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Abstract

:

Featured Application


This manuscript studies the feasibility of combining anaerobic digestion with high temperature and pressure treatments to reduce the final amount of digestate requiring disposal and to produce a material with higher added value. However, thermal treatments present high energy demand and installation costs. This research is a preliminary study performed to evaluate different process configurations and establish strategies for reducing the thermal demand of the combined approach.




Abstract


Anaerobic digestion is a biological process with wide application for the treatment of high organic-containing streams. The production of biogas and the lack of oxygen requirements are the main energetic advantages of this process. However, the digested stream may not readily find a final disposal outlet under certain circumstances. The present manuscript analyzed the feasibility of valorizing digestate by the hydrothermal carbonization (HTC) process. A hypothetical plant treating cattle manure and cheese whey as co-substrate (25% v/w, wet weight) was studied. The global performance was evaluated using available data reported in the literature. The best configuration was digestion as a first stage with the subsequent treatment of digestate in an HTC unit. The treatment of manure as sole substrate reported a value of 752 m3/d of biogas which could be increased to 1076 m3/d (43% increase) when coupling an HTC unit for digestate post-treatment and the introduction of the co-substrate. However, the high energy demand of the combined configurations indicated, as the best alternative, the valorization of just a fraction (15%) of digestate to provide the benefits of enhancing biogas production. This configuration presented a much better energy performance than the thermal hydrolysis pre-treatment of manure. The increase in biogas production does not compensate for the high energy demand of the pre-treatment unit. However, several technical factors still need further research to make this alternative a reality, as it is the handling and pumping of high solid slurries that significantly affects the energy demand of the thermal treatment units and the possible toxicity of hydrochar when used in a biological process.
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1. Introduction


High temperature and pressure treatments are technologies useful for converting organic materials leading to their stabilization and accumulation of carbon content. Hydrothermal carbonization is performed in high-pressure reactors where the increase in temperature causes a disruption of bonds and the formation of entirely different compounds where carbon is accumulated in a solid form. The process involves a series of reactions such as hydrolysis, dehydration and decarboxylation, where gaseous and water-soluble products are released, in addition to water itself and a solid char [1]. The water generated in the process seems to become a problem for large-scale implementation of this technology due to the high volume needed if the substrate has a low moisture content. In addition, a liquid by-product stream is derived from the process, with high organic content and low energetic value. Some authors have proposed the recirculation of this process water into consecutive batches to reduce water consumption of the hydrothermal carbonization (HTC) technology [2], but if wastes already contain high humidity, this option would be unsuitable.



Thermal hydrolysis is an alternative technology where high temperature and pressure conditions are applied. This technology has been implemented as a pre-treatment of sewage sludge before anaerobic digestion. This way, the biodegradability of the substrate is increased and bioreactor performance enhanced. Several reports have evaluated the benefits of thermal hydrolysis, studying the temperature range (120–170 °C) [3,4,5], the effect on solubilization and different types of substrates [6,7,8,9] along with the effect on methane production. An increase in organic matter recalcitrance with the severity of the process has been demonstrated [10,11,12], which may adversely affect the outcome of a subsequent digestion step.



The benefits of any of these processes are mainly associated with the reduction attained in the amount of waste and the capacity to stabilize an organic material that otherwise could cause pollution problems related to its uncontrolled degradation and offensive odor. However, the energy demand of these thermal treatments and high installation costs of running these systems under high pressure makes it imperative to find ways to increase efficiency and attain lower installation costs. There are different commercial technologies available, widely used in sewage sludge pre-treatment, including technologies developed by Cambi, Veolia Water Technologies, Haarslev, DMT Environmental Technology and Eliquo Water and Energy BV [13,14,15,16,17]. There are many reports published of experimental work in the scientific literature [5,18,19,20,21], but the number of manuscripts dealing with large-scale results is much lower. The study of Oosterhuis and co-workers [22] presents results from a pilot plant at the Hengelo Wastewater Treatment Plant, The Netherlands, indicating a significant reduction in volatile solid removal. A full-scale study was described by Kepp and co-workers [23] after three years operating a thermal hydrolysis plant located in Hamar, Norway. These authors indicated a great conversion into biogas of the organic matter contained in sludge and a pathogen-free digestate.



The analysis performed by Liu and Smith [24] in the United Kingdom used data from 66 conventional wastewater treatment plants (WWTP), six of them with thermal pre-treatment units followed by conventional mesophilic digestion. Data were recorded daily for periods of 2–7 years. They indicated similar biogas yields from mesophilic digestion after sludge pre-treatment, whereas higher biogas production was attained if the digestion stage proceeded under thermophilic conditions. Even though this finding may seem disappointing, the decrease in the amount of sludge obtained still gives a positive balance. Other benefits should also be added regarding the safety of the product and improvements in the rheological properties of digestate (lower viscosity and improved dewaterability) [19,25]. Other studies focus on energy evaluations dealing with global process performance, indicating that the energy demand of the additional equipment associated with the thermal hydrolysis unit may be higher than the energy derived from digestion enhancement [26,27]. This disadvantage may be offset by a much lower amount of sludge needing final disposal [28], along with a lower volume of reactor required to treat the pre-treated sludge. Therefore, it is of great importance to analyze the performance of the complete process since additional benefits, including synergies associated with the improvement of the global thermal balance, may be attained [29]. Additionally, the application of thermal treatments to other processes also dealing with the treatment of wastes should be explored as a way for increasing global efficiency using, in this case, the wide experience attained in sludge pre-treatment.



Reports regarding the performance of thermal hydrolysis of agricultural, animal wastes or organic wastes usually deal with small-scale experimental work [6,30,31,32]. Results reported by Şenol et al. [33] indicated an increase in biogas production which can be double the value obtained from fresh lignocellulosic substrate. Conditions tested in their study evaluated the temperature in a range of 100–180 °C at a duration of 10–120 min. However, other authors have reported a decrease in digestion performance with the severity of the thermal pre-treatment, indicating the formation of recalcitrant compounds such as furfural and 5-hydroxy methyl furfurals [34,35] and the accumulation of recalcitrant structures with an increasing pre-treatment severity [10].



