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Abstract 1 

With the growth of anaerobic digestion (AD) for biogas production, associated increasing digestate 2 

production may cause environmental problems if the increasing agricultural land required for 3 

digestate application is limited. An alternative is to valorise the digestate. Microwave assisted low-4 

temperature hydrothermal treatment (MLHT; temperature 100–180 °C) was investigated as a post-5 

treatment for AD of grass silage under two scenarios: 1) AD + MLHT and 2) Acid pre-treatment + 6 

AD + MLHT. Compared to the original grass silage, the digestates investigated required lower 7 

temperatures for carbonization in MLHT owing to their lower cellulose content. The higher MLHT 8 

temperatures (160–180 °C) led to significant increases in heating value and greater reductions in 9 

atomic ratios of O/C and H/C of hydrochar due to dehydration and decarboxylation reactions. As a 10 

result, higher temperatures contributed to higher sugar recovery, higher solid solubilization, and better 11 

quality of hydrochar. Under the MLHT at 180 °C, the hydrochar produced from digested grass silage 12 

in scenario 1 (AD + MLHT) exhibited a mass yield of 0.79 g/g total solid, a carbon content of 63.6% 13 

and an ash-free heating value of 27.6 kJ/g volatile solid; the biomethane potential from the process 14 

liquor was estimated as 68.7 ml CH4/g total solid. Scenario 1 is preferred over scenario 2 (acid pre-15 

treatment + AD + MLHT) as it gave a higher yield and higher heating value of hydrochar. This study 16 

suggests that MLHT is a promising method to 1) produce hydrochar with an energy value comparable 17 

to lignite coal, and 2) recover additional biomethane through process liquor recycling.  18 

 19 

Keywords: Microwave assisted hydrothermal treatment; hydrochar; anaerobic digestion; digestate 20 

post-treatment. 21 

  22 
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1. Introduction 1 

1.1 Environmental challenges associated with anaerobic digestate 2 

Anaerobic digestion (AD) is a proven technology that transforms different organic substrates into 3 

biogas and digestate. The ability of AD to digest a multitude of organic substrates ensures its role in 4 

waste treatment and renewable energy recovery in “a low carbon, climate-resilient future” [1, 2]. 5 

However, AD of feedstock, such as crop straws, agricultural residues and animal slurries, may result 6 

in relatively low methane yields due to the recalcitrant structure of the feedstock [3]. A large portion 7 

of energy can remain in the anaerobic digestate, mostly associated with the solid fraction of the 8 

digestate. Bauer et al determined that approximately 60% of the organic matter in digestate was 9 

retrieved in the solid phase after the digestate separation [4]. 10 

 11 

Traditional application of digestate to agricultural land may not optimise energy return and may in 12 

certain cases lead to environmental issues due to strong leachates and associated greenhouse gas 13 

emissions. A report from the International Energy Agency Bioenergy highlights that digestate storage 14 

and post composting may lead to high levels of methane slippage emissions and negatively affect the 15 

overall carbon sustainability of the system [5]. For example, Gioelli et al. calculated the methane 16 

emission from non-separated digestate as 1.8 % of the utilized CH4 [6]. Nicholson et al. reported that 17 

NH3 emission from food-based digestate was 30 – 40% of total nitrogen when applied to agricultural 18 

land [7]. Moreover, when the increasing production of digestate exceeds the bearing capacity of local 19 

agricultural land, growing demand on the transport and storage of digestate arises, which in turn leads 20 

to additional energy consumption and greenhouse gas emissions. This is the primary driver for the 21 

development of alternative digestate valorisation routes. 22 

 23 

The foregoing suggests the necessity of digestate post-treatment, which if properly managed can 24 

minimize methane slippage, reduce non-point source pollution from digestate leachates, reduce 25 

fugitive CH4 emissions, enhance overall carbon sustainability, whilst producing a stable digestion by-26 

product that can be stored and reused. 27 
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 1 

1.2 Hydrothermal post-treatment of digestate 2 

Hydrothermal treatment can solubilize part of the hemicellulose/lignin fraction, decrease the cellulose 3 

crystallinity, and produce high-quality fuels and materials at mild processing conditions [8, 9]. There 4 

is no need for a drying treatment of the wet feedstock prior to the hydrothermal process, thus it offers 5 

a promising approach for digestate valorisation. The hydrothermal post-treatment of anaerobic 6 

digestate at different process temperatures from 160 to 300 °C has been previously investigated with 7 

an aim of producing hydrochar as a solid fuel [10]. Funke et al. studied hydrothermal carbonization 8 

(HTC) after AD of wheat straw (at 190 to 250 °C) and found that more than half of the energy content 9 

in the digestate can be recovered in the hydrochar [11]. Sawatdeenarunat et al. obtained hydrochar 10 

with an energy content similar to bituminous coal from digested Napier grass (Pennisetum purpureum) 11 

at 240 °C [12]. These studies highlighted the feasibility of producing a coal-like biofuel from 12 

digestate via hydrothermal post-treatment. Most of these hydrothermal post-treatment processes were 13 

conducted at high temperatures or high pressures to ensure highly efficient carbonization of solid 14 

digestate [13]; this however required high energy consumption for the process operation and could 15 

even lead to a negative energy gain of the process [14]. Despite the progress in hydrochar production 16 

from digestate, the investigation on potential for energy and sugar recovery in the hydrothermal 17 

process liquor is limited. Nuchdang et al. evaluated the biodegradability of digested microalgae 18 

Scenedesmus and found that hydrothermal post-treatment at 240 °C and 0.82 MPa enabled a 4-fold 19 

improvement in methane yield in subsequent AD of the treated digestate [15]. Unfortunately, no 20 

detailed information has been given on the produced hydrochar as a valuable by-product. Aragón-21 

Briceño et al. compared the energy production from sewage sludge under different scenarios, 22 

including conventional AD, AD with hydrothermal pre-treatment (HT pre-treatment + AD), and AD 23 

with hydrothermal post-treatment (at 160, 220, and 250 °C) followed by a second AD step (AD + HT 24 

post-treatment + 2
nd

 AD) [16]. Their results suggested that the HT pre-treatment + AD route presented 25 

the highest biomethane production; whilst the route AD + HT post-treatment (at 160 °C) + 2
nd

 AD 26 

exhibited lower biomethane yield but higher overall energy production due to the energy recovery in 27 

the hydrochar, without consideration of energy consumption for running the processes [16]. Our 28 
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previous studies on acid/ hydrothermal pre-treatment also demonstrated the significance of pre-1 

treatment process to enhance biohydrogen and biomethane production from different biomass 2 

resources [17, 18]. Inspired by these findings, the combination of pre-treatment, AD, post-treatment, 3 

and a second AD may have the potential to increase both the biomethane production and the overall 4 

energy production. However, the efficiency of such an integrated scenario depends on multiple 5 

process parameters such as the feedstock characteristics, the optimal yield and energy content of 6 

various products, the potential impact of up-stream pre-treatment on the post-treatment process, and 7 

the energy requirement for running each individual process. As such, the assessment of this integrated 8 

scenario has not been well documented in the literature yet. 9 

 10 

Microwave irradiation offers a homogenous and faster heating process which can significantly reduce 11 

the cost/ time and increase hydrochar yield compared to the conventional hydrothermal process [19]. 12 

