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Abstract

:

Hydrothermal carbonisation (HTC) can be integrated with anaerobic digestion (AD) for the treatment of digestate, resulting in a solid hydrochar or bio-coal and a process water, which can be recirculated back into AD to produce biogas. The properties of digestate-derived hydrochars do not lend themselves to producing high quality bio-coal and blending with lignocellulosic feedstocks can improve its properties. This study investigates the co-processing of sewage sludge (SS) digestate with three lignocellulosic biomass (grass, privet hedge, and woodchip). The calorific value of the resulting bio-coal is increased following co-processing, although feedstock interactions result in non-additive behaviour. The largest increase in calorific value was observed for co-processing with woodchip. There is evidence for non-additive partitioning of metals during co-processing resulting in only moderate improvements in ash chemistry during combustion. Co-processing also effects the composition of process waters, influencing the potential for biogas production. Experimental biomethane potential (BMP) tests indicate that grass clippings are the most suitable co-feedstock for maintaining both calorific value and biogas production. However, above 200 °C, BMP yields appear to decrease, suggesting the process water may become more inhibitory. Co-processing with wood waste and privet hedge produce the higher CV bio-coal but significantly reduced BMP.
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1. Introduction


The UK Environmental Agency (EA) Sludge Strategy is in the process of changing its regulatory framework, moving beyond SUiAR (Sludge Use in Agriculture Regulation, 1989) to give greater focus to Environmental Permitting Regulation (EPR) to tackle the issue of diffusion pollution from agricultural land, i.e., run-off and leaching of nutrients into surface and ground water. The rules governing the use and spreading of organic manures were set in the “Farming Rules for Water” policy paper. Notably, organic manure (including sewage sludge digestate/biosolids) cannot be applied to land if it is to be left bare over winter. An application for permission to dispose of digestate to land in the autumn period can be sought up to February 2022; however, land managers must comply with the regularity requirements thereafter [1].



As a result of the regulatory requirement, both producers and users of organic manures face a challenge in the storage of organic manures until they can legally spread to land. Storage of the organic manure poses impacts to operational management and risk of pollution to the environment. Therefore, the alternative outlets for digestate materials required to reduce the pressure on material management and increase revenues. The Biosolids Recycling to Agricultural Land Position Statement by Assured Biosolids Limited [2] highlights the need to continue recycling biosolids and avoiding combustion for energy recovery. The statement signposts potential alternative outlets for biosolids using modern thermal processes, including hydrothermal carbonisation.



Hydrothermal carbonisation (HTC) has the potential to become an environmentally friendly conversion process for the production of value added products and multiple energy vectors [3,4]. This includes the opportunity to integrate HTC with other biological systems such as anaerobic digestion (AD) within a biorefinery concept [5,6], a timely approach due to the introduction of the Green Gas Support Scheme (GGSC), which provides financial incentives for new AD plants to increase the proportion of biomethane in the gas grid. As a result, investigations of the integration of HTC and AD within existing treatment infrastructure are now increasingly been being studied and being adopted in the waste water sector [7]. These outputs show that treating digestate biomass via HTC enhances biogas production via AD, including the potential for the production of solid fuels or soil amendment products [5,8].



Figure 1 illustrates the integration approach of HTC post AD, primarily for the treatment of digestate. This requires little change to the current AD operating procedure, as the incoming waste stream remains relatively unchanged, apart from the discharging of HTC process water into the AD facility, potentially increasing biogas production. HTC is generally operated at lower temperatures to maximize the biodegradability of the process waters and optimise the overall energetics of the HTC process. The digestate is transformed into a more manageable hydrochar since its volume is reduced after HTC treatment. This can be regarded as a ‘digestate enhancement process’, improving dewatering due to the hydrophobicity of the resulting hydrochar, generating a more stable product. Due to the inherent composition of the digestate, the resultant hydrochar has a low quality as a solid bio-coal, largely due to high levels of ash and inorganic content, resulting in low calorific value and potential problems associated with slagging and fouling, attributed to its ash chemistry [5].



The quality of the hydrochar as a solid fuel can be improved by co-processing the digestate with additional feedstocks, such as lignocellulosic biomass, which have higher carbon and lower ash contents. The combustion quality of the resulting bio-coal improves by reducing the ash content and increasing its calorific value. The hydrothermal carbonisation of lignocellulosic materials has been shown to result in significant energy densification and improved combustion behaviour compared to the initial biomass [9,10].



An added benefit of adding a co-feedstock with lower moisture content is to reduce the need for dewatering and thickening of the digestate before hydrothermal conversion, which improves the overall energetics of the process. Digestate has a low solid content; therefore, co-processing of the digestate with a lower moisture, lower ash, and higher carbon content co-feedstock can improve hydrochar properties. The amount of blended lignocellulosic feed will affect the overall characteristics of the hydrochar and its suitability for use as a solid fuel. The combustion behaviour of the resulting bio-coal can also be improved by reducing the inorganic content of the hydrochar by operating hydrothermal carbonisation in the presence of mineral acids [11]. This has been shown to reduce the ash content and facilitate the recovery of nutrients such as phosphorus [11].



To avoid excessive consumption of energy to heat up large volumes of water, the solid content of the HTC feed should be increased to as high as possible, although feeding of heavy slurries greater than 20% solids can be challenging. Therefore, a constant supply of co-feedstock is required to improve process efficiencies.



Studies have shown that co-processing of high ash feedstocks such as sewage sludge and swine manure, as well as high fat, protein, and starch-containing materials, such as food waste with waste lignocellulosic materials (sawdust and corn stalk), enable the tailoring of the hydrochar as a solid fuel through enhanced dewaterability and lower moisture content [12], resulting in increased yields, carbon content, calorific value and nutrient retention [13,14], reduction of heavy metals and combustion performance [15,16], and reduced energy consumption for pelletisation of the hydrochar including an increase in pellet tensile strength [17]. The co-processing of lignocellulosic biomass with high-ash feedstocks will influence the levels and ash behaviour of the resulting hydrochar during combustion. However, the influence of co-processing has received less attention, in particular the effect of blending digestate from wastewater treatment with lignocellulosic biomass. The understanding of the influence of co-processing on the composition and biochemical methane potential (BMP) of the process water is also limited.



This investigation seeks to understand the effects of HTC co-processing of sewage sludge digestate with three dissimilar lignocellulosic wastes (grass clippings, garden hedge pruning, and woodchip). Given the significant availability of these wastes in the UK [18,19], they have potential for blending with digestate and other high ash feedstocks. The objectives are to understand the effect of the composition of blended materials and the HTC process conditions on product yields and properties of the hydrochar and process waters. Furthermore, this study seeks to determine how the addition of lignocellulosic biomass affects the hydrochar quality as a solid fuel; in particular, its ash behaviour during combustion, as well as the effects on process water composition and its subsequent biochemical methane potential (BMP).




2. Materials and Methods


2.1. Source and Preparation of Materials


Dewatered digestate was obtained from Yorkshire Water, UK, following anaerobic digestion of sewage sludge (SS) comprising of pre-treated primary and secondary bio-solids. Grass clippings were collected by the University of Leeds Estate Services and frozen at −18 °C. Privet hedge prunings (Ligustrum ovalifolium) were obtained from Burley Model Allotments, Leeds, before air drying. Woodchip, with specification G30 and G50, was sourced from Garforth Log Supplies (Peckfield House Farm, Garforth, Leeds, UK), which consists of both premium grade Larch and Spruce softwoods. The digestate, garden hedge, and wood chip samples were milled to a particle size of less than 2 cm, before blending.




2.2. Hydrothermal Carbonisation (HTC)


Hydrothermal carbonisation (HTC) reactions were performed using a 600 mL stainless steel Parr 4836 reactor (Parr, Moline, IL, USA). Reactions were conducted at 150, 200, and 250 °C for a 1 h retention time. A 40 g subsample of oven dried biomass was mixed with 200 mL of deionised water to achieve a 20% solid loading ratio. Reactions were conducted using a quartz silica internal reactor liner to facilitate accurate material balance measurements. Once the reaction was complete, the reactor was allowed to air cool in a vented fume hood. Once cooled, the gaseous products were vented and the liquid and solid products separated through Grade 1 qualitative circles (1001-150, Whatman, UK) using Büchner filtration. Solid residues were air dried overnight and then subsequently oven dried at 60 °C for approximately 48 h. Calculated yield data assumes hydrochars undergo 100% dewatering during oven drying. Gas yields were calculated as the difference between the total input and output masses.