The HTC process retains similarities with thermal hydrolysis regarding the severe treatment conditions of both techniques. In the latter, the temperature is controlled to avoid the accumulation of excessive recalcitrant compounds because the subsequent treatment stage will be a biological process. Thus HTC can be interpreted as a further severe treatment where conditions are set to maintain the transformation of the feedstock into complex compounds with high carbon content. Ro et al. [36] found that the duration of this process did not have a significant effect on the fixed carbon content of the remaining material, but on the contrary, the increase in temperature had an inverse effect on solid yield and, to a lesser extent, in the energy content.



The solid product derived from HTC, also known as hydrochar, has been demonstrated to attain benefits when added as a supplement in anaerobic digestion and composting, similar to those reported by biochar obtained from pyrolysis processes [37,38,39,40,41,42]. Other reports have also demonstrated that char may act as an active compound, improving nutrient management in crops [43,44]. Given these features, the coupling of HTC processes and anaerobic digestion leads to additional improvements associated with the enhancement in organic degradation and reactor productivity. Additionally, the process water derived from the HTC may also be used as a substrate in the digestion stage, thus eliminating the problems derived with the final disposal of this high organic content fraction. There are several reports in the literature reporting the biogas potential of this HTC liquid stream [39,45,46].



The present manuscript aims to assess the energy demand of the HTC process integrated into a conventional digestion plant treating cattle manure. Results obtained are compared with those derived from the hypothetical pre-treatment of the same material under thermal hydrolysis. Co-digestion was also considered to increase the amount of energy available in the treatment plant. Cheese whey was selected as the co-substrate due to its high carbohydrate content and being readily degradable.




2. Materials and Methods


2.1. Description of Scenarios


Scenarios considered the valorization of cattle manure and cheese whey as a readily degradable co-substrate to improve digestion performance. The energy performance of the system was evaluated, assuming that the process water obtained from the HTC unit is also used as a substrate for the anaerobic reactor. Hydrochar derived from hydrothermal processing of digested manure is used as a fuel to obtain energy from combustion. The use of this char as a supplement in the digestion process and its addition as an active carbon compound during digestate composting was also evaluated.



Three scenarios were studied. Scenario 1 involves the digestion of manure as a single substrate in the first stage, with the second stage being an HTC process for treating the digested material. The thermally-treated slurry is then separated to obtain hydrochar to be used as fuel in a combustion process. The HTC process water is returned to the anaerobic reactor for treatment and degradation of the organic compounds. In this same scenario, the expected enhancement in performance is analyzed when a fraction of char is added to supplement the digestion process.



Scenario 2 considers the effect of adding a co-substrate to the digestion system keeping the previous configuration of Scenario 1. It also evaluates the thermal demand associated with the treatment by HTC of a fraction of digestate to obtain the amount of hydrochar needed for the digestion process and for the composting stage to produce an active compost supplemented with carbon-enriched material.



Scenario 3 considers thermal hydrolysis as a pre-treatment stage followed by anaerobic digestion. The hydrolyzed material obtained is then co-digested in the anaerobic reactor with cheese whey as co-substrate. Biogas is valorized in a combined heat and power system (CHP) for producing heat and electricity. A boiler is also considered in all scenarios for supplying the energy demand for the thermal treatments. Figure 1 shows a simplified representation of the different scenarios.




2.2. Assumptions of Substrate Characteristics


Cattle manure was assumed to be the primary feedstock of the integrated plant, considering that it contains straw, which is a common practice in many farms where manure is collected with straw used as bedding. The total solid (TS) content was 178.8 g/kg with a volatile solid (VS) percentage of 84.8%, assuming average values reported by Gómez et al. [47] and Otero et al. [48]. The methane yield was 163.3 mL/g VS, also derived from the average values of these references.



Cheese whey characteristics were those taken from Fernández et al. [49], considering a TS content of 33.1 g/L and VS content of 91%, for a concentrated stream derived from ultrafiltration process. Methane yields were those reported by Bertin et al. [50]. A value of 316.5 mL CH4/g VS for cheese whey was obtained as an average. This value was derived from their co-digestion experiments assuming no synergistic effects. Co-digestion with cattle manure yielded values between 151 and 320 mL CH4/g VS for mixtures containing a VS percentage of cheese whey between 25 and 82%, in accordance with Bertin et al. [50].



The waste treatment facility receives manure from livestock farms with a herd of 300 cows. It was assumed that an animal of 1400 pounds would produce 54 kg/cow d of feces and urine with an average solid content of 120 g TS/kg. Straw used as bedding material was considered to have a TS content of 650 g/kg. Straw was also contained in animal feces after manure collecting operations. Thus the total amount of the mixture was 18,200 kg/d.



Manure was then mixed with process water to optimize the solid content required for the reactor working under wet configuration. This configuration was assumed based on the reports indicated by different authors where a decrease in methane production was observed when increasing the solid content [51,52]. The process water comes from dewatering operations of the digested slurry, where a solid material and a liquid-rich ammonium stream are obtained. The total solid content achieved for the feed mixture is 10% after the addition of process water.




2.3. Detailed Plant Description


The waste treatment plant is assumed to contain a waste reception area for manure and a separate tank for storing the co-substrate. The mass of material to be held was equivalent to 15 days’ treatment capacity. Thus, the volume of the storage zone is 382 m3. The volume of the storage tank for the co-substrate was also estimated from the same assumptions considering the proportion of co-substrate applied in the feeding mixture.



