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Abstract

:

The reuse potential for the large annual production of spent coffee grounds (SCGs) is underexploited in most world regions. Hydrochars from SCGs produced via hydrothermal carbonization (HTC) have been recognized as a promising solid fuel alternative. To increase demand, optimization of the HTC and two post-treatment processes, washing and agglomeration, were studied to improve hydrochar in terms of energetic properties, minimizing unwanted substances, and better handling. HTC experiments at three scales (1–18.75 L) and varying process conditions (temperature T (160–250 °C), reaction time t (1–5 h), and solid content %So (6–20%) showed that the higher heating value (HHV) can be improved by up to 46%, and most potential emissions of trace elements from combustion reduced (up to 90%). The HTC outputs (solid yield—SY, HHV, energy yield—EY) were modeled and compared to published genetic programming (GP) models. Both model types predicted the three outputs with low error (<15%) and can be used for process optimization. The efficiency of water washing depended on the HTC process temperature and type of aromatics produced. The furanic compounds were removed (69–100%; 160 °C), while only 34% of the phenolic compounds (240 °C) were washed out. Agglomeration of both wet SCG and its hydrochar is feasible; however, the finer particles of washed hydrochar (240 °C) resulted in larger-sized spherical pellets (85% > 2000–4000 µm) compared to SCGs (only 4%).
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1. Introduction


Coffee production and consumption in the world reached approximately 10 million tons of coffee beans in 2022, and the demand continues to grow each year [1]. Spent coffee grounds (SCGs), one of the major by-products from the production of coffee drinks and other products, are produced in similar quantities, though very decentrally, in locations ranging from home kitchens and coffee shops to instant coffee and drink producers. After brewing or extracting for coffee beverages, SCGs contain a high water content of 50–60 wt%, a relatively high calorific value of 19–22 MJ/kg, and a carbon content of 47.0–60.0 wt% [2,3,4,5]. The carbon content includes celluloses, hemicelluloses, lignins, lipids, minerals, and protein, together with phenolic compounds, caffeine, and chlorogenic acids, in addition to nutrients such as calcium, magnesium, potassium, sodium, iron, zinc, manganese, and copper [6,7,8]. Often, these large amounts of SCGs are disposed of improperly, which can cause negative effects on the environment, human and animal health, or in landfills, which can cause greenhouse gas (GHG) emissions, besides wasting their potential as a valuable carbon-rich resource. Numerous studies have determined that SCGs can be valorized as a renewable energy source [9,10], as soil amendments [11,12], or in novel materials [13,14]. Nevertheless, the large potential for the reuse of SCGs is underexploited in most regions of the world. This may be due to the difficulties associated with their decentral production and high moisture content, which can lead to molding and biodegradation during the collection and transport stages. In addition, despite their calorific value similar to wood, the use of pure SCGs as fuel, for example for coffee processors, can lead to lower boiler efficiency and increased particle and gas emissions [15].



The thermochemical conversion of these wet SCGs to carbon-rich materials (hydrochars) via hydrothermal carbonization (HTC) has been demonstrated successfully in several studies for fuel utilization [16,17], soil amendment [7,18], and adsorption materials [19,20]. HTC, also referred to as wet hydrolysis or wet torrefaction, is an efficient technology for converting high water content biomass into high-carbon solids with sub-critical water in the temperature range of 180–250 °C under saturated vapor conditions between 10 and 80 bars for a reaction time varying from 1–12 h [21,22]. At these temperatures and times, all pathogens and microbial DNA that developed during collection can be effectively eliminated [23]. The energy content of hydrochar is higher compared to the original biomass [24]. Increases in the higher heating value (HHV) from 19–22 MJ/kg for SCGs and up to 34 MJ/kg for hydrochar have been found [25,26,27]. These increases depend on the HTC process conditions used and must be considered together with the solid yield (SY) in order to evaluate the energy yield (EY) from the process. The optimal process conditions often must be experimentally determined, but the effort may be reduced through recent advances in modeling [28]. They used genetic programming (GP) to develop models to predict the HTC outputs SY, HHV, and EY as a function of process conditions and feedstock and/or hydrochar composition. Although their data set encompassed an extensive number of feedstock, SCGs were not included.



In addition to hydrochar, a process water and a small amount of gas is produced in HTC. The complex thermochemical degradation and polymerization steps can dissolve inorganics in the feedstock, such as trace elements and nutrients, into the process water, effectively reducing the ash content of the hydrochar and enhancing its energetic properties [29] as well as producing sugars, organic acids, and furanic and phenolic aromatic compounds that transfer to the process water or remain in the hydrochar [30,31]. While many of these compounds in the process water can be transformed into biomethane via anaerobic digestion [32,33], these can be problematic if they remain in the hydrochars when used as solid fuel or soil amendment without post-treatment. Some furanic and phenolic aromatic compounds are considered toxic to humans [34,35] and inhalation or contact should be avoided during hydrochar handling, while some studies have found that these aromatic compounds in the hydrochar can inhibit seed germination when applied to growing media [18,36].



Therefore, in order to increase the efficient use of this resource, post-treatment methods are required to improve the quality and handling of hydrochar as a product. Combinations of processes may be necessary to convert the SCGs into a solid fuel suitable for use in households or industry or into a soil amendment product. One post-treatment method to remove unwanted material from hydrochars is washing. Although a water washing step seems an economical way to wash out unwanted substances if it can be recirculated back to the HTC system, there are very few studies using this method. Most washing tests have been carried out to reduce phytotoxicity from the hydrochar and often do not monitor concentration changes in individual compounds. In their recent review, Karatas et al. (2022) [37] point out that both organics and inorganics could play a role in phytoxicity, and numerous approaches for its reduction have been tried, ranging from washing and composting to thermal treatment. For example, washing with organic solvents and/or water mixtures was found to reduce organic compounds [38,39], but may require water washing to remove the solvent, depending on the application. The washing of hydrochars from SCGs has not been deeply investigated. Cervera-Mata et al. (2021) [40] compared the effect of SCG and washed hydrochars on the growth inhibition of lettuce and found little difference, but individual organic compounds were not identified.



Agglomeration is another process that may be useful to improve the physical properties of the hydrochar end product. In addition to the unwanted compounds, hydrochars from SCGs may contain fine particles, which can cause challenges in further handling and transportation. Through agglomeration, the fine particles are bound into larger pellets in order to enhance their flowability and ease of handling and transportation. Extruder pelletizing is one agglomeration type commonly used for producing cylindrical pellets for biomass and its chars [41,42]. For example, dry SCGs and mixtures with other plant-based biomass (e.g., sawdust) were successfully pelletized in an extruder [43,44]. With high water content in both SCGs and their hydrochars, wet agglomeration can be a better process for granulating these materials. However, no studies have tried wet agglomeration for SCGs and their hydrochars. Wet agglomeration is known as a process to enlarge the size of fine particles from wet materials [45,46], which might be possible for producing spherical pellets from the wet hydrochar after HTC.



A review of the literature on HTC shows that most prior research has focused on specific aspects of either the HTC process or post-treatment. However, an investigation of an entire treatment scheme (prediction—optimization—conversion—post-treatment) for HTC using SCGs as feedstock is still underdeveloped. Therefore, this study aimed to fill these important knowledge gaps in the study of SCG valorization from HTC to high-quality end products. Firstly, we explored whether the recently proposed GP models to predict HTC outputs can be used on SCGs, which could help reduce experimental effort for researchers in the future. Secondly, two post-treatments were investigated for their ability to improve product handling characteristics of the hydrochars, washing, and agglomeration. Hydrochar from SCGs was produced in two groups of HTC experiments to identify the significant process parameters on the HTC outputs (SY, HHV, EY): (1) experiments planned with a custom design of experiments (DoE) and (2) random runs at different scales. Three process parameters holding temperature (160 to 250 °C), reaction time (1 to 5 h), and solids content (6 to 20%) were varied. Physical and chemical properties of SCGs, hydrochars, process waters, washed hydrochars, and wash waters were determined. Agglomeration experiments were made using SCGs, three washed hydrochars, and one unwashed hydrochar with plant-based additives and the binder solution of methylcellulose acetate for producing spherical pellets. The size distribution, bulk density, and mechanical stability of spherical pellets were determined and compared to cylindrical pellets of SCGs and their hydrochar.