2.3. Feedstock and Hydrochar Analysis


Solid materials were air dried and homogenised in a grinder (Jaw Crusher BB 200, Retsch, Haan, Germany) for chemical analysis. Particles were further ground and sieved through a 100 μm apertures until homogeneous.



2.3.1. Biochemical Analysis of the Feedstocks


The biochemical composition of the feedstocks (cellulose, hemicellulose, and lignin) was determined using a modified Van Soest method [20]. Protein content was calculated according to Equation (1), using the total nitrogen value obtained from elemental analysis.


  Protein  ( % )  = 6.25 × Nitrogen  ( % )   



(1)








2.3.2. Proximate and Ultimate Analysis and Predictive Higher Heating Value (HHV)


Proximate analysis was determined using thermo-gravimetric analysis (TGA/DSC 1, Mettler Toledo GmbH, Switzerland). Approximately 10 mg of sample was heated under N2 (50mL/min) from 25 to 105 °C at a rate of 25 °C/min and held for 10 min, followed by heating to 900 °C held for 10 min, at which point air is added for 15 min. Differential thermogravimetric (DTG) curves, obtained from the TGA data, also illustrates the differences in biochemical composition of the biomasses.



Carbon, hydrogen, nitrogen, and sulphur content were analysed using a CHNS Elemental Analyser (Flash 2000, Thermo Scientific, Waltham, MA, USA). Certified biomass reference materials (Elemental Microanalysis, UK) were used to calibrate the instrument. Hydrogen content was corrected for moisture, and oxygen content was calculated by difference. HHV (MJ/kg) was calculated based on Equation (2) [21] using the values obtained from elemental analysis, presented on a dry basis (db). The energy densification (ED) of the hydrochars, compared to the parent biomass, were calculated according to Equation (3) [8]. The energy yield (EY) recovered by the hydrochars was calculated according to Equation (4) [8].


  HHV = 3.55  C 2  − 232 C − 2230 H + 51.2 C H + 131 N + 20600  



(2)






  ED =     HHV   Hydrochar       HHV   Biomass      



(3)






  EY = ED ×  Hydrochar   Yield   ( % )   



(4)








2.3.3. Inorganics Analysis


The composition of inorganic elements was determined using X-ray fluorescence (XRF) spectroscopy (ZSX Primus II, Rigaku, Tokyo, Japan). Biomass and hydrochars were prepared for analysis in the form of fused beads. For this, ashes were created using a muffle furnace maintained at 550 °C for 2 h. Samples were then removed and homogenised by mixing. The samples were then heated to 850 °C for a further 2 h to reduce potassium devolatilisation, as described in [22]. The resultant ashes were ground using a pestle and mortar, to reduce the particle size to <106 μm. A 0.7 g sample of ash was mixed with 6.3 g of flux and a fused bead generated using an electric fluxer (Katana K1 Prime, Quebec, QC, Canada) at a temperature of 1100 °C.




2.3.4. Predictive Slagging and Fouling Indices


A range of indices were used predict the likelihood of slagging and fouling behaviour during combustion. These indices are calculated based on the inorganic composition of the fuels. The equations for calculating predictive slagging and fouling indices equations for alkali index (AI), bed agglomeration index (BAI), acid base ratio (Rb/a), slagging index (SI), and fouling index (FI) are provided by Parmar and Ross [5]. The interpretation of these indices is displayed in Table 1 [23]. The interpretation of 2S/Cl is also presented in Table 1, according to the discussion outlined by [24].





2.4. Process Water Analysis


Total organic carbon (TOC) content of the process waters was determined using a TOC analyser (IL 550, Hach Lange GmbH, Düsseldorf, Germany). Chemical oxygen demand (COD), phenols and total nitrogen (TN) were determined by spectrophotometry using HACH cuvette test kits (LCK014, LCK338, and LCK345) (Hach Lange GmbH, Germany). Total volatile fatty acids (VFA) were determined by gas chromatography (GC) (Agilent Technologies, 7890A) with flame ionization detection (FID) using a DB-FFAP column (30 m × 0.32 mm ID × 0.5 µm film), using a 5:1 split ratio. Helium was used as the carrier gas, with a flow of 10 mL/min. The GC method was calibrated with SUPELCO Volatile Fatty Acid Standard Mix. This standard mix includes acetic, propionic, iso-butryric, butryric, iso-valeric, valeric, iso-caproic, caproic, and heptanoic acids. The process waters were passed through a 0.2 µm syringe filter before GC-FID analysis. The CHNS content of the process waters was calculated by drying a known volume at 60 °C for 48 h. The dried samples were then analysed using a CHNS Elemental Analyser (Flash 2000, Thermo Scientific, USA). Oxygen was then calculated by difference. Total solids (TS) and ash content within the process waters were calculated by heating to 105 °C and then 550 °C in a muffle furnace.




2.5. Biomethane Production and Biodegradability


2.5.1. Experimental Biochemical Methane Potential (BMPexp)


Experimental BMP tests (BMPexp) were conducted using an Automatic Methane Potential Test System (AMPTS II) (Bioprocess Control, Lund, Sweden). Process waters were diluted to 10 g COD/L, using distilled water and 200 mL added to the reactors, achieving the equivalent of 2 g COD of process water added. Inoculum was also diluted to 10 g COD /L and 200 mL added to each reactor, achieving 1:1 inoculum-to-substrate ratio as recommended in the guidelines for the standardisation of biomethane potential tests [25]. BMPexp were conducted under mesophilic conditions (37 °C) for a 30-day duration. Reactors were automatically agitated for 60 s every 10 min. The measured volumes of biomethane produced were automatically normalised to standard conditions (1atm, 0 °C, and zero moisture content). Before starting the reactions, all bottles were flushed with nitrogen to ensure anaerobic conditions. Inoculum was collected one month prior to use from the outlet of an anaerobic reactor, used for digesting sewage sludge, at Yorkshire Water’s Esholt WWTW in Bradford, UK. Once collected, the inoculum was stored at 4 °C to facilitate the exhausting of endogenous methane emissions. A positive control using cellulose yielded a BMP value of 380 NmL CH4/g volatile solids (VS), indicating the inoculum was active.




2.5.2. Biodegradability Calculation


The biodegradability of the process waters was calculated as the difference in process water COD concentration remaining after BMPexp tests minus the inoculum COD added and was determined according to Equation (5). Where CODWD is the COD value in g/L for the whole digestate after BMPexp. It is assumed there is no increase in inoculum-derived microbial colonies during the digestion period.


    BD   CH 4    ( % )  = 50  (  − 0.4 ×   COD   WD   + 4  )   



(5)









2.6. Assessment of Error and Statistical Analysis


Hydrothermal carbonisation experiments were performed in duplicate. The repeatability in solid yields was typically ±3 wt.%. All analyses of product streams were performed in duplicate with the exception of XRF and VFA analyses. Average values are reported together with standard error in tables and figures. In addition, analysis using TOC is based on multiple sample injections until a maximum standard deviation of ±2% is achieved. Experimental BMP tests were also performed in duplicate with positive and inoculum controls.





3. Results and Discussion


3.1. Characterisation of Feedstocks


The proximate and ultimate analysis, biochemical analysis, and calorific value of the sewage sludge digestate and three lignocellulosic biomass are listed in Table 2. The main difference between the lignocellulosic biomass and the SS digestate is the lower ash content of the lignocellulosics. The digestate sample contains 46.9 wt.% ash, whereas the lignocellulosic biomass has an ash content ranging between 7.2 and 12.4 wt.%. The ash content of the lignocellulosic biomass follows the order grass > privet > woodchip. The calorific value of the SS digestate is 14.9 MJ/kg, whereas the lignocellulosics are considerably higher, ranging between 18.4 and 19.9 MJ/kg. Woodchip has the lowest ash content, followed by the privet hedge and grass clippings.



Figure 2a shows a comparison of the mass loss curves determined for the four feedstocks. Lignin decomposes between 200 and 500 °C, whereas cellulose decomposes between 250 and 400 °C and hemicellulose between 200 and 275 °C. Each of the lignocellulosic biomass contain a higher cellulose and hemicellulose content than the digestate sample. Woodchip contains the highest level of cellulose and lignin. The lignocellulosic biomass also have a much higher fixed carbon content compared to the digestate. Woodchip has the highest largest fixed carbon content (17.1 wt.%), correlating with its higher lignin content [26]. Figure 2b shows the differential thermogravimetric analysis (DTG) curves and highlights the differences in the biochemical composition of the lignocellulosic biomass and the SS digestate (Table 2). The grass clippings have the highest protein content of 21.1 wt.% followed by SS digestate (19.9 wt.%), privet (6.7 wt.%), and woodchip (2.2 wt.%). Grass clippings have the highest hemicellulose content (22.6 wt.%) followed by woodchip (13.9 wt.%), privet hedge (9.4 wt.%), and digestate (4.9 wt.%). The cellulose content is highest for the woodchip, followed by the grass clippings > privet hedge > SS digestate.