A mixture tank is dedicated to homogenizing manure with process water to reach the desired solid content. The tank was furnished with two mixers and chopper pumps for avoiding clogging problems when feeding the anaerobic reactor. The anaerobic digester was considered to run under a hydraulic retention time of 40 days at mesophilic conditions. Storage of biogas is assumed to take place at the head of the reactor, with a headspace of 30%. Table 1 provides the main plant parameters and characteristics.



Biogas produced is assumed to be derived exclusively from volatile solids of the feedstock. Inorganic material remains constant during the process, thus accumulating in the digested slurry. Estimations of biogas production and thermal energy needs of the anaerobic reactor were based on González et al. [53].



Equation (1) was used to estimate biogas production (m3/d) expected from the substrate:


Biogas = (Fv × VSinlet × SMP)/(1000 × %CH4),



(1)







The daily amount of biogas produced is estimated from the volumetric flow (Fv, m3/d) of the digester feeding stream and the concentration of volatile solid of this stream (VSinlet, g/L). The specific methane production (SMP, expressed as (L CH4/kg VS)) of each substrate is used for estimating the global amount of gas produced. The composition of methane in biogas is represented by %CH4 and assumed to be 60%. The lower heating value (LHV, 35.8 MJ/m3) of methane was used to estimate biogas energy content. Biogas produced is assumed to be valorized in a combined heat and power unit (CHP) with an electrical efficiency of 34% [54].



The thermal energy demand of the digestion reactor was estimated for winter conditions to consider the worst-case scenario. The influent stream was assumed to be at 8 °C, and the temperature of the reactor was set at 37 °C. The heating needs of the digester were calculated based on Equation (2) considering a 12% increase due to thermal losses [53]:


Thermaldig = 1.12 × (mwater × cp_water + msolid × cp_solid) × (Tdigestion − Tfeed)



(2)




where Thermaldig (kJ/d) is the thermal energy demand of the anaerobic reactor for increasing the temperature of the feeding stream (Tfeed, °C) to the temperature of the digestion (Tdigestion, °C). The mass of the feeding stream was assumed to be conformed of water (mwater, kg/d) and solids (msolid, kg/d) derived from the organic waste. The specific heat capacity (cp, kJ/kg K) was assumed to be kept constant with changes in temperature, considering a value of 4.2176 kJ/kg K for water (cp_water) and 1.5 kJ/kg K for solids (cp_solid) based on data reported by Nyakuma et al. [55] for lignocellulosic material.



The digestate is subsequently sent for dewatering prior to HTC treatment. A value of 30% TS was assumed for this process. The HTC unit worked under batch conditions with loading, reaction and unloading operations carried out in a single day in two consecutive cycles. The process conditions were set at 200 °C (15.5 bar) for 1 h duration. The energy balance for this system was estimated considering the enthalpy of the sludge stream and steam injection and that of the final conditions under adiabatic approximation [56]. The energy demand of the boiler was calculated using an efficiency value of 85.7% for energy conversion [57]. Thermal energy recovery after the HTC system was achieved by considering the use of flash steam equipment. The amount of energy contained in the flash gas was obtained from the flash steam calculator available at [58]. The energy demand for heating the reactor unit was calculated based on assumptions found in Lucian et al. [59], where a 1.5 m3 tank volume requires 1550 kJ/K.



The resulting slurry from HTC was dewatered at 40% solid content. The HTC process water was sent back to the digestion process for further treatment. Assumptions for the HTC process were based on data reported in the literature, described as follows.



Methane yield from the process water was 105.5 mL CH4/g COD added using average values reported by De la Rubia et al. [60] and Ferrentino et al. [39], considering a chemical oxygen demand (COD) concentration for HTC process water of 98.7 g COD/L. These values were considered for the case of HTC liquid fraction derived from manure digestate, keeping this assumption also for the co-digestion case with cheese whey. Data derived by Marin-Batista et al. [61] from processing cow manure under HTC, gives higher values for the methane yield (246.5 mL CH4/g VS; average data from the two experimental set-ups) of the liquid fraction but a much lower VS content for the process water (23.8 g VS/L, average data), therefore, leading to similar results.



Performance of the HTC process was obtained from data reported by Parmar and Ross [62], Ferrentino et al. [39] and Wu et al. [63]. A hydrochar yield of 78.7% was considered. Liquid and gas yields were 15.1 and 6.2%, respectively. This high hydrochar value was justified based on the high mineral content of the digested material and the high solid content of the digestate submitted to the thermal treatment. Other authors reported lower yields of char, but these values were derived from fresh material, a higher HTC process temperature and lower solid content of the waste slurry [64,65,66].



The energy demand for hydrochar drying was calculated using a value of 2296 kJ/kg for water heat vaporization at 85 °C and assuming an efficiency of 80% in drying operation. The higher heating value (HHV) of hydrochar was supposed to be 15.7 MJ/kg based on data reported by Parmar and Ross [62]. The lower heating value (LHV) was estimated considering the ultimate analysis also reported by these authors leading to a value of 14.8 MJ/kg. LHV of digested material was estimated using elemental composition data reported by Otero et al. [48], considering ash content to be equivalent to that of inorganic solids contained in the original feed and using the equation proposed by Sheng et al. [67] for estimating HHV of biomass from elemental analysis.



Composting degradation rate was calculated based on the mineralization rate reported by Kulikowska and Bernat [68] with values of 0.06 d−1 for the first-order kinetic constant. The initial organic matter was estimated, assuming VS to be equivalent to OM content and estimating the total amount of solids present in the stream to be composed of char, TS from digestate and wood chips. The addition of wood chips was assumed at a weight ratio of 1:1 (TS content of 50%) and degradation of this material was disregarded. A recovery rate of 90% for wood chips was used for calculating the final amount of compost.





