brown.



For eight pellet samples, the straw from which the pellets were produced was also analyzed. These were six wheat straw samples (S4, S5, S9, S10, S11, Spp) and one barley straw (S7) sample (Figure A3).




2.2. Analytical Methods


The pellets shape was described by determining the diameter and the minimum and maximum length of the pellets in a representative sample using a measuring device based on ISO 17829:2015 [32]. The appearance and color were described by means of a visual inspection. Various other analyses were carried out to determine whether pelleted straw is suitable as a substrate for AD. Parameters such as the total solids content, volatile solids and the carbon/nitrogen ratio are important for optimal anaerobic digestion and were therefore investigated accordingly. In addition, further properties of the straw pellets, such as bulk density and heating value, were examined.



The determination of total solids (TS) and volatile solids (VS) provides information about the water and ash content in the straw and straw pellet samples and thus about the storage and transport capacity as well as the quantity of organic matter. The TS of a sample was determined according to the DIN EN 12880:2001-02 [33] standard by drying at a temperature of 105 °C and weighing the difference in weight between the fresh and dried samples. The TS contains an organic component, which can be degraded to a certain extent in the biogas plant depending on its composition, and an inorganic component consisting of nutrients, sand, or stones. Easily degradable substrates with high VS contents are therefore preferred for treatment in biogas plants. Accordingly, the VS contents of the samples were determined by annealing at 550 °C in the presence of air according to DIN EN ISO 12879:2001-02 [34] in duplicate.



The influence of the particle sizes of the feedstock on biogas formation has already been investigated by various researchers and, in general, the size of the particles has a significant influence on the methane formation kinetics and the amount of methane produced [35,36,37,38,39]. The size distribution of the straw particles incorporated in the investigated pellets was determined by mechanical sieving (KS1000, Retsch GmbH, Haan, Germany) according to DIN EN ISO 17830:2016-11 [40]. In this process, the fractions were divided into the following categories using six different sieving trays: Fine fraction up to 2 mm, medium fraction from 2 mm to 5.6 mm, and coarse fraction > 5.6 mm.



The proportion of carbon (C) and nitrogen (N) as well as their ratio are also decisive for microbial degradation and the formation of methane. The amounts of C, N, and hydrogen (H) contained in the analyzed samples were evaluated through elemental analysis with a Vario MACRO cube (Elementar Analysensysteme GmbH, Langenselbold, Germany) according to DIN EN ISO 16948:2015 [41]. The C/N ratio was then calculated accordingly for each sample, as it plays a key role in the optimization of the AD process [42,43].



Bulk density of the straw pellets is an important storage and transportation parameter and was determined in accordance with DIN 51705:2001 [44]. The empty weight of a container was determined and then the container was filled with straw pellets. The excess bulk material was stripped off with a square bar and the container was weighed again with the leveled filling. The bulk density was calculated in triplicate using the mass of the container with specimen minus the empty weight of the container in relation to the container volume.



To determine the behavior of the straw pellets in the digester, the dissolution potential of the pellets in water as well as the formation of sediment and floating layers were investigated using a test developed by HAWK for this purpose. A glass cylinder was filled with 2200 mL of water (20 °C) and then 100 g of straw pellets were added. The dissolution and distribution of the straw pellets in the water were documented after 0, 60, 120, 180, and 240 min by photo.



The characterization of the straw biomass as feedstock for the straw pellets was performed using the standard methods for proximate, ultimate, and compositional analyses described above for the straw pellets. As a pre-treatment step for the investigations, the field-dried straw was ground using an ultra-centrifugal mill (ZM 300, Retsch GmbH, Haan, Germany).




2.3. Biochemical Methane Potential (BMP) of the Straw and Straw Pellets in Batch Tests


In order to assess the general suitability for anaerobic degradation of straw pellets, the BMPs of the samples were examined according to the standard VDI 4630 [45] with three replicates for each sample. For the investigations, 30 L PET barrels were used as reactors, with gasbags as storage for the produced biogas [46]. The biogas yield test was carried out in a climate chamber under mesophilic conditions at 37 °C until the termination criterion was reached (daily amount of gas formed <0.5% of the amount of gas formed up to that point, or 45 days if the termination criterion is reached earlier). For the preparation of the batch tests, the barrels were filled with an inoculum and the corresponding amount of straw pellets or straw. For handling reasons, during the BMP tests, the raw straw was shortened to a length of approx. 15 cm using household scissors.



Immediately after preparation, the headspace of each barrel was flushed with nitrogen to create anaerobic conditions. The liquid fraction of a freshly separated digestate from an agricultural biogas plant was used as inoculum. To assess the influence and general suitability of the inoculum used, the BMPs of the inoculum and the reference (microcrystalline cellulose) were also determined in triplicate. The ratio of VS from the inoculum and the amount of VS from the sample was set at 2:1. The resulting biogas was then collected in gasbags and the biogas amount was measured with a drum gas meter (Ritter Apparatebau GmbH Co KG, Bochum, Germany). To determine the biogas quality, the parameters methane (CH4), carbon dioxide (CO2), hydrogen (H2), oxygen (O2) and hydrogen sulphide (H2S) were recorded with a gas meter with infrared sensors (visit 03, Messtechnik Eheim GmbH, Schwaigern, Germany). To convert the biogas to standard conditions (1013 mbar, 273 K), the temperature of the biogas and the air pressure were recorded for each measurement, and the biogas and methane yields were calculated using the measurement data converted to standard conditions by subtracting the biogas quantities from the inoculation substrate and taking the headspace volume into account. A total of thirteen different straw pellets and seven straw samples were tested in triplicate for their BMP.





3. Results


3.1. Straw Pellet Characterization


In order to assess the suitability of the straw pellets for AD, various physical and chemical parameters of the thirteen pellet samples were analyzed.



3.1.1. TS and VS


The TS content of the pellets tested was between 88.4% and 96.3% (except for one pellet produced in the lab with the addition of water, which led to a value of only 80.8%), whereas the TS content of the six straw samples was between 89.7% and 91.9%. Thus, the variation of TS content was higher for the pellets than for the straw (Figure 3). Overall, the average TS of the straw was 90.8% and that of the VS was 93.8% TS, while the industrially produced straw pellets had an average TS of 91.8% and a VS content of 93.8% TS (Table 2). Moreover, the TS content of the pellets (with the exception of P11) was around 1.1% to 2.8% higher than that of the corresponding straw sample in six of the seven samples analyzed.