Previous studies focusing on the microwave assisted hydrothermal pre-treatment of raw biomass have 13 

demonstrated its advantages over conventional hydrothermal pre-treatment [20, 21]. Hu et al. found 14 

that during the AD of pre-treated cattail the production rate increased by 32% and product yield 15 

increased by 19% after microwave pre-treatment at 100 °C, as compared to the conventional water-16 

heating pre-treatment under the same condition [22]. Dai et al. compared microwave assisted and 17 

conventional hydrothermal pre-treatment of bamboo sawdust and revealed that the properties of 18 

hydrochar from microwave hydrothermal pre-treatment (at 190 and 230°C) were better than those 19 

from conventional hydrothermal pre-treatment in terms of calorific value and oxygen content [23]. 20 

Microwave assisted hydrothermal process, which has been quite successfully applied in biomass pre-21 

treatment prior to AD, may be a preferable method over conventional hydrothermal treatment for 22 

recovering energy and carbonaceous materials from digestate, but the literature is scarce on this topic. 23 

The expected benefits of microwave assisted hydrothermal post-treatment approach include for: 1) 24 

reducing the greenhouse gas emissions from digestate spreading; 2) improving the overall energy 25 

recovery through production of hydrochars and recycling of process liquor for further biomethane 26 

production; and 3) saving energy consumed in the process as compared to conventional hydrothermal 27 

treatment at higher temperatures. However, the efficiency of such a post-treatment process is 28 
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vulnerable to many factors, such as the uncertain hydrochar/ bioenergy potential of different 1 

digestates and the potential impact of up-stream pre-treatment process. A gap in the state-of-the-art 2 

research is a comprehensive assessment of the efficiency of microwave assisted hydrothermal post-3 

treatment process for digestate valorisation. 4 

 5 

1.3 Novelty and objectives 6 

The innovation of this study is to demonstrate a post-treatment process where microwave 7 

hydrothermal treatment is applied to digestates from grass silage at a low-temperature range (100–8 

180 °C) for further recovery of hydrochar and biomethane. The detailed objectives are to: 9 

(1)  Optimise the yield and qualities of both the hydrochar and the process liquor obtained from 10 

microwave assisted low-temperature hydrothermal treatment (MLHT) of digestates; 11 

(2) Compare the carbon/ energy recovery efficiency of two different scenarios, 1) AD + MLHT 12 

and 2) Acid pre-treatment + AD + MLHT; 13 

(3) Demonstrate the benefits of the optimised process in terms of the enhancement in biomethane 14 

production, hydrochar recovery, and energy efficiency. 15 

 16 

2. Materials and methods 17 

2.1 Materials 18 

This study of digestate post-treatment is built upon our previous study of biomethane production from 19 

grass silage, in which acid pre-treatment and batch biomethane potential (BMP) assays were 20 

investigated [24]. The source of grass silage and the procedure of the BMP assays have been detailed 21 

in the previous papers by the authors [24, 25]. Two substrates (untreated grass silage and acid pre-22 

treated grass silage (pre-treated with 2% w/w H2SO4 at 135 °C for 15 minutes in an autoclave)) were 23 

subjected to the BMP assays. Briefly, the BMP assays were conducted at 35 °C for 30 days in the 24 

Bioprocess Control systems (AMPTS II, Sweden) with an inoculum to substrate ratio of 2:1 25 

(measured in volatile solid content). The digestates from both untreated grass silage and pre-treated 26 

grass silage were collected after the BMP assays. The digestates (a mix of grass silage residue and 27 
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inoculum residue) were centrifuged at 10,000 rpm for 10 min to separate the liquid and solid fractions. 1 

The solid fraction, referred to as solid digestate, was oven dried at 80 °C for 72 h and then ground in a 2 

ceramic mortar and passed through a 2 mm sieve to ensure a uniform particle diameter and 3 

homogenous dry matter content. The prepared samples were refrigerated at 4 °C until further use. 4 

Despite the advantage of hydrothermal treatment allowing for the use of wet feedstock, this study 5 

dealt with the solid fraction of the digestate, as it contains the majority of the anaerobically 6 

nondegraded components which is the major challenge of digestate valorisation [4, 13]. 7 

 8 

The two distinct digestates and one control group of the original biomass (untreated grass silage) were 9 

used as the feedstock for MLHT. These were grouped as follows: Group 1 solid digestate from 10 

untreated grass silage (abbreviated as DU); Group 2 solid digestate from pre-treated grass silage 11 

(abbreviated as DP); and Group 3 (control group) untreated grass silage (abbreviated as UG). The 12 

compositional characteristics of the feedstock are shown in Table 1. 13 

 14 

2.2 Microwave assisted low-temperature hydrothermal treatment 15 

The MLHT experiments were conducted in a 2.45 GHz,1600 W microwave oven equipped with 16 

Xpress Plus digestion vessels (CEM Mars, UK). In each reaction vessel, 0.7 g of dried feedstock was 17 

mixed with 14 ml of distilled water. Then the reaction vessel was sealed and fixed in the microwave 18 

oven. The feedstock was heated up to the pre-set temperatures (100, 120, 140, 160, and 180 °C) with 19 

a ramp time of 10 minutes and held at the setting temperature for 30 minutes. After the heating 20 

process, the reaction vessels were naturally cooled down to room temperature. The solid and liquid 21 

products were separated using a centrifuge. The liquid product (namely process liquor) was filtered 22 

using a syringe filter with a pore size of 45 μm before compositional analysis. The solid product was 23 

oven dried at 80 °C to obtain the hydrochar. The hydrochars were denoted as Char- F-T, where F 24 

represents the feedstock (namely UG, DU, and DP) and T represents the MLHT temperature (namely 25 

100, 120, 140, 160, and 180 °C). For example, Char-UG-160 refers to the hydrochar obtained from 26 

untreated grass at 160 °C. All experiments were carried out in triplicate. The significance of 27 
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differences between means was tested by one-way ANOVA analysis using the software IBM SPSS 1 

Statistics v25 with a significance level of p = 0.05.  2 

 3 

2.3 Biomass and hydrochar characterization methods 4 

To identify the composition of the feedstock and products, the following characterizations were 5 

performed. The proximate analysis (analysis of total solid (TS), volatile solid (VS) and ash content) 6 

and elemental analysis of the feedstock and hydrochars were conducted according to the methods 7 

detailed in a previous paper [24]. The concentration of soluble chemical oxygen demand (sCOD) in 8 

the process liquor was determined using the Hach Lange cuvette tests (LCK 914 and LCK 014). To 9 

determine the sCOD of the feedstock for the MLHT process, the dried feedstock groups (DU, DP and 10 

UG) were each mixed with distilled water at the same liquid-to-solid ratio of 14 ml : 0.7 g. The 11 

mixture in the vessel was hand shook, and subsequently left at room temperature for 24 hours before 12 

centrifugation to prepare the liquid for sCOD measurement. The reducing sugar content in the process 13 

liquor was determined using a High Performance Liquid Chromatography, of which the configuration 14 

and method were described in our previous paper [24]. 15 

 16 

The surface morphology of the hydrochars was obtained on a scanning electron microscope (SEM, 17 

Hitachi SU8010, Japan) operated at 200 kV. The specific surface area was measured on a 18 

Micrometrics ASAP 2020 analyser and calculated according to the Brunauer-Emmett-Teller (BET) 19 

method. The chemical functional groups of the hydrochars were determined using a Fourier transform 20 

infrared (FTIR) spectrometer (Nicolet 5700, USA). The crystallinity degree of solid samples was 21 

evaluated based on the X-ray diffraction (XRD) patterns in the wide range (5 – 90°) recorded by 22 

