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Abstract 
 

Hydrothermal carbonization (HTC) is thermochemical process that can convert wet biomass into coal-like material. In this study, a series 

of HTC experiments was done. In the first stage targeted to obtain the process condition for mixture component. The process conditions 

comprised temperature, solid load, and holding time. Five typical components were used as representative pseudo-components of organic 

fraction of municipal solid waste. Each of substrates was carried out on the prototype HTC reactor. Process condition took place tempera-

ture at 190, 210 and 230 oC, with a holding time (30 and 60 minutes) and feed to water ratio (0.1, 0,2, 0.3). The result from first stage 

showed that the optimum process condition for mixture component were temperature 215 oC, 55 minutes, and solid load 0.16. The process 

conditions were applied for next stage. In the second stage, mixture component comprised 15% fruit peel, 10% food waste, 10% of office 

paper, 30% leaves, and 35% sawdust were used as feedstock. Model to determine process condition for mixture component and also to 

predict high heating value have been developed. The fuel characteristics and combustion behavior of HTC-derived hydrochars were eval-

uated. Hydro-thermal carbonization of waste gave high heating value (HHV) with value of 20.24 MJ/kg higher than its raw 16.42 MJ/kg. 
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1. Introduction 

In recent year, the demand for energy keep to increase continuously 

over the coming decades in order to fulfill the needs of growing 

populations. According to BP data, the increasing of Indonesia’s 

energy consumption in 2016 has raised over the past 20 years [1]. 

No wonder, this caused by oil is still primary choice in energy 

sources, followed by coal and natural gas. Due to these are non-

renewable energy resource, it can be predicted with certainty that 

its supply will diminish.  

In Indonesia, there is not only energy sector, but also solid waste 

still becomes a serious problem due to lack of final waste disposal 

facilities. As we know, municipal solid waste (MSW) composition 

is vary from one to another country. Several factors such as tradi-

tional habits, cultures, seasons, life style, population number and 

even Government policy are able to influence the characteristic of 

MSW. Specifically, more than 60% of solid waste composition in 

Indonesia is dominated by high organic fraction [2]. A lot of issues 

about waste problem and energy have encouraged public interest to 

replace fossil fuel into renewable. 

In order to find alternative energy, the usage of MSW as solid fuel 

seems to be a good choice for urban community compare than com-

posting the waste, which require a long time process. However, the 

directly use of it as fuel has many difficulties because of its hetero-

geneity, wet organic content, high moisture content, as well as low 

calorific value [3]. To improve its fuel characteristics, combusting 

technology such as incinerator, gasification or pyrolysis is required. 

Unfortunately, those technologies may not suitable to handle bio-

mass with high moisture content [4], [5], like organic fraction of 

municipal solid wastes in Indonesia.  

One of environmentally beneficial wet waste treatment process is 

hydrothermal carbonization (HTC). HTC can deal with wet bio-

mass better than other thermochemical processes [6 - 8]. HTC is 

employed for producing hydrochar, a hydrophobic char with higher 

carbon content. Unlike biochar which is dominated by aromatics 

compound, hydrochar has slightly less stable structure which is 

dominated by alkyl moieties. This char is able to used not only as 

fuel but also as fertilizer, soil conditioner, catalyst, carbon material, 

chemicals and still more [9 - 11]. According to several researchers 

[9], [12-14], this non combustion process is usually performed at 

relatively low temperature (<350 oC), at autogenous pressure to en-

sure liquid water, and oxygen free condition. HTC reaction com-

prises a series of hydrolysis, dehydration, decarboxylation, conden-

sation and polymerization reactions [6], [10], [15], [16]. During 

HTC, lignocellulose in organic fraction of MSW may be hydrolysed 

and depolymerized to monomers, oligomers, and also degradation 

compounds (sugar and organic acid). HTC is thermal process which 

employs subcritical water as a reaction medium for conversion of 

wet waste. Drying process for wet waste before applying HTC is 

not needed. The water that is contained in organic fraction can be 

used as solvent to pressurize the reaction medium. The use of high 

pressure in this process will cause energy requirement to heat water 

is smaller than to evaporate water within same amount in other ther-

mal process.  

Despite the advantage of HTC over other thermal processes with 

respect to handle MSW and to the ability of converting wet waste 

with no need of pre-drying the raw material [17], some of the past 

studies on HTC [18], [19] used MSW within low moisture content 

(<40%). However, there is no report in open literature so far on 

HTC of organic fraction of municipal solid waste (OFMSW) which 

has low energy content and high moisture content (>60%). In this 
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study, HTC experiments were carried out under different holding 

time (HT), feed to water ratio (FWR), and temperature (T) condi-

tions to study their effect on the hydrochar properties in terms of 

calorific value, proximate and ultimate analysis. 