3.1.2. C/N Ratio and Heating Value of the Pellets


The elemental analysis of the wheat straw pellets resulted in an average content of 45.32% C and 0.52% N on a dry weight basis. Accordingly, the nitrogen content in straw pellets is very low, with the lowest amount in barley pellets (P7) and the highest amount in the pilot plant wheat pellets (Ppp2). The average C/N ratio determined for the straw pellets examined was 91:1, ranging from 65.8:1 (Ppp2) to 145.5:1 (P7) (Table 2). For the higher heating value (HHV) of the pellets analyzed, an average energy content of 17.58 MJ kg−1 was determined, ranging from 16.72 to 18.80 MJ kg−1. Interestingly, the self-produced pellets (Ppp1 and Ppp2) had a slightly higher calorific value than the industrially manufactured ones.




3.1.3. Bulk Density of the Pellets


The bulk density (BD) of the pellets, and therefore the transport and storage properties of the pellets, were largely dependent on the size of the presses used and the diameter of the dies selected. Overall, an average bulk density of 548 kg m−3 was assessed for the pellets, while the variation in BD was high, ranging from 406 kg m−3 (Ppp1) to 645 kg m−3 (P8) (Table 2).




3.1.4. Particle Size Distribution of the Pellets


The distribution of particle sizes within the pellets provides a distinct pattern: Pellets P1 to P5 and P11 were produced with a partly mobile or mobile pelletizer without prior preparation of the straw, which means that the proportions of the coarse and medium fractions dominate the particle size distribution (Figure 4). In particular, the fraction larger than 5.6 mm is notable. In comparison, the pellets P7 and P8 and Ppp1 and Ppp2, which were produced from chopped straw with a stationary pelletizer, are dominated by the fine fraction smaller than 2 mm. Accordingly, the particle size distribution of the tested pellets samples varied greatly depending on the pressing process and the pre-treatment of the straw.




3.1.5. Dissolution Potential of the Pellets


One advantage of pellets over straw is their better dissolution behavior in the digester and, thus, better process control. Without stirring, the substrate in the digester is usually stratified into three layers: the upper layer (floating layer), the middle layer (fermentation solution), and the bottom layer (sediment layer) [47]. All pellets tested dissolved immediately after addition (“start”). For most of the samples, the pellets were completely dissolved after 60 min, as shown in Figure 5b,c. In the case of P5 and P6, a slight floating layer formed after 120 min and persisted until the end of the experiment. With the pellets P2 and P7–P10 a clear floating and sediment layer formed after 60 min (e.g., P9 in Figure 5a). Pellets P9 and P10 showed a dark coloration of the water directly after the pellets were added. With P2 there was only a slight coloration, and with P7 and P8, the water remained clear.





3.2. Biochemical Methane Potential Tests


This study investigates the potential of grain straw pellets for energy generation through AD. Therefore, BMP tests were conducted for thirteen different straw pellets and seven associated, unpelletized straw samples (Section 2.1). The kinetics of the methane yield curves show a differentiated pattern. For some pellets, a clear difference between straw and straw pellets could be observed (Figure 6a). The straw pellets P4, P5, and P11, showed significantly faster decomposition and higher methane yields than the corresponding straw. In contrast, no difference was found between straw and pellets for P7, P9, and P10 (Figure 6b). In the case of pellets P1–P3, P6, and P8, slightly different kinetics were observed (Figure 6c). In the first 20 days of the test, P1–P3 and P8 showed slightly better degradation than the rye straw pellets P6. However, the BMP after 45 days showed slightly lower values for P6 (265.7 NL CH4 kg−1 VS) and P8 (260.3 NL CH4 kg−1 VS) than for P1–P3 (281.1-286.5 NL CH4 kg−1 VS). Although the pellets from the pilot plant had a similar course as the other pellets and resulted in a BMP of 300.4 NL CH4 kg−1 VS (Ppp1) and 281.6 NL CH4 kg−1 VS (Ppp2), the associated straw (Spp) showed a significantly delayed degradation. However, at the end of the test period, the BMP of the straw approaches that of the pellets (276.5 NL CH4 kg−1 VS).



Overall, pelleting increases the methane yield, on average, from 274 to 286 NL CH4 kg−1 VS, which corresponds to an increase in methane yield of 4.3% (Table 3). The methane potential ranges from 260 to 319 NL CH4 kg−1 VS for the pellets and 262–289 NL CH4 kg−1 VS for the unpelletized straw. The average yields related to the fresh mass (FM) were 243 NL CH4 kg−1 FM (pellets) and 237 NL CH4 kg−1 FM (straw). The corresponding increase due to pelleting in relation to the fresh mass of the substrate results in 3.7%. Moreover, a methane yield of around 51% was revealed for both the straw and the respective straw pellets.





4. Discussion


4.1. Substrate Characterization


The dry matter content of the pellets was generally higher than that of the raw straw, which can be attributed to the high temperatures during pelleting and the associated evaporation of part of the water in the straw [48]. However, the pellets produced at pilot scale (Ppp1 and Ppp2) have a lower TS value than the feedstock straw Spp from which the pellets were produced, which is due to the addition of demineralized water during pelleting. This was necessary to achieve a TS content in the input material of around 12–20% to enable the pelleting process [49,50,51,52].



The comparison of the average TS and VS contents showed that although water is lost during the pelleting, the organic content in the dry matter does not show any changes between the straw and the pellets, making pelleting a suitable pre-treatment process for AD.



The wide C/N ratio of the pellets was mainly due to their very low N content, where even a small change had a large effect on the respective ratio (Table 2). Barmina et al. (2016) demonstrated that elements such as C and N in wheat straw pellets were 47.4 and 0.74%, respectively, corresponding to a C/N ratio of 64:1, while the HHV was 17.54 MJ kg−1 [53]. These findings underline the results presented in this study, although the high variety is dependent on the type of grain, the time of harvest, and the growing conditions in general [54,55].



Nevertheless, all C/N ratios determined were relatively high and far above the ideal conditions for optimal fermentation, which is around 15:1 to 35:1 [56,57,58,59].



The high C/N ratio has a correspondingly negative effect on methane production, meaning that mono-digestion of substrates such as straw pellets is not an efficient way to produce biogas [60]. Therefore, co-digestion with nitrogen-rich substrates like manure could offer an advantage in the fermentation process [61,62,63], broaden the substrate range [64,65], contribute to emissions reductions [66], and reduce the use of cultivated biomass for energy generation [67,68].



The calorific values determined match those from the literature well. Guo et al. (2022) determined an HHV of 16.1 MJ kg−1 for wheat straw pellets [69] and Huang et al. (2009) examined an HHV of 16.2–18.0 MJ kg−1 for wheat straw [70]. Overall, straw pellets are therefore in the middle of the range of densified, agricultural residual biomasses [71].