2. Materials and Methods


2.1. Materials


Spent coffee grounds (SCGs) were collected from canteens and cafeterias at (1) the Dresden University of Technology, Germany and (2) the University of Cagliari, Italy. The initial water content (WC) of collected SCGs was approx. 55 wt%, and then it was dried to a constant water content of 8 wt% at 105 °C for 24 h and stored at 4 °C to avoid biodegradation.




2.2. Overview of HTC Experiments


2.2.1. HTC Reactors


Three different scales of the HTC system were used in this study to convert SCGs into carbon-rich materials. The experiments were performed at ATB using two pressurized stirred reactors of 1 L and 18.75 L (PARR Instrument company, USA (Figure S1a,c in the Supplementary Materials (SM)). These stainless steel reactors were externally heated to various temperatures, including 160 °C, 200 °C, 220 °C, 230 °C, 240 °C, and 250 °C, with reaction times of 1 h, 3 h, and 5 h. The experiments were implemented at the University of Cagliari, Italy using the 1.5 L pressurized unstirred reactor (Berghof GmbH, Eningen, Germany) (Figure S1b in SM) at 220 °C and 240 °C in 1 h.




2.2.2. HTC Experimental Set-Up


Design of the HTC Experimental Set-Ups and Evaluation


Two different sets of experiments were carried out: (1) a random (R) set-up and (2) a Design of Experiments (DoE) set-up. In both set-ups, three input parameters were varied systematically (temperature T, reaction time t, and solid content %So). The random set-up was made up of 7 HTC runs (R), whereas the DoE set-up contained 6 HTC runs (D) planned using a custom design of experiments (DoE). The DoE was chosen to design the minimum number of HTC experiments to investigate the main effects of the three variables as well as two-way interactions [47,48]. These experiments were designed and evaluated by using the statistical software JMP (v13.0, SAS) to produce the DoE models, general multiple linear regression equations to describe the main effects of input process parameters, the related two-order interactions, and the quadratic terms. The modeled results were compared with the measured results as well as to literature correlations described in Section 3.1. In addition, the severity factor (SF) was determined based on the HTC operating temperature and reaction time of each run. The severity factor is a useful index that can describe the relationship between the operational conditions of hydrothermal processes [49,50]. The SF is calculated by using following Equation (1):


SF = log (t.e [(T − 100)/14.75]))



(1)




where:



t = reaction time (min);



T = the operating temperature (°C).




Experimental Conditions and Procedure


In total, 13 runs were carried out with SCGs as feedstock using systematic variation of three input parameters at three different reactor scales. Solid content %So ranged from 6 to 20 wt%-db, holding temperatures T were between 160 °C and 250 °C, and reaction times t were set from 1 to 5 h. Agitation was held constant for the 6 DoE runs operating in an 18.75 L HTC reactor, while the random set-up included both non-stirred and stirred (90 rpm) runs operating in 1 L, 1.5 L, and 18.75 L reactors. The post-treatment of the hydrochars from the DoE set-up by washing and agglomeration is described below in Section 2.3. Details regarding all experiments within the two HTC set-up groups are presented in Table 1. The code used to designate each experimental run, e.g., D_240_1_13%, contains information on the set-up runs (D-DoE, R-random) and process parameters (T, t, %So), while the code for the hydrochar indicates whether it is unwashed (HC) or washed (wHC).



To achieve the desired solid content, deionized water was added to the appropriate amount of dried SCGs in the reactor. After each HTC run, the reactor was cooled down for one hour using cold tap water (1 L reactor) or for 8 h using air (1.5 L and 18.75 L reactors) before gas collection through a valve. The collected gas was then transferred into an aluminum bag, with its volume quantified by using a drum-type gas meter (Ritter GmbH, Bochum, Germany). Subsequently, the percentages of gaseous components (O2, CO2, CH4, H2S) were determined by using the Biogas 5000 (Geotech company, Coventry, UK). The slurry output was separated through vacuum filtration using flat filter paper (ROTH Type 113A-110, 5–8 µm) into two main products: (1) a solid, known as hydrochar (HC), and (2) a liquid, known as process water (PW). The fresh mass of the filter cake was weighed, and samples were taken from each phase. Each DoE run was conducted once, while the runs of the random set-up were repeated, (1.5 L reactor: 10 times at 220 °C; 5 times at 240 °C; 18.75 L reactor: 4 times at 220 °C, 3 h), aimed at generating a sufficient quantity of hydrochars for subsequent analysis.




Characterization of SCGs and HTC Products


The physical and chemical properties of both the SCGs and HTC products, including hydrochar (HC) and process water (PW), were analyzed. Each sample was measured in triplicate, from which mean values and standard deviations were derived. For the SCGs, HC and PW, pH, and electrical conductivity (EC) were determined by using the inoLab pH/Cond 720 (WTW, Weilheim, Germany). For solid samples (SCG and HC), the elemental composition (CHNS) was measured using the VARIO EL III (Elementar Analysensysteme GmbH, Germany), with O determined by difference. The assessment of the higher heating value (HHV) was conducted based on the DIN EN 15400:2011 standard using the C200 bomb calorimeter (IKA-Werke GmbH & Co. KG, Staufen, Germany). The ash content was determined at 550 °C, 2 h within a muffle oven CW1113 (Carbolite Gero GmbH & Co. KG, Neuhausen, Germany). Major chemical elements and trace heavy metals were determined through two steps. First, the digestion was made using the ultraClave IV microwave digestion system (MLS Mikrowellen-Labor-Systeme GmbH, Leutkirch, Germany). Then, the analysis was performed by using the iCAP 6000 Series ICP–OES Spectrometer (Thermo Fisher Scientific GmbH, Dreieich, Germany). Aromatic compounds in SCG, HC, and PW were analyzed using the Dionex HPLC UltiMate 3000 (Thermo Fisher Scientific GmbH, Dreieich, Germany). For the extraction of the solid samples, two methods were used: steam distillation (furfural, phenol, cresol, and guaiacol) and water extraction (HMF, catechol). To evaluate the energetic characteristics of the HC with regard to fuel quality assurance, the standard for graded thermally treated and densified biomass fuels meant for commercial and industrial applications (DIN EN ISO 17225-8:2023) served as the framework [51].





2.2.3. Comparative Evaluation of Output Predictions after HTC


Within this study, an assessment was conducted on the predictive capabilities of the DoE model and the graph-based genetic programming (GP) models proposed by Marzban et al. (2022). This evaluation involved a comparison between the predictions generated by these models and the actual measured values for the outcomes, including the solid yield (SY), energy yield (EY), and higher heating value (HHV) of hydrochars. These assessments were performed across varying scales of HTC runs within two experimental set-ups (DoE and random). The aim was to analyze the accuracy and effectiveness of the DoE model and the GP models in predicting the desired outputs derived from different HTC operational conditions and properties of biomass and hydrochar. The correlations for HTC outputs from the DoE model and GP models are listed in Table 2.