2. Material and methods 

2.1. Feedstock 

In Indonesia, specifically in Bandung city, the amount of MSW 

reached up to 1500 tons/day. It consists of 65% of organic fraction 

and 35% of inorganic fraction. Specifically, in Gumuruh district 

which covers residential, business and traditional market and knit-

ting industry, the mean physical composition of MSW that used in 

this work is presented in Table 1, which was collected during dry 

season. Only organic fraction was utilized in carbonization process. 

 
Table 1: Font Specifications for A4 Papers 

Type Component Percentage (%) 

Organic 
Food waste 34.61 
Paper  9.25 

Wood waste 18.6 

Non organic 

Textile 9.06 
Rubber 0.59 

Plastic 15.65 

Others 12.24 

 

According to Table 1, Albizia chinensis sawdust (ACS) were rep-

resentative of wood waste, which were locally purchased. An 80 

grammages (gms) of printing paper (PP) were representative of pa-

per, which were collected at office. Rice with chicken bone (RCB), 

Musa spp banana peel (FP), Mangifera indica leaves (ML) were 

representative of food residue, which were collected from the cafe-

teria in our University. All feedstock were representatives of 

pseudo-organic fraction in MSW. Approximate size of it, in all di-

mensions, is <1 mm. Feedstock were air-dried prior to use in the 

carbonization experiments. Its chemical properties were given in 

Table 2. 

 
Table 2: Chemical Properties of Feedstock 

Parameters (%) Feedstock 
 ACS FP RCB ML PP 

Moisture 

Ash 
Volatile 

Fixed Carbon  

Carbon 
Hydrogen  

Nitrogen  
Oxygen 

Sulfur 

HHV (MJ/kg) 

14.9 

3.2 
83.2 

13.6 

52.5 
6.0 

0.2 
42.3 

0.0 

18.8 

3.2 

8.9 
71.8 

19.3 

50.0 
6.2 

1.6 
31.3 

0.2 

16.7 

12 

2.2 
87.6 

10.2 

39.9 
5.8 

4.3 
41.3 

0.3 

18.0 

6.5 

10.3 
75.5 

14.2 

42.8 
5.0 

1.8 
37.2 

6.1 

18.8 

6.4 

12.8 
81.2 

6.0 

39.7 
5.3 

0.2 
54.9 

0.1 

14.5 

2.2. Experimental procedure 

HTC process of OFMSW was carried out using a stainless steel 

stirred reactor. It was equipped with 2 kW heating mantle. A series 

of HTC experiments was done. In the first step targeted to obtain 

the process condition for mixture component. For this purposes, 

each of substrate (50 g) was dispersed in distilled water with ratio 

(feed to water ratio, FWR) 0.1, 0.2, 0.33 and blended for several 

minutes. Mixer was set 32 MHz The mixture was then loaded into 

the reactor. The cover was put in place, checking that the reactor 

was air tight. Nitrogen gas was passed through the reactor for 5-10 

min to ensure oxygen free in the system. To analyse the effect of 

operating condition on feedstock, the experiment was performed at 

the different holding time (HT) (30 and 60 minutes), and tempera-

ture (T) (190, 210, 230 ºC) and setup as figure 1 below. 

 

 
Fig. 1: Schematic of HTC Apparatus. 

2.3. Analysis 

Proximate analysis, covers determination of ash content, volatile 

matter, and fixed carbon, was measured using Leco TGA-601. Ul-

timate analysis (carbon (C), hydrogen (H), oxygen (O), nitrogen (N), 

sulfur (S)) was determined by using Elementar Vario Macro. HHV 

were measured using bomb calorimeter. All of these analyses were 

under supervised by Research and Development Center of Mineral 

and Coal Technology. Mass yield (MHY), energy densification ra-

tio (EDR), and energy yield (EY) are parameters that were calcu-

lated in the study and are expressed as: 

 

MHY =
mass of dried hydrochar

mass of fried feedstock
× 100%                                        (1) 

 

EDR =
HHV of hydrochar

HHV of raw feedstock
                                                           (2) 

 

EY = MHY × EDR                                                                       (3) 

 

Where, MHY is mass hydrochar yield, HHV is high heating value, 

EDR is energy densification ratio, and EY is energy yield. 