X’Pert PRO. 23 

 24 

2.4 Mass and energy calculation 25 

The product yield of hydrochar was calculated on the basis of TS as follows: 26 

   ro har  ie        i  the h  ro har          i  the fee sto       for MLHT   (Eq. 1) 27 

 28 
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The ash-free higher heating value (HHV) of the hydrochar was calculated according to the modified 1 

Dulong Formula [26]:  2 

HHV (kJ/kg) = 337C + 1419 (H－0.125O) + 23.26N   (Eq. 2) 3 

in which C, H, O, and N represent the weight percentage of each element in VS. 4 

 5 

Energy densification was introduced to indicate the energy retention in hydrochar, which was defined 6 

as per Eq. 3: 7 

  er    e sifi atio        of h  ro har       of fee sto   for MLHT   (Eq. 3) 8 

 9 

The energy value of the reducing sugars in the process liquor was calculated by the sum of the 10 

standard combustion enthalpy of each sugar component (glucose: 2817.3 kJ/mol; xylose: 2342.2 11 

kJ/mol; arabinose: 2336.2 kJ/mol; and cellobiose: 5401.5 kJ/mol [27]). 12 

 13 

The energy required for running the MLHT process was calculated based on the following 14 

assumptions [14, 28]: 1) the feedstock (a mixture of solid digestate and water) presented the same 15 

specific heat capacity and density as water; 2) the environmental temperature was constant at 25 °C; 3) 16 

the heat loss during MLHT process was negligible due to the adiabaticity of the reactor. The total 17 

energy required for running the MLHT process (Qreq) was calculated according to Equation 4. 18 

                     (Eq. 4) 19 

in which ρ (1×10
3 
kg/m

3
) is the density of the feedstock; Vs (m

3
) is the volume of the feedstock; C 20 

(4.18 kJ/kg/°C) is the specific heat capacity; Tp (°C) is the MLHT temperature; and Te (°C) is the 21 

environmental temperature. 22 

The net energy gain Qgain could be calculated as per Equations 5 and 6. 23 

                                                (Eq. 5) 24 

                         (Eq. 6) 25 

where       (kJ/g TS) is the increment of energy content in methane through the MLHT post-26 

treatment of digestate;       is the combustion enthalpy of methane (890.7 kJ/mol); BMPD (ml/g TS) 27 
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and BMPpost-treated D (ml/g TS) are the biomethane potential of the original and post-treated digestate 1 

samples, respectively; the coefficient (22400) is the unit conversion coefficient from ml/g to mol/g; 2 

 Qchar (kJ/g TS) is the energy content in the produced hydrochar. To compare the net energy gain of 3 

MLHT process with the conventional hydrothermal carbonization (HTC), the net energy gain of the 4 

HTC post-treatment in the literature was also calculated according to Equations 4 to 6. 5 

 6 

3. Results and discussion 7 

3.1 Hydrochar yield, elemental compositions, and energy characteristics 8 

The effects of MLHT temperature on hydrochar yield are presented in Fig. 1. It is clear that higher 9 

temperatures led to lower hydrochar yields. As the temperature increased from 100 °C to 140 °C, the 10 

hydrochar yield from UG decreased by 2.5% (p < 0.05); the hydrochar yield from DU slightly 11 

dropped by 1.8% (p > 0.05); and the hydrochar yield from DP slightly dropped by 3.5% (p > 0.05). 12 

When the temperature rose from 140 °C to 180 °C, the hydrochar yields from UG, DU, and DP 13 

significantly decreased by 20.2% (p＜0.05), 15.1% (p＜0.05), and 14.2% (p＜0.05), respectively. The 14 

hydrochar yields from UG, DU and DP ended up as 0.71, 0.79, and 0.75 g/g TS at 180 °C. The 15 

hydrochar yield was slightly lower from the raw biomass UG than that from the digested sample (DU), 16 

because most of the degradable fractions (such as hemicellulose and cellulose) were removed from 17 

the DU in the up-stream AD process. This was in agreement with a previous study by Zhang et al, in 18 

which the hydrochar yield from corn stalk digestate was higher compared to undigested corn stalk at 19 

the same condition due to the difference in lignocellulosic components [29].  20 

 21 

Table 2 shows the ash content and elemental compositions of the hydrochars produced at different 22 

temperatures. The proportional ash content measured in the hydrochars derived from UG ranged 23 

between 3.9% and 8.3%; these values slightly decreased as compared to the ash content in UG 24 

(10.9%). The MLHT process reduced the ash content as the hydrolysis facilitated solubilization of ash 25 

in the aqueous phase. The ash content in the feedstock DU and DP was 31.7% and 35.3%, 26 

respectively (Table 1). There is no statistically significant difference (p > 0.05) between the ash 27 
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content in DU and DP. The ash content in DU derived hydrochars fluctuated between 31.4% and 1 

37.9%. The ash content in DP derived hydrochars fluctuated between 34.4% and 39.4%. The increase 2 

in temperature did not result in significant changes in the ash content of hydrochars. 3 

 4 

The carbon content in UG derived hydrochars (47.8% – 50.2% of VS) was slightly lower (p > 0.05) 5 

than the carbon content in UG (50.5% of VS). The oxygen content in the hydrochars derived from UG 6 

between 100 °C and 160 °C was higher than that in the original UG (41.3%); the lowest value of 41.2% 7 

in UG derived hydrochars was achieved at 180 °C. Two parallel reaction pathways for hydrothermal 8 

carbo izatio  of  e  u ose  oexist, whi h are the “so ub e pathwa ” [30, 31] a   the “so i  pathwa ” 9 

[32, 33].  he “so ub e pathwa ” ta es p a e i  the so utio  a    o sists of h  ro  sis of cellulose, 10 

dehydration of hydrolysis products, and condensation of the soluble species [30, 31]. I  the “so ub e 11 

pathwa ”, the  e  u ose ma   ose  arbo  first  ue to h  ro  sis but wi   retrieve  arbo  at a later stage 12 

throu h the  o  e satio  of the so ub e spe ies. I  the “so i  pathwa ”, the fu    e  u ose experie  es 13 

a  sequence of reactions including intramolecular condensation, dehydration, and decarboxylation [32, 14 

33]. The ce  u ose tra sforme  throu h the “so i  pathwa ” ma   ot experie  e the  oss of  arbo  at 15 

all stages. It is suggested that carbon solubilisation is the predominant pathway at an early reaction 16 

stage or under low temperatures and carbon condensation in solid phase occurs after a certain extent 17 

of hydrolysis [34, 35]. The insignificant reduction in carbon content in UG derived hydrochars was 18 

possibly attributed to the decomposition and solubilisation of the carbohydrates (mainly cellulose and 19 

hemicellulose) and crude proteins in UG [36] and limited gas production in the form of H2, CH4, and 20 