3. Results


3.1. Scenario 1


Assumptions made for Scenario 1 considered the feeding material to be diluted at a 10% TS to avoid problems regarding floating straw and forming a scum layer on the top of the reactor. The biogas production expected for this system is 752 m3/d, if only manure is fed into the reactor. The addition of process water from the HTC system would lead to 852 m3/d, representing a 13% increase in gas production, which is almost incidental considering the requirements of installing such a high-pressure system. This low increment is due to the low methane yield of the HTC process water. Table 2 presents the values of the main parameters studied for the different scenarios and Figure 2 provides an outline of the process with main streams represented. The energy content in biogas was estimated considering a methane composition of 60% and the LHV of this gas. The digester thermal demand was calculated by considering the incoming substrate and disregarding the sensible enthalpy of the HTC process water.



The digested material is dehydrated at 30% TS content, assuming that inorganic solids remain constant during the biological process. Therefore, the mass of solids treated in the HTC is 2392 kg/d. This material is loaded into the reactor under batch operating conditions. Thus loading and unloading operations need to be coupled with the continuous production of sludge. For this reason, two HTC units were assumed with a reaction working time of 1 h and a steam injection time of 45 min. The discharge of the HTC system should allow the production of flash steam for energy recovery, whereas the charge and unloading of the reactor tank were assumed to take place in 3 h for each operation, needing two reactors for completing the cycle to treat the whole digested stream derived from the fermentation. If the total dehydrated sludge produced in a single day is to be treated in these thermal units, the boiler needs to provide the whole steam demand associated with the HTC treatment system for a 90 min period distributed in two cycles.



The amount of steam added to the HTC process, considering that adiabatic conditions are reached for saturated water at 200 °C (15 bar) would be 1200 kg/batch with a steam flow of 1602 kg/h. The steam flow is provided by a boiler for a daily period of 90 min. The energy needed for producing the steam flow is then 5380 MJ/h, as estimated for 85.7% boiler efficiency. The energy demand associated with heating was 1932 MJ for the two working reactors with 5.5 m3 of volume. This value is to be added to the energy demand of the boiler, finally accounting for the HTC system already needing 57% of the energy produced from biogas. Thus the recovery of thermal energy is imperative to increase process feasibility.



If the production of flash steam from the HTC reactor is considered and conditions of saturated water are assumed, then the amount of flash steam to be produced from the two cycles would be 993.4 kg/d at 1.3 bar. If 85% of the energy can be recovered, then 2268 MJ/d are now available to cover some of the thermal demand of the plant. An additional amount of energy can also be recovered from the cooling of the HTC process water. For a flow of 5200 L/d of HTC process water, an additional 977 MJ/d can be obtained as thermal energy. However, this latter energy is of lower quality since it is derived from cooling a liquid stream from 90 to 40 °C. This heat can be recovered by mixing the hot process water stream with the fresh manure slurry to increase thus its temperature.



Valorizing hydrochar by combustion is a process requiring the drying of this material and, therefore, increasing the energy demand of the global process. The energy needed for drying was calculated assuming a water content of 60% in the dewatered hydrochar. Thus the thermal energy needed for attaining a 10% moisture content was 797.2 kWh per ton of water evaporated, translating into 7521 MJ/d of energy to dry this material.



The valorization of hydrochar by combustion is necessary to cover the high energy demand of the process. However, alternative uses of hydrochar have been proposed. The use of char as an active supplement in organic fertilizers, the production of activated carbon, or its use as an adsorbent to remove bacterial pathogens are some examples [69,70,71]. However, the high energy demand of the global process necessitates a reliance on fossil fuels which translates into higher operational costs and negative effects associated with CO2 fossil fuel emissions. Based on assumptions regarding the LHV of hydrochar, the energy in this material would be 27,974 MJ/d. This amount is enough to cover the thermal demand of the HTC process and drying. Therefore, there is no need for diverting biogas to produce heat, as this fuel can be fully valorized for electricity production, which yields 1728 kWhe per day.



If the combined digestion and HTC system is compared with the single production of biogas from manure, then only 33% of energy is recovered. This calculation was made for biogas being the only fuel susceptible of valorization. The value was calculated as the ratio between the energy contained in biogas and that of fresh manure as well as considering data reported by Toufiq Reza et al. [72], with an HHV of 19.1 MJ/kg (free ash manure) reported along with the ultimate analysis for this material. Evidently, the direct combustion of either manure or digestate can be performed, but in the first case, no gaseous fuel is obtained capable of valorization in a CHP unit. If digestate is directly used as fuel, then assuming values reported by Otero et al. [48] for digestate composition, the LHV of digested manure would be 11.4 MJ/kg, which translates into 27,340 MJ/d energy. The energy demand for drying would be 15,251 MJ/d after dewatering this material to a solid content of 30% (as in the previous case). This quantity can be easily provided by the combustion of the digestate if 85% of heat recovery is obtained from combustion. However, this strategy does not account for benefits regarding the production of hydrochar and positive effects associated with its application as it would be the use of char as a supplement in the same digestion process for producing active fertilizers. Arauzo et al. [73] studied the combustion characteristics of digested material and the pyrochar and hydrochar obtained from the thermal processing of digestate, and reported better combustion characteristics for digestate and pyrochar, whereas hydrochar presented a poor combustion scenario.



Several authors have reported digestion enhancement when char is added as carbon conductive material to the anaerobic process [74,75,76], indicating that the presence of this external material serves as electrons’ transport leading to an innovative pathway for improving performance [77]. Ren et al. [78] reported that the addition of hydrochar favored methane production rate thanks to the abundance of surface oxygen-containing functional groups. Therefore, adding char back to the digestion process would provide an additional benefit for energy recovery regarding the greater biogas production expected.



A dose of 10 g/L was evaluated by Chiappero et al. [79], reporting an increase in biogas yield up to 22%. This same dose was tested by Martínez et al. [80] when digesting citrus waste. Sun et al. [81] reported doses between 2–10 g/L with an average enhancement in methane yields of 47% under mesophilic conditions. Higher doses were tested by Sánchez et al. [75]—50 g/L in a single application to the reactor—and by Quintana-Najera et al. [82]—(30 g/L)—under biochemical methane potential (BMP) tests reporting no detriments in the fermentation. Other doses reported per mass of substrate are those tested by Cai et al. [83], with values between 0.5–2.5 g char/g substrate. A low amount would be assumed to avoid penalizing energy recovery from hydrochar combustion in the hypothetical case here studied.



