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 ABSTRACT 
 
While biomass utilization for energy conversion in the industrialized nations is being 
largely developed, highly efficient and environmentally friendly, many tropical 
countries still use biomass at low efficiencies and high emission levels. The main 
reasons for these gaps are both political and technological: the energy markets are 
different, the Gross National Product (GDP) differs widely, and the feedstock differs 
in form and conversion behaviour. By implementing newer technologies adapted for 
tropical biomass feedstock, there would be a large potential in these countries for 
increased energy services since access to modern energy still is an essential step for 
improving the GDP for a country. Two dominant and tropically placed industries 
available for energy improvements are the cane sugar and palm-oil industries, which 
both produce an abundant amount of biomass residues. One step towards enhanced 
utilization of the residues, which would not require large investment costs in the 
power plant section nor in the processes of these industries, would be to install a 
pelletizing unit in the industry area to make fuel out of the excess residues for sale to 
the nearby villages. The pellets could be used both for cooking/heating and for small-
scale power generation in a gasification-IC engine plant.  
 
The overall objective of this study is to experimentally evaluate the biomass residues 
in pellet form from the cane sugar and palm oil industries during conversion to useful 
energy in small-scale systems.  
 
The thesis is built upon five publications which include experimental analysis on 
flaming pyrolysis and rapid heating of pellets (paper I), pyrolysis in oxygen-free 
atmosphere and slow heating with subsequent steam gasification (paper II),  global 
pelletizing data such as relative energy consumption, temperature levels, particle size 
and moisture content for successful pelletizing process (paper III), downdraft 
gasification evaluation including reactor temperature distribution, gas composition, 
cold-gas efficiency and packed-bed mechanics (paper IV) and a numerical model 
including the overall system efficiency for residue-to-electric power based in a small-
scale gasifier system (paper V).  
 
The single-pellet studies revealed that pyrolysis in reducing atmosphere is to prefer 
compared to flaming pyrolysis in oxidizing environment with regards to the char 
quality. The studies also showed favourable thermochemical and mechanical 
behaviour for smaller size pellets (Ø6- Ø8mm) compared to larger size ones (Ø12 
mm). Therefore, a downdraft gasifier of closed constricted type was designed for real 
gasification tests of the residue pellets of sizes Ø6- Ø8mm. These tests showed that 
all the studied pellet sorts could be used