2.3. Overview of Washing and Agglomeration Methods


2.3.1. Char Washing


In this experiment, the six wet hydrochars from the DoE runs were washed twice to evaluate their effectiveness in eliminating impurities or soluble substances produced by the carbonization process. Such substances may be detrimental in solid fuel applications within industrial facilities. The two char washings were conducted sequentially for each char directly after production. The experiment was carried out as follows: (1) Washing step: the filter cake that was separated by vacuum filtration from the HTC slurry (Section 2.2.2) was transferred back to the 14 L filtration unit re-suspended in 8 L of deionized water (33–35 °C) and manually mixed well for 3–5 min. (2) Separation step: the washed hydrochar and wash water were separated by using vacuum filtration and samples of both phases were collected for characterization. (3) Characterization step: the physical and chemical properties (pH, EC, CHNS, HHV, ash content, and aromatic compounds) were measured for both samples to evaluate the effectiveness of the washing process. This procedure was repeated for a second washing round. Details and codes are found in Table 3.




2.3.2. Char Agglomeration


Materials and Method


Seven experiments were carried out with SCGs, four wet hydrochars, and various additives to test agglomeration properties. They include three experiments using SCG, two experiments using three washed hydrochars (wHC_160_5_13%, wHC_200_3_13%, and wHC_240_1_13%), and one experiment using a mixture (unwashed hydrochar HC_200_3_20% and washed hydrochar wHC_200_3_13%). Plant-based additives including ground hemp leaves (H, milled to 500 µm), ground corn straw (gS, milled to 500 µm), and corn starch (St) were used in 4 experiments (Exp.2, Exp.3, Exp.5, Exp.6). A solution of 3.8% methylcellulose acetate (M, CAS 9004-67-5) was used as a binder solution (also known as bridging liquid) in 5 of the 7 experiments. Details are listed in Table 4. The water content of the mixture was adjusted to the optimal range of 40–47 wt% in advance. The agglomeration process was conducted using the intensive mixer type EL10 (EIRICH Machines, Inc., Gurnee, IL, USA) shown in Figure S2 in SM. The vessel was operated at a speed of 80 rpm, while the stirring was set at a speed of 1800 rpm. During the agglomeration experiments, the binder solution was sprayed onto the mixture. The length of the mixing time (residence time or dwell time) depended on the time of formation of agglomerated spherical pellets. The experiments were completed once the spherical pellets were formed. Following that, the cumulative distribution Q3 of particle size was determined, which refers to a statistical representation of pellet size distribution. This parameter was determined by using the AS 200 control siever (Retsch GmbH, Haan, Germany), featuring an amplitude of 1.5 mm, a sieving interval of 10 s, and a duration of 3 min. For measurements of particle size distribution of the initial SCGs, wHC, and HC by using the Mastersizer 3000 (Malvern Panalytical Ltd., Eindhoven, The Netherlands) based on the DIN EN ISO 8130-13 standard, the wHC and HC samples were dried at 105 °C for 24 h and the clumps were broken manually before analysis. The bulk density and mechanical stability of the spherical pellets were also determined. The comparison with cylindrical pellets made from SCG and wHC was also reported in this investigation. The morphology and structure of the spherical pellets were visualized with a VHX 2000 microscope (Keyence GmbH, Neu-Isenburg, Germany). According to Özer et al., 2017 [52], the agglomeration process exhibited two distribution phases as illustrated in Figure 1.







3. Results and Discussion


3.1. Investigating the Impact of Input Variables on HTC Treatment and Predicting Outputs


The impact of three operating parameters, T, t, and So, on the HTC treatment of SCGs was determined in an experimental set using a custom design (DoE) with six runs (DoE) and in a second set with seven runs in two different reactor types and sizes with and without stirring (random runs) (Table S1). The contour plots with the experimental results for SY, HHV, and EY and the multiple linear regression equations (DoE models) developed to describe the effect of the T, t, and %So on these HTC outputs are shown in Figure 2a(i–iii). The values for SY and HHV for both the DoE and random runs show the strong dependencies on temperature typically described in the literature, i.e., decreases in SY and increases in HHV with increasing temperature (Figure 2a(i–ii)), which are also found in other studies [18,28,53]. Looking at the DoE models (Figure 2b), it can be seen from the regression coefficients for t that the reaction time has a comparatively small positive effect; variation in t from 1–5 h produced only slight increases in SY and HHV (below 4%). Changes in %So from 6 to 20% affected the values of SY more than the HHV values, causing increases of up to 17% in SY at 250 °C, while HHV remained relatively constant. Previous studies have also reported that HTC temperature is the key parameter influencing the characteristics of the solid fuel [54].



The calculation of the measured EY combines the two outputs SY and HHV; therefore, their inverse relationships with T result in the EY value being more dependent on the %So in the reactor. At low %So (6%), the EY is fairly independent of temperature, remaining mainly below 80% for T = 160–240 °C; however, as %So is increased to 13%, T plays a larger role and EY decreases with increasing T, having its maximum value 86% at 160 °C (Figure 2a(iii)). At the higher %So (20%), EY is again almost independent of T, with a high of 87.6% at 200 °C. Figure 2c shows that the DoE model predictions of SY, HHV, and EY in both the DoE and random run groups demonstrate a remarkable level of accuracy, closely matching the measured results (AAE = 1.49% (for SY); AAE = 0.89% (for HHV), and AAE = 1.85% (for EY), respectively), even with varying reactor sizes and types. These predictions by the DoE model are valid for HTC runs involving SCGs. They need to be assessed for their ability to predict the HTC outputs for different biomass sources, since the SCGs have already been thermally treated in the roasting (torrefaction) process, in contrast to the other organic feedstocks.



In order to reduce experimental work in the future, the development of predictive correlations to describe the HTC outputs, SY, HHV of the hydrochar, and EY based on operating conditions and the composition of the feedstock, has been the goal of numerous publications [28,49,53,55]. In their recent comparison of a variety of correlations to predict SY, HHV, and EY for 42 mainly lignocellulosic feedstocks based on the HTC operating conditions and/or elemental composition of the feedstock and hydrochar, Marzban et al. (2022) [28] showed that empirical GP-based correlations were able to predict the output values for most feedstock with good agreement. Unlike the DoE models, the GP models for SY and EY predict slightly non-linear dependencies on the reaction temperature. The GP models for SY and HHV can be combined in a number of ways to predict EY, depending on what information is available, e.g., measured HHV values, the elemental composition of feedstock and hydrochar, and/or operating conditions. The six versions considered here are listed in Table 2. A comparison of the experimental results and predicted values for the three outputs from the GP models, as well as from the DoE model, is shown in Figure 2c (see also Table S1 in SM). It can be seen that the DoE models predict the three output values for both the DoE and random runs with little error (AAE ≤ 2%). The GP model SY-OP based on the operating conditions fits the experimental values from both HTC run groups well, though the predicted values are slightly lower (AAE = 4.71%, ABE = −3.90%). This trend of under prediction is continued with the HHV-OP model (AAE = 10.19%, ABE= −10.19%). Thus, when these two parameters are combined in the EY, the EY values are also underestimated to a similar extent (EY-OP, ABE = −13.67%, EY-EA+OP, ABE = −14.58%) In contrast, the GP models that included the elemental analysis of the feedstock and/or hydrochar are closer to the measured results (HHV-EA, AAE = 5.32%, EY-EA, AAE = 6.16%). It is well known that the feedstock properties can have a significant influence on the carbonization products and the energy content of the recovered solids [53,56]. In this case, the underestimation may be due to the size and characteristics of the feedstock; the fine particles of SCGs have already undergone a mild thermal treatment in the roasting process, in contrast to the other feedstocks used to develop the GP models, leading to higher SY and EY than untreated biomass.