The average bulk density of the straw pellets revealed in this study was 548 kg m−3. Zhang et al. (2012) examined an average bulk density of milled wheat straws in the range of 97.5–177.2 kg m−3 [72], which corresponds to a volume reduction through pelleting of 68–82%. Assuming that uncompacted, unmilled straw is used, with a bulk density ranging from 24 to 111 kg m−3 [73], pelleting can achieve a volume reduction of 80–96%, representing an up to 23-fold compaction. As a result, the transportation costs, which dominate the total costs for the provision of substrate from agricultural residues [70], can be reduced accordingly. However, it has been shown that the bulk density of the pellets generally varies greatly and considerable differences can be observed depending on the pelleting process used, the type of grain, the pre-treatment, and the origin of the straw.



For the dissolution potential of the pellets, different behaviors could be observed. A homogeneous dissolution and only a slight floating layer formation for pellets with 15 mm and stationary pelleting (Figure 5b,c) indicate good mixing and thus a high biogas production. For pellets produced from pre-milled straw and therefore containing a higher share of fines (Figure 4), a clear formation of floating and sediment layers could be observed, which leads to an increased stirring effort in the digester.




4.2. BMP of Straw Pellets and Straw


In this study, the pelleting increased the methane yield of straw on average from 274 to 286 NL CH4 kg−1 VS (Table 3). The variation in the test for the different samples was high, with values ranging from 260–319 NL CH4 kg−1 VS for the pellets and 262–289 NL CH4 kg−1 VS for the unpelletized straw.



Scherer et al. (2021) determined an average specific methane yield of 287.1 NL CH4 kg VS−1 for milled wheat straw [74], which is slightly higher than the value determined in these experiments for unmilled straw and even higher than the value for pellets. However, the individual values of the different samples also fluctuated in a similar order of magnitude. A similar value (279 NL CH4 kg VS−1) was also determined by Hafner et al. (2020) for milled straw in a round robin test in 29 laboratories and with 47 BMP tests evaluated [75]. Slightly higher values (281-291 NL CH4 kg VS−1) were determined by Dumas et al. (2015) for their experiments with micronized straw smaller than 0.7 mm [39].



To date, there is very little literature comparing the values for pelleted straw. Sing et al. (2024) have investigated the influence of co-pelleting straw with cow manure on the methane potential [31]. Mönch-Tegeder et al. (2013) reported a higher final methane yield from pelletized straw (247 NL CH4 kg−1 VS) than non-pelletized straw [76], which corresponds with the observed results in this study for P4, P5, P11, Ppp1, and Ppp2 (Figure 6). However, the average value reported is below the range observed in this study, and Victorin et al. (2020) found an even lower BMP of 239 NL CH4 kg−1 VS for pelleted wheat straw [77].



The measured methane content of the biogas in the BMP trials of 51.2–51.4 % (Table 3) can also be found in literature [78], which underlines the validity of the results.



Considering the different production methods of the pellets (Table 1), it is not possible to derive a trend in terms of BMP (Figure 6), either for the scale of the pelleting plant (pilot scale and industrial scale), the pelleting process itself (stationary or mobile pelleting in the field), or for the pellet diameter (8 or 15 mm). In addition, the type of grain had no significant influence on the BMP, as both the rye pellets (P6) and the barley pellets (P7) with 265.7 and 289.4 NL CH4 kg VS−1, respectively, were in the range of the wheat pellets, although barley has a slightly higher theoretical methane potential than wheat [17].




4.3. Unpelletized Straw and Straw Pellets


In the study by Victorin et al. (2020), four mechanical methods for preparing wheat straw for use as a biogas substrate were investigated [77]. It was shown that pelleting leads to faster biogas formation than untreated straw in batch tests. However, a clear statement for the comparison of the biochemical degradation rate of straw and straw pellets could not be derived from the obtained results, since the boundary conditions for the digestion of straw play a crucial role.



Fernandez et al. (2022) performed lab-scale investigations of different substrates and found that shredding reduced the size of coarse particles, smoothly increased solubilization but did not much affect the methane yield in AD trials [79]. The main effect of mechanical pre-treatment, they observed, was the improvement in methane production rate rather than methane yield.



With regard to the particle size distribution of the tested pellets in this work, the pilot plant pellets show the influence of the particle size distribution on the methane formation kinetics (Figure 6d). It can be deduced that a higher proportion of fines in the pellets (Figure 4) increases the degradability, and thus the methane formation is higher at the beginning of the gas yield tests. Interestingly, the pellets P4, P5, and P11 (Figure 6a) showed increased BMPs compared to the corresponding straw materials without having a particularly high proportion of fines. In contrast, the kinetics of methane formation and the amount of methane of P7, P9, and P10 and their straws were quite similar (Figure 6b), although the proportion of fines in the pellets was relatively high in P7 and P9.



Other authors like Heller et al. (2023) [80], Dai et al. (2019) [81], Gallegos et al. (2017) [82] and Raud et al. (2020) [83] revealed a significant increase in the specific methane yields with different mechanical pretreatments. Interestingly, there appears to be an optimum particle size at which further crushing has little effect on the anaerobic degradability and thus on the BMP of the straw [38,39].



The trials conducted in this work indicate that the expected methane yields could be slightly increased by the obtained pressure during the pelleting process for some samples. This is clearly visualized in the BMP tests of pellets P4, P5, and P11 (Figure 6a) and the pilot scale pellets Ppp1 and Ppp2 (Figure 6d). On the other hand, the BMPs of P7, P9, and P10 revealed no difference in the BMP of the pellets compared to the untreated straw. This can be attributed to the fact that, despite the standardization of the test results according to the VDI 4630 guideline, considerable deviations in the resulting methane potentials can occur [17,74,77,78]. The reasons for these deviations can be manifold (e.g., varying straw compositions, thermal straw degradation during milling and pelleting, supply of trace elements, composition of the microbiome). Therefore, a clear correlation between biogas and methane production and the various physical and chemical properties of the biomass and the influence of various individual treatments is difficult to assess [30].



In addition to mechanical pre-treatments such as pelleting, there are also several studies on other pre-treatment methods and their combination, which increase the methane yield of straw and simplify the general use of straw as a biogas substrate. For example, grinding and ensiling the straw can also lead to an increased methane yield and facilitate the handling of the straw [25,82,84,85]. Other approaches pursue thermal pre-treatment, such as steam-exploding or hydrothermal processes, or chemical and or biological treatment as a practicable approach [8,14,38,86,87,88,89]. Therefore, a combination of the most suitable methods may further improve the energetic utilization of straw by AD.





5. Conclusions


The results indicate that the use of straw pellets for AD can achieve a positive result compared to uncompacted straw. The high bulk densities of straw pellets have an advantageous effect on transportation, storage, and feeding into the digester. In addition, dissolution tests were carried out to investigate the behavior of the pellets in the digester, which showed that pelleting has clear advantages in mixing the fermentation liquid. Straw pellets and straw in general have higher C/N ratios, making them suitable for co-digestion with nitrogen-rich substrates like manure. Accordingly, the further use of straw pellets can be facilitated by measures to raise awareness among farmers, increase the efficiency of work processes, and promote market demand through policy frameworks [90].