3. Results 

3.1. Effect of temperature, feed to water ratio, and holding time 

on HTC of OFMSW 

In this first step of HTC experiment, the goal was to obtain the pro-

cess condition for mixture component. Results from studying the 

effect of three process condition T, HT, and FWR on hydrochar 

yield, energy yield, and HHV are reported. All the experiment in 

this investigation were conducted at autogenous pressure, adopted 

from our previous study [20-21]. This experiment data was col-

lected twice to generate average value. 

Hydrochar yield is one of main indicator for biomass hydrothermal 

carbonization process. Therefore, it is necessary to investigate the 

effect of process condition on hydochar yield from HTC of each 

feedstock. Hydrochar yield is determined according Eq. (1). Figure 

2 shows results from this investigation. From Figure 2 the hydro-

char yield decreases with increasing temperature, time, and feed to 

water ratio. When the temperature is elevated from 190 to 230 oC, 

the hydrochar yield decreased vary from 68.1 to 60.8% for ACS, 

52.3 to 32.5% for PP, 64.2 to 57.8% for FP, 63.2 to 51.7 % for ML, 

and 62.4 to 41.3% for RCB.  

As can be seen in Fig 2, feed to water ratio and holding time influ-

ence hydrochar yield. As expected, there is almost no difference 

between the hydrochar yield produced at 30 minutes and 60 minutes 

using the same FWR. This suggests that the solid load that used also 

determines the role of solvent. If the water ratio is used a lot and 

soak the entire surface of the biomass, then certainly the biomass 

decomposition reaction occurs perfectly. Conversely, if the water 

ratio is used a little, only a partially submerged surface of the bio-

mass. As a result, decomposition occurs partly, but the resulting 

solid is high. In addition, the effects are more significant for bio-

mass with cellulose and hemicellulose content are decomposed eas-

ily compare to biomass with high lignin content during hydrother-

mal carbonization. At temperature of hydrolysis between 160-180 
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oC, more than 80% hemicellulose starts to be decomposed [22]. Un-

like hemicellulose and cellulose, no more than 10% of lignin start 

to be decomposed at below 250 oC [22-23]. From Table 3, only 

ACS has higher lignin content. 

 
Table 3: Lignocellulose Analysis of Feedstock 

Sample 

Percentage 

Cel-

lulose 

Hemi-

cellulose 

Lig-

nin 

Ex-
trac-

tive 

Total 

Albizi chinensis 45.5 18.3 32.9 1.9 98.6 
Musa sp peel 40.29 25.05 9.27 22.5 97.11 

Rice with chicken 

bone 
27.2 43.21 0 2.3 72.71 

Printing paper 98 0 0 0.8 98.8 

Mangifera indica 

leaves 
44.51 18.12 30.11 2.7 95.44 

 

 
Fig. 2: Effect of Temperature, Feed to Water, and Holding Time on Hydro-
char Yield. 

 

Another important indicator of HTC of OFMSW is energy yield, 

EY, which indicates how much energy leftover in the solid. It can 

be calculated by using Eq. (2) and Eq. (3). Figure 3 showed the cal-

culated values of EY during the HTC process. In generally, it can 

be observed that for all feedstock except ACS, the energy yield con-

stantly reduces with increasing temperature, holding time, and even 

feed to water ratio. ACS is different probably because of lignin con-

tent is the highest among other feedstock. 

In the Fig. 4 also gives data about high heating value of feedstock 

and hydrochar. HHV increases with either increasing temperature, 

feed to water ratio, and holding time. Temperature gives more in-

fluence to increase HHV. The results suggested that the hydrother-

mal treatment of OFMSW to solid fuel give maximum high heating 

value (HHV) with value of 24.55, 21.24, 20.09, 24.22, and 22.70 

MJ/kg for ACS, PP, FP, ML, RCB, respectively. As a consequence 

of increasing HHV, energy densification also increases automati-

cally. During HTC, oxygen and hydrogen content decreases while 

carbon content increase. Consequently, both O/C and H/C ratio of 

hydrochar is smaller than raw material, as can be seen in Figure 5. 

With smaller O/C and H/C ratio, hydrochar becomes coal-like ma-

terial. 

 

 
Fig. 3: Effect of Temperature, Feed to Water, and Holding Time on Energy 
Yield. 

 

 
Fig. 4: Effect of Temperature, Feed to Water, and Holding Time on High 
Heating Value. 

 

 
Fig. 5: The Van Krevelen Diagram. 

3.2. Determination of HTC process condition for mixture com-

ponent 

The second step was used for HTC of mixture component (see Ta-

ble 4). If HTC is considered closed system, the composition of the 

mixture can be described by giving the mass or the number of moles 

of each component present. So, the relative amounts of the compo-

nents present in the mixture also can be described in terms of mass 

fraction. 