CO2 [37, 38]. It was accompanied by the formation of reducing sugars in the aqueous phase (as shown 21 

in Fig. 4). Similar phenomenon were observed by Su et al. [39] when applying hydrothermal 22 

treatment to rice husk at 120 – 150 °C and by Parmar et al. [40] when conducting hydrothermal 23 

treatment of digestate from AD of residual municipal solid waste at 150 – 250 °C; however, the 24 

variations of carbon content during hydrothermal treatment in their study were feedstock and reaction 25 

temperature dependent.  26 

 27 
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The carbon content in the hydrochars derived from DU and DP showed a decreasing – increasing 1 

trend as the temperature increased from 100 °C to 180 °C. This variation trend of carbon content was 2 

in accordance with the reaction mechanism of cellulose – coexistence of two parallel reaction 3 

pathways, namely “soluble pathway” and “solid pathway”. The carbon content in hydrochars derived 4 

from DU and DP was higher compared to the feedstock DU and DP. As the temperature reached 5 

180 °C, the carbon content in DU derived hydrochar achieved 63.6%, significantly higher (p < 0.05) 6 

than 54.4% in DU; the carbon content in DP derived hydrochar achieved 60.2%, significantly higher 7 

(p < 0.05) than 55.5% in DP. The oxygen content in the digestates derived hydrochars decreased 8 

compared to that in the digestates feedstock. The initial oxygen content in DU and DP was 33.3% and 9 

33.0% on a VS basis, respectively. After MLHT at 180 °C, the oxygen content in the hydrochars 10 

derived from DU and DP decreased to 24.5% and 28.8%, respectively. In addition, the hydrogen 11 

content in the hydrochars derived from DU and DP increased to 7.3% and 6.9% at 180 °C, 12 

respectively. The increased carbon content and decreased oxygen content in these hydrochars implied 13 

the carbonization of DU and DP in MLHT process. 14 

 15 

To further understand the change of elemental composition, the atomic ratios of hydrogen to carbon 16 

(H/C) and oxygen to carbon (O/C) in both the feedstock and the derived hydrochars were plotted in a 17 

van-Krevelen diagram displayed in Fig. 2. The van-Krevelen space was divided into several regions 18 

by the dash lines; the stoichiometric ranges were used to establish boundaries of the classification 19 

space for cellulose, amino sugars, proteins, lignin, peat, and lignite [41, 42]. Trends along the arrows 20 

reflect reaction pathways by indicating the change of elements in a specific molar ratio [43, 44]. The 21 

elemental composition of the feedstock UG fell into the amino sugar region, which is a transition 22 

section between cellulose, lignin and protein regions. The elemental compositions of DU and DP fell 23 

into the regions close to the junction of proteins and lignin as most of the cellulose and hemicellulose 24 

were degraded in the AD process. At lower temperatures, a decrease in H/C and an increase in O/C 25 

among the three types of hydrochars suggested that the demethylation hydrolysis reactions were in 26 

dominance [42, 45]. Zhang et al. reported that the barely observed change of carbon content indicated 27 

that hydrolysis was the main reaction path during solubilisation of cellulose at low temperature [34]. 28 
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When the temperature increased from 160 to 180 °C, hydrochars showed great reductions in both O/C 1 

and H/C leading to the increase of proportional carbon content, which was considered as the major 2 

indicator of condensation reactions such as dehydration and decarboxylation reactions [35, 45, 46]. 3 

The elemental composition of all the hydrochars obtained at 180 °C fell into the region represented by 4 

lignin. The hydrochars derived from DU and DP at 180 °C became close to lignite in terms of the 5 

atomic H/C and O/C ratios. Under MLHT at 180 °C, the UG derived hydrochar presented an atomic 6 

O/C ratio of 0.62, similar to the ratio of 0.61 in UG (p > 0.05); the DU derived hydrochar presented a 7 

significantly reduced atomic O/C ratio of 0.29 compared to the ratio of 0.46 in DU (p < 0.05); the DP 8 

derived hydrochar presented a significantly reduced atomic O/C ratio of 0.36 compared to the ratio of 9 

0.45 in DP (p < 0.05). The atomic O/C ratio is an index of the carbonization degree and the stability of 10 

the hydrochar. It indicated that a greater degree of carbonization occurred in the MLHT post-11 

treatment of digestates compared to the raw biomass. This may be due to the difference in 12 

components between the digestates and untreated grass silage, as cellulose, lignin, and other 13 

hydrocarbons react at different temperatures [47]. Mumme et al. [48] observed that digested maize 14 

silage was hydrothermally carbonized at 190 °C but pure cellulose did not show signs of 15 

carbonization at the same temperature; their explanation was that the presence of hydrogen bonds in 16 

cellulose increased the temperature required for carbonization above those required for glucose, starch, 17 

and sucrose. Zhai et al. observed that the carbonization of pure cellulose took place at temperatures 18 

exceeding 210 °C [49]. It could be inferred that the higher cellulose content in the untreated grass 19 

silage led to a higher temperature required for carbonization, that is a lower carbonization reactivity 20 

compared to the digested grass silage. In addition, the complexity of the digestate due to its high ash 21 

content may induce a catalytic effect on the carbonization under mild thermal conditions [50]. Further 22 

investigations are needed to reveal the effect of mineral compounds.  23 

 24 

The ash-free HHV of the hydrochars produced at different temperatures are presented in Fig. 3. Many 25 

authors have reported an increased HHV of hydrochars compared to the initial substrates [20, 42]. In 26 

this study, the HHVs of the UG derived hydrochars were significantly lower (p < 0.05) than the HHV 27 

of original UG due to the solubilisation of carbohydrates. The hydrochar derived from UG at 180 °C 28 
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presented an HHV of 18.4 kJ/g VS, significantly lower (p < 0.05) than 19.0 kJ/g VS of the feedstock 1 

UG. Its ash content of 4.2% generates an energy value on a dry mass basis (allowing for ash content) 2 

of 17.6 kJ/kg TS. As the O/C ratio and energy retention in the hydrochar act as two major quantitative 3 

indexes for carbonization degree [34], the lower carbon content and lower HHV of the UG derived 4 

hydrochars compared to UG may suggest that no carbonization but only solubilisation occurred 5 

during the MLHT treatment of UG. In contrast, the hydrochars derived from DU and DP had higher 6 

HHVs than their corresponding feedstock DU and DP. As the temperature rose from 160 °C to 180 °C, 7 

a significant increase (p < 0.05) in the HHV was observed for both DU and DP derived hydrochars; 8 

this was also evident for the occurrence of carbonization. Similarly, Knappe et al. reported that the 9 

major increase in the heating value of hydrochar derived from willow took place at 170 °C [51]. At 10 

180 °C, the DU derived hydrochar presented a significantly higher (p < 0.05) HHV of 27.6 kJ/g VS 11 

compared to 22.3 kJ/g VS of DU; the DP derived hydrochar presented a significantly higher (p < 0.05) 12 

HHV of 25.1 kJ/g VS compared to 22.4 kJ/g VS of DP. Calculated on a dry mass basis (allowing for 13 

ash content), the energy value of the DU derived hydrochar at 180 °C achieved 17.1 kJ/g TS, which is 14 

comparable to those of lignite coal (15 – 20 kJ/g) [52] and sub-bituminous coal (21 kJ/g) [12]. 15 

However, the hydrochars derived from DU and DP at 180 °C contained 37.9% and 39.4% ash, as such 16 

they would not be classified as a high-quality fuel. 17 

 18 

3.2 Reducing sugar and sCOD yields in the process liquor 19 

The composition of monosaccharides and disaccharides in the process liquor are shown in Fig. 4. 20 