3.2. Co-Processing of Sewage Sludge Digestate with Lignocellulosic Biomass


3.2.1. HTC Product Yields


Table 3 illustrates the influence of HTC temperature on product distribution after blending of lignocellulosic biomass and SS digestate. Privet hedge exhibits a greater solubilisation into the liquid fraction across all temperatures, particularly at the higher temperature of 250 °C, which exhibits a greater yield of liquid products than solid products. The least solubilisation into the process water is observed for the woodchip, with the grass clippings somewhere in between. The protein content follows the order grass clippings > sewage sludge > privet hedge > woodchip.



The average solid yields of hydrochar decrease with increasing temperature, the yields of hydrochar generally follow the order of SS digestate > woodchip > grass clippings > privet hedge. The solubilisation of the feedstocks into the process waters follow the opposite trend. The yields of hydrochar from SS digestate are significantly higher at each temperature than the lignocellulosic biomass due to the higher ash content of the feedstock. The level of gas production slightly increases with increasing temperatures. Of the lignocellulosic biomass, woodchip is the most recalcitrant to degradation, followed by privet hedge and then grass. Of the three lignocellulosic biomasses, the yield of hydrochar follows the order woodchip > grass > privet hedge.



Co-processing of the 50/50 blends of the different lignocellulosic biomass with SS digestate results in an increase in the yield of hydrochar compared to the lignocellulosic biomass alone and a lowering in the yields of hydrochar compared to the SS digestate alone. The higher yields observed with the digestate are associated with the higher ash content. The overall yields are largely additive, suggesting that there is no significant catalytic effect of the ash during blending, although the blended hydrochar yields are slightly lower than the predicted weighted average, possibly due to small losses during workup. The level of soluble matter partitioned in the liquid phase is correspondingly reduced compared with the processing of the lignocellulosic biomass alone. The relationship between product yield and temperature exhibits a linear relationship. Co-processing also reduces the level of gas production, but this is minimal.




3.2.2. Hydrochar Properties


The proximate and ultimate analysis, higher heating value, H:C and O:C atomic ratios, energy densification, and energy yield for the hydrochar produced from lignocellulosic biomass, digestate, and 50/50 blends are listed in Table 4. These common correlations are typically used to describe the combustion behaviour of solid fuels. Analysis confirms that the ash contents of SS digestate hydrochars are significantly higher than the lignocellulosic biomass hydrochars, ranging between 39–49 wt.%. The ash contents of the lignocellulosics follows the order privet hedge (20–27 wt.%) > grass (10–14 wt.%) > woodchip (1.8–3.3 wt.%). The levels of carbon are highest in the woodchip-derived hydrochars, reflecting the higher lignin content of the woodchip. As a result, woodchip hydrochar generated at 250 °C has the highest HHV at 28.8 MJ/kg. The heating value of the hydrochar increases with temperature for all the lignocellulosic biomass. The increase in ED follows the trend woodchip > privet hedge > grass. The SS digestate on the other hand, has a significantly lower HHV (14.9 MJ/kg) and does not increase with increasing temperature. The ash content of the SS hydrochar at 250 °C is almost 50 wt.%. The levels of nitrogen and sulphur are highest in the digestate hydrochar, reflecting the higher protein content in the feedstock. The nitrogen content decreases with increasing temperature from a high of 3.7 wt.% at 150 °C to 2.4 wt.% at 250 °C. The sulphur content remains relatively stable at about 1 wt.%. Combustion of digestate derived hydrochar would therefore result in oxides of N and S. For the lignocellulosic feedstock, the levels of nitrogen are highest in the grass-derived hydrochar, reflecting its high protein content. In this case, the nitrogen content in the hydrochar does not decrease with increasing temperature and remains relatively stable at around 3.1 wt.%. The combination of high protein and carbohydrate will likely result in more heterocyclic N bound up in the char due to Maillard reactions and may explain the increased incorporation of N in the hydrochar. The levels of nitrogen in the privet hedge are lower and range between 2 and 2.2 wt.% for 150 and 250 °C, respectively. The levels of nitrogen in the woodchip are considerably lower, ranging between 0.3 and 0.5 wt.%, reflecting the lower nitrogen content in the raw feedstock. The levels of sulphur in each of the lignocellulosic biomass are low and generally below detection limits of 0.1 wt.%. The levels of nitrogen experimentally determined by ultimate analysis are compared in Figure 3 with the weighted values assuming additive behaviour. For each feedstock, blending the lignocellulosic biomass with digestate results in a higher N-content in the hydrochar, compared to the assumed additive behaviour. This is particularly evident at higher temperature of 250 °C. This could be due to the increased levels of carbohydrate from the lignocellulosic biomass interacting with the nitrogen from the digestate forming additional heterocyclic nitrogen compounds, resulting in more nitrogen being incorporated in hydrochar. Alternatively, this could be due to higher levels of adsorbed ammonia on the hydrochar surface; due to the lignocellulosic biomass increasing the functionality of the char towards nutrient retention. Either way, more nitrogen is bound to the hydrochar during co-processing. This may be detrimental if the hydrochar is used as a fuel but may be advantageous if it is used as a soil amendment product.



The highest ash content of the lignocellulosic derived hydrochar is from grass, followed by the privet hedge and then the woodchip hydrochar. The HHV of the lignocellulosic hydrochars follows the same trend. The hydrochar blends all have a higher ash content and lower HHV than the 100% lignocellulosic derived hydrochars. The experimental ash content and ED of the blends are compared to the weighted levels assuming additive behaviour, as seen in Figure 4.



The levels of ash appear to be slightly higher than additive in the blends from the grass and privet hedge and roughly additive in the woodchip. This suggests that there may be some interaction between the inorganics in the feedstocks. The ED for grass and privet hedge are also slightly lower than expected if following additive behaviour, whereas woodchip appears to be additive.



The increase of temperature also lowers the energy yield in the hydrochar largely due to an increase in the level of hydrocarbons partitioned into the liquid phase (see Table 3). The rate of reduction in energy yield of the hydrochar with temperature is higher with the blended materials compared to processing alone, especially with SS digestate and grass. The experimental energy yield is compared to the weighted value, assuming additive behaviour, as seen in Figure 5a–c, and indicates that energy yields in the blend are lower than that expected for additive behaviour, suggesting there is an interaction between the feedstocks. This corresponds to a higher TOC level in the process water than would be expected if simply additive, suggesting that the inorganic content may be increasing the solubilisation of organic material into the process water. Figure 5d–f compares the weighted level of TOC expected in the process waters if additive and shows that TOC levels are higher expected.



In each of the feedstocks (with the exception of digestate alone), the carbon content of the hydrochar increases with processing temperature, whereas for the digestate, the carbon content remains at about 34 wt.% under all conditions. Co-processing of the lignocellulosic biomass with SS digestate increases the oxygen and sulphur content and reduces the carbon and hydrogen content of the resultant hydrochar. This is largely due to the higher ash content of the SS digestate. The blending of SS digestate with lignocellulosics reduces the energy density of the hydrochar and reduces the energy densification (ED) compared to processing lignocellulosic biomass alone. The increase of HHV with temperature after co-processing is less than that observed following HTC of the lignocellulosic biomass alone. The increase in ED with temperature follows the order SS and woodchip (17.2 to 20.3 MJ/kg) > SS and privet (17.1 to 18.9 MJ/kg) > SS and grass (17.2 to 17.8 MJ/kg). The HHV of the grass blends is still higher than the SS digestate alone (cf. 17 to 15 MJ/kg). Blending also appears to influence the fixed carbon content of the resulting char. Figure 6 compares the weighted amount of FC, assuming additive behaviour (red line) with the experimentally determined level of FC (blue line) and for the higher ash feedstocks (grass and privet hedge), and at high temperature (250 °C), the FC is lower than that predicted by additive behaviour. This again provides evidence that the blending of the biomass components are interacting, possibly due to a catalytic effect associated with the metals, altering the structure of the resulting hydrochar.