Most modeling efforts based on literature values have limited access to information on feedstock and reactor information. The GP correlations are more generally applicable to a large number of feedstocks due to the inclusion of the properties of biomass and hydrochar in the prediction correlations, but there is room for improvement with more feedstock and reactor parameters. Marzban et al. (2022) [28] note in their study that few results on the effect of %So on HTC output are found in the literature; they found only 3 studies out of 35 references in which the solids content was varied over a wide range (1.6–20%), and the trends were highly divergent for SY and EY. The results here contribute to the available data on the influence of %So; however, the thermal pretreatment and small particle size of SCGs will need to be considered when making comparisons. The good agreement between the DoE and random runs shows that the DoE model can be used as an alternative for predicting SCG results. We tested this by predicting values for HTC outputs (SY, HHV, EY) from four literature studies on the HTC of SCGs with 16 different HTC process conditions [16,17,27,57], ranging from T (150–260 °C), t (0.5–3 h), and %So (6–30 wt%) with the DoE model (see Table S2 and Figure S3 in SM). Figure 2d illustrates a comparison between the HTC outputs (SY, HHV, and EY) from the literature and those of this study, including both measured and DoE_predicted values. The HHV values from both the literature and this study exhibited a similar trend, with increasing temperatures and reaction times. The values were predicted well with the DoE model (AAE = 3%). In contrast, the SY from two of the four studies were not as well predicted (AAE = 7%), which led to deviations in predicting the EY (AAE = 6%). Further analysis and comparisons are required to better understand the differences.



A practical use for these output correlations is to find the optimal HTC operating conditions to produce hydrochar with the desired fuel characteristics with few or no experiments. To determine the optimal operating conditions for the highest EY, Marzban et al. (2022) [28] suggests solving the correlations for the maximum EY. For the linear DoE model, the maximum EY is found at low T and the highest t and So. These trends are visualized in Figure 3a(i–ii). We also explored using the severity factor (SF), which has been developed to combine temperature and time into one factor [49], to describe the effect of processing parameters on the HTC outputs (Figure S4 in SM). However, because the outputs are also highly dependent on the third parameter %So, which is not taken into account by the SF, it did not produce an improved correlation. For the non-linear GP models, the high HHV of SCGs represents a special case, so that the calculated EY-OP only decreases with increasing temperature and time (Figure 3b(i)), instead of going through a maximum as T increases, as was seen with feedstocks with lower HHV values [41]. Similar to the DoE, the GP models for EY increase with increased %So (Figure 3b(ii)). Therefore, to reach a high EY, the process conditions should be chosen at low T and high %So. In a realistic fuel application, the HHV value of the hydrochar may be the primary criterion, with a high EY as a secondary criterion. For example, the values of HHV for the chars produced at 200 °C, 3 h and %So from 13–20% are in the range of bituminous coal, with HTC increasing the HHV value of SCGs from 22.5 to 28–29 MJ/kg, while still maintaining a high EY of 85.5–87.6%.




3.2. HTC Treatment: Improving the Energetic Characteristics of Spent Coffee Grounds


HTC treatment has a significant influence on the energetic properties of SCGs, increasing their potential for use as solid fuel. In this study, the HHV was raised from 22.5 up to 32–33 MJ/kg at the highest severity factor (SF = 6.6). These shifts in calorific values are due to changes in the ratios of H/C and O/C, which can give an indication of the composition and structures of organic compounds in hydrochars (see also Table S3 in SM). As the hydrothermal reactions proceed, oxygen-rich functional groups are split off through decarboxylation and dehydration, aromatization, and condensation polymerization, reducing the H/C and O/C ratios [21]. In Figure 4, the left shifting trend of the SCGs to the higher calorific region of more condensed materials such as lignite and anthracite coal is evident as the severity factor is increased, i.e., the HTC temperatures and residence times are increased.



Another important parameter for the accurate estimation of air pollutant emissions when burning the fuels is the emission factors defined as the total mass of pollutant emitted per the quantity of energy consumed [58]. According to the standard DIN EN ISO 17225-8:2023, which applies to thermally treated non-woody biomass fuel, emissions of trace elements such as arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury (Hg), nickel (Ni), and zinc (Zn) need to be considered. These are based on the concentration of those elements and the higher heating value of the fuel, and they are reported in mg/MJ. The trace element concentrations in the solids from the DoE runs were measured, except for As and Hg, due to the lack of suitable analytical methods. As can be seen in Figure 5, the elemental emissions caused by all trace elements measured in the SCGs and hydrochars are much lower than the threshold given in the standard. There is a consistent downward trend in the elemental emissions for Cd, Cu, Ni, Pb, and Zn across the majority of hydrochars. Although the SCG values are well below the threshold values, the HTC treatment removed even more of the element, with the exception of Cr. The increase in Cr is probably due to leaching from the stainless steel reactor, and to a lesser extent Ni. This could be avoided through the use of a liner in the HTC reactor.




3.3. HTC Post-Treatment: Washing to Remove Simple Aromatics


After the HTC process, the solids are usually suspended as a slurry in the process water and are separated by filtration. The filter cake still retains a large amount of process water (e.g., 70–78% of WC) that may contain inorganic and organic compounds that are unwanted or harmful in the final product. Often, furanic and phenolic compounds are produced in the HTC process, which may be a benefit if the goal is to recover these compounds from the process water as part of a biorefinery strategy [59]; however, if the goal is to produce safe-to-handle hydrochars, these compounds should be avoided or removed. The results of the DoE runs are evaluated in this section first for the potential to choose process conditions to avoid or minimize aromatic production and second for the feasibility of adding a simple washing step to remove the aromatics from the chars.



3.3.1. The Production of Simple Aromatic Compounds in the HTC Process


During hydrothermal carbonization, furanic and phenolic compounds were produced that remained in the process water and/or hydrochar at the end of the carbonization reactions. Furanic compounds, e.g., HMF and furfural, are produced through the dehydration of sugars, while phenolic compounds, e.g., phenol, cresol, catechol, and guaiacol, generally result from lignin degradation [60]. Figure 6 shows the concentrations of the individual aromatic compounds measured in the hydrochar and process water for the DoE runs (see also Table S5 in SM). The HMF concentration in both the hydrochar and process water was generally higher than those of furfural, except at 240 °C. Park et al. (2022) [61] also found similar behavior from the hydrothermal treatment of SCGs at 120–210 °C; more HMF was produced than furfural, reaching the maximum concentrations at 210 °C. The process temperature has a larger effect on the concentrations than the reaction time or solids content. At 160 °C, the furanic compounds dominate in both the hydrochar and process water (e.g., HC_160_5_6%, in HC: 2474.5 mg/kg-db (HMF) and 2193.2 mg/kg-db (fufural); in PW: 489.5 mg/L (HMF) and 253.6 mg/L (fufural), respectively), while at 240 °C the phenolic compounds are present at high concentrations in both phases (e.g., for HC_240_1_13%, catechol in HC: 1730.2 mg/kg-db, and in PW: 213.8 mg/L). The trends with temperature for the two groups of compounds show an inverse relationship.



It is interesting to note that furfural was present in the SCG feedstock at a low concentration, 245 mg/kg-db. Indeed, it is classified as a food flavoring agent when used at low concentrations (below 0–0.5 mg/kg body weight) (WHO/JECFA). The aromatic compounds that develop during the coffee roasting process contribute to the flavor and aroma of the final coffee beverage [62]. Many simple phenols, including phenol, guaiacol, and catechol, and their derivatives are formed in the roasting process primarily from the pyrolysis of chlorogenic acids rather than lignins at low concentrations between 200–300 µg/kg [63]. This is usually an order of magnitude lower than the concentrations found in hydrochar, which range from non-detected to 3690.8 mg/kg-db (phenol). In contrast, higher concentrations of HMF were found in coffee samples (51–1143 mg/L [61]) and in roasted coffee beans (0–600 mg/kg [64]); 7.3–897.0 mg/kg [65]), in addition to furfural (3.0–219.0 mg/kg [65]). The HMF concentrations in the process water remained below the maximum value found in the cup of coffee, staying between non-detected and 938.7 mg/L. In the hydrochar, the HMF and furfural concentrations were often higher than in the coffee beans by an order of magnitude, ranging from non-detected to 4181.4 mg/kg-db (HMF) and 2193.2 mg/kg-db (furfural). Since high amounts of these aromatic compounds are undesired during the handling of the hydrochars due to potential environmental emissions or effects on human health [66], avoiding their production in the HTC process or their removal through the process of washing the char are discussed further.