During the MLHT of UG, cellobiose and glucose were released due to the hydrolysis of cellulose; 21 

xylose and arabinose were released due to the hydrolysis of hemicellulose [53]. With increasing 22 

temperature, the yield of reducing sugars from UG peaked at 140 °C, giving a maximum value of 15.2 23 

mg/g TS (Fig. 4 a). Further increasing the temperature beyond 140 °C decreased sugar recovery due 24 

to the denaturation of sugars. The reducing sugar yields from DU and DP were much lower compared 25 

to those from UG. An explanation is that the readily available carbohydrates have been digested 26 

during the AD process leaving a digestate with higher lignin and ash contents than the original 27 

biomass. Therefore, a relatively small portion of digestates was degraded during the MLHT process, 28 
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leading to lower reducing sugar yields from DU and DP. The reducing sugar yields from both DU and 1 

DP increased with the increased temperature. The maximum reducing sugar yields from DU and DP 2 

were 6.5 and 4.5 mg/g TS obtained at 180 °C (Fig. 4 b and c).  3 

 4 

The initial sCOD value of the untreated grass silage was measured as 155 mg/g TS, while the initial 5 

sCOD values of DU and DP were both less than 20 mg/g TS (data not shown). The sCOD values in 6 

the process liquor derived at different temperatures are shown in Fig. 5. The solubilisation of the 7 

feedstock increased with the increase in temperature. Although the three substrates had different 8 

initial sCOD values, the process liquor produced at 180 °C showed a similar maximum sCOD value 9 

of ca. 200 mg/g TS. The increase in sCOD was much higher than the increase in reducing sugars 10 

during the MLHT of digestates DU and DP. The difference between the concentration of reducing 11 

sugars and that of sCOD may be attributed to the formation of lignin and protein derivatives. Correa 12 

et al. observed the generation of small molecules such as syringol, ethylguaiacol, and guaiacol from 13 

lignin decomposition through hydrolysis reactions and cleavage of ether bonds, which were dominant 14 

reactions at temperatures below 200 °C [50]. The sCOD may be a potential substrate for further 15 

biomethane production through AD. The theoretical biomethane yield is reported to be approximately 16 

350 ml CH4/g sCOD from wastewater [54, 55]. Based on this the maximum biomethane potential of 17 

the process liquor derived at 180 °C was estimated as 72.8, 68.7, and 72.7 ml from per gram UG, DU 18 

and DP (TS basis), respectively. The recycling of process liquor in HTC has also been reported to 19 

enhance the yield and heating value of the produced hydrochar due to the increase in the acidity of the 20 

process liquor from recycling, which facilitates the decarboxylation and dehydration reactions [56]. 21 

This may offer another opportunity for the use of process liquor. 22 

 23 

3.3 Energy and carbon distribution in the products 24 

The energy distribution in each product from the MLHT can be determined based on the HHV of 25 

hydrochar and the energy content of reducing sugars in the process liquor. The results are displayed in 26 

Fig. 6. Among the products obtained from the substrates, the hydrochars accounted for the majority of 27 

the energy, ranging from 73.8% to almost 100% of the total energy contained in the products. For the 28 
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products derived from UG, reducing sugars in the process liquor produced at 140 °C contained 1.4% 1 

of the energy content in the products, which was the highest share of energy in the reducing sugars as 2 

compared to those obtained under other temperatures. For the products from DU and DP, the highest 3 

share of energy in the reducing sugars was only 0.6% and 0.5%, respectively. 4 

 5 

Fig.7. shows the carbon distribution in the entire processes under the two different scenarios, namely 6 

1) AD + MLHT and 2) Acid pre-treatment + AD + MLHT. The entire processes were evaluated from 7 

raw grass silage to the end products, including for biomethane, carbon dioxide, liquid digestate, 8 

process liquor from MLHT, and hydrochar. The data of biogas and digestate production was obtained 9 

from previous work by the authors [24]. In the case study of both scenarios, the acid pre-treatment 10 

was conducted with 2% w/w sulphuric acid at 135°C for 15 minutes and the MLHT of the digestates 11 

was conducted at 180°C. In the first scenario of AD + MLHT, as shown in Fig.7 a, 45.9% of the 12 

carbon from grass silage flowed into biogas (CH4 + CO2), 46.3% of the carbon remained in the 13 

hydrochar; the rest of the carbon remained in the liquid digestate of AD and the process liquor/ gases 14 

produced in the MLHT. In the second scenario of acid pre-treatment + AD + MLHT, as shown in 15 

Fig.7 b, 41.7% of the carbon from grass silage flowed into biogas, and 44.1% of the carbon remained 16 

in the hydrochar. In the second scenario with pre-treatment prior to AD, less carbon flowed into 17 

gaseous products caused by the possible sodium inhibition in the AD process; less carbon remained in 18 

the hydrochar. The loss of carbon in the detected products resulted in an uncertainty of the fate of 19 

carbon. In contrast to the traditional linear biogas supply chain of “biomass pre-treatment, biogas 20 

production, digestate application to agricultural land”, the ML   post-treatment extended the 21 

utilisation of biomass resources by reusing digestate for hydrochar production and recycling process 22 

liquor. The concentration of carbon in the hydrochar with further application makes the entire supply 23 

chain more carbon sustainable within the concept of zero-waste circular bioeconomy. The properties 24 

of the produced hydrochars must be identified before its proper application route can be determined. 25 

 26 
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3.4 Properties of the hydrochar 1 

The SEM images in Fig. 8 illustrate the morphological variations between the feedstock and the 2 

derived hydrochars. The surface of the untreated grass silage was smooth and compact as shown in 3 

Fig. 8 (a). The development of pores and cracks were observed on the surface of solid digestates DU 4 

and DP (as shown in Fig. 8 (c) and (e)) caused by the degradation of cellulose and hemicellulose in 5 

the AD process. After the MLHT process, UG derived hydrochar showed an uneven surface and 6 

hydrochars from DU and DP presented much rougher and porous surfaces. The BET results indicated 7 

an increase in the specific surface area of all the hydrochars compared to their corresponding 8 

feedstock. The specific surface areas of UG, DU and DP were 1.7, 3.1, and 3.8 m
2
/g, respectively. 9 

Under the MLHT at 160 °C, the UG derived hydrochar presented a low specific surface area of 2.8 10 

m
2
/g; the DU and DP derived hydrochars presented specific surface areas of 7.5 and 7.7 m

2
/g, 11 

respectively, which were consistent with what was expected from the literature [48, 50]. The 12 

hydrochars produced from the model substrates of lignin (at 300 °C), cellulose (at 300 °C), and 13 

hemicellulose (at 250 °C) were reported to exhibit specific surface areas of 2.3, 13.2, and 9.3 m
2
/g, 14 

respectively [57].  15 

 16 

The XRD pattern shown in Fig. 9 was used to determine the changes in the crystallinity of the 17 

substrates and the hydrochars. The wide intensity peaks centred at 15.9° and 21.7° for untreated grass 18 

silage were attributed to the presence of cellulose with crystalline structure [58], both of which 19 

disappeared in the digestates (DU and DP) due to the degradation in the AD. The crystalline structure 20 

of cellulose remained in the hydrochar derived from UG owing to the strong thermal stability of 21 

cellulose. Compared to the feedstock DU and DP, no obvious changes were observed in the XRD 22 

patterns of the corresponding hydrochars. There were some sharp peaks in the patterns of digestates 23 

and digestates derived hydrochars, which could be ascribed to inorganic crystals carried over by the 24 

inoculum such as Ca3(PO4)2, Mg3(PO4)2, or CaCO3 [59]. 25 

 26 

The substrates and derived hydrochars were characterized by infrared spectroscopy as shown in Fig. 27 