Finally, this study shows the usefulness of pelletized straw as an alternative substrate for biogas production due to the slight increase in degradation rates and the acceleration of anaerobic degradation, which was demonstrated for at least some of the pellet samples tested. Nevertheless, for the analysis of the best use of a biomass in a sustainable bioeconomy system, multiple stakeholders, applications, policies, and sustainability goals should be considered [91].
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Figure A1. Appearance of the investigated straw pellets P1–P11. 






Figure A1. Appearance of the investigated straw pellets P1–P11.
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Figure A2. Appearance of the investigated straw pellets Ppp1–Ppp2. 






Figure A2. Appearance of the investigated straw pellets Ppp1–Ppp2.
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Figure A3. Appearance of the investigated straw S4, S5, S7, S9, S10, S11, and Spp. 






Figure A3. Appearance of the investigated straw S4, S5, S7, S9, S10, S11, and Spp.



[image: Processes 12 01549 g0a3]







References


	



Catenacci, A.; Peroni, M.; Gievers, F.; Mainardis, M.; Pasinetti, E.; Malpei, F. Integration of sludge ozonation with anaerobic digestion: From batch testing to scenario analysis with energy, economic and environmental assessment. Resour. Conserv. Recycl. 2022, 186, 106539. [Google Scholar] [CrossRef]

	



Catenacci, A.; Boniardi, G.; Mainardis, M.; Gievers, F.; Farru, G.; Asunis, F.; Malpei, F.; Goi, D.; Cappai, G.; Canziani, R. Processes, applications and legislative framework for carbonized anaerobic digestate: Opportunities and bottlenecks. A critical review. Energy Convers. Manag. 2022, 263, 115691. [Google Scholar] [CrossRef]

	



Karrabi, M.; Ranjbar, F.M.; Shahnavaz, B.; Seyedi, S. A comprehensive review on biogas production from lignocellulosic wastes through anaerobic digestion: An insight into performance improvement strategies. Fuel 2023, 340, 127239. [Google Scholar] [CrossRef]

	



Kumar, J.A.; Sathish, S.; Prabu, D.; Renita, A.A.; Saravanan, A.; Deivayanai, V.C.; Anish, M.; Jayaprabakar, J.; Baigenzhenov, O.; Hosseini-Bandegharaei, A. Agricultural waste biomass for sustainable bioenergy production: Feedstock, characterization and pre-treatment methodologies. Chemosphere 2023, 331, 138680. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, A.; Ehimen, E.A.; Holm-Nielsen, J.B. Future European biogas: Animal manure, straw and grass potentials for a sustainable European biogas production. Biomass Bioenergy 2018, 111, 154–164. [Google Scholar] [CrossRef]

	



Ma, Y.; Shen, Y.; Liu, Y. State of the art of straw treatment technology: Challenges and solutions forward. Bioresour. Technol. 2020, 313, 123656. [Google Scholar] [CrossRef] [PubMed]

	



Brosowski, A.; Thrän, D.; Mantau, U.; Mahro, B.; Erdmann, G.; Adler, P.; Stinner, W.; Reinhold, G.; Hering, T.; Blanke, C. A review of biomass potential and current utilization—Status quo for 93 biogenic wastes and residues in Germany. Biomass Bioenergy 2016, 95, 257–272. [Google Scholar] [CrossRef]

	



Wang, J.; Ma, D.; Lou, Y.; Ma, J.; Xing, D. Optimization of biogas production from straw wastes by different pretreatments: Progress, challenges, and prospects. Sci. Total Environ. 2023, 905, 166992. [Google Scholar] [CrossRef]

	



Croce, S.; Wei, Q.; D’Imporzano, G.; Dong, R.; Adani, F. Anaerobic digestion of straw and corn stover: The effect of biological process optimization and pre-treatment on total bio-methane yield and energy performance. Biotechnol. Adv. 2016, 34, 1289–1304. [Google Scholar] [CrossRef]

	



Adnane, I.; Taoumi, H.; Elouahabi, K.; Lahrech, K.; Oulmekki, A. Valorization of crop residues and animal wastes: Anaerobic co-digestion technology. Heliyon 2024, 10, e26440. [Google Scholar] [CrossRef]

	



Sun, L.; Müller, B.; Schnürer, A. Biogas production from wheat straw: Community structure of cellulose-degrading bacteria. Energy Sustain. Soc. 2013, 3, 15. [Google Scholar] [CrossRef]

	



Zoghlami, A.; Paës, G. Lignocellulosic Biomass: Understanding Recalcitrance and Predicting Hydrolysis. Front. Chem. 2019, 7, 874. [Google Scholar] [CrossRef]

	



Zerback, T.; Schumacher, B.; Weinrich, S.; Hülsemann, B.; Nelles, M. Hydrothermal Pretreatment of Wheat Straw—Evaluating the Effect of Substrate Disintegration on the Digestibility in Anaerobic Digestion. Processes 2022, 10, 1048. [Google Scholar] [CrossRef]

	



Mohammad Rahmani, A.; Gahlot, P.; Moustakas, K.; Kazmi, A.A.; Shekhar Prasad Ojha, C.; Tyagi, V.K. Pretreatment methods to enhance solubilization and anaerobic biodegradability of lignocellulosic biomass (wheat straw): Progress and challenges. Fuel 2022, 319, 123726. [Google Scholar] [CrossRef]

	



Mainardis, M.; Buttazzoni, M.; Gievers, F.; Vance, C.; Magnolo, F.; Murphy, F.; Goi, D. Life cycle assessment of sewage sludge pretreatment for biogas production: From laboratory tests to full-scale applicability. J. Clean. Prod. 2021, 322, 129056. [Google Scholar] [CrossRef]

	



Karthikeyan, P.K.; Bandulasena, H.C.H.; Radu, T. A comparative analysis of pre-treatment technologies for enhanced biogas production from anaerobic digestion of lignocellulosic waste. Ind. Crops Prod. 2024, 215, 118591. [Google Scholar] [CrossRef]

	



Andersen, L.F.; Parsin, S.; Lüdtke, O.; Kaltschmitt, M. Biogas production from straw—The challenge feedstock pretreatment. Biomass Conv. Bioref. 2022, 12, 379–402. [Google Scholar] [CrossRef]

	



Mahmood, H.; Moniruzzaman, M.; Iqbal, T.; Khan, M.J. Recent advances in the pretreatment of lignocellulosic biomass for biofuels and value-added products. Curr. Opin. Green Sustain. Chem. 2019, 20, 18–24. [Google Scholar] [CrossRef]

	