As already noted, the results from this small DoE study show that the process temperature has a larger effect on the aromatic concentrations than the reaction time or solids content. However, to gain more insight and expand these conclusions, the results are compared to those made in a much larger kinetic study on the effect of the individual process parameters on aromatic production [30]. In their study on two lignocellulosic feedstocks (poplar, wheat straw) and cellulose, sampling over reaction time (0–8 h) for three holding temperatures (200, 230, 260 °C) and constant %So (11.1%), Reza et al. (2014) [30] found non-linear trends in the production of aromatic concentrations in process water for the two lignocellulosic feedstocks, which are significantly influenced by both T and t. The comparison of the results show that more phenolic compounds were produced at the higher temperatures and initially increased with reaction times (Figure 7a,b), similar to SCGs for t ≥ 1 h. The opposite trend was found for the furanic compounds in the process water for t ≥ 1 h, except for the samples taken below 1 h. This may be due to the production of furanic compounds during the heating phase, which reacted further at high temperatures and as reaction times increased, leading to little to no furanic compounds being detected at 230–260 °C for t > 1 h. At the lower temperature (200 °C), Figure 7b shows that the production of furanic compounds requires a longer reaction time, in line with the results at 160 °C of this study. These non-linear trends are corroborated by Borrero-López at al. (2018) [67] in their extensive HTC kinetic study on the effect of reaction severity on the degradation of hemicellulose, cellulose, and lignin and the production of aromatic compounds. They found similar increases in HMF in process water from cellulose at 160 °C with reaction time, while at 240 °C with hemicellulose the high HMF concentration at t = 0 h decreased rapidly with reaction time. In contrast, phenolic concentrations from lignin increased almost exponentially with reaction severity. They proposed two groups of models from their results: kinetic models for the production HMF and furfural for each of the three biomass components and models as a function of the severity factor SF for nine individual phenolic compounds in process water from lignin (Table S6 in SM). The biomass composition was not measured in our study, so their models of two compounds, phenol and guaiacol, are compared to experimental concentrations from our study and from Reza et al. (2014) [30] in Figure 8. The experimental values are lower for guaiacol than the model values and much higher for phenol, although Berrero-López at al. (2020) [31] found good agreement for these compounds between their model and experimental values from the HTC of lignocellulosic biomass, olive stones, and beech wood over a similar range of SF. Unfortunately, it seems that additional factors other than SF must be considered to be able to predict the phenolic concentrations. Nevertheless, knowledge of these inverse trends can help in choosing process conditions depending on the goal. For example, to choose the best conditions for a high EY from SCGs, these aromatic trends can be considered along with the DoE model for EY (Figure 9). Both the EY as well as the sum of aromatic compounds was the lowest at low temperatures and reaction times. More studies are required to develop a practical reliable model for a wide range of feedstock.




3.3.2. Char Washing


The amount of aromatics removed in the two washing steps with hydrochar and water at 30 °C varied depending on the HTC process temperature and type of compounds (Figure 10). The significance of the aromatic concentration changes due to char washing was confirmed using a one-way ANOVA analysis (p-value ≤ 0.05), except for catechol. For the hydrochar produced at 160 °C, 74–100% of the total aromatics were washed out, whereas at 240 °C only 12–34% were removed. The difference is due to the type and amount of compounds produced at the different HTC temperatures, as discussed in the previous section. For instance, furanic compounds, which were present in larger amounts at 160 °C, were washed out successfully (69–100%), while in hydrochar with high concentrations of phenolics (240 °C—5 h), a removal of only 34% was achieved, or the concentration even increased (240 °C—1 h, cresol). It is interesting to note that HHV was not affected by washing. HHV remained the same for all washed hydrochars (see Table S8 in SM). Looking at the changes in the concentrations in the wash water (Figure 10), it can be seen that the concentrations in the two consecutive wash waters decreased drastically, approaching zero in the last wash water (see also in Table S7 in SM). This indicates that further washing under these conditions has little prospect of success.



The comparison of the % mass of HMF and phenol in hydrochar after production to that recovered after two washings in the wash waters and in the hydrochar can be seen in Figure 11 for the runs D_160_5_13% (Figure 11a) and D_240_1_13% (Figure 11b). The calculations are based on the mass balance considering the hydrochars and wash waters, and the difference between the input and output is shown as loss. There is a dramatically decreasing trend in HMF mass in hydrochars after each washing, with approximately 88% of HMF mass washed out from the original hydrochar. In contrast, the % mass of phenol in hydrochar decreased only slightly after each washing, with the result that only 15% of the phenol mass was removed from the original hydrochar. These differences between the % mass of HMF/phenol in HC and wHC are significant based on the Tukey–Kramer test (different uppercase letters (A, B, C) indicate significance at p < 0.001 levels).



In comparison, Chakrabarti et al. (2015) [38] found a high degree of reduction for phenol (96%) when the hydrochar from rice husks was washed with acetone followed by two water washes, as well as high degrees for furfural (79%) and HMF (96%). This reduction in phenol is much higher than that found in this study (34%); however, a large portion of the rice husk hydrochar was also lost by the three-step washing (35–57%). Washing hydrochar from date palms with water caused a 19% loss in mass, but made almost no change in the mostly water-insoluble polyaromatic hydrocarbon concentrations in the hydrochar [68]. Unfortunately, mass loss from washing was not measured in our study and should be further investigated. For fuel applications, these large losses of mass accompanied by the production of a large volume of wash water to be treated is hardly sustainable, both economically and environmentally. Only one washing study with water and hydrochars from SCGs could be found in the literature; however, the focus was on comparing the effect of the washed hydrochar versus SCGs on plant growth [40]. They found little difference between SCGs and washed hydrochar; both had an inhibitory effect on lettuce growth. No comparison between unwashed and washed hydrochar was made, nor were individual organic compounds identified. These results highlight that more systematic studies on washing should be carried out, coupled with optimizing the process conditions to avoid the production of the aromatics, if possible.





3.4. HTC Post-Treatment: Agglomeration


The agglomeration of the fine hydrochar particles into larger-size pellets is an important step in order to improve the handling and transportation of the hydrochars as fuel or as soil amendments. Since the particle size of the starting materials is a critical factor in an effective agglomeration process [69], the particle size distributions of the feedstock SCGs and washed and unwashed hydrochars were analyzed (Table 5). Although SCGs are finely ground, only 10% of the particles in this study have diameters less than 150 µm (d10), with 80% falling within the range 150–800 µm (d10–d90). After HTC conversion and filtration from the HTC slurry, the particles became even smaller, with d10 decreasing to <50 µm. Similar results for hydrochar from SCGs were found by [16,40]. As HTC temperatures increased, there was a significant reduction in hydrochar particle sizes, most likely due to devolatilization and depolymerization reactions [27]. The size for 90% of the particles of hydrochar particles (d90) was reduced by approximately 84%, from 885 µm (at 160 °C) to 141 µm (at 240 °C) (Figure 12a,b). Although Park et al. (2021) [16] also found that the larger particles (>500 µm) disappeared as the HTC temperature was raised from 170–250 °C, the major gain was in particle sizes between 100–500 µm, with only small increases seen below 100 µm. The subsequent washing step reduced the particle size even more, as can be seen for washed hydrochar (wHC_200_3_13%) compared to unwashed hydrochar (HC_200_3_20%) at similar process conditions (Figure 12a).