The Van Krevelen plot for the feedstocks and hydrochars is shown in Figure 7, and plots the H:C and O:C atomic ratios of the lignocellulosic biomass and SS digestate alongside the hydrochar generated at 150, 200, and 250 °C. At each temperature, the SS digestate hydrochar exhibits a higher H:C ratio and lower O:C ratio compared to the lignocellulosic hydrochars. This trend is also observed in other studies [27] and suggests that higher inorganic content feedstock such as hydrochars favour decarboxylation reactions, compared to lower inorganic content feedstock, which favour dehydration reactions. The blended hydrochars produced at 250 °C exhibit similar H:C/O:C ratio to that of a low grade coal. The blending of lignocellulosic biomass with sewage digestate reduces the H:C ratio of the hydrochar yet reduces the O:C ratio compared to processing lignocellulosic biomass alone.




3.2.3. Inorganic Content and Influence on Combustion Behaviour


Table 5 lists the major ash forming elements in the raw feedstocks and resulting hydrochars produced from the feedstocks processed alone and in their 50/50 blends.



The sewage digestate and corresponding hydrochars contain high levels of silicon, calcium, aluminium, and iron. Each of these elements are enriched in the hydrochar following hydrothermal carbonisation due to their low solubility. The digestate also has significantly higher levels of phosphorus, which is largely retained in the hydrochar, due to the increased levels of calcium [9]. The levels of alkali metals are generally lower in the digestate samples, compared to lignocellulosic biomass feedstocks. The major metals in the lignocellulosic feedstocks and resulting hydrochar include calcium, silica, potassium, and phosphorous, in that order. The levels of silica are significantly lower than the SS digestate. The levels of alkali metals in the hydrochars generally reduce with processing temperature, agreeing with previous behaviour observed for lignocellulosics, which shows significant demineralization of alkali metals into the process waters [9]. The major metals in the blend hydrochar are similar to the SS digestate and include, in descending order, silica, calcium, aluminium, and iron. The levels of P in the blend hydrochars are higher in the grass clippings and privet hedge blends compared to the woodchip blends; this is expected to be largely due to the higher calcium content in the grass and privet hedge; increasing the partitioning of P in the hydrochars, although grass also contains the highest P content of the three lignocellulosic biomass.



Table 6 presents the slagging and fouling indices for hydrochar produced from the lignocellulosic biomass and 50/50 blends with SS digestate. Calculation of slagging and fouling indices can be used to predict the behaviour of ash during combustion of the hydrochar. Values have been color-coded based on the predicted propensity for slagging and/or fouling problems. Green signifies no major problems, amber potential problems, and red almost certain problems. SS digestate alone has been included for the purpose of comparison.



It should be noted that these predictive indices need to be interpreted carefully, as some of the indices are developed for coal [28] and so sometimes over-estimate problems [9]. They do, however, provide insight into how fuels might behave and how hydrothermal carbonisation can improves combustion performance [9]. Slagging and fouling indices evaluated include alkali index for fouling, bed agglomeration for ash sintering, base-to-acid ratio for slagging propensities, slagging index, and fouling index. The alkali index (AI) of SS digestate alone reduces following HTC; however, it still predicts problematic behaviour. The only waste not problematic is woodchip. Blending grass and privet hedge with SS digestate is predicted to increase slagging associated with alkali metals at lower temperatures, although there is some improvement as the temperature increases. Only blending with the low ash woodchip improves AI. AI is, however, not the best indicator of ash behaviour for bio-coals from HTC. Moderate improvements in the bed agglomeration index (BAI) are observed when adding lignocellulosic biomass to SS digestate. The base to acid index (Rb/a) describes the ratio of acidic ash components (e.g., SiO2 and Al2O3) to basic oxides (e.g., CaO and MgO). The SS digestate has a lower Rb/a, which predicts a reduced risk of slagging compared to the lignocellulosic biomass, which generally have higher risk of slagging. Privet hedge exhibits a high Rb/a of 11 due to the high levels of basic oxides (CaO and K2O) and is significantly reduced to 0.5 by the addition of SS digestate.



The slagging index (SI) of the SS digestate is improved following HTC and all green lignocellulosics fall within safe limits. Blending of the lignocellulosics with SS digestate reduces the SI compared to SS digestate alone and are within safe limits. Co-processing the lignocellulosics with SS digestate slightly improves the fouling index (FI), suggesting that fouling is partially reduced although only for grass and privet hedge, which exhibit a high propensity to fouling. The molar 2S/Cl ratio is an indicator of high temperature corrosion risk [24]. This indicates that grass and privet may pose a higher corrosion risk than SS digestate when processed alone (i.e., 2S/Cl ratio < 4), whereas the SS digestate processed alone has a higher 2S/Cl ratio of 16.7, suggesting almost negligible high temperature corrosion risk. The blended hydrochars all have 2S/Cl ratio > 4, which suggest that they have only minor corrosion risk. Therefore, blending the lignocellulosic biomass with SS digestate reduces the corrosion risk.



The indices generally show a slight reduction in slagging propensity following co-processing with improvements following the order woodchip > grass clippings > privet hedge cuttings. The addition of the SS digestate to lignocellulosics is expected to increase the ash melting temperature, compared to lignocellulosics alone, due to the higher aluminosilicate and calcium content of SS [29]. Co-processing generally shows an improvement in bed agglomeration index, with the exception of privet hedge, but interestingly, blending is predicted to increase fouling propensity after co-processing.



It was initially thought that blending sewage digestate with lignocellulosic biomass would improve the slagging and fouling propensity of the resulting hydrochars due to the lower ash content of the lignocellulosics; however, the data indicate this is not straightforward. Interactions between feedstocks can result in increased levels of ash, and blending does not always result in additive behaviour. Figure 8 compares the weighted levels of K and Ca in the blends assuming additive behaviour, compared to the experimentally measured values. The alkali metal K, is responsible for reducing ash melting temperatures and is higher in the blends of each feedstock compared to additive levels. Figure 8a–c shows that there is an interaction between the feedstocks resulting in additional accumulation of K in the hydrochar, which will be detrimental to using the blends as a solid fuel. Ca on the other hand (Figure 8d–f), is reduced compared to additive levels suggesting more calcium is solubilized into the process water. Ca increases the ash melting temperature and is beneficial.





3.3. Process Water Composition, Biomethane Yield, and Biodegradability


The composition of the process waters from SS digestate and lignocellulosic biomass, together with the blends, are listed in Table 7. The pH of the process waters are more acidic for the lignocellulosics than for the SS digestate. At the higher temperature of 250 °C, the SS digestate process water is basic, whereas for all lignocellulosic biomass, it is acidic. Blending generally increases the pH of the process waters. The pH of the 200 °C process waters is generally more acidic than the process waters at 150 and 250 °C, with the exception of the woodchip. At the lower temperatures, this is due to lower degradation and lower levels of VFA, whereas at higher temperatures, there is a buffering effect associated with the presence of inorganics and soluble N containing compounds (not shown). This buffering effect is lower for woodchip, probably due to the lower ash content and lower N-content. The VFA content generally increases with increasing temperature for all feedstock [30]. The acidity of the woodchip process waters is expected to promote polymerisation to hydrochar during HTC reactions, [31], which could be partially responsible for the higher solid yields and lower liquid yields. The higher levels of TN in the process waters from grass are expected and associated with the high protein content of grass. COD levels generally increase with temperature, with the exception of privet hedge cuttings, suggesting a degree of feedstock dependence.



Experimental BMP (BMPexp) for each of the process waters are shown in Table 8 and are similar to previous reports with an optimum BMPexp and biodegradability being exhibited at 200 °C [5]. A positive control using cellulose (not shown) indicated that the inoculum was active producing 380 NmL CH4/ g VS.



The C:N ratio of the lignocellulosic derived process waters vary widely due to the different protein content and are significantly higher than SS digestate alone. However, the C:N ratio of majority of process waters shown in Table 7 fall outside the optimal range of 25-30:1 [32]. Process waters from SS digestate are greatest at 200 °C producing 159.2 NmL CH4/g COD; this only slightly reduces at 250 °C to 141.8 NmL CH4/g COD. A comparison of the lignocellulosic biomass indicates the grass produces the largest BMP; again, it is highest at 200 °C, reaching 188.5 NmL CH4/g COD. However, increasing the temperature to 250 °C results in significant reduction to 45.5 NmL CH4/g COD. Once again, the lower temperature processing results in a low BMP yields. The BMP of the privet hedge clippings process water shows the next best performance. Once again, the process water produced at 200 °C results in the highest BMP yield. The wood chip appears to be inhibitory at 200–250 °C, producing very little biogas, displaying different behaviour to grass and privet hedge. Alternatively, a similar behaviour to privet hedge cuttings is observed for wood chip at 150 °C, producing a slightly higher level of methane than privet hedge cuttings of 97.8 NmL CH4/g COD, however, still lower than that from grass.



