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Abstract 

Oil palm is mainly grown in Southeast Asia, with Indonesia alone has 6 million hectares of oil 

palm plantation, and another 4 million by 2015 planned for biofuel production. This condition 

will produce massive amount of oil palm’s Empty Fruit Bunch (EFB), accounted for one-third of 

the Fresh Fruit Bunch (FFB) yield in weight, which can be used as carbon-neutral solid fuel. 

The usage of the EFB, however, is hindered by its bulky size, high moisture content and 

considerable amount of unwanted impurities such as potassium, responsible for slagging and 

fouling in the furnace. In this research, medium temperature hydrothermal process was used to 

upgrade the characteristic of EFB as solid fuel. Fresh and shredded EFB was processed in 2.5 L 

reactor, injected with saturated steam at moderate processing temperature of 150 to 200 °C and 

30 min holding period. Subsequent liquid-solid separation process was conducted to observe the 

remaining potassium in the solid product. 

Physical composition, heating value and remaining potassium content in the solid product was 

measured afterwards. The process yielded brittle, granular product similar to carbonized biomass. 

The highest fixed carbon content as solid fuel quality indicator was found at 200 °C processing 

temperature with doubled fixed carbon content to that of EFB, while up to 77 % potassium 

reduction was observed at only 150 °C processing temperature. It can be concluded that the 

combination of hydrothermal process and liquid-solid separation in optimum temperature will 

produce a carbon-neutral, potassium-free solid fuel suitable for conventional solid fuel furnace. 
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1. Introduction 

World’s electricity production currently relies heavily on the fossil fuel usage. British Petroleum 

(2013) showed that 86.5 % of world energy consumption is still dominated by fossil fuels e.g. 

oil, natural gas, and coal, while in Indonesia fossil fuels are accounted for 96.5% of the total 

consumption as shown in Table 1 [1]. In order to fulfill the energy demand, Indonesia has to 

import 50% of 1200 million barrels total domestic oil demand per year 2012 [2].  

Indonesian government has issued a long term policy called Energy Mix 2013 aiming for 

acceleration of energy diversification. It was projected that new and renewable energy 



consumption will reach 22% by the year 2025 [3]. In order to support the policy, deep research 

on new and renewable energy field is highly needed.  

 

Table 1. World’s Energy Consumption (in million tonnes of oil equivalent) [1] 

 Oil Natural 

Gas 

Coal Nuclear Hydro Renewable Total 

Indonesia  73.8 34.6 54.4 - 23.5 2.3 168.7 

World 4185.1 3020.4 3826.7 563.8 855.8 279.3 12730.4 

    

As an agricultural country, one of renewable energy potential in Indonesia is biomass. The waste 

coming from agricultural activities can be utilized as biomass fuel. One of the example of this 

abundance is coming from Palm oil industry. The total palm oil plantation area in Indonesia is 

10.010.824 ha, with total palm oil production of 27.746.125 ton per year in 2013, generating 

massive quantities of waste from the processing industry, a potential source for biomass fuel. 

In the palm oil factory, sterilization, pressing, distillation, and drying process of palm oil fresh 

fruit bunch produces palm oil. Meanwhile, the generated wastes are fiber, kernels, solid oil, 

sludge and empty fruit bunch (EFB). Fiber and kernels presently has been used as solid fuel, but 

EFB is still not widely used due to its bulky size, high moisture, and high potassium content, 

which particularly responsible for the slagging in the furnace. Therefore, some treatment is 

needed so that EFB can be utilized as a conventional solid fuel.  

 

2. Hydrothermal Process of EFB 

Chemical structure of biomass is dominated by cellulose (C6 polymer), hemicelluloses, and 

lignin compound [5] and these three polymers are widely known as lignocellulose. Cellulose 

functions as a frame in the form of microfibrils. Hemicelluloses cover these long-chained 

cellulose microfibrils in matrix form. The microfibrils are linked by a huge bond with lignin, as 

structural filler, forming the fibrils. Moreover, biomass is containing extractives, non-forming 

structural compounds that easily dissolved in water or organic solvents, and ash. As shown in 

Table 2, lignocellulosic palm oil EFB composed of 31 % hemicelluloses, 39.2 % cellulose and 

20 % lignin. 

 Some methods to enhance biomass quality are usually intended to decompose the chemical 

structure of biomass like hemicelluloses, celluloses, and lignin. The expected result is the 

elevated C/O and C/H atomic ratio in biomass to obtained a solid fuel that similar to sub-

bituminous coal. 

Hydrothermal process is one of the methods to improve biomass quality through carbonization. 

The working principle is submerging biomass in high temperature water media. To keep water in 

liquid phase; this process is carried out at high pressure inside an autoclave reactor. The reactor 

is maintained at a certain constant temperature to control the decomposition reaction rate [6].  