After determining the particle size of the starting materials, seven agglomeration experiments to produce spherical pellets were carried out using SCGs, three washed (wHC) and one unwashed hydrochar (HC) with three plant-based additives, and a binder solution of methylcellulose acetate (see Table 4 for compositions). The differences in the sizes of the spherical pellets obtained for each of the starting materials are visualized in Figure 13, which illustrates the cumulative distribution Q3 of successfully formed spherical pellets from both SCGs and their hydrochars (measured values are provided in Table S9 in SM). In general, the particle size distribution of the starting products has a decisive influence on the pelleting behavior. It is also important that there is a particle size distribution (no monoparticles). The results here show that the coarser the starting material, the smaller the size of the pellets produced, irrespective of the additive used. Over 70% of the spherical pellets produced from SCG are 1000 µm or smaller in size (Exp. 1–3) (Figure 13, dashed lines). A similar pattern was observed with hydrochar in Exp. 4 (wHC160_M) and Exp. 6 (Mix_HC 200_St) (Figure 13, solid lines). In both of these experiments, a significant number of spherical pellets measuring 1000 µm or less in size were obtained, comparable to what was observed using SCGs. This behavior can be attributed to the coarser particles present in the starting materials. In contrast, the agglomeration tests with the starting materials with finer particles (washed hydrochar made at the higher temperatures 200 °C and 240 °C with d10 < 15 µm) resulted in the production of larger pellets, e.g., in Exp. 7, wHC240_HM, 85% of the pellets fell between 2000–4000 µm (Figure 13, black solid line). The washing of the hydrochar may also play a role here, increasing the wettability of the particle surface with the binding agent (M). Only when a degree of saturation of approx. 80% is reached do the binding adhesion forces/capillary forces act against the separating shear forces in the mixer. The high speeds of the agitator (1800 rpm) promote the particle–particle collision and thus the effectiveness of the binding forces. The duration of the pelletizing process is also decisive for the agglomerate size. Here, a longer dwell time is positive for the formation of larger pellets. However, the following effect also occurs: the simultaneous compaction of the pellet structures can cause pelletizing liquid to escape onto the particle surface, which then leads to the optimum degree of saturation being exceeded (“wet” surface) and promotes the formation of secondary pellets (i.e., pellets from pellets). Therefore, a material-specific optimum is necessary. Figure 14 shows microscopic images of agglomerated spherical pellets, highlighting variations in size and shape among spherical pellets from SCG, wHC, and a wHC and HC mixture.



Following the agglomeration experiments, both bulk density and mechanical stability were determined for the spherical pellets (sp) from four experiments with adequate quantities of pellets: Exp. 2 (SCG_gSM), Exp. 4 (wHC160_M), Exp. 6 (Mix_HC 200_St), and Exp. 7 (wHC240_HM). These two parameters are important to evaluate the performance of pellets during handling, transportation, and storage and are regulated for cylindrical pellets, e.g., in the international standard (DIN EN ISO 17225-8:2023) for pellets derived from thermally treated non-woody biomass. It is worth nothing that there is currently no regulation specifically for spherical pellets. For comparison, cylindrical pellets (cp) produced using an extruder from wood, SCGs, and their HC_220 and wHC_220 were also produced and compared to the standard values. The bulk density values for the four tested spherical pellets were approximately half those of the cylindrical pellets (Table S10 in SM), ranging between 262.50–335.81 kg/m3, which is well below the threshold set by the standard for cylindrical pellets (Figure 15a). Overall, the mechanical stability of all spherical pellets was enhanced, exceeding that of all cylindrical pellets by 10%. However, only spherical pellets from three experiments, Exp. 2 (SCG_gSM), Exp. 4 (wHC160_M), and Exp. 7 (wHC240_HM) using the binder solution, meet the threshold of the standard of 96 wt%-db (Figure 15b). In contrast, the mechanical stability of spherical pellets from Exp. 6 (Mix_HC 200_St) remains below the threshold (Figure 15b), likely due to the addition of corn starch during agglomeration, which can lead to fragility in spherical pellets.



The initial results from these trials indicate the feasibility of using wet agglomeration to produce spherical pellets from hydrochars from SCGs that are resistant to physical stress, deformation, or breakage. The improved mechanical stability was achieved with a binder solution of methylcellulose acetate. The target size of the pellets as fuel will depend on the requirements of the combustion and handling system. The production of spherical pellets may be very interesting for use in soil amendments, since the size of the hydrochar spherical pellets falls within the target range that most manufacturers aim for in fertilizer granules (2000–4000 µm) to have consistent flow rates [70]. However, for a comprehensive assessment of pellet quality, further investigations are needed to better understand the relationship between the properties of starting materials and the processing parameters of agglomeration.





4. Conclusions


Hydrochar production and properties, output predictions, and process optimization: HTC proved effective in enhancing the energetic properties of SCGs, converting them to hydrochar with a higher HHV and making them suitable for use as solid fuel. In addition, HTC reduced the concentration of trace elements, which can lead to a reduction in their emissions during combustion of these hydrochars. The predictive models to describe the HTC outputs, SY, HHV of the hydrochar, and EY based on operating conditions (T, t, %So) and/or the composition of the feedstock and hydrochar, performed well for all reactor scales tested (1, 1.5, and 18.75 L). Both the DoE model developed here from the experimental results and the published GP models [28] can be used in order to reduce experimental work in the future. For example, the models can be used to optimize the operating conditions to achieve the highest EY from SCGs.



Aromatic production and removal by washing with water: The production of six aromatic compounds, two furanic and four phenolic compounds, during HTC showed inverse trends for the two groups with temperature. The use of char washing as a post-treatment to reduce the aromatic content of the hydrochar was only successful for the furanic compounds, furfural and HMF. These were present in larger amounts at 160 °C in the hydrochar, decreasing with T, and were washed out successfully (69–100%), while the phenolics in hydrochar increased with T, reaching high concentrations at 240 °C, and only 34% were removed through washing. This inverse relationship in the production and disappearance of the two aromatic groups was also confirmed by comparing the measured process water values to literature values and models from extensive kinetic studies by Reza et al. (2014) [30] and Berrero-López at al. (2018) [67]. The comparison highlighted that additional studies are required to develop practical reliable models for predicting trends in aromatic content in hydrochar from a wide range of feedstock. These results contribute to a better understanding of which aromatic compounds are easily removed by washing and how to combine this step with HTC operation. This leads to an interesting strategy to explore in future investigations for reducing the aromatic content of the hydrochar based on the combination of these experimental aromatic trends with the models to predict EY or HHV: (1) operate HTC at low process temperatures to reduce the production of hard-to-washout phenolic compounds and achieve high EY; (2) combine this with a minimal water washing step to remove the furanic compounds and undesired compounds in general; and (3) recycle the wash water back to the HTC system as make-up water for the next HTC run. This may be an economical way to maximize the EY and reduce unwanted substances in hydrochar and merits further investigation, especially in conjunction with a further post-processing step to improve the handling and transportation of hydrochar, such as agglomeration.



Agglomeration of hydrochars and potential applications for spherical pellets: The results of the initial testing showed that it is possible to use wet agglomeration techniques with additives and binder solution for producing spherical pellets from SCGs and their hydrochars with high mechanical stability. This is the first reported agglomeration experiment for SCG-hydrochars. The findings provide a fundamental basis for the agglomeration process with these hydrochars and requirements for hydrochar properties. Further investigation is required to match the selection of additives or binders to the hydrochar properties to achieve the desired physical properties of spherical pellets. The spherical pellets made from washed hydrochar (200 °C and 240 °C) with sizes between 2000–4000 µm are also interesting for soil amendments, since this is the size range for many fertilizer products and applicators. Future research with these pellets and their behavior in the soil can help determine the optimal size.