Following co-processing, the blended process waters all perform better than their performance in isolation, suggesting the SS digestate improves the biodegradability of the lignocellulosic blend waters. The highest increase is seen for the woodchip, which increases from 16.2 NmL CH4/g COD to 172.4 NmL CH4/g COD when blended with SS digestate. The grass sample alone has high BMP, yet blending with SS digestate still maintains a high BMP at 184.4 NmL CH4/g COD. The privet hedge has the lowest BMP, and blending is detrimental to overall CH4 yields.



Co-processing SS digestate with lignocellulosic biomass does result in the significant improvement of biomethane generation when compared to lignocellulosic biomass process waters alone. For the case of woodchip, blending with SS digestate improves the biomethane generation for all temperatures, thereby suggesting there is a lowering in the concentration of inhibitory compounds. However, the majority of the process waters still exhibit significant lag time indicating a level of toxification, which requires further investigation.



Ultimately, process waters generated from lignocellulosics have lower biochemical methane potential than SS digestate, with the exception of grass clippings at 200 °C. Overall, processing at 200 °C produces the highest yields of methane, suggesting that processing at intermediate temperatures is likely to improve the overall energy recovery. Grass is the best-performing blend material for co-processing although the reduction in process biodegradability when woodchip is blended is less than expected considering the behaviour of woodchip alone. While this does not fully explain potential inhibitory behaviour, it does indicate that blending of SS digestate with lignocellulosics is not a show stopper in terms of energy recovery from the process waters but intermediate HTC temperatures are likely to be better agreeing with previous reports [5,8].





4. Conclusions


The data indicates that blending of biomass during HTC can lead to complex interactions and may not necessarily result in better combustion properties. Co-processing of sewage sludge digestate with different lignocellulosic biomasses by hydrothermal carbonisation does not always result in additive behaviour. More complex interactions are observed between feedstocks, affecting the combustion behaviour of the resulting hydrochar. While HHV generally is increased, nitrogen content, ash, and alkali metals can be enhanced in the hydrochar, resulting in detrimental combustion behaviour. The high N-content of the hydrochar is likely to result in increased NOx emissions, and the incorporation of alkali metals is likely to increase the likelihood of slagging and fouling. The addition of lignocellulosic material to digestate can increase the solid loading of HTC, which may reduce the level of dewatering required and improve the overall energetics of the process. The effect of co-processing on hydrochar and process water characteristics is highly dependent on feedstock composition. The most desirable feedstock combination is likely to depend on the end use of the hydrochar. Hydrochars produced from biomass blends may for instance be more suitable as a soil additive, compared to applications as a solid fuel. The effect of blending can increase nutrient content (N, P, and K), and an increased proportion of lignocellulosic biomass may increase the humic-like substances in the hydrochars, improving their agronomic properties. The results demonstrate that the blending of lignocellulosic biomass with high-nutrient feedstocks, such as digestate, has a significant impact on the characteristics of the resulting hydrochar and presents a potential opportunity to modify hydrochar properties for particular applications.
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Figure 1. Schematic of a possible HTC/AD integration strategy for the treatment of digestate. 
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Figure 2. (a) TGA and (b) DTG curves for SS digestate and lignocellulosic biomass. 
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Figure 3. Comparison of experimental and additive nitrogen levels in the hydrochar from 50/50 blends for (a) SS and grass at 50/50 blend, (b) SS and privet hedge at 50/50 blend, and (c) SS and woodchip at 50/50 blend. 
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Figure 4. Comparison of experimental and additive levels in the hydrochar of (a) ash for SS and grass at 50/50 blend, (b) ash for SS and privet hedge at 50/50 blend, (c) ash for SS and woodchip at 50/50 blend, (d) ED for SS and grass 50/50 blend, (e) ED for SS and privet hedge for 50/50 blend, and (f) ED for SS and woodchip for 50/50 blend. 
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Figure 5. Comparison of experimental and additive levels in the hydrochar of (a) EY for SS and grass at 50/50 blend, (b) EY for SS and privet hedge at 50/50 blend, (c) EY for SS and woodchip at 50/50 blend, (d) process water TOC for SS and grass 50/50 blend, (e) process water TOC for SS and privet hedge for 50/50 blend, and (f) process water TOC for SS and woodchip for 50/50 blend. 
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Figure 6. Comparison of experimental and additive levels in the hydrochar of (a) FC for SS and grass at 50/50 blend, (b) FC for SS and privet hedge at 50/50 blend, and (c) FC for SS and woodchip at 50/50 blend. 
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Figure 7. Van Krevelen diagram for lignocellulosic biomass, SS digestate feedstock, and resultant hydrochars, including blends on a dry ash free basis. 
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Figure 8. Comparison of experimental and additive levels in the hydrochar of (a) K content for SS and grass at 50/50 blend, (b) K content for SS and privet hedge at 50/50 blend, (c) K content for SS and woodchip at 50/50 blend, (d) Ca content for SS and grass 50/50 blend, (e) Ca content for SS and privet hedge for 50/50 blend, and (f) Ca content for SS and woodchip for 50/50 blend. 
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Table 1. Interpretation of predictive slagging and fouling indices [23,24].
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Key

	
Interpretation

	
Slagging and Fouling Indices




	
AI

	
BAI

	
Rb/a

	
SI

	
FI

	
2S/Cl






	

	
Low/safe

	
<0.17

	
>0.15

	
<0.5

	
<0.6

	
<0.6

	
>4




	

	
Medium/likely

	
>0.17<0.34

	
<0.15

	
>0.5<0.7

	
>0.6<2.0

	
>0.6<40

	
-




	

	
High/certain

	
>0.34

	
-

	
>0.7

	
>2.0

	
>40

	
<4
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Table 2. Composition analysis of digestate and lignocellulosic biomass.
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	SS

Digestate
	Grass

Clippings
	Privet Hedge
	Woodchip





	% Protein (ar)
	19.9 ± 0.7
	21.1 ± 0.6
	6.7 ± 0.6
	2.2 ± 0.2



	% Cellulose (ar)
	5.8
	23.2
	20.5
	32.8



	% Hemicellulose (ar)
	4.9
	22.6
	9.4
	13.9



	% Lignin (ar)
	17.3
	3.5
	10.2
	21.7



	% C (db)
	28.6 ± 0.3
	45.6 ± 0.2
	46.7 ± 0.0
	49.6 ± 0.4



	% H (db)
	3.1 ± 0.1
	5.3 ± 0.2
	5.6 ± 0.1
	6.4 ± 0.9



	% N (db)
	3.4 ± 0.0
	3.5 ± 0.0
	1.1 ± 0.0
	0.4 ± 0.0



	% S (db)
	1.5 ± 0.0
	0.1 ± 0.1
	0.0 ± 0.0
	0.0 ± 0.0



	% O a (db)
	16.4 ± 0.3
	33.2 ± 0.9
	39.4 ± 0.5
	36.9 ± 0.7



	H/C (daf)
	1.30
	1.37
	1.42
	1.55



	O/C (daf)
	0.43
	0.55
	0.63
	0.60



	% VM (db)
	51.0 ± 0.1
	71.1 ± 0.1
	76.7 ± 0.1
	76.1 ± 0.2



	% FC (db)
	2.1 ± 0.1
	16.6 ± 0.3
	16.1 ± 0.2
	17.1 ± 0.4



	% Ash a (db)
	46.9 ± 0.0
	12.4 ± 0.4
	7.2 ± 0.3
	6.8 ± 0.6



	HHV (MJ/kg db) b
	14.9
	18.4
	18.6
	19.9







ar = as received basis. db = dry basis. daf = dry ash free basis. a calculated by difference. b calculated according to Equation (2).
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Table 3. Yields of products following hydrothermal carbonisation of SS digestate, lignocellulosic biomass, and 50/50 blends at 20% solid loading.
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Feedstock and HTC Process Conditions

	
Yields (wt.% db)




	
Solid

	
Liquid

	
Gas






	
SS digestate

	

	

	




	
150 °C

	
90.6 ± 2.3

	
9.0 ± 2.2

	
0.4 ± 0.0




	
200 °C

	
77.0 ± 0.8

	
22.2 ± 0.7

	
0.8 ± 0.2




	
250 °C

	
70.5 ± 0.3

	
28.0 ± 0.0

	
1.5 ± 0.3




	
Grass clippings

	

	

	