Menardo, S.; Airoldi, G.; Balsari, P. The effect of particle size and thermal pre-treatment on the methane yield of four agricultural by-products. Bioresour. Technol. 2012, 104, 708–714. [Google Scholar] [CrossRef]

	



Xavier, C.A.; Moset, V.; Wahid, R.; Møller, H.B. The efficiency of shredded and briquetted wheat straw in anaerobic co-digestion with dairy cattle manure. Biosyst. Eng. 2015, 139, 16–24. [Google Scholar] [CrossRef]

	



Theerarattananoon, K.; Xu, F.; Wilson, J.; Staggenborg, S.; Mckinney, L.; Vadlani, P.; Pei, Z.; Wang, D. Effects of the pelleting conditions on chemical composition and sugar yield of corn stover, big bluestem, wheat straw, and sorghum stalk pellets. Bioprocess Biosyst. Eng. 2012, 35, 615–623. [Google Scholar] [CrossRef] [PubMed]

	



Gong, C.; Meng, X.; Thygesen, L.G.; Sheng, K.; Pu, Y.; Wang, L.; Ragauskas, A.; Zhang, X.; Thomsen, S.T. The significance of biomass densification in biological-based biorefineries: A critical review. Renew. Sustain. Energy Rev. 2023, 183, 113520. [Google Scholar] [CrossRef]

	



Wang, D.; Huang, H.; Shen, F.; Yang, G.; Zhang, Y.; Deng, S.; Zhang, J.; Zeng, Y.; Hu, Y. Effects of biomass densification on anaerobic digestion for biogas production. RSC Adv. 2016, 6, 91748–91755. [Google Scholar] [CrossRef]

	



Moset, V.; Xavier, C.d.A.N.; Møller, H.B. Optimization of methane yield by using straw briquettes- influence of additives and mold size. Ind. Crops Prod. 2015, 74, 925–932. [Google Scholar] [CrossRef]

	



Cai, Y.; Zheng, Z.; Schäfer, F.; Stinner, W.; Yuan, X.; Wang, H.; Cui, Z.; Wang, X. A review about pretreatment of lignocellulosic biomass in anaerobic digestion: Achievement and challenge in Germany and China. J. Clean. Prod. 2021, 299, 126885. [Google Scholar] [CrossRef]

	



Chen, S.; Zhao, Y.; Tang, Z.; Ding, H.; Su, Z.; Ding, Z. Structural Model of Straw Briquetting Machine with Vertical Ring Die and Optimization of Briquetting Performance. Agriculture 2022, 12, 736. [Google Scholar] [CrossRef]

	



Chen, T.; Jia, H.; Zhang, S.; Sun, X.; Song, Y.; Yuan, H. Optimization of Cold Pressing Process Parameters of Chopped Corn Straws for Fuel. Energies 2020, 13, 652. [Google Scholar] [CrossRef]

	



Dyjakon, A.; Sobol, Ł.; Krotowski, M.; Mudryk, K.; Kawa, K. The Impact of Particles Comminution on Mechanical Durability of Wheat Straw Briquettes. Energies 2020, 13, 6186. [Google Scholar] [CrossRef]

	



Ha, G.-S.; El-Dalatony, M.M.; Kurade, M.B.; Salama, E.-S.; Basak, B.; Kang, D.; Roh, H.-S.; Lim, H.; Jeon, B.-H. Energy-efficient pretreatments for the enhanced conversion of microalgal biomass to biofuels. Bioresour. Technol. 2020, 309, 123333. [Google Scholar] [CrossRef]

	



Meenakshisundaram, S.; Calcagno, V.; Ceballos, C.; Fayeulle, A.; Léonard, E.; Herledan, V.; Krafft, J.-M.; Millot, Y.; Liu, X.; Jolivalt, C.; et al. Chemically and Physically Pretreated Straw in Moderate Conditions: Poor Correlation between Biogas Production and Commonly Used Biomass Characterization. Energies 2023, 16, 1146. [Google Scholar] [CrossRef]

	



Singh, P.; Dogra, P.; Kalamdhad, A.S. Effects of pelletization on biomethane production from wheat straw. Environ. Technol. 2024, 45, 1–12. [Google Scholar] [CrossRef]

	



DIN EN ISO 17829:2016-03; Biogene Festbrennstoffe—Bestimmung der Länge und des Durchmessers von Pellets (ISO_17829:2015); Deutsche Fassung EN_ISO_17829:2015. Beuth Verlag GmbH: Berlin, Germany, 2016.

	



DIN EN 12880:2001-02; Charakterisierung von Schlämmen—Bestimmung des Trockenrückstandes und des Wassergehalts; Deutsche Fassung EN_12880:2000. Beuth Verlag GmbH: Berlin, Germany, 2001.

	



DIN EN 12879:2001-02; Charakterisierung von Schlämmen-Bestimmung des Glühverlustes der Trockenmasse; Deutsche Fassung (EN 12879:2000) Characterization of Sludges-Determination of the Loss on Ignition of Dry Mass. Beuth Verlag GmbH: Berlin, Germany, 2001.

	



Sharma, S.K.; Mishra, I.M.; Sharma, M.P.; Saini, J.S. Effect of particle size on biogas generation from biomass residues. Biomass 1988, 17, 251–263. [Google Scholar] [CrossRef]

	



Izumi, K.; Okishio, Y.; Nagao, N.; Niwa, C.; Yamamoto, S.; Toda, T. Effects of particle size on anaerobic digestion of food waste. Int. Biodeterior. Biodegrad. 2010, 64, 601–608. [Google Scholar] [CrossRef]

	



Hajji, A.; Rhachi, M. The Influence of Particle Size on the Performance of Anaerobic Digestion of Municipal Solid Waste. Energy Procedia 2013, 36, 515–520. [Google Scholar] [CrossRef]

	



Ferreira, L.C.; Nilsen, P.J.; Fdz-Polanco, F.; Pérez-Elvira, S.I. Biomethane potential of wheat straw: Influence of particle size, water impregnation and thermal hydrolysis. Chem. Eng. J. 2014, 242, 254–259. [Google Scholar] [CrossRef]

	



Dumas, C.; Silva Ghizzi Damasceno, G.; Barakat, A.; Carrère, H.; Steyer, J.-P.; Rouau, X. Effects of grinding processes on anaerobic digestion of wheat straw. Ind. Crops Prod. 2015, 74, 450–456. [Google Scholar] [CrossRef]

	



DIN EN ISO 17830:2016-11; Biogene Festbrennstoffe—Partikelgrößenverteilung von Pellet-Ausgangsmaterial (ISO_17830:2016); Deutsche Fassung EN_ISO_17830:2016. Beuth Verlag GmbH: Berlin, Germany, 2016.