The addition of char supplement to the digester will consider a dose of 5 g/L of hydrochar with a 15% increase in methane yield. Under this assumption, the biogas production is increased to 958 m3/d, but the solid balance is hardly affected. This is explained because the system experiences a low increase in digestate concentration associated with char addition, but the enhancement in volatile solid removal offsets this effect. Thus the global energy balance is further improved when a small fraction of char is supplemented to the digester. The amount of energy now available from the combustion of char would be 26,400 MJ/d, and the energy demand for hydrochar drying is scarcely increased.



The energy balance leads to positive results regarding the valorization of the material by transforming it into biogas and heat derived from hydrochar combustion. Similar results have been also reported by Mayer et al. [84] indicating that a cascade approach integrating digestion and HTC is the best option for dealing with organic wastes, but a responsible energy source needs to be supplemented to cover the high energy demand of the HTC process. Heidari et al. [85] reported the performance of HTC and digestion as a combined approach for treating organic wastes. These authors also brought out the same conclusion regarding the better energy efficiency of this alternative when the moisture content in the waste stream is high.



However, this analysis is obviating the high installation costs of such thermal hydrotreatment requiring specialist vessels to support the high pressure associated with harsh conditions and install a high-pressure boiler to provide the necessary steam. Pyrolysis of the digestate would be also an alternative treatment for obtaining energy. However, in this latter case, the drying of the dewatered slurry would need an excessive amount of heat. The pyrochar produced would be much lower because this process has a lower char yield against that of hydrothermal carbonization [86]. Therefore, oil and gas products from pyrolysis would also be used for covering the thermal demand for drying and to keep running the pyrolysis unit [53].




3.2. Scenario 2


The addition of a co-substrate would increase the amount of biogas available in the system and, therefore, benefit the process’s feasibility by increasing revenues derived from biogas valorization. If a variable amount of co-substrate is added from 25 to 50%, then the amount of biogas produced can be estimated based on biochemical methane potential (BMP) data reported by Bertin et al. [50], considering that the total solid content of the feed is kept constant at 10% by the addition of process water from digestate dewatering operations. The addition of the co-substrate in a 25% mass percentage causes a moderate increase in biogas production (11%) due to the low solid content of the cheese whey stream here considered. Doubling this quantity to 50% causes just a 34% increase if compared with the case of no co-substrate addition (see Figure 3). Thus the advantage of adding a high methane yield co-substrates is lost by the low organic load of the stream here considered (TS content values based on data reported by Fernández et al. [49]).



The high content in volatile solids of the co-substrate and its high biodegradability scarcely affect the system’s solid balance (Figure 4). Thus, adding this carbon-rich source was estimated to increase the mass of digested solids in the range of 4 to 11%. The assumption considered additive effects in methane production disregarding synergistic effects, which would lead to better results due to the higher gas obtained and lower volume of digestate needing final disposal. Different authors have widely reported synergistic effects when evaluating mixtures of manures and carbon-rich content substrates [87,88,89,90]. Therefore, the remaining amount of solids in the digested slurry should not be significantly affected.



Keeping the conservative assumption of no synergies, then it is evident that adding a low organic content co-substrate for attaining just a 34% gas improvement may not be worthwhile, given the additional investments necessary for transporting and storing the co-substrate. Other authors have reported the use of more concentrated whey streams, as it is the case of Gonzalez-Piedra et al. [91] with a TS content of 134.87 g/L or Hallaji et al. [92] reporting a solid content of cheese whey of 84.3 g TS/L. The availability of such type of material will highly enhance biogas production.



Another important fact is that the valorization process assumes that the only valuable product (hydrochar) is used for heat production. This strategy is justified by the need to supply the thermal demand to the whole process. However, if heat is obtained in excess, this energy has a low market price. Other valorization options are more attractive, including producing high-quality compost enriched with hydrochar or applying other thermal processes capable of producing higher valuable biofuels, such as gasification or pyrolysis. Digestate can also be valorized for attaining the recovery of nutrients [93], as it would be the use of digestate liquid fraction as media for ethanol production [94] or for producing biofertilizers based on the use of plant growth promoting rhizobacterium (PGPR) [95]. Digestate can also be transformed into methanol and hydrogen via gasification and posterior syngas conversion by water gas shift reaction [96]. Other processes consider the treatment of the recalcitrant carbon fraction of digestate, or of the remaining straw, to be further transformed into ethanol via fermentation [97,98]. There is a wide range of possibilities for valorizing digestates as reported by Wang and Lee [99] but the economic feasibility of these alternatives may currently prevent its commercial application.



The assumptions of variable addition of the amount of cheese whey need the local availability of significant amounts of this co-substrate in the vicinity. Thus, a value of 25% addition would imply having available a daily volume of 6 m3/d, and this quantity is increased to 18.2 m3/d if the assumption of 50% volumetric addition is considered. This latter value would be unreasonable since cheese whey finds valorization in other production sectors as it is in the production of food and pharmaceutical compounds for recovering nutrients, lactose and lactic acid [100]. Keeping the first assumption of 25% co-substrate addition and considering again that the whole digestate stream is submitted to hydrotreatment (8.5 t/d), then the volumetric flow of HTC process water generated would be 5700 L/d. This stream would account for additional biogas production, translating into a global amount of 1076 m3/d (representing an increase of 42% compared with the single digestion of manure). Results derived from Scenario 2 calculations are shown in Table 3.