10. All hydrochars showed similar peaks to their corresponding feedstock, which was due to the fact 28 
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that the process temperature was not high enough to result in significant changes in major functional 1 

groups. Differences existed between the hydrochar derived from untreated grass silage and the 2 

hydrochars from the digestates. The absorbance peak at 2926 cm
-1

, which represents the aliphatic C–H 3 

stretch vibration [57], stood out in the spectra of the digestates and digestates derived hydrochars, 4 

showing an increased degree of condensation and aromaticity. The peak at 1650 cm
-1

 which is 5 

associated with aromatic C=C presented a slight enhancement in the spectra of the digestates and 6 

digestates derived hydrochars, suggesting the structure of lignin was relatively stable [60]. 7 

 8 

3.5 Energetic potential 9 

The development of efficient and profitable routes for digestate valorisation has drawn increasing 10 

research interest. A few studies have investigated the residual methane potential of anaerobic 11 

digestate, but the results vary depending on the properties of digestate and the post-treatment methods 12 

[13]. For example, Ruile et al. obtained values of residual methane potential ranging from 24 to 126 13 

ml CH4 /g VS when evaluating digestates from mesophilic full-scale anaerobic digesters fed with 14 

manure and energy crops [61]. If this residual methane potential is realised and is released in open 15 

storage systems for digestate, it reduces the GHG sustainability of the overall system (Global 16 

Warming Potential of CH4 = 28) possibly to the extent that the biogas produced may not meet 17 

sustainable requirements as defined by the recast Renewable Energy Directive (2018/2001/EU) [62]. 18 

Some researchers have investigated the application of post-treatment to enhance the methane 19 

production (and collection) from digestates. In a study conducted by Sambusiti et al., the methane 20 

potential of the raw solid digestate (sourced from a mesophilic AD plant processing mixed maize 21 

silage, sorghum silage, olive waste, cow manure, pig manure, and turkey poultry manure) was 90 ml/g 22 

VS; this value increased to 102 ml/g VS after enzymatic treatment of the digestate but did not increase 23 

after thermal (at 80 °C) or alkaline treatment of the digestate [63]. In contrast mild thermal post-24 

treatment at a higher temperature (120 °C for 30 min) enhanced the methane potential of solid 25 

digestates from two different AD plants by 12 – 115% [64]. In this study, the methane recovery 26 

potentials from the MLHT process liquor obtained at 180 °C were 68.7 ml/g TS of DU and 72.7 ml/g 27 

TS of DP (equivalent to 110.7 ml/g VS of DU and 119.8 ml/g VS of DP), respectively, which were 28 
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comparable to the methane potentials from digestates reported in the above cited literature. The 1 

recirculation of process liquor can enhance the overall energy conversion of the original feedstock, 2 

decrease the volume of the recirculated digestate, and reduce the greenhouse gas emissions from the 3 

digestate storage/ transport, thereby contributing to reducing the environmental impact of digestate 4 

disposal.  5 

 6 

Owing to the destruction of the lignocellulosic matrix in AD, the derived solid digestate was 7 

favourable for carbonization in MLHT process over the raw biomass as evidenced by the Van-8 

Krevelen diagram (Fig. 2). The hydrochars generated from the digestate have been reported to exhibit 9 

heating values comparable to those of coals [29]. Table 3 compares the energy content of hydrochars 10 

obtained through MLHT of digestates in this study and hydrochars obtained through HTC of diverse 11 

digestates under similar conditions in the literature. In this study, even at a relatively low 12 

hydrothermal temperature of 180 °C, the hydrochars derived from DU and DP present ash free HHVs 13 

of 27.6 and 25.1 kJ/g VS, respectively. The energy value of hydrochar is feedstock and process 14 

condition dependent. As such it is meaningless to compare the HHV of diverse hydrochars directly. 15 

Energy densification is used to indicate the energy retention in different processes. The energy 16 

densification values reached 1.24 and 1.12 for DU and DP derived hydrochars, respectively, which 17 

were higher than most of those obtained from HTC of digestates listed in Table 3. Mumme et al. 18 

obtained a higher energy densification of 1.36 at a much higher temperature of 230 °C with longer 19 

reaction time [48]. Sharma et al obtained higher energy densifications of 1.31 and 1.37 at 180 °C and 20 

200 °C when the reaction time was significantly extended to 360 min [65]. From the perspective of 21 

energy densification, MLHT of digestate enables higher energy retention in hydrochars compared to 22 

conventional HTC as microwave heating allows for faster and more uniform heat transfer. However, 23 

the high ash content in the digestate, which may cause problems such as slagging, fouling, and 24 

corrosion in the combustion units, is the main obstacle to the combustion of the derived hydrochars. 25 

To improve the carbon content and thermal stability of hydrochars requires increased treatment 26 

temperature, which on the other hand may lower the net energy gain due to the increased energy 27 

consumption associated with the process operation [66]. The increased operational costs such as 28 
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hydrothermal post-treatment of digestate, circulation of process liquor, and pelletisation of hydrochar 1 

must be compensated by the increment in energy and environment gains for engineering implications. 2 

 3 

Table 4 shows the comparison of net energy gain from post-treatment of anaerobic digestate through 4 

MLHT in this study and conventional HTC in the literature. Under Scenario 1, the MLHT of DU at 5 

180 °C led to an energy increment in methane of 2.5 kJ/g TS of DU and an energy content of 13.5 6 

kJ/g TS of DU in the derived hydrochar. Considering that the energy required for treating 1 g TS of 7 

DU was 13.6 kJ, the net energy gain was 2.4 kJ/g TS of DU under this scenario. Under Scenario 2, the 8 

net energy gain from the MLHT of DP at 180 °C was 0.4 kJ/g TS of DP. The lower net energy gain 9 

under Scenario 2 was ascribed to the lower energy content in the hydrochar compared to Scenario 1. 10 

The studies by Yuan et al. [14] and Aragón [16] have shown that HTC temperature is an important 11 

factor affecting the net energy gain from the post-treatment. The HTC of digested sewage sludge at 12 

160 °C led to a positive net energy gain (1.9 kJ/g TS of solid digestate); when the HTC temperature 13 

increased to 220 °C, the net energy gain reduced to a negative value (–4.7 kJ/g solid digestate) even 14 

with a 7% increase in methane potential from the process liquor, due to a 45% increase in energy 15 

requirement for running the process [16]. The HTC of digested microalgae at 200 °C resulted in a 141% 16 

increment of energy in methane, which was still insufficient to cover the energy required for running 17 

the process [15]. Another key factor affecting the net energy gain is the solid loading in the digestate 18 

feedstock. A high solid loading can significantly increase the net energy gain by reducing the energy 19 

required for running the process. The HTC of solid digestate from Napier grass (Pennisetum 20 

purpureum) at 240 °C resulted in a positive net energy gain of 5.2 kJ/g TS of solid digestate due to a 21 

high solid concentration of 14.3% in the digestate feedstock [12]. This implies that for large-sale 22 

applications a high solid content could be used to improve the energy gain of post-treatment. The 23 

present energy calculation was based on a batch scale investigation, where 2 g VS of substrate was 24 

tested in each AD reactor. The small scale of sampling may lead to a limitation in quantifying the 25 

mass/ energy balance. However, these batch tests can serve as a design of larger scale continuous 26 

digesters providing a bigger source of samples to validate the applicability of digestate post-treatment 27 

at a commercial scale. 28 
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 1 