	
150 °C

	
68.7 ± 2.4

	
30.7 ± 2.4

	
0.5 ± 0.0




	
200 °C

	
59.8 ± 0.5

	
39.0 ± 0.4

	
1.1 ± 0.1




	
250 °C

	
51.4 ± 0.3

	
46.1 ± 0.4

	
2.4 ± 0.0




	
SS + grass 50/50

	

	

	




	
150 °C

	
81.0 ± 0.4

	
18.4 ± 0.1

	
0.6 ± 0.2




	
200 °C

	
67.9 ± 0.1

	
30.8 ± 0.2

	
1.3 ± 0.3




	
250 °C

	
56.0 ± 1.4

	
42.3 ± 1.6

	
1.7 ± 0.2




	
Privet hedge

	

	

	




	
150 °C

	
65.2 ± 0.2

	
33.8 ± 0.2

	
0.9 ± 0.0




	
200 °C

	
56.5 ± 1.2

	
41.8 ± 1.2

	
1.8 ± 0.1




	
250 °C

	
46.6 ± 0.6

	
51.0 ± 0.6

	
2.5 ± 0.1




	
SS + Privet 50/50

	

	

	




	
150 °C

	
75.7 ± 0.2

	
23.7 ± 0.3

	
0.6 ± 0.2




	
200 °C

	
65.8 ± 0.1

	
32.5 ± 0.1

	
1.7 ± 0.0




	
250 °C

	
56.8 ± 0.5

	
41.3 ± 0.5

	
1.9 ± 0.0




	
Wood chips

	

	

	




	
150 °C

	
85.5 ± 1.2

	
14.1 ± 1.1

	
0.3 ± 0.1




	
200 °C

	
73.8 ± 0.6

	
25.7 ± 0.3

	
0.5 ± 0.3




	
250 °C

	
56.5 ± 0.5

	
41.8 ± 0.4

	
1.7 ± 0.0




	
SS + wood 50/50

	

	

	




	
150 °C

	
87.4 ± 0.3

	
11.8 ± 0.7

	
0.8 ± 0.4




	
200 °C

	
75.4 ± 0.1

	
23.5 ± 0.4

	
1.1 ± 0.4




	
250 °C

	
62.9 ± 1.4

	
35.5 ± 1.5

	
1.5 ± 0.1
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Table 4. Ultimate, proximate, and heating value of the hydrochars from SS, lignocellulosic biomass, and 50/50 blends.






Table 4. Ultimate, proximate, and heating value of the hydrochars from SS, lignocellulosic biomass, and 50/50 blends.





	
Hydrochar (20% Solid Loading)

	
Ultimate Analysis (wt% db)

	
Proximate Analysis (wt% db)

	
HHV

(MJ/kg, db)

	
H/C

(daf)

	
O/C

(daf)

	
ED

	
EY

(%)




	
C

	
H

	
N

	
S

	
O a

	
VM

	
FC

	
Ash a






	
SS digestate

	

	

	

	

	

	

	

	

	

	

	

	

	




	
150 °C

	
34.2 ± 0.0

	
4.5 ± 0.0

	
3.7 ± 0.0

	
0.9 ± 0.0

	
19.9 ± 0.1

	
55.0 ± 0.0

	
5.9 ± 0.1

	
39.1 ± 0.1

	
15.2

	
1.56

	
0.28

	
1.02

	
92.4




	
200 °C

	
34.5 ± 0.0

	
4.3 ± 0.0

	
2.6 ± 0.0

	
1.1 ± 0.0

	
13.5 ± 0.7

	
51.2 ± 1.0

	
3.5 ± 1.6

	
45.3 ± 0.6

	
15.2

	
1.47

	
0.20

	
1.02

	
78.5




	
250 °C

	
34.7 ± 0.4

	
4.3 ± 0.0

	
2.4 ± 0.1

	
0.9 ± 0.1

	
9.0 ± 0.4

	
44.9 ± 0.2

	
5.6 ± 0.1

	
49.5 ± 0.0

	
15.2

	
1.46

	
0.13

	
1.02

	
71.9




	
Grass clippings

	

	

	

	

	

	

	

	

	

	

	

	

	




	
150 °C

	
49.4 ± 0.1

	
6.1 ± 0.0

	
3.1 ± 0.0

	
0.0 ± 0.0

	
33.9 ± 0.2

	
72.5 ± 0.2

	
17.0 ± 0.2

	
10.5 ± 0.1

	
20.0

	
1.48

	
0.35

	
1.09

	
74.9




	
200 °C

	
53.1 ± 0.4

	
6.0 ± 0.0

	
3.2 ± 0.0

	
0.0 ± 0.0

	
25.9 ± 0.0

	
69.2 ± 0.3

	
16.6 ± 0.2

	
14.2 ± 0.5

	
21.6

	
1.34

	
0.27

	
1.17

	
70.0




	
250 °C

	
61.4 ± 0.0

	
6.1 ± 0.1

	
3.1 ± 0.0

	
0.1 ± 0.0

	
17.3 ± 0.0

	
61.5 ± 0.0

	
25.0 ± 0.1

	
13.5 ± 0.1

	
25.7

	
1.18

	
0.18

	
1.40

	
71.9




	
SS + grass 50/50

	

	

	

	

	

	

	

	

	

	

	

	

	




	
150 °C

	
41.9 ± 0.1

	
5.2 ± 0.0

	
3.6 ± 0.0

	
0.6 ± 0.1

	
25.7 ± 0.2

	
64.0 ± 0.1

	
10.5 ± 0.2

	
25.5 ± 0.3

	
17.2

	
1.48

	
0.31

	
1.03

	
83.4




	
200 °C

	
43.4 ± 0.2

	
4.9 ± 0.0

	
2.9 ± 0.0

	
0.7 ± 0.0

	
19.5 ± 0.9

	
59.4 ± 0.8

	
10.5 ± 0.2

	
30.1 ± 0.6

	
17.6

	
1.35

	
0.25

	
1.05

	
71.3




	
250 °C

	
44.0 ± 0.0

	
4.5 ± 0.0

	
3.0 ± 0.1

	
0.7 ± 0.0

	
12.8 ± 0.1

	
51.8 ± 0.3

	
12.3 ± 0.0

	
35.8 ± 0.2

	
17.8

	
1.23

	
0.18

	
1.07

	
59.9




	
Privet hedge

	

	

	

	

	

	

	

	

	

	

	

	

	




	
150 °C

	
51.7 ± 0.4

	
6.1 ± 0.1

	
2.0 ± 0.1

	
0.0 ± 0.0

	
37.3 ± 0.3

	
76.1 ± 0.3

	
18.2 ± 0.0

	
5.7 ± 0.4

	
20.9

	
1.41

	
0.38

	
1.12

	
73.0




	
200 °C

	
58.4 ± 0.2

	
5.9 ± 0.0

	
1.7 ± 0.0

	
0.0 ± 0.0

	
30.2 ± 0.3

	
69.3 ± 0.1

	
24.9 ± 0.0

	
5.8 ± 0.0

	
23.8

	
1.20

	
0.32

	
1.28

	
72.3




	
250 °C

	
65.2 ± 0.2

	
5.9 ± 0.0

	
2.2 ± 0.1

	
0.1 ± 0.0

	
22.3 ± 0.9

	
60.5 ± 0.4

	
33.8 ± 0.1

	
5.6 ± 0.5

	
27.4

	
1.08

	
0.24

	
1.47

	
68.5




	
SS + hedge 50/50

	

	

	

	

	

	

	

	

	

	

	

	

	




	
150 °C

	
42.0 ± 0.4

	
5.1 ± 0.1

	
2.7 ± 0.0

	
0.5 ± 0.0

	
27.0 ± 0.7

	
65.0 ± 0.1

	
10.0 ± 0.1

	
25.0 ± 0.2

	
17.1

	
1.44

	
0.33

	
1.02

	
77.2




	
200 °C

	
45.7 ± 0.1

	
5.0 ± 0.0

	
2.4 ± 0.0

	
0.5 ± 0.0

	
20.3 ± 0.0

	
59.1 ± 0.1

	
13.4 ± 0.0

	
27.6 ± 0.1

	
18.3

	
1.31

	
0.26

	
1.09

	
71.7




	
250 °C

	
47.5 ± 0.4

	
4.7 ± 0.0

	
2.6 ± 0.0

	
0.6 ± 0.0

	
14.4 ± 0.5

	
53.3 ± 0.0

	
15.4 ± 0.1

	
31.3 ± 0.1

	
18.9

	
1.19

	
0.19

	
1.13

	
64.1




	
Wood chips

	

	

	

	

	

	

	

	

	

	

	

	