	



DIN EN ISO 16948:2015-09; Biogene Festbrennstoffe—Bestimmung des Gesamtgehaltes an Kohlenstoff, Wasserstoff und Stickstoff_(ISO_16948:2015); Deutsche Fassung EN_ISO_16948:2015. Beuth Verlag GmbH: Berlin, Germany, 2015.

	



Parameswaran, P.; Rittmann, B.E. Feasibility of anaerobic co-digestion of pig waste and paper sludge. Bioresour. Technol. 2012, 124, 163–168. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Kumar, M.; Wang, Z.; Zhan, X.; Stengel, D.B. Filamentous microalgae as an advantageous co-substrate for enhanced methane production and digestate dewaterability in anaerobic co-digestion of pig manure. Waste Manag. 2021, 119, 399–407. [Google Scholar] [CrossRef] [PubMed]

	



DIN 51705:2001-06; Prüfung Fester Brennstoffe—Bestimmung der Schüttdichte. Beuth Verlag GmbH: Berlin, Germany, 2001.

	



VDI 4630:2016-11; Vergärung Organischer Stoffe-Substratcharakterisierung, Probenahme, Stoffdatenerhebung, Gärversuche (English: Fermentation of Organic Materials-Characterization of the Substrate, Sampling, Collection of Material Data, Fermentation Tests). Verlag des Vereins Deutscher Ingenieure: Düsseldorf, Germany, 2016.

	



Gievers, F.; Walz, M.; Loewe, K.; Bienert, C.; Loewen, A. Anaerobic co-digestion of paper sludge: Feasibility of additional methane generation in mechanical-biological treatment plants. Waste Manag. 2022, 144, 502–512. [Google Scholar] [CrossRef]

	



Ngan, N.V.C.; Chan, F.M.S.; Nam, T.S.; van Thao, H.; Maguyon-Detras, M.C.; Hung, D.V.; Cuong, D.M.; van Hung, N. Anaerobic Digestion of Rice Straw for Biogas Production. In Sustainable Rice Straw Management; Gummert, M., van Hung, N., Chivenge, P., Douthwaite, B., Eds.; Springer International Publishing: Cham, Switzerland, 2020; pp. 65–92. ISBN 978-3-030-32372-1. [Google Scholar]

	



Matkowski, P.; Lisowski, A.; Świętochowski, A. Characterisation of Wheat Straw Pellets Individually and in Combination with Cassava Starch or Calcium Carbonate under Various Compaction Conditions: Determination of Pellet Strength and Water Absorption Capacity. Materials 2020, 13, 4375. [Google Scholar] [CrossRef]

	



Zamiri, M.A.; Nikkhah Dafchahi, M.; Ebadian, M.; Acharya, B. Optimizing production conditions of innovative bio-pellets developed from flax straw. Ind. Crops Prod. 2024, 218, 118950. [Google Scholar] [CrossRef]

	



Stelte, W.; Holm, J.K.; Sanadi, A.R.; Barsberg, S.; Ahrenfeldt, J.; Henriksen, U.B. A study of bonding and failure mechanisms in fuel pellets from different biomass resources. Biomass Bioenergy 2011, 35, 910–918. [Google Scholar] [CrossRef]

	



Obidziński, S.; Cwalina, P.; Kowczyk-Sadowy, M.; Krasowska, M.; Sienkiewicz, A.; Faszczewski, D.; Szyszlak-Bargłowicz, J. The Use of Bread Bakery Waste as a Binder Additive in the Production of Fuel Pellets from Straw. Energies 2023, 16, 7313. [Google Scholar] [CrossRef]

	



Domański, M.; Paszkowski, J.; Sergey, O.; Zarajczyk, J.; Siłuch, D. Analysis of Energy Properties of Granulated Plastic Fuels and Selected Biofuels. Agric. Eng. 2020, 24, 1–9. [Google Scholar] [CrossRef]

	



Barmina, I.; Valdmanis, R.; Zake, M.; Arshanitsa, A.; Akishin, Y.; Telysheva, G. Combustion Characteristics of Modified Plant Biomass Pellets. Chem. Eng. Trans. 2016, 52, 1111–1116. [Google Scholar] [CrossRef]

	



Williams, A.; Jones, J.M.; Ma, L.; Pourkashanian, M. Pollutants from the combustion of solid biomass fuels. Prog. Energy Combust. Sci. 2012, 38, 113–137. [Google Scholar] [CrossRef]

	



Petlickaitė, R.; Jasinskas, A.; Domeika, R.; Pedišius, N.; Lemanas, E.; Praspaliauskas, M.; Kukharets, S. Evaluation of the Processing of Multi-Crop Plants into Pelletized Biofuel and Its Use for Energy Conversion. Processes 2023, 11, 421. [Google Scholar] [CrossRef]

	



Ning, J.; Zhou, M.; Pan, X.; Li, C.; Lv, N.; Wang, T.; Cai, G.; Wang, R.; Li, J.; Zhu, G. Simultaneous biogas and biogas slurry production from co-digestion of pig manure and corn straw: Performance optimization and microbial community shift. Bioresour. Technol. 2019, 282, 37–47. [Google Scholar] [CrossRef]

	



Jafari-Sejahrood, A.; Najafi, B.; Faizollahzadeh Ardabili, S.; Shamshirband, S.; Mosavi, A.; Chau, K. Limiting factors for biogas production from cow manure: Energo-environmental approach. Eng. Appl. Comput. Fluid Mech. 2019, 13, 954–966. [Google Scholar] [CrossRef]

	



Carotenuto, C.; Guarino, G.; D’Amelia, L.I.; Morrone, B.; Minale, M. The peculiar role of C/N and initial pH in anaerobic digestion of lactating and non-lactating water buffalo manure. Waste Manag. 2020, 103, 12–21. [Google Scholar] [CrossRef]

	



Abraham, A.; Mathew, A.K.; Park, H.; Choi, O.; Sindhu, R.; Parameswaran, B.; Pandey, A.; Park, J.H.; Sang, B.-I. Pretreatment strategies for enhanced biogas production from lignocellulosic biomass. Bioresour. Technol. 2020, 301, 122725. [Google Scholar] [CrossRef]

	



Hagos, K.; Zong, J.; Li, D.; Liu, C.; Lu, X. Anaerobic co-digestion process for biogas production: Progress, challenges and perspectives. Renew. Sustain. Energy Rev. 2017, 76, 1485–1496. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhang, G.; Li, W.; Li, C.; Xu, G. Enhanced biogas production from sorghum stem by co-digestion with cow manure. Int. J. Hydrogen Energy 2016, 41, 9153–9158. [Google Scholar] [CrossRef]

	



Mothe, S.; Polisetty, V.R. Review on anaerobic digestion of rice straw for biogas production. Environ. Sci. Pollut. Res. Int. 2021, 28, 24455–24469. [Google Scholar] [CrossRef] [PubMed]