HTC process water presents a low methane yield, as reported by different authors [39,60]. In addition, calculations considered that the total HTC water derived from dewatering operations has the same characteristics as those reported from experimental results found in the literature. However, industrial application of this system requires high-pressure steam injection, causing a dilution effect and probably resulting in a liquid stream with lower COD content, and lower methane potential if estimated per volumetric flow. Thus, this stream may cause a dilution of the reaction system rather than creating a real benefit regarding significant additional performance. Therefore, the direct addition to the reactor of this stream will cause an increase of the reactor working volume of 16.7%. The reactor productivity measured as the volume of methane produced per unit of reactor volume is also decreased from 0.42 to 0.40 m3 CH4/m3r d when adding the HTC process water. Using the HTC process water to adjust the TS content of substrate to 10% will result in an increase in the organic loading of the system. Thus the daily production of biogas will be kept constant, but now the reactor volumetric productivity is increased to a value of 0.47 m3 CH4/m3r d.



The system was proven to provide enough thermal energy to sustain the process by the use of the whole hydrochar as fuel. However, hydrochar has multiple applications, thus burning to produce just thermal energy seems inadequate. A similar analysis of this scenario was performed for the case of 25% addition of co-substrate. The evaluation only considered char production to supply the amount of material to be used as a supplement in the digestion process and in composting to attain the conversion of digestate into active compost enriched with hydrochar. Compared with transforming the whole digestate into hydrochar, the thermal demand of the HTC process is 11,490 MJ/d. However, if this option is disregarded in preference of treating just a fraction of digestate, then the energy demand is considerably decreased but the benefits of greater biogas production are retained.



The amount of digestate to be treated by HTC to produce hydrochar needed in biological processes was estimated. The amount of digestate to be treated by HTC is then reduced to 15% of the total digestate stream. Thus, the volume of HTC water was also reduced, affecting the total amount of biogas produced. However, given the low methane yield of this stream, the effect is irrelevant. The volume of biogas produced under this assumption is 990 m3/d, whereas this value was 1076 m3/d when the whole digestate stream was treated by the HTC system. The more significant benefit comes from the much lower demand for energy associated with the HTC, which is 1724 MJ/d. In addition, since hydrochar would be used as a supplement in biological processes, the drying step after dewatering is unnecessary, reducing the thermal energy demand of the whole process.



If biogas is used as fuel in a CHP system, electricity and thermal energy are produced simultaneously. For an electrical efficiency of 34% and a thermal efficiency of 51%, the energy recovered as heat (10,984 MJ/d) can clearly compensate for the thermal demand of the process. However, one additional consideration that should be carefully evaluated is that HTC operates under batch conditions. Given the small amount of digestate to be treated, then only one single reactor can be used for the process. The reactor would receive the total mass of steam to be injected in a single cycle. If an injection flow of 10 kg/min is considered, which is equivalent to a steam injection time of 38 min, then the hourly demand of the HTC unit rises to 2700 MJ/h while the engine can produce a flow of 458 MJ/h as maximum.



A fraction of biogas must be sent to the boiler to cover the thermal demand of the process. This feature results in a lower production of electricity because of the thermal needs associated with the peak demand imposed by the batch HTC process, decreasing the global efficiency. However, even if this inefficiency is considered, the energy available for the engine will be 19,826 MJ/d (which is 93% of the total amount produced). The thermal demand can be thus met by the engine and a recovery boiler capable of using engine exhaust gases and biogas as fuel. The thermal energy produced from the engine under this configuration will be 10,236 MJ/d with a daily electricity output of 1920 kWh



The thermal demand of the digester is scarcely affected, amounting to 4390 MJ/d. Therefore, as schematized, the combined treatment can cover the thermal demand of the biological process and that of the HTC system. The main advantage of this configuration is the elimination of fossil fuels to provide the energy needed by the thermal conversion unit, while the use of hydrochar as a supplement in the biological process avoids the need for material drying. However, the capacity of the treatment system should be carefully evaluated. Final disposal of the composted material is still necessary. The compost generated accounts for 2.8 t/d, a value calculated by the use of the first-order kinetic degradation constant suggested by Kulikowska and Bernat [68] (0.06 d−1), and initial organic matter content of 238 g OM/kg DM obtained from the ratio of VS present in digestate.




3.3. Scenario 3


The thermal hydrolysis of the whole incoming stream of manure may improve the degradability of the substrate, mainly given by the high lignocellulosic content of this type of material. There are several reports regarding the treatment of different substrates under thermal hydrolysis [20,101,102]. Alkaline pre-treatment seems to guarantee better solubilization performance at lower temperatures [103]. However, operational constraints associated with the handling of this type of stream and the subsequent stage for neutralizing the final material do not make this alternative an attractive technology. Different authors have reported enhancements in methane yield from 10 to 30% when evaluating thermal hydrolysis of cow manure [104,105,106], however, better values were obtained for swine manure, doubling the methane yield attributable to the application of thermal pre-treatment [31,107]. If a conservative value is selected for evaluating the thermal hydrolysis of cattle manure in the present scenario, then a 20% enhancement in methane yield can be considered.



The mass flow of the manure stream to be treated will account for 21,700 kg/d if the system is run at 15% TS content. Two thermal hydrolysis reactors with a working volume of 5.1 m3 operating under batch conditions (3 cycles each) would be needed. Based on technical data reported by García-Cascallana et al. [27], a steam injection time of 15 min was assumed with a 20 min duration for the hydrolysis process. Using these assumptions, the steam flow needed would account for 3750 kg/h for a total period of 1.5 h (derived from the summation of the six operating cycles). The energy to produce this steam flow is 22,700 MJ, with a boiler efficiency of 85.7%. However, the energy needed for heating the hydrolysis reactor should also be added (4920 MJ). Thus, it is clear that the energy necessary for running this type of system is excessive. Table 4 shows results obtained from Scenario 3.