	




	
150 °C

	
51.2 ± 1.7

	
6.0 ± 0.1

	
0.3 ± 0.0

	
0.0 ± 0.0

	
43.9 ± 1.5

	
82.3 ± 0.3

	
15.9 ± 0.3

	
1.8 ± 0.0

	
20.5

	
1.41

	
0.46

	
1.03

	
88.0




	
200 °C

	
55.8 ± 0.8

	
5.7 ± 0.1

	
0.3 ± 0.0

	
0.0 ± 0.0

	
36.5 ± 0.7

	
75.2 ± 0.3

	
21.2 ± 0.2

	
3.7 ± 0.1

	
22.3

	
1.22

	
0.40

	
1.12

	
82.7




	
250 °C

	
69.2 ± 0.4

	
5.5 ± 0.1

	
0.5 ± 0.0

	
0.0 ± 0.0

	
23.1 ± 0.4

	
58.2 ± 0.9

	
38.5 ± 1.0

	
3.3 ± 0.1

	
28.8

	
0.95

	
0.26

	
1.45

	
81.9




	
SS + wood 50/50

	

	

	

	

	

	

	

	

	

	

	

	

	




	
150 °C

	
42.9 ± 0.6

	
5.7 ± 0.3

	
2.0 ± 0.1

	
0.4 ± 0.0

	
30.6 ± 0.9

	
66.7 ± 0.1

	
11.9 ± 0.7

	
21.4 ± 0.7

	
17.2

	
1.57

	
0.34

	
0.99

	
86.5




	
200 °C

	
46.9 ± 0.1

	
5.1 ± 0.1

	
1.8 ± 0.0

	
0.5 ± 0.0

	
24.9 ± 0.3

	
62.3 ± 0.2

	
15.2 ± 0.4

	
22.5 ± 0.2

	
18.7

	
1.29

	
0.31

	
1.07

	
80.7




	
250 °C

	
51.3 ± 0.0

	
4.8 ± 0.1

	
2.3 ± 0.0

	
0.5 ± 0.0

	
15.2 ± 0.2

	
51.6 ± 0.3

	
21.2 ± 0.1

	
27.2 ± 0.2

	
20.3

	
1.12

	
0.20

	
1.17

	
73.6








a calculated by difference. ED = energy densification. EY = energy yield.
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Table 5. Inorganic content of feedstock and 20% solid loading hydrochar from SS digestate, lignocellulosic biomass, and 50/50 blends of SS and grass clippings, garden hedging, and wood chip.






Table 5. Inorganic content of feedstock and 20% solid loading hydrochar from SS digestate, lignocellulosic biomass, and 50/50 blends of SS and grass clippings, garden hedging, and wood chip.





	
Feedstock and Hydrochar

	

	
Inorganic Analysis (wt.% db)




	
Na

	
Mg

	
Al

	
Si

	
P

	
Cl

	
K

	
Ca

	
Fe






	
SS digestate

	
0.49

	
1.00

	
3.02

	
8.76

	
2.48

	
0.05

	
0.98

	
3.46

	
2.82




	
150 °C

	
0.31

	
0.83

	
2.67

	
7.58

	
1.95

	
0.03

	
0.70

	
2.78

	
2.37




	
200 °C

	
0.42

	
0.98

	
3.11

	
8.62

	
2.23

	
0.04

	
0.75

	
3.38

	
2.70




	
250 °C

	
0.47

	
1.09

	
3.26

	
9.09

	
2.58

	
0.04

	
0.93

	
3.78

	
3.03




	
Grass clippings

	
0.26

	
0.39

	
0.15

	
1.76

	
0.58

	
0.07

	
1.42

	
1.93

	
0.28




	
150 °C

	
0.18

	
0.25

	
0.08

	
1.78

	
0.55

	
0.05

	
1.21

	
1.83

	
0.06




	
200 °C

	
0.20

	
0.28

	
0.11

	
2.71

	
0.82

	
0.09

	
1.18

	
2.35

	
0.08




	
250 °C

	
0.21

	
0.30

	
0.11

	
2.37

	
0.90

	
0.07

	
0.65

	
2.69

	
0.08




	
SS + grass 50/50

	
0.38

	
0.70

	
1.59

	
5.26

	
1.53

	
0.06

	
1.20

	
2.70

	
1.55




	
150 °C

	
0.46

	
0.55

	
1.46

	
4.54

	
1.26

	
0.06

	
1.13

	
2.23

	
1.28




	
200 °C

	
0.27

	
0.64

	
1.71

	
5.44

	
1.50

	
0.02

	
1.11

	
2.81

	
1.47




	
250 °C

	
0.26

	
0.81

	
2.07

	
6.54

	
1.96

	
0.02

	
0.90

	
3.27

	
1.89




	
Privet hedge

	
0.20

	
0.13

	
0.03

	
0.36

	
0.30

	
0.01

	
1.46

	
1.65

	
0.01




	
150 °C

	
0.14

	
0.09

	
0.03

	
0.30

	
0.29

	
0.00

	
0.77

	
1.80

	
0.02




	
200 °C

	
0.07

	
0.07

	
0.03

	
0.22

	
0.40

	
0.01

	
0.73

	
1.87

	
0.02




	
250 °C

	
0.07

	
0.08

	
0.03

	
0.12

	
0.50

	
0.01

	
0.39

	
1.92

	
0.02




	
SS + hedge 50/50

	
0.35

	
0.57

	
1.53

	
4.56

	
1.39

	
0.03

	
1.22

	
2.56

	
1.42




	
150 °C

	
0.23

	
0.45

	
1.60

	
4.62

	
1.04

	
0.02

	
1.72

	
1.95

	
1.19




	
200 °C

	
0.18

	
0.53

	
1.81

	
4.92

	
1.29

	
0.02

	
1.6

	
2.52

	
1.40




	
250 °C

	
0.21

	
0.63

	
2.06

	
5.68

	
1.47

	
0.00

	
1.20

	
2.63

	
1.60




	
Wood chips

	
0.05

	
0.02

	
0.04

	
0.16

	
0.01

	
0.05

	
0.02

	
0.26

	
0.03




	
150 °C

	
0.04

	
0.03

	
0.07

	
0.31

	
0.01

	
0.00

	
0.02

	
0.39

	
0.05




	
200 °C

	
0.04

	
0.05

	
0.18

	
0.69

	
0.02

	
0.00

	
0.05

	
0.63

	
0.13




	
250 °C

	
0.18

	
0.04

	
0.13

	
0.63

	
0.02

	
0.03

	
0.13

	
0.39

	
0.09




	
SS + wood 50/50

	
0.27

	
0.51

	
1.53

	
4.46

	
1.25

	
0.00

	
0.50

	
1.86

	
1.43




	
150 °C

	
0.21

	
0.44

	
1.45

	
4.12

	
1.03

	
0.02

	
0.54

	
1.57

	
1.29




	
200 °C

	
0.18

	
0.46

	
1.54

	
4.36

	
0.98

	
0.01

	
0.65

	
1.63

	
1.24




	
250 °C

	
0.34

	
0.56

	
1.96

	
5.33

	
1.17

	
0.04

	
0.68

	
1.79

	
1.43
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Table 6. Slagging and fouling indices for hydrochar from SS digestate, lignocellulosic biomass, and 50/50 blends.
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Feedstock and Resultant Hydrochars