The outcomes of this study can be used as a basis for industries to develop a standard process to valorize spent coffee grounds, while scientists can use these results as a basis for future research on enhancing the physical and chemical properties of final hydrochar products, which can be applied either in soil or for energy purposes.
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Figure 1. Schematic of wet agglomeration with (a) first distribution phase of wetting and bridging on the surface of material particles and (b) second distribution phase of adhering other particles. 
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Figure 2. (a) Contour plots showing the dependency of the output parameters on T and So for i. SY [wt%-db], ii. HHV [MJ/kg], and iii. EY [%]; (b) equations of the DoE models; (c) comparison of measured and predicted values using the DoE models and the GP models: i. SY-OP; ii. HHV-OP; HHV-EA; iii. EY-OP; EY-EA; EY-EA+OP; (d) comparison of measured and predicted values using the DoE models from this study and the literature (see also Table S2 in SM). 
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Figure 3. Process optimization with (a) DoE and (b) GP models using the models to predict the HTC outputs, SY, HHV, and EY from T, t, and %So shown as a function of i. temperature T [°C] and ii. solid content in reactor %So [wt%-db]. 
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Figure 4. Van-Krevelen diagram with the atomic ratios of H/C and O/C for SCGs and their hydrochars from 13 HTC runs with three reactor sizes at various severity factors (SFs). 
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Figure 5. Estimation of emission factors for trace elements such as Cd, Cr, Cu, Ni, Pb, Zn during combustion of SCGs and their hydrochars. 
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Figure 6. Comparison of the individual aromatic compounds measured in the hydrochar (HC) and process water (PW) under the different process conditions: T, t, So. 
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Figure 7. Comparison of the two groups of aromatic compounds, furanic and phenolic, measured in the process water from the HTC of SCGs (DoE runs, this study; %So = 6% +, 13% λ) with literature values from Reza et al. (2014) [30] for poplar and wheat straw (%So = 11%, ◯) as a function of (a) holding temperatures T and (b) reaction times t. 
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Figure 8. Comparison of the experimental values for guaiacol and phenol in process water from the HTC of SCGs (DoE runs, this study), poplar, and wheat straw (Reza et al., 2014) [30] to values calculated from the model developed by Borrero-Lopez et al. (2018) [67] from the HTC of lignin. 
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Figure 9. Parameters for the optimization of HTC process conditions for SCGs as a function of temperature, considering EY (predicted with the DoE model) and the experimental values for the sum of the six aromatics in hydrochar from the HTC of SCGs (DoE runs, this study; %So = 6% +, 13% λ). 
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Figure 10. Reduction in the amount of aromatics in hydrochars from two washings with water: comparing the original hydrochar (HC) to the two washed hydrochars (wHC_1, wHC_2) and original process water (PW) to the two wash waters (WW_1, WW_2). 
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Figure 11. Comparison of the % mass of HMF and phenol in hydrochar after production and recovered after two washings in the wash waters and in the hydrochar; (a) % mass of HMF in HC and wHC from run D_160_5_13%; (b) % mass of phenol in HC and wHC from run D_240_1_13%. (The different uppercase letters indicate significant differences between the HMF/phenol % mass in HC and wHC at p = 0.0003 for phenol and p < 0.001 for HMF, based on the Tukey–Kramer test.) 
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Figure 12. Initial materials including SCG, wHC, and HC used in agglomeration experiments; (a) particle size distribution; (b) images of particles in materials. 
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Figure 13. Cumulative distribution (Q3) of the particle sizes of agglomerated spherical pellets produced from SCGs (Exp. 1, 2, 3; visualized by dashed lines), from wHC (Exp. 4, 5, 7), and from a mixture of wHC and HC (Exp. 6) (visualized by solid lines) with plant-based additives (hemp leaves (H), ground corn straw (gS), corn starch (S), and a binder solution of methylcellulose acetate (M)). 
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Figure 14. Microscopic images of agglomerated spherical pellets from (a) SCGs, (b) wHC, (c) the mixture between wHC and HC with plant-based additives (hemp leaves (H), ground corn straw (gS), corn starch (S), and a binder solution of methylcellulose acetate (M)). 
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Figure 15. Physical tests for spherical pellets (sp) and cylindrical pellets (cp) and a comparison with the standard (DIN EN ISO 17225-8:2023): (a) bulk density and (b) mechanical stability (standard deviation from n = 4). 
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Table 1. Summary of HTC runs from two sets, DoE set-up and random set-up. In each set, three process parameters, solid content [wt%-db], temperature [°C], and reaction time [h], were varied.
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Codes

	

	

	
HTC Process Parameters

	




	
Set

	
Runs

	
Unwashed

HCs

	
Washed

HCs

	
WCSCG

[wt%]

	
Sizereactor

[L]

	
%So

[wt%-db]

	
T

[°C]

	
t

[h]

	
a

[rpm]

	
SF

[-]






	
DoE set-up

	
D_240_1_13%

	
HC_240_1_13%

	
wHC_

	
8

	
18.75

	
12.98

	
240

	
1

	
200

	
5.90




	
D_160_5_6%

	
HC_160_5_6%

	
wHC_

	
8

	
18.75

	
6.02

	
160

	
5

	
200

	
4.24




	
D_240_5_6%

	
HC_240_5_6%

	
wHC_

	
8

	
18.75

	
6.00

	
240

	
5

	
200

	
6.60




	
D_160_1_6%

	
HC_160_1_6%

	
wHC_

	
8

	
18.75

	
6.02

	
160

	
1

	
200

	
3.54




	
D_200_3_13%

	
HC_200_3_13%

	
wHC_

	
8

	
18.75

	
12.96

	
200

	
3

	
200

	
5.20




	
D_160_5_13%

	
HC_160_5_13%

	
wHC_

	
8

	
18.75

	
12.94

	
160

	
5

	
200

	
4.24




	
Random set-up

	
R_230_3_20%

	
HC_230_3_20%

	

	
55

	
1

	
20.11

	
230

	
3

	
90

	
6.08




	
R_250_3_20%

	
HC_250_3_20%

	

	
55

	
1

	
20.07

	
250

	
3

	
90

	
6.67




	
R_220_1_10%

	
HC_220_1_10%

	

	
55

	
1.5

	
10.00

	
220

	
1

	
0

	
5.31




	
R_240_1_10%

	
HC_240_1_10%

	

	
55

	
1.5

	
10.00

	
240

	
1

	
0

	
5.90




	
R_200_3_20%

	
HC_200_3_20%

	

	
8

	
18.75

	
20.02

	
200

	
3

	
90

	
5.20




	
R_220_3_0%

	
HC_220_3_20%

	

	
8

	
18.75

	
20.04

	
220

	
3

	
90

	
5.79




	
R_230_3_20%

	
HC_230_3_20%

	

	
8

	
18.75

	
20.10

	
230

	
3

	
90

	
6.08








WCSCG = water content of SCGs [wt%]; %So = solid content in reactor [wt%-db]; T = temperature [°C]; t = reaction time [h]; a = agitation [rpm]; SF = severity factor [-].