 

 



Table 2: Lignocellulose Composition of Various Biomasses [5] 

No Materials Hemicelluloses (% wt) Cellulose (% wt) Lignin (% wt) 

1 Conifers 15 – 32  35 – 50  25 – 35  

2 Deciduous wood 15 – 35  40 – 50  18 – 25  

3 EFB 31.0 39.2 20.0 

4 Wheat stem 30.8 41.3 7.7 

5 Red canary grass 29.7 42.6 7.6 

6 Willow 20.0 49.3 20.0 

7 Peat 4.9 44.7 48.9 

 

During hydrothermal process, biomass will receive conductive heat from water media. Hydroxyl, 

carboxyl, ester and ether in biomass will be decomposed and resulting in higher C/O and C/H 

ratio in solid [7]. Hydrothermal products will be physically degraded, resulting in more uniform 

and smaller size products. Hydrothermal products will become hydrophobic which makes the 

products easily remove H atomic bond and owns stable equilibrium water content.  

In case of enhancing the palm oil EFB quality, one hindering problem is its high inorganic 

constituents, particularly its potassium content. Potassium will react with oxygen to produce 

compound in the form of slag with the chemical reaction as follows: 

4K
+
 (s) + O2 (g)  2K2O (s)  ...(1) 

The slag that often forms inside furnace can shorten the duration of furnace maintenance and 

increase the maintenance cost in order to maintain the furnace [10]. One method to remove 

potassium content is using water washing. K
+
 ion will likely react with OH

-
 ion in the water [8] 

with the chemical reaction as follows: 

K
+
 (s) + H2O (l)  KOH (l) + 2H

+
  ...(2) 

Hydrothermal process is expected to support the reaction, since the EFB structural cell will be 

broken by the high temperature and K
+ 

ion will easily removed and react with water.  

 

3. Experiment Method 

The sample used in this experiment was fresh EFB obtained from palm oil processing industry in 

West Java, Indonesia. The sample had moisture content of 65 % and was cut into 1 – 2 cm size. 

During the hydrothermal treatment (HT), sample with mass of 200 g was put inside a 2.5 L 

reactor and mix with distilled water with ratio biomass to water 1:2.5. Distilled water was used in 

this experiment to ensure no external organic component added. The reactor was heated by 

electric heater until a certain set temperature and held at this temperature for 30 min.  

Hydrothermal process temperature was varied from 150 °C, 175 °C, and 200 °C. Some of the 

solid product were then analyzed for proximate analysis and measured for its potassium content. 

The produced solids were separated from the liquid by squeezing through cloth filter, and both 

samples were then analyzed for their potassium content. 



 

Fig. 1. Autoclave schematic being used in the hydrothermal experiment. 

 

Proximate analysis was done using several standards. Moisture content analysis was carried out 

using constant temperature oven based AST D3173, while ash content analysis was determined 

based on ASTM D3174, and volatile matter content based on ASTM D3175. Fixed carbon was 

analyzed by ASTM D3172, while the potassium measurement was carried out using Atomic 

Absorption Spectrometry (AAS) method.  

Solid sample was divided into 2 samples with 10 g each. First sample was tested for total 

moisture using oven at 105 °C. Second sample was analyzed for surface moisture content by 

putting sample inside oven at temperature 40 °C. Moisture-free sample was then crushed using a 

ceramic grinder and sieved using 60 mesh sieves. The sample that passed through the 60 mesh 

sieve was subjected to proximate analysis using TG-50. The second sample was separated to get 

solid and liquid by leaking the water thorough out a sieve. The potassium content of both solid 

and liquid was measured using the AAS. 

 

4. Experiment Results 

Three kinds of product were collected after the hydrothermal process; solid, liquid, and 

condensate. As seen in Table 3, the mass of solid sample was increased due to the absorption of 

distilled water. Liquid product is the liquid that remains inside the reactor while condensate is 

condensed vapor left in the impinger after going through the cooler. Mass balance of the 

hydrothermal process was presented in Table 3. From moisture content measurement, the total 

moisture, and surface moisture of solid product was determined and shown in the Table 4. It can 

also be seen that the moisture content of HT product was increased, apparently due to the 

absorption of water as reaction media. 

 



Tabel 3 Mass and Volume Balance of Raw EFB and HT Products 

Sample Unit EFB 150 °C 175 °C 200 °C 

Solid g 200 229 220 226 

Liquid ml 500 275 300 220 

Condensate ml - 118 113 134 

 

Table 4 Moisture Content of Raw EFB and HT Products (in as received basis) 

Sample Unit EFB 150 °C 175 °C 200 °C 

Surface moisture % 63.0 81.0 78.0 83.0 

Total moisture % 65.0 82.0 78.0 84.0 

Difference % 2.0 1.0 0 1.0 

 

The mass degradation curve from proximate analysis using TG-50 is presented in Fig. 2. The 

curve showed that the volatile matter content degradation ranges between the temperatures of 

110 – 950 °C. Ash content was determined by the mass of residue after combustion completed. 

The fixed carbon was calculated by the difference. The proximate analysis result is presented in 

Table 5. 

 

 

Fig. 2. Mass degradation curve of the raw EFB and HT products. 