	
Slagging and Fouling Indices




	
AI

	
BAI

	
Rb/a

	
SI

	
FI

	
2S/Cl






	
SS digestate

	
1.23

	
2.19

	
0.47

	
0.7

	
1.8

	
16.7




	
150 °C

	
0.83

	
2.69

	
0.43

	
0.4

	
1.4

	
16.0




	
200 °C

	
0.97

	
2.63

	
0.44

	
0.5

	
1.4

	
13.9




	
250 °C

	
1.15

	
2.47

	
0.48

	
0.4

	
1.7

	
13.0




	
Grass clippings

	
1.13

	
0.19

	
1.42

	
0.0

	
24.4

	
0.2




	
150 °C

	
0.84

	
0.05

	
1.20

	
0.1

	
19.3

	
0.1




	
200 °C

	
0.78

	
0.07

	
0.93

	
0.0

	
11.0

	
0.1




	
250 °C

	
0.42

	
0.11

	
1.03

	
0.1

	
8.1

	
0.8




	
SS and grass 50/50

	
1.87

	
0.56

	
0.83

	
0.6

	
8.7

	
9.4




	
150 °C

	
1.15

	
0.93

	
0.58

	
0.3

	
4.5

	
5.6




	
200 °C

	
0.97

	
1.23

	
0.55

	
0.4

	
3.1

	
16.2




	
250 °C

	
0.81

	
1.89

	
0.52

	
0.4

	
2.1

	
15.5




	
Privet hedge

	
1.10

	
0.01

	
5.52

	
0.0

	
163.8

	
0.4




	
150 °C

	
0.53

	
0.02

	
5.49

	
0.0

	
107.1

	
1.6




	
200 °C

	
0.41

	
0.03

	
7.28

	
0.0

	
121.6

	
1.0




	
250 °C

	
0.20

	
0.06

	
11.00

	
0.8

	
109.0

	
4.7




	
SS and hedge 50/50

	
2.70

	
0.26

	
1.36

	
1.0

	
22.8

	
13.0




	
150 °C

	
1.40

	
0.71

	
0.55

	
0.3

	
5.2

	
13.8




	
200 °C

	
0.67

	
1.64

	
0.50

	
0.3

	
2.2

	
18.1




	
250 °C

	
0.91

	
1.32

	
0.51

	
0.3

	
2.8

	
60.0




	
Woodchip

	
0.04

	
0.49

	
1.27

	
0.0

	
9.9

	
0.1




	
150 °C

	
0.04

	
0.86

	
0.92

	
0.0

	
4.2

	
1.2




	
200 °C

	
0.05

	
1.72

	
0.68

	
0.0

	
2.0

	
1.1




	
250 °C

	
0.14

	
0.30

	
0.71

	
0.0

	
8.7

	
0.2




	
SS and woodchip 50/50

	
0.80

	
1.06

	
0.79

	
0.6

	
4.6

	
8.2




	
150 °C

	
0.54

	
1.98

	
0.45

	
0.2

	
2.0

	
13.3




	
200 °C

	
0.55

	
1.74

	
0.44

	
0.2

	
2.0

	
19.7




	
250 °C

	
0.63

	
1.61

	
0.41

	
0.2

	
1.9

	
6.5
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Table 7. Process water composition.






Table 7. Process water composition.















	SS, Lignocellulosic Biomass and Blends Process Waters
	pH
	C:N
	TN

(g/L)
	TOC

(g/L)
	COD (g/L)
	Total VFA (g/L)
	Total Phenols (g/L)





	SS digestate
	
	
	
	
	
	
	



	150 °C
	6.5 ± 0.0
	5.7
	1.0 ± 0.4
	5.7 ± 0.0
	18.8 ± 0.0
	0.2
	0.2 ± 0.0



	200 °C
	5.1 ± 0.0
	6.1
	1.4 ± 0.0
	8.5 ± 0.1
	36.5 ± 0.1
	1.8
	0.5 ± 0.0



	250 °C
	8.0 ± 0.0
	6.5
	1.5 ± 0.0
	9.8 ± 0.0
	37.8 ± 0.4
	4.0
	0.2 ± 0.0



	Grass clippings
	
	
	
	
	
	
	



	150 °C
	5.8 ± 0.0
	12.2
	1.6 ± 0.0
	19.6 ± 0.1
	54.3 ± 0.4
	1.5
	0.3 ± 0.0



	200 °C
	4.6 ± 0.0
	6.4
	2.8 ± 0.0
	18.0 ± 0.2
	49.3 ± 0.2
	3.6
	1.3 ± 0.0



	250 °C
	6.2 ± 0.2
	2.7
	8.6 ± 0.1
	23.0 ± 0.1
	68.0 ± 0.0
	4.7
	0.1 ± 0.0



	SS & grass 50/50
	
	
	
	
	
	
	



	150 °C
	5.8 ± 0.0
	7.7
	1.8 ± 0.0
	13.9 ± 0.0
	39.0 ± 0.1
	1.5
	0.2 ± 0.0



	200 °C
	4.7 ± 0.0
	7.7
	2.0 ± 1.1
	15.4 ± 0.0
	44.7 ± 0.0
	2.9
	0.3 ± 0.0



	250 °C
	6.9 ± 0.0
	4.6
	3.4 ± 0.0
	15.6 ± 0.1
	45.1 ± 0.2
	4.1
	0.4 ± 0.0



	Privet hedge
	
	
	
	
	
	
	



	150 °C
	5.2 ± 0.0
	44
	0.6 ± 0.0
	26.4 ± 0.9
	94.4 ± 0.4
	2.2
	0.5 ± 0.0



	200 °C
	3.8 ± 0.0
	10.7
	2.1 ± 1.0
	22.4 ± 0.1
	66.3 ± 0.2
	7.1
	0.5 ± 0.0



	250 °C
	5.4 ± 0.0
	25.9
	0.8 ± 0.0
	20.7 ± 0.1
	62.2 ± 0.0
	8.2
	0.9 ± 0.0



	SS & hedge 50/50
	
	
	
	
	
	
	



	150 °C
	5.5 ± 0.0
	11.6
	1.7 ± 0.0
	19.7 ± 0.0
	58.7 ± 0.1
	1.2
	0.5 ± 0.0



	200 °C
	4.3 ± 0.0
	8.1
	2.2 ± 0.0
	17.9 ± 0.0
	49.8 ± 0.1
	3.9
	0.4 ± 0.0



	250 °C
	5.9 ± 0.0
	8.3
	2.0 ± 0.2
	16.6 ± 0.1
	46.0 ± 1.1
	1.5
	0.7 ± 0.0



	Woodchip
	
	
	
	
	
	
	



	150 °C
	4.0 ± 0.0
	2.7
	3.0 ± 0.0
	8.1 ± 0.0
	20.3 ± 0.1
	0.9
	0.4 ± 0.0



	200 °C
	4.0 ± 0.0
	3.7
	2.9 ± 0.0
	10.6 ± 0.0
	30.0 ± 0.2
	3.2
	0.2 ± 0.0



	250 °C
	4.0 ± 0.0
	63.0
	0.2 ± 0.0
	12.6 ± 0.0
	32.6 ± 0.0
	4.8
	0.3 ± 0.0



	SS & woodchip 50/50
	
	
	
	
	
	
	



	150 °C
	5.6 ± 0.0
	6.9
	1.2 ± 0.0
	8.1 ± 0.0
	22.8 ± 0.4
	0.9
	0.1 ± 0.0



	200 °C
	4.1 ± 0.0
	2.2
	4.4 ± 0.0
	9.8 ± 0.0
	26.0 ± 0.1
	2.1
	0.7 ± 0.0



	250 °C
	5.1 ± 0.0
	8.0
	1.4 ± 0.0
	10.8 ± 0.1
	30.1 ± 0.1
	3.7
	0.3 ± 0.0
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Table 8. Experimental biochemical methane potential (BMPexp) and biodegradability of process waters from SS digestate, lignocellulosics biomass, and 50/50 blend.
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	SS, Lignocellulosic Biomass and Blends Process Waters
	BMPexp (NmLCH4/gCOD)
	COD Removed (per 2g)
	Biodegradability (BICOD%)





	SS digestate
	
	
	



	150 °C
	98.2 ± 8.2
	0.74
	37



	200 °C
	159.2 ± 5.6
	1.16
	58



	250 °C
	141.8 ± 0.4
	1.11
	55



	Grass clippings
	
	
	



	150 °C
	165.0 ± 3.7
	1.49
	74



	200 °C
	188.5 ± 0.1
	1.41
	71



	250 °C
	45.5 ± 7.0
	0.36
	19



	SS & grass 50/50
	
	
	



	150 °C
	165.6 ± 0.5
	1.48
	74



	200 °C
	184.4 ± 9.8
	1.66
	83



	250 °C
	129.7 ± 2.7
	1.36
	68



	Privet hedge
	
	
	



	150 °C
	61.7 ± 4.2
	0.63
	32



	200 °C
	112.4 ± 0.1
	0.74
	37



	250 °C
	96.9 ± 0.5
	1.22
	61



	SS & Privet 50/50
	
	
	



	150 °C
	116.1 ± 14.7
	1.28
	64



	200 °C
	39.2 ± 3.1
	0.31
	15



	250 °C
	122.0 ± 3.9
	1.22
	61



	Woodchip
	
	
	



	150 °C
	97.8 ± 7.7
	0.59
	30



	200 °C
	16.2 ± 0.3
	0.45
	22



	250 °C
	18.6 ± 2.1
	0.26
	13



	SS & woodchip 50/50
	
	
	



	150 °C
	142.9 ± 1.1
	1.44
	72



	200 °C
	172.4 ± 0.9
	0.98
	49



	250 °C
	92.5 ± 17.0
	0.52
	26
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