 
Table 4: The Mean Physical Composition of MSW in Gumuruh, Bandung 

Organic Fraction 
Sample  

Composition 

Mass Fraction  

(Total = 1) 

Food waste 
fruit peel 0.15 
rice with bone 0.10 

leaves 0.30 

Paper paper 0.10 
Wood sawdust 0.35 

 

By adopting Amagat model, the process condition of mixture was 

determined. The underlying assumption of the Amagat model is that 

each mixture component behaves as an ideal gas as if it existed sep-

arately at temperature of the mixture. Thus, in terms of mass frac-

tion, the partial temperature of each component i can be expressed 

as,  

 

𝑇𝑚𝑖𝑥 = ∑ 𝑇𝑖𝑥𝑖
𝑛
𝑖=1                                                                           (4) 

 

where Tmix is temperature of mixture component, Ti is temperature 

of component i which gives high energy yield, xi is mass fraction of 

component i. By using the similar approaches, then for the param-

eters of feed to water ratio and holding time can be expressed as 

follows: 

 

𝐹𝑊𝑅𝑚𝑖𝑥 = ∑ 𝐹𝑊𝑅𝑖𝑥𝑖
𝑛
𝑖=1                                                              (5) 

 

𝑡𝑚𝑖𝑥 = ∑ 𝐻𝑇𝑖𝑥𝑖
𝑛
𝑖=1                                                                         (6) 
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where FWRmix is feed to water ratio of mixture component, FWRi 

is feed to water ratio of i which gives high energy yield, tmix is hold-

ing time of mixture component, ti is holding time of component i 

which gives high energy yield, xi is mass fraction of component i. 

As mention before, optimum process condition of mixture compo-

nent was determined by taking process condition which gives the 

best energy yield for each feedstock. Summary of equation derived 

from mass fraction (Table 3) and energy yield (Fig. 3) for each feed-

stock by using Eq. (4-6) express as follows: 

 

𝑇𝑚𝑖𝑥 = 230𝑥1 + 210𝑥2 + 210𝑥3 + 210𝑥4 + 190𝑥5                 (7) 

 

𝐹𝑊𝑅𝑚𝑖𝑥 = 0.1𝑥1 + 0.3𝑥2 + 0.2𝑥3 + 0.1𝑥4 + 0.3𝑥5                 (8) 

 

𝑡𝑚𝑖𝑥 = 60𝑥1 + 30𝑥2 + 60𝑥3 + 60𝑥4 + 30𝑥5                             (9) 

 

Where x1, x2, x3, x4, and x5 are mass fractions of ACS, PP, FP, ML, 

and RCB respectively. After substitute mass fraction (Table 3) into 

Eq. (7-9), so the process condition for mixture component are tem-

perature 215 oC, feed to water ratio at 0.16, and holding time at 55 

minutes. Results clearly illustrated that hydrothermal carbonization 

of waste gave high heating value (HHV) with value of 20.24 MJ/kg 

higher than its raw 16.42 MJ/kg. 

Validation of process condition for mixture component was done 

by comparing high heating value that was resulted from this model 

with high heating value that resulted from HTC process at the same 

temperature (Figure 6). The high heating value (HHV) at the opti-

mum temperature itself was calculated with the equation: 

 

𝐻𝐻𝑉𝑚𝑖𝑥 = ∑ 𝐻𝐻𝑉𝑖𝑥𝑖
𝑛
𝑖=1                                                             (10) 

 

Where HHVmix is high heating value of mixture component, HHVi 

is high heating value of component i. 

 

 
Fig. 6: Comparing HHV Predict vs Actual. 

 

From Fig. 6, as can be seen that there is no significantly different 

between predicted model of HHV and actual HHV collected by ex-

periment.  

4. Conclusion 

The results, both in terms of hydrochar yield, energy yield, and high 

heating value, showed that HTC represents an effective way to ob-

tain a solid fuel with O/C and H/C characteristics quite similar with 

coal. The resulted showed that increasing reaction temperature, feed 

to water ratio and holding time during hydrothermal carbonization 

tend to increasing carbon content. The most significant parameter 

to improve energy yield is temperature. Biomass with contains 

more cellulose and hemicellulose is easier to decompose than lignin 

during hydrothermal carbonization. It also explains the reason of 

the HHV and carbon content increase of the most of feedstock after 

the hydrothermal treatment whose major component is cellulose. 

By adopting Amagat model, a model to predict HHV for mixture 

component has been developed. HHV of mixture component of OF-

MSW is 21.1 MJ/kg, close to HHV from experiment 20.4 MJ/kg. 
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