The enhancement considered 20% increase in methane yield, which translates into 3230 MJ/d. The additional energy obtained from the digestion of hydrolyzed manure is much lower than the amount needed to run the whole process (see Figure 5). A deficit of 24,350 MJ is the result of installing such a technology (value estimated considering the treatment of manure as a single substrate). Even if a higher biogas enhancement is assumed, then the extra energy obtained will be consumed in running the thermal pre-treatment. Liu et al. [31] came to the same conclusion when evaluating thermal pre-treatment of different wastes (food wastes, swine manure and sewage sludge). These authors tested mesophilic and thermophilic digestion of the hydrolyzed wastes indicating that the increased energy benefits by thermal hydrolysis did not cover the energy demand of the pre-treatment.



If heat recovery from flash steam is considered, then a portion of this energy can be recovered, reducing the energy deficiency. If this is the case, for the given operating conditions and using the flash steam calculator [58], the energy contained in flash steam will be 8042 MJ. Under similar assumptions for estimating the energy recovery for the previous scenarios, an 85% recovery capacity will lead to 6840 MJ available, which is still far from the deficit associated with the thermal treatment.



Additional energy is recovered from cooling the pretreated slurry to the digester temperature. Considering that the incoming stream to the digester should be at 37 °C and also taking into account that process water is added to adjust solid content to 10%, then an additional amount of energy would be available through the heat exchanger dedicated to this aim. This recovery is considered to contain low-quality energy if water is used as a transfer fluid. Thus the energy obtained from cooling the slurry to a temperature of 55 °C will be available for other uses, and this quantity is 4885 MJ/d.



The slurry stream is mixed with cheese whey (25% (v/w) addition—keeping the co-digestion assumption also for this case) and process water (attaining a volumetric flow of 32.5 m3/d). If the mixture of these streams takes place by directly combining the hot slurry stream with the other influents to adjust solid content, then a final temperature of the mixture of 46 °C is reached. This value comes from assuming a cheese whey temperature of 15 °C and a process water temperature of 35 °C. The final temperature reached can cover digester thermal demand, including losses associated with digester walls. Thus the heat demand of the digester is eliminated. However, this energy recovery is insufficient to cover the demand of the whole system.



For the present scenario, a feed solid content of 15% TS was set. However, this solid concentration adversely affects the capacity of this fluid to be pumped. Low-solid content sludge behaves as a pseudoplastic fluid, but at high-solids content (with TS values in the range of 7–15%), thixotropic behavior is exhibited [108]. Sludge viscosity increases significantly with an increase in total solid content, but on the contrary, decreases with the increase in shear rate. Thus, future aspects being considered are the actual feasibility of applying thermal treatments as either a pre-treatment or post-treatment stage, when pumping capacity and slurry handling becomes a challenging task with an increase in the solid content.



Scenario 2 evaluating thermal post-treatment of digestate considered that a slurry stream dewatered at 30% TS content is submitted to HTC treatment. However, loading and unloading operations for this system will set severe constraints regarding the handling of this stream with such a high TS value. Comparing these two scenarios at similar TS values, (it should be borne in mind that thermal hydrolysis units can handle sludge streams between 12.5 and 16% for CambiTM Process and 20% for the ExelisTM process [109]), then the amount of energy needed for running the HTC unit will rise to 25,365 MJ which makes the process unfeasible. If this same configuration is evaluated when only a fraction of the digestate is submitted to hydrotreatment, 3800 MJ will be needed. Further research is needed to find optimal configurations and evaluate the plant’s electrical demand once the solid content of the slurry is established. Another relevant factor is the possible toxicity of hydrochar material when used in biological processes, just as it has already been reported for biochar [110]. Table 5 summarizes benefits and disbenefits of the three scenarios evaluated, being coincident in the need of finding a practical solution to the energy demand associated with the thermal treatment.





4. Conclusions


The energy assessment of high temperature and pressure systems was evaluated considering different scenarios where anaerobic digestion of the material was integrated to recover energy as biogas. The hydrothermal treatment of digestate was the best performing option when contemplating the thermal demand associated with this process. The treatment of the whole digestate under the HTC process resulted in high thermal demand. Yet, even in this case, the energy requirement could be fully provided by the use of the hydrochar as fuel in the same process, thus providing thermal energy for steam production and heat for hydrochar drying. In addition, the mass and energy calculations here performed demonstrated that the HTC process can be operated without the need for supplementary fossil fuels, solely using the energy contained in the incoming waste.



The most favorable case was co-digestion which significantly increased the biogas productivity of the digester, even with the use of a low organic content stream as with cheese whey herein considered. The partial treatment of digestate by HTC allows hydrochar to be used as a supplement in the digestion process and as an additive if composting of digestate is selected as the final stabilization stage. This configuration increases biogas production and secures full coverage of the thermal demand, given that the HTC unit now has a significantly lower volume. Additionally, the use of hydrochar in the biological process eliminates the drying step, thus reducing the thermal demand of the whole treatment sequence.



When conventional thermal hydrolysis was evaluated as a pre-treatment stage before the digestion process, then the size and number of reactor units dedicated to this aim present a high thermal demand. Even though heat recovery was considered and the digester heat demand was eliminated in this configuration, the energy surplus obtained from this strategy does not compensate for the comparatively high demand of the thermal process.
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Figure 1. Representation of the three different scenarios showing the main process stages. Cattle manure is the primary substrate, with cheese whey added as co-substrate. 
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Figure 2. Representation of the main treatment stages in Scenario 1 (anaerobic digestion and subsequent HTC treatment of the whole digestate stream). 
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Figure 3. Daily biogas production obtained from the addition of different co-substrate proportions to the mixture (the mixture is composed of cheese whey and cattle manure). The value of 0 in the graph stands for the baseline case where no co-substrate addition is implemented. Substrate addition was made as a percentage representing volumetric addition of cheese whey to the global mass of the feeding mixture. 
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Figure 4. Representation of the main treatment stages in Scenario 2 (anaerobic digestion and subsequent HTC treatment). Cheese whey is added as co-substrate in a 25% w/w (wet weight proportion). The figure represents the main parameters of mass and energy balance when all the digestate is sent to HTC treatment, and as an alternative when only a fraction is treated by HTC (gray-colored). 
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Figure 5. Representation of the main treatment stages in Scenario 3 (thermal hydrolysis and anaerobic digestion of hydrolyzed manure). Cheese whey is used also as co-substrate in this scenario. 
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Table 1. Characteristics of the digestion treatment plant.