 





Table 2. Correlations used for predicting HTC outputs: solid yield (SY), higher heating value (HHV), and energy yield (EY) based on the elemental composition of biomass or hydrochar and/or operating conditions. There are equations for (1) calculation of experimental values, (2) DoE model’s process-based predictions, (3) GP model’s predictions.
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Dependent Parameters

	
Correlations for HTC Outputs (SY, HHV, EY):

from DoE Model (This Study) and GP Models (from Marzban et al., 2022) [28]

	






	
For calculations from measured values

	




	
SY [wt%-db]

	
= (mass of HC/mass of FS) * 100%

	
(2)




	
EY [%]

	
= SY*(HHVHC/HHVFS)

	
(3)




	
So [wt%-db]

	
= (mass dry FS/(mass water in FS + mass added water)) * 100%

	
(4)




	
R [-]

	
= mass dry FS/mass total water

	
(5)




	
Developed in this study—DoE models

	




	
SY [wt%-db]

	
= 103.95 + (−0.24*T) + (0.18*t) + (0.63*%So)

	
(6)




	
HHV [MJ/kg]

	
= 10.06 + (0.09*T) + (0.37*t) + (−0.02*%So)

	
(7)




	
EY [%]

	
= 79.57 + (−0.06*T) + (0.99*t) + (0.83*%So)

	
(8)




	
For comparison—GP models

	




	
SY-OP [wt%-db]

	
based on the operating conditions

= 82.96 + 48.95*R – 0.01454*t – 0.0006*T2

	
(9)




	
HHV-EA [MJ/kg]

	
based on elemental composition of the HC (or FS)

= 0.3853*Cchar + 44.98/Ochar

	
(10)




	
HHV-OP [MJ/kg]

	
based on measured HHV0–FS and HTC-operating conditions

    = H H V   0   +     0.51   R + 0.65 ∗   H H V   0   − 10.93     + (   T + 0.0003 ∗ t ∗ T − 143.3     H H V   0     )  

	
(11)




	
EY-EA [%]

	
based on the elemental composition of FS and HC (no measured HHV) and SY-OP

  =   82.96 + 48.95 ∗ R − 0.01454 ∗ t − 0.0006 ∗   T   2     ∗ (   0.3853 ∗   C   c h a r   +   44.98     O   c h a r       0.3853 ∗   C   f e e d   +   44.98     O   f e e d       )  

	
(12)




	
EY-OP [%]

	
based on measured HHV0–FS value and HTC-operating conditions—using the HHV-OP and SY-OP correlations

  = ( 82.96 + 48.95 ∗ R − 0.01454 ∗ t − 0.0006 ∗   T   2   ) ×     H H V   0   +   0.51   R   +   0.65     ∗ H H V   0     −   10.93   +   T   +   0.0003   ∗   t   ∗   T   −   143.3     H H V   0         H H V   0      

	
(13)




	
EY-EA+OP [%]

	
based on the HHV-EA for FS, HHV-OP for HC and SY-OP correlations

  = ( 82.96 + 48.95 ∗ R − 0.01454 ∗ t − 0.0006   ∗ T   2   ) ×     H H V   0   +   0.51   R + 0.65   ∗ H H V   0   − 10.93   +   T + 0.0003 ∗ t ∗ T − 143.3     H H V   0       0.3853 ∗   C   f e e d   +   44.98     O   f e e d        

	
(14)








Abbreviations: FS—feedstock, HC—hydrochar, OP—HTC operating conditions, EA—elemental analysis, db-dry basis. T = HTC temperature (°C); t = HTC reaction time (h for DoE model, minute for GP models); %So = solid content in the reactor (wt%-db); Cfeed = carbon content of feedstock (wt%-db); Cchar = carbon content of hydrochar (wt%-db); Ofeed = oxygen content of feedstock (wt%-db); Ochar = oxygen conent of HC (wt%-db); HHVo = higher heating values of feedstock (MJ/kg); R = mass ratio between dry solid to total water (-).













 





Table 3. List of selected wet hydrochars and quantity of wash water with the temperature used in the washing experiment.
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	HCs
	mHC

[g]
	WCHC

[wt%]
	VWW1 = VWW2

[L]
	TWW1 = TWW2

[°C]
	tmix

[mins]
	wHCs





	HC_240_1_13%
	3656.22
	74.49
	8.00
	34.80
	3–5
	wHC_240_1_13%



	HC_160_5_6%
	2374.55
	76.18
	8.00
	33.80
	3–5
	wHC_160_5_6%



	HC_240_5_6%
	1249.81
	70.20
	8.00
	33.70
	3–5
	wHC_240_5_6%



	HC_160_1_6%
	2198.26
	77.29
	8.00
	34.80
	3–5
	wHC_160_1_6%



	HC_200_3_13%
	4316.67
	76.13
	8.00
	34.80
	3–5
	wHC_200_3_13%



	HC_160_5_13%
	4941.04
	78.14
	8.00
	33.30
	3–5
	wHC_160_5_13%







mHC = mass of fresh hydrochar (g); WCHC= water content of hydrochar (wt%); VWW1 = volume of wash water for first wash (L); VWW2 = volume of wash water for second wash (L); TWW1 = temperature of wash water for first wash (°C); TWW2 = temperature of wash water for second wash (°C); tmix = mixing time for each washing (mins).













 





Table 4. Types and masses of materials and additives used in the agglomeration experiments.
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Materials, Additives, Binder

	
TS105

	
Mass [g-db]




	
[wt%-db]

	
Exp. 1

(SCG_M)

	
Exp. 2

(SCG_gSM)

	
Exp. 3

(SCG_HM)

	
Exp. 4

(wHC160_M)

	
Exp. 5

(wHC200_St)

	
Exp. 6

(Mix_HC 200_St)

	
Exp. 7

(wHC240_HM)






	
SCG

	
96.10

	
192.20

	
172.98

	
172.98

	

	

	

	




	
wHC_160_5_13%

	
19.70

	

	

	

	
29.55

	

	

	




	
wHC_200_3_13%

	
95.20

	

	

	

	

	
666.40

	
285.60

	




	
HC_200_3_20%

	
25.34

	

	

	

	

	

	
51.95

	




	
wHC_240_1_13%

	
22.80

	

	

	

	

	

	

	
41.04




	
Corn starch (St)

	
96.90

	

	

	

	

	
145.35

	
29.07

	




	
Ground corn straw (gSt)

	
97.30

	

	
19.46

	

	

	

	

	




	
Ground hemp leaves (H)

	
95.10

	

	

	
19.02

	

	

	

	
19.02




	
Methylcellulose acetate (M)

	
-

	
10.26

	
28.88

	
28.69

	
7.60

	
0.00

	
0.00

	
28.12




	
Total mass of mixture [g-db]

	
-

	
202.46

	
221.32

	
220.69

	
37.15

	
811.75

	
366.62

	
88.18




	
Total mass of water added [g-wb]

	

	
267.54

	
738.68

	
734.31

	
312.85

	
38.25

	
168.38

	
851.82




	
Total mass of mixture [g-wb]

	

	
470.00

	
960.00

	
955.00

	
350.00

	
850.00

	
535.00

	
940.00











 





Table 5. The results of particle size distribution within materials and additives used in agglomeration experiments. This analysis uses percentiles such as d10, d50, and d90, which represent the particle size below which a certain percentage of the particles fall.






Table 5. The results of particle size distribution within materials and additives used in agglomeration experiments. This analysis uses percentiles such as d10, d50, and d90, which represent the particle size below which a certain percentage of the particles fall.





	
Materials

	
Particle Size Distribution




	
d10

[µm]

	
d50

[µm]

	
d90

[µm]






	
SCG

	
150.00

	
335.00

	
800.00




	
wHC_160_5_13%

	
31.00

	
406.00

	
885.00




	
wHC_200_3_13%

	
14.30

	
111.00

	
437.00




	
HC_200_3_20%

	
50.00

	
290.00

	
525.00




	
wHC_240_1_13%

	
13.70

	
36.10

	
141.00




	
Corn starch

	
7.20

	
14.40

	
22.70




	
Ground corn straw

	
29.60

	
166.00

	
501.00




	
Ground hemp leaves

	
4.80

	
20.90

	
75.50








d10 (10th percentile) means the size below which 10% of the particles fall; d50 (50th percentile) means the size below which 50% of the particles fall; d90 (90th percentile) means the particle size below which 90% of the particles fall.
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