In summary, MLHT of solid digestate into energy or value-added products is promising as an 2 

extension to traditional farmland application. Process liquor of the MLHT may be recirculated back to 3 

the digester to allow for more efficient organic matter removal and higher methane yield. There are 4 

many applications of hydrochars including but not limited to energy production, carbon sequestration, 5 

agriculture, and wastewater treatment [67, 68]. Similar to biochar, the hydrochar amended into fields 6 

may act as a carbon sink by stimulating microbial CH4 respiration or microbial metabolism of CH4 7 

[69, 70]. The global negative emission potential of the addition of biochar to land could be up to 0.7 8 

Gt C/year based on an assumed application rate of 50 t/ha and a land footprint of 14 Mha [71]. In a 9 

world where the threat of climate change is deemed an emergency, the use of hydrochar as a means of 10 

increasing soil organic content may be deemed pragmatic. 11 

 12 

4. Conclusions 13 

Microwave assisted low-temperature hydrothermal treatment (MLHT) of solid digestates was 14 

demonstrated as an effective post-treatment process for anaerobic digestion (AD) to improve energy 15 

and carbon recovery. As compared to hydrochar derived from the original grass silage, the hydrochars 16 

from the digested grass silage exhibited clear advantages, including higher mass yield and higher 17 

heating value per gram VS (on an ash free basis). MLHT at 180 °C was assessed as the most 18 

beneficial for carbon and energy recovery from the digestates. In scenario 1) AD + MLHT at 180 °C: 19 

hydrochar produced from digestated grass silage exhibited a mass yield of 0.79 g/g TS, a carbon 20 

content of 63.6%, and an ash-free heating value of 27.6 kJ/g VS; the biomethane potential of the 21 

process liquor was estimated as 68.7 ml/g TS of digested grass silage. The scenario 2) acid pre-22 

treatment + AD + MLHT gave a lower yield and lower heating value of hydrochars but a slightly 23 

higher methane potential from the process liquor. Further research to implement the pilot scale 24 

experiments is required to ensure the techno-economic feasibility of the entire technological route. 25 

 26 
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Fig. 1. Hydrochar yield from: (1) untreated grass silage (UG), (2) digestate from untreated grass silage 

(DU), and (3) digestate from pre-treated grass silage (DP) under different temperatures.  
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Fig.2. Van-Krevelen diagram showing chemical changes in the feedstock and derived hydrochars. UG: 

untreated grass silage, DU: digestate from untreated grass silage, and DP: digestate from pre-treated 

grass silage.  
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Fig.3. Higher heating value (HHV) of the derived hydrochars. UG: untreated grass silage, DU: 

digestate from untreated grass silage, and DP: digestate from pre-treated grass silage. 
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Fig.4. Reducing sugar yield in the process liquor derived from the microwave assisted low-

temperature hydrothermal treatment of: (a) untreated grass (UG), (b) digestate from untreated grass 

silage (DU), and (c) digestate from pre-treated grass silage (DP). 
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Fig.5. Soluble chemical oxygen demand (sCOD) in the process liquor derived from the microwave 

assisted low-temperature hydrothermal treatment of untreated grass silage (UG), digestate from 

untreated grass silage (DU), and digestate from pre-treated grass silage (DP). 
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Fig.6. Energy distribution in each product derived from the microwave assisted low-temperature 

hydrothermal treatment of: (a) untreated grass silage (UG), (b) digestate from untreated grass silage 

(DU), and (c) digestate from pre-treated grass silage (DP). 
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Fig.7. Carbon distribution during the entire processes of the two different scenarios: (a) AD + MLHT 

(at 180°C); (b) Acid pre-treatment (with 2% w/w sulphuric acid at 135°C for 15 minutes) + AD + 

MLHT (at 180°C). AD: anaerobic digestion, MLHT: microwave assisted low-temperature 

hydrothermal treatment. 
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Fig. 8. Scanning electron microscope (SEM) graphs of the substrates and corresponding hydrochars 

derived at 160 °C: (a) untreated grass silage (UG); (b) hydrochar derived from untreated grass silage 

(Char-UG-160); (c) digestate of untreated grass silage (DU); (d) hydrochar derived from digestate of 

untreated grass silage (Char-DU-160); (e) digestate of pre-treated grass silage (DP); (f) hydrochar 

derived from digestate of pre-treated grass silage (Char-DP-160).  

(a) UG (b) Char-UG -160 

(c) DU (d) Char-DU -160 

(e) DP (f) Char-DP -160 
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Fig. 9. X-ray diffraction (XRD) patterns of the substrates and corresponding hydrochars derived at 

160 °C, including for: untreated grass silage (UG), hydrochar derived from untreated grass silage 

(Char-UG-160), digestate of untreated grass silage (DU), hydrochar derived from digestate of 

untreated grass silage (Char-DU-160), digestate of pre-treated grass silage (DP), and hydrochar 

derived from digestate of pre-treated grass silage (Char-DP-160).  
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Fig. 10. Fourier transform infrared (FTIR) spectra of the substrates and corresponding hydrochars 

derived at 160 °C, including for: untreated grass silage (UG), hydrochar derived from untreated grass 

silage (Char-UG-160), digestate of untreated grass silage (DU), hydrochar derived from digestate of 

untreated grass silage (Char-DU-160), digestate of pre-treated grass silage (DP), and hydrochar 

derived from digestate of pre-treated grass silage (Char-DP-160). 
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Table 1 Compositional characteristics of the substrates for microwave assisted low-temperature 

hydrothermal treatment. 

 

Untreated 

grass silage 

(UG) 

Solid digestate from 

untreated grass silage 

(DU) 

Solid digestate from 

pretreated grass silage 

(DP) 

Proximate analysis (wt %)
  

   

VS/TS 89.1±1.0 68.3±2.1 64.7±1.3 

Ash/TS 10.9±0.1 31.7±2.0 35.3±1.3 

Elemental analysis (% VS) 
 

   

Carbon 50.5±0.2 54.4±0.2 55.5±1.3 

Hydrogen 6.5±0.0 6.9±0.0 6.6±0.1 

Oxygen 41.3±0.1 33.3±0.2 33.0±1.5 

Nitrogen 1.7±0.2 5.4±0.1 4.9±0.0 

Energy value (kJ/g TS) 16.9 15.2 14.5 

Energy value (kJ/g VS) 19.0 22.3 22.4 
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Table 2 Ash content and elemental compositions of the hydrochars derived at different temperatures 

Hydrochar 

name 
Feedstock 

Temperature 

(°C) 

Ash 
 

(% TS) 

Elemental analysis 

(% VS)
 