Table 1. Characteristics of the digestion treatment plant.





	Plant Characteristics
	Value





	Manure treatment capacity
	6500 t/year



	TS content of feed
	10%



	Hydraulic retention time (HRT)
	40 d



	Digester volume
	2190 m3



	TS content dewatered sludge
	30%



	Co-substrate
	Cheese whey



	Co-substrate addition (% v/w)
	25–50%



	TS content cheese whey
	33.1 g/L 1







1 [49].
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Table 2. Main calculated parameters of the integrated system: anaerobic digestion and HTC.
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	Plant Characteristics
	Scenario 1





	Substrate
	Manure



	TS content of feed
	10%



	TS of the feed after adding HTC process water
	8.5%



	Organic loading rate (based on reactor working volume)
	1.8 kg/m3 d



	Digester inlet (volumetric flow)
	38.2 m3/d



	Digester thermal demand
	4120 MJ/d



	Biogas production from manure
	752 m3



	Biogas production from manure and HTC process water
	852 m3



	Energy in biogas
	18,300 MJ/d



	Mass flow of dewatered digestate (30% TS content)
	7970 kg/d



	TS mass flow of digested material submitted to HTC
	2392 kg/d



	HTC energy demand
	10,755 MJ/d



	Thermal energy recovery (from flash steam)
	3245 MJ/d



	Mass flow of hydrochar (at 40% TS content)
	4717 kg/d



	Energy demand for hydrochar drying
	7521 MJ/d



	Energy from hydrochar combustion (85% energy recovery)
	27,778 MJ/d
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Table 3. Main calculated parameters of the integrated system: anaerobic digestion and HTC Scenario 2. Manure and cheese whey (25% v/w) used as substrate.
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	Plant Characteristics
	Scenario 1





	Substrate
	Manure + cheese whey (25%)



	TS content of feed
	10%



	TS of the feed after adding HTC process water
	8.9%



	Organic loading rate (based on reactor working volume)
	2.2 kg/m3 d



	Digester inlet (volumetric flow)
	40.4 m3/d



	Digester thermal demand
	5141 MJ/d



	Biogas production from manure + cheese whey
	976 m3



	Biogas production after adding HTC process water
	1076 m3



	Energy in biogas
	23,108 MJ/d



	Mass flow of dewatered digestate (30% TS content)
	8476 kg/d



	TS mass flow of digested material submitted to HTC
	2543 kg/d



	HTC energy demand
	11,490 MJ/d



	Thermal energy recovery (from flash steam)
	2432 MJ/d



	Mass flow of hydrochar (at 40% TS content)
	5105 kg/d



	Energy demand for hydrochar drying
	8635 MJ/d



	Energy from hydrochar combustion (85% energy recovery)
	30,277 MJ/d
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Table 4. Main calculated parameters of the integrated system: thermal hydrolysis and anaerobic digestion, Scenario 3. Hydrolyzed manure and cheese whey (25% v/w) used as substrate.
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	Plant Characteristics
	Scenario 1





	Substrate
	Hydrolyzed manure + cheese whey (25% v/w)



	TS content of feed to thermal hydrolysis process
	15%



	TS of the feed after adding cheese whey to hydrolyzed manure
	10%



	Organic loading rate (based on reactor working volume)
	2.5 kg/m3 d



	Digester inlet (volumetric flow)
	34.6 m3/d



	Digester thermal demand 1
	–



	Biogas production from hydrolyzed manure
	902 m3



	Biogas production from hydrolyzed manure and cheese whey
	998 m3



	Energy in biogas
	21,450 MJ/d



	Mass flow of dewatered digestate (30% TS content)
	7700 kg/d



	TS mass flow of digested material
	2309 kg/d



	Thermal hydrolysis energy demand
	27,580 MJ/d



	Thermal energy recovery (from flash steam)
	6840 MJ/d



	Energy demand for digestate drying
	14,726 MJ/d



	Energy from digestate combustion (85% energy recovery)
	22,374 MJ/d







1 The introduction of thermal hydrolysis as a pre-treatment stage eliminates the demand of heat by the digester.
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Table 5. Strengths and weaknesses of each scenario evaluated considering the use of digestion for producing biogas and the introduction of thermal treatment for digestate valorization (Scenario 1 and 2) or as a pre-treatment (Scenario 3).
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	Scenario Main Characteristics
	Strength
	Weakness





	Scenario 1: treatment of manure (AD 1 + HTC 2)
	Great reduction of waste final disposal

Char obtained as product and used as fuel to supply energy demand

Treatment of HTC process water in the digestion unit
	High energy demand for running the HTC unit (10,755 MJ/d)

Combustion of hydrochar requires drying, increasing heat demand



	Scenario 2: treatment of manure and co-substrate (cheese whey), (AD + HTC, compost production)
	Production of active compost supplemented with hydrochar

Enhanced biogas production

Reduced thermal demand of the global process.

HTC unit treats a fraction of digestate to cover the hydrochar amount needed in biological conversion
	Producing active compost requires additional land

A market should be available for commercializing compost

Economic feasibility of the plant should be considered in future work due to the low market price of compost and high energy demand of HTC units



	Scenario 3: Thermal hydrolysis of manure and co-substrate (cheese whey), (AD)
	Enhanced biogas production

Reduction of digestate disposal due to the higher conversion of manure VS
	Excessive energy demand for running the thermal hydrolysis unit (27,580 MJ/d)







1 AD: anaerobic digestion. 2 HTC: hydrothermal carbonization.
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