	



Álvarez, X.; Arévalo, O.; Salvador, M.; Mercado, I.; Velázquez-Martí, B. Cyanobacterial Biomass Produced in the Wastewater of the Dairy Industry and Its Evaluation in Anaerobic Co-Digestion with Cattle Manure for Enhanced Methane Production. Processes 2020, 8, 1290. [Google Scholar] [CrossRef]

	



Bumharter, C.; Bolonio, D.; Amez, I.; García Martínez, M.J.; Ortega, M.F. New opportunities for the European Biogas industry: A review on current installation development, production potentials and yield improvements for manure and agricultural waste mixtures. J. Clean. Prod. 2023, 388, 135867. [Google Scholar] [CrossRef]

	



Nwokolo, N.; Mukumba, P.; Obileke, K.; Enebe, M. Waste to Energy: A Focus on the Impact of Substrate Type in Biogas Production. Processes 2020, 8, 1224. [Google Scholar] [CrossRef]

	



Chadwick, D.; Sommer, S.; Thorman, R.; Fangueiro, D.; Cardenas, L.; Amon, B.; Misselbrook, T. Manure management: Implications for greenhouse gas emissions. Anim. Feed Sci. Technol. 2011, 166, 514–531. [Google Scholar] [CrossRef]

	



Misi, S.N.; Forster, C.F. Semi-continuous anaerobic co-digestion of agro-wastes. Environ. Technol. 2002, 23, 445–451. [Google Scholar] [CrossRef]

	



Atandi, E.; Rahman, S. Prospect of anaerobic co-digestion of dairy manure: A review. Environ. Technol. Rev. 2012, 1, 127–135. [Google Scholar] [CrossRef]

	



Guo, T.; Yu, Y.; Wan, Z.; Zargar, S.; Wu, J.; Bi, R.; Sokhansanj, S.; Tu, Q.; Rojas, O.J. Energy pellets from whole-wheat straw processed with a deep eutectic solvent: A comprehensive thermal, molecular and environmental evaluation. Renew. Energy 2022, 194, 902–911. [Google Scholar] [CrossRef]

	



Huang, C.; Han, L.; Yang, Z.; Liu, X. Ultimate analysis and heating value prediction of straw by near infrared spectroscopy. Waste Manag. 2009, 29, 1793–1797. [Google Scholar] [CrossRef]

	



Bajwa, D.S.; Peterson, T.; Sharma, N.; Shojaeiarani, J.; Bajwa, S.G. A review of densified solid biomass for energy production. Renew. Sustain. Energy Rev. 2018, 96, 296–305. [Google Scholar] [CrossRef]

	



Zhang, Y.; Ghaly, A.E.; Bingxi, L. Physical Properties of Wheat Straw Varieties Cultivated Under Different Climatic and Soil Conditions in Three Continents. Am. J. Eng. Appl. Sci. 2012, 5, 98–106. [Google Scholar] [CrossRef]

	



Lam, P.S.; Sokhansanj, S.; Bi, X.; Lim, C.J.; Naimi, L.J.; Hoque, M.; Mani, S.; Womac, A.R.; Narayan, S.; Ye, X.P. Bulk Density of Wet and Dry Wheat Straw and Switchgrass Particles. Appl. Eng. Agric. 2008, 24, 351–358. [Google Scholar] [CrossRef]

	



Scherer, P.A.; Arthur, R.; Antonczyk, S. Accelerated Biomethane Potential assay for straw with artificially flocculated sludge and defined ‘synthetic manure’. Bioresour. Technol. Rep. 2021, 15, 100787. [Google Scholar] [CrossRef]

	



Hafner, S.D.; Fruteau de Laclos, H.; Koch, K.; Holliger, C. Improving Inter-Laboratory Reproducibility in Measurement of Biochemical Methane Potential (BMP). Water 2020, 12, 1752. [Google Scholar] [CrossRef]

	



Mönch-Tegeder, M.; Lemmer, A.; Oechsner, H.; Jungbluth, T. Investigation of the methane potential of horse manure. Agric. Eng. Int. CIGR J. 2013, 15, 161–172. [Google Scholar]

	



Victorin, M.; Davidsson, Å.; Wallberg, O. Characterization of Mechanically Pretreated Wheat Straw for Biogas Production. Bioenergy Res. 2020, 13, 833–844. [Google Scholar] [CrossRef]

	



Arthur, R.; Antonczyk, S.; Off, S.; Scherer, P.A. Mesophilic and Thermophilic Anaerobic Digestion of Wheat Straw in a CSTR System with ‘Synthetic Manure’: Impact of Nickel and Tungsten on Methane Yields, Cell Count, and Microbiome. Bioengineering 2022, 9, 13. [Google Scholar] [CrossRef]

	



Fernandez, H.C.; Buffiere, P.; Bayard, R. Understanding the role of mechanical pretreatment before anaerobic digestion: Lab-scale investigations. Renew. Energy 2022, 187, 193–203. [Google Scholar] [CrossRef]

	



Heller, R.; Brandhorst, C.; Hülsemann, B.; Lemmer, A.; Oechsner, H. Comparison of Different Mechanical Pretreatment Methods for the Anaerobic Digestion of Landscape Management Grass. Energies 2023, 16, 8091. [Google Scholar] [CrossRef]

	



Dai, X.; Hua, Y.; Dai, L.; Cai, C. Particle size reduction of rice straw enhances methane production under anaerobic digestion. Bioresour. Technol. 2019, 293, 122043. [Google Scholar] [CrossRef] [PubMed]

	



Gallegos, D.; Wedwitschka, H.; Moeller, L.; Zehnsdorf, A.; Stinner, W. Effect of particle size reduction and ensiling fermentation on biogas formation and silage quality of wheat straw. Bioresour. Technol. 2017, 245, 216–224. [Google Scholar] [CrossRef]

	



Raud, M.; Orupõld, K.; Rocha-Meneses, L.; Rooni, V.; Träss, O.; Kikas, T. Biomass Pretreatment with the Szego Mill™ for Bioethanol and Biogas Production. Processes 2020, 8, 1327. [Google Scholar] [CrossRef]

	



Larsen, S.U.; Ma, N.; Nielsen, S.V.; Ward, A.J.; Møller, H.B. The impact of water content and additives on ensiling and methane yield of cereal straw. Bioresour. Technol. Rep. 2023, 24, 101672. [Google Scholar] [CrossRef]

	



Larsen, S.U.; Hjort-Gregersen, K.; Vazifehkhoran, A.H.; Triolo, J.M. Co-ensiling of straw with sugar beet leaves increases the methane yield from straw. Bioresour. Technol. 2017, 245, 106–115. [Google Scholar] [CrossRef]

	