C  H  N  O  

Char-UG-100 Untreated grass silage 100 8.3±0.3 48.9±0.1 6.6±0.0 1.3±0.1 43.3±0.0 

Char-UG-120 Untreated grass silage 120 7.2±1.2 49.2±0.3 6.4±0.1 1.0±0.1 43.4±0.3 

Char-UG-140 Untreated grass silage 140 4.9±1.4 48.0±0.1 6.1±0.0 1.1±0.1 44.8±0.0 

Char-UG-160 Untreated grass silage 160 3.9±0.2 47.8±0.4 6.0±0.0 0.9±0.1 45.3±0.4 

Char-UG-180 Untreated grass silage 180 4.2±0.2 50.2±0.3 6.2±0.0 2.4±0.2 41.2±0.1 

Char-DU-100 
Digestate of untreated 

grass silage 
100 33.0±1.1 59.5±0.6 7.5±0.1 6.9±0.4 26.1±1.0 

Char-DU-120 
Digestate of untreated 

grass silage 
120 31.4±0.0 56.2±0.0 7.0±0.1 6.1±0.2 30.8±0.1 

Char-DU-140 
Digestate of untreated 

grass silage 
140 33.9±0.8 55.9±0.3 7.0±0.0 5.1±0.1 32.0±0.3 

Char-DU-160 
Digestate of untreated 

grass silage 
160 36.3±0.3 58.5±0.3 7.1±0.1 4.7±0.5 29.7±1.0 

Char-DU-180 
Digestate of untreated 

grass silage 
180 37.9±0.0 63.6±0.5 7.3±0.1 4.6±0.0 24.5±0.6 

Char-DP-100 
Digestate of pre-

treated grass silage 
100 34.4±1.0 60.0±0.1 7.4±0.1 5.9±0.1 26.6±0.3 

Char-DP-120 
Digestate of pre-

treated grass silage 
120 35.7±1.1 58.3±0.4 7.1±0.1 5.8±0.0 28.9±0.4 

Char-DP-140 
Digestate of pre-

treated grass silage 
140 35.6±0.2 56.6±0.1 6.7±0.3 5.5±0.0 31.3±0.2 

Char-DP-160 
Digestate of pre-

treated grass silage 
160 35.0±0.8 56.7±0.1 6.7±0.0 4.1±0.1 32.5±0.3 

Char-DP-180 
Digestate of pre-

treated grass silage 
180 39.4±0.1 60.3±0.5 6.9±0.2 4.0±0.1 28.8±0.8 

UG: untreated grass silage, DU: digestate from untreated grass silage, and DP: digestate from pre-

treated grass silage.  
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Table 3 Comparison of energy content of hydrochars obtained from different digestates in the 

literature. 

Feedstock HHV of 

feedstock 

(kJ/g, dry 

basis)  

Process Process 

temperature 

(°C) 

Time 

(min) 

HHV of 

hydrochar 

(kJ/g, dry 

basis) 

Energy 

densification 

Ref 

Solid digestate 

from untreated 

grass silage 

22.3  

(ash-free) 

MLHT 180 30 27.6  

(ash-free) 

1.24 This 

study 

Solid digestate 

from pre-treated 

grass silage 

22.4  

(ash-free) 

MLHT 180 30 25.1  

(ash-free) 

1.12 This 

study 

Digested sewage 

sludge  

7.8 HTC 170 60 5.5 0.71 [72] 

250 60 4.3 0.55 

Digested sludge 16.5 HTC 180 30 17.3 1.05 [73] 

200 30 17.5 1.06 

220 30 18.3 1.11 

Digested sewage 

sludge 

16.5 HTC 150 60 17.3 1.05 [45] 

180 60 17.5 1.06 

Digested maize 

silage 

22.3  

(ash-free) 

HTC 190 120 25.4 

(ash-free) 

1.14 [48] 

230 120 30.3 

(ash-free) 

1.36 

Digestate from 

maize and grass 

silage 

17.8 HTC 150 60 17.9 1.01 [40] 

200 60 20.7 1.16 

Digested sewage 

sludge 

14.9 HTC 150 60 15.0 1.01 [40] 

200 60 15.1 1.01 

Digestate from 

household waste 

containing 

vegetable, garden, 

and fruit 

14.9 HTC 150 60 15.0 1.01 [40] 

200 60 15.1 1.01 

Digestate from 

mixture of cow 

manure, maize 

silage, grass 

silage, and cereals 

16.4 HTC 170 

 

120 

 

15.5 

 

0.95 

 

[74] 

190 120 15.7 0.96 

Digestate from 

cow manure and 

cow dung 

17.0 HTC 170 120 17.1 1.01 [74] 

 190 120 17.6 1.04 

Digestate from 

yard waste 

15.6 HTC 180 

 

360 

 

20.5 

 

1.31 

 

[65] 

200 360 21.5 1.37 

MLHT: microwave assisted low-temperature hydrothermal treatment; HTC: conventional 

hydrothermal carbonation. 
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Table 4 Comparison of net energy gain from anaerobic digestate with different post-treatments in the literature. 

Digestate 

feedstock 

Process Process 

parameters 

Methane 

potential 

before 

treatment  

Methane 

potential 

post 

treatment 

Hydrochar 

yield 

Increment in 

methane 

potential 

Increment of 

energy in 

methane 

Energy in 

hydrochar 

Energy 

required for 

process 

operation 

Net energy 

gain 

Ref 

(ml/g TS in 

digestate) 

(ml/g TS in 

digestate) 

(ml/g TS in 

digestate) 

(ml/g TS in 

digestate) 

(kJ/g TS in 

digestate) 

(kJ/g TS in 

digestate) 

(kJ/g TS in 

digestate) 

(kJ/g TS in 

digestate) 

DU MLHT 180 °C, 30 

min,4.7% solid 

< 7.0  

(process 

liquor) 

68.7  

(process 

liquor) 

0.79 881% 2.5 13.5 13.6 2.3 This 

study 

DP MLHT 180 °C, 30 min, 

4.7% solid 

< 7.0  

(process 

liquor) 

72.7  

(process 

liquor) 

0.75 939% 2.6 11.4 13.6 0.4 This 

study 

Digested sludge HTC 130°C (0.1 

MPa), 30 min, 

1.4% solid 

47.0  

(mixture) 

161.0 

 (mixture) 

/ 243% 4.5 / 31.3 -26.8 [14] 

170 °C (0.1 

MPa), 30 min, 

1.4% solid 

47.0  

(mixture) 

166.1 

 (mixture) 

/ 253% 4.7 / 43.3 -38.6 

210 °C (0.1 

MPa), 30 min, 

1.4% solid 

47.0  

 (mixture) 

130.1 

 (mixture) 

/ 177% 3.3 / 55.2 -51.9 

Digested 

sewage sludge 

HTC 220 °C (3.5 

MPa), 30 min, 

4.5% solid 

7.2  

(process 

liquor) 

80.0  

(process 

liquor) 

0.74 1011% 2.9 10.5 18.1 -4.7 [16] 

160 °C (0.5 

MPa), 30 min, 

4.5% solid 

7.2  

(process 

liquor) 

75.8  

(process 

liquor) 

0.69 953% 2.7 11.7 12.5 1.9 

Digested 

microalgae 

HTC 200 °C (0.1 

MPa), 0 min, 

1.25% solid 

63.9  

(mixture) 

153.9  

(mixture) 

/ 141% 3.6 / 58.5 -54.9 [15] 

Solid digestate 

from Napier 

grass 

HTC 240 °C (0.3 

MPa), 60 min, 

14.3% solid 

/ / 0.45 / / 11.5 6.3 5.2 [12] 

DU: digestate from untreated grass silage; DP: digestate from pre-treated grass silage; MLHT: microwave assisted low-temperature hydrothermal treatment; and 

HTC: conventional hydrothermal carbonation. 

 



Declaration of interests 
 

☒ The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
 

☐The authors declare the following financial interests/personal relationships which may be considered 
as potential competing interests:  
 

 

 

 
 

 

*Declaration of Interest Statement