 

0

10

20

30

40

50

60

70

80

90

100

0 20 40 60 80 100

%
m
a
ss

Heating time (min)

Tandan kosong mentah

T=200, rasio sampel:air=1:2,5, t=30 menit

T=150, rasio sampel:air = 1:2,5, t=30 menit



Table 5 Proximate Analysis Results of Raw EFB and HT Products (in dry basis) 

Component Unit EFB 150 °C 175 °C 200 °C 

Fixed carbon % 5.7 9.9 11.0 12.1 

Volatile matter % 90.9 87.0 86.7 86.4 

Ash % 3.4 3.1 2.3 1.5 

 

Potassium measurement was done for solid product that has been separated from the liquid by 

leaking and squeezing. The AAS measurement result for potassium content of raw EFB was 

0.543 %. The potassium content of all samples is shown in Table 6. 

 

Table 6 Potassium Content of HT Products (percentage basis) 

Sample Unit 150 °C 175 °C 200 °C 

Liquid left in reactor % 0.063 0.071 0.077 

Solid Product (after squeezing) % 0.188 0.221 0.270 

Liquid Product (after squeezing) % 0.072 0.091 0.093 

 

In order to observe the actual potassium mass reduction after the hydrothermal process, the mass 

fraction resulted from AAS was converted into potassium mass, by multiplying the mass fraction 

with the input mass. Thus, for example, the potassium content in the raw EFB is 1.087 g. 

Potassium content of distilled water was assumed to be zero (potassium-free). This calculation 

also assumes that the solid and liquid after separation was resulted in 1:2 solid to liquid ratio. 

The calculation results for potassium content in mass unit can be seen in Table 7. 

It can be seen from Table 7 that by hydrothermal process, the potassium was dissolved into the 

liquid part down to 23.4 %, and it was possible to further reduce the potassium content by 

separating the solid with liquid by pressing or squeezing down to 10.1 % in the solid part, 

resulted in low potassium content fuel of less than 200 ppm. 

 

Table 7 Potassium Content of Raw EFB and HT Products (mass basis) 

Sample Unit EFB 150 °C 175 °C 200 °C 

Liquid left in reactor g  0.173 0.213 0.169 

Solid Product (after squeezing) g  0.144 0.162 0.203 

Liquid Product (after squeezing) g  0.110 0.133 0.140 

Potassium left in raw solid g 1.087 0.254 0.295 0.343 

 

 



5. Post-HT EFB Characteristics as Solid Fuel 

The quality of a material as solid fuel can be observed in its composition analysis and heating 

value, with important focus on the moisture content. The moisture content of HT product will be 

increased since hydrothermal treatment involved the water addition process. However, it can be 

seen from Table 4 that the difference between total moisture and surface moisture is reduced. For 

fresh EFB, the difference was 2 %, while almost no difference was observed in the HT products. 

From these results, it is predicted that natural drying of hydrothermal product will result in a 

solid product that containing almost no moisture. This result is in line with the hypothesis which 

stated that hydrothermal product will become hydrophobic and can reduce the energy for drying. 

From the thermogravimetry analysis in TG-50, the fixed carbon content of hydrothermally 

treated EFB was increased while the volatile matter was decreased at reactor temperature of 200 

°C. The enhancement of 6.1% (dry basis) was reached at 200 °C, and the highest ash content was 

found at temperature of 150 °C. 

 

 

Fig. 8. Fixed carbon, volatile matter, and ash content of HT products (in dry basis) 

 

This result is considered to be far from the expected sub-bituminous coal composition, as sub-

bituminous coal contains 45 % volatile matter and 55 % carbon at dry-ash free basis [12], 

compared with HT product at 200 °C giving volatile matter of 88 % and carbon content of 12 %. 

The volatile matter content is still considered high, even though much reduced compared to the 

raw EFB. It is suspected that the characteristic of volatile matter combustion that occurred at 

many temperatures causing lower furnace temperature, thus lowering the overall combustion 

efficiency. Other alternatives to utilize these products are by using the EFB product as a co-firing 

fuel with coal, or as igniter in the initial stage of heating before combustion by coal took place. 
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In the operational point of view, it can be seen that a significant potassium reduction of 77 % in 

EFB can be reached by hydrothermal process, and can be further reduced down to 10.1 % by 

squeezing; therefore, the hydrothermally treated EFB will have lower slagging tendency in 

furnace compare to the raw EFB. 

 

6. Conclusions 

1. The characteristics of EFB after hydrothermal process improved in terms of fuel 

characteristic in comparison with that of raw EFB, however it is considered as not 

suitable to directly substitute sub-bituminous coal as main fuel, due to the high volatile 

matter in the hydrothermally-treated product; therefore it is suggested that the product is 

used as the coal co-firing fuel or as an initial igniter to reduced the consumption of oil. 

2. Potassium content in solid is significantly reduced after hydrothermal process, thus it can 

be used as a carbon-neutral (green) fuel without the problem of slagging in the furnace. 
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