Isci, A.; Erdem, G.M.; Bagder Elmaci, S.; Sakiyan, O.; Lamp, A.; Kaltschmitt, M. Effect of microwave-assisted deep eutectic solvent pretreatment on lignocellulosic structure and bioconversion of wheat straw. Cellulose 2020, 27, 8949–8962. [Google Scholar] [CrossRef]

	



Maroušek, J. Prospects in straw disintegration for biogas production. Environ. Sci. Pollut. Res. Int. 2013, 20, 7268–7274. [Google Scholar] [CrossRef]

	



Scherzinger, M.; Kaltschmitt, M. Thermal pre-treatment options to enhance anaerobic digestibility—A review. Renew. Sustain. Energy Rev. 2021, 137, 110627. [Google Scholar] [CrossRef]

	



Parsin, S.; Kaltschmitt, M. Processing of hemicellulose in wheat straw by steaming and ultrafiltration—A novel approach. Bioresour. Technol. 2024, 393, 130071. [Google Scholar] [CrossRef] [PubMed]

	



Mohrmann, S.; Otter, V. Categorisation of Biogas Plant Operators in Germany with Regards to Their Intention to Use Straw Pellets as Innovative and Sustainable Substrate Alternative. Energies 2023, 16, 5. [Google Scholar] [CrossRef]

	



Del Marín Valle, T.; Yang, X.; Zhu, J.; Jiang, P. Evaluation of straw and agricultural policy impacts on the sustainability of the straw-based bioeconomy with an agent-based model. Biomass Bioenergy 2024, 184, 107177. [Google Scholar] [CrossRef]








[image: Processes 12 01549 g001] 





Figure 1. Industrial-scale stationary pelleting (a) and pelleting at field (b) with a mobile pelleting plant (Photos courtesy of Sören Mohrmann). 
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Figure 2. Workflow for grinding and pelleting straw in the pilot-scale trials for Ppp1 and Ppp2. 
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Figure 3. Results of the proximate analysis of the straw and the corresponding straw pellets. 
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Figure 4. Particle size distribution of the straw pellets investigated. 
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Figure 5. Examples of the dissolution tests of the pellets in water with (a) P9 forming floating and sediment layers directly after start, (b) P5 forming floating and sedimentation layer after 180 min. and (c) P4 showing a homogeneous distribution during the entire investigation. 
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Figure 6. Methane formation graphs obtained in the BMP tests for: (a) the pellets P4, P5, P11, and their respective straw; (b) the pellets P7, P9, and P10 and their respective straw; (c) the pellets P1, P2, P3, P6, and P8; and (d) the pilot-scale pellets Ppp1 and Ppp2 and the straw Spp. 
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Table 1. Investigated straw pellets with sizes and their origin.






Table 1. Investigated straw pellets with sizes and their origin.





	ID
	Grain
	Scale of Pelleting Plant
	Pelleting Process
	Pellet Length [mm]
	Pellet Diameter [mm]





	P1
	wheat
	industrial
	stationary pelleting, mobile plant (sm)
	32–45
	15



	P2
	wheat
	industrial
	stationary pelleting, mobile plant (sm)
	25–35
	15



	P3
	wheat
	industrial
	stationary pelleting, mobile plant (sm)
	25–30
	15



	P4
	wheat
	industrial
	stationary pelleting, mobile plant (sm)
	20–30
	15



	P5
	wheat
	industrial
	stationary pelleting, mobile plant (sm)
	25–40
	15



	P6
	rye
	industrial
	stationary pelleting, mobile plant (sm)
	30–65
	15



	P7
	barley
	industrial
	stationary pelleting (st)
	15–30
	8



	P8
	wheat
	industrial
	stationary pelleting (st)
	8–52
	8



	P9
	wheat
	industrial
	mobile plant, pelleting at field (m)
	8–35
	8



	P10
	wheat
	industrial
	mobile plant, pelleting at field (m)
	15–40
	8



	P11
	wheat
	industrial
	mobile plant, pelleting at field (m)
	30–50
	15



	Ppp1
	wheat
	pilot plant
	stationary pelleting (st)
	5–20
	8



	Ppp2
	wheat
	pilot plant
	stationary pelleting (st)
	5–20
	8










 





Table 2. Characterization of the straw pellets analyzed.






Table 2. Characterization of the straw pellets analyzed.





	
ID

	
C

	
N

	
C/N

	
TS

	
VS

	
HHV

	
Bulk Density




	

	
[%TS]

	
[%TS]

	
[-]

	
[%]

	
[%TS]

	
[MJ kg−1]

	
[kg m−³]






	
P1

	
43.4

	
0.44

	
98.5

	
90.3

	
92.0 ± 0.1

	
17.0

	
487 ± 30




	
P2

	
45.8

	
0.47

	
97.5

	
90.1

	
93.2 ± 0.5

	
17.7

	
595 ± 10




	
P3

	
45.1

	
0.38

	
118.7

	
96.3

	
94.4 ± 0.6

	
17.3

	
534 ± 1




	
P4

	
45.0

	
0.61

	
73.8

	
91.3

	
93.5 ± 0.0

	
16.7

	
562 ± 0




	
P5

	
44.0

	
0.56

	
78.5

	
92.4

	
92.9 ± 0.1

	
17.1

	
568 ± 17




	
P6

	
46.6

	
0.52

	
89.7

	
93.0

	
96.4 ± 0.1

	
17.9

	
546 ± 1




	
P7

	
45.4

	
0.31

	
146.5

	
91.3

	
94.7 ± 0.1

	
17.1

	
631 ± 6




	
P8

	
45.5

	
0.60

	
76.3

	
91.3

	
94.0 ± 0.0

	
17.5

	
645 ± 1




	
P9

	
45.3

	
0.65

	
69.6

	
92.5

	
94.2 ± 0.1

	
17.3

	
520 ± 3




	
P10

	
45.6

	
0.61

	
74.8

	
93.2

	
93.8 ± 0.0

	
17.4

	
500 ± 1




	
P11

	
44.8

	
0.42

	
106.7

	
88.4

	
93.1 ± 0.1

	
17.9

	
534 ± 1




	
Ppp1

	
45.9

	
0.50

	
91.7

	
80.8

	
92.9 ± 0.1

	
18.4

	
406 ± 2




	
Ppp2

	
47.0

	
0.72

	
65.8

	
90.6

	
95.2 ± 0.0

	
18.8

	
592 ± 1











 





Table 3. BMP of the straw and straw pellets investigated.
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Substrate

	
Average BMP

	
Min.

	
Max.

	
Average BMP

	
Min.

	
Max.

	
Average Methane Content




	

	
[NL CH4 kg−1 VS]

	
[NL CH4 kg−1 FM]

	
[%]






	
Straw pellets

	
286

	
260

	
319

	
243

	
223

	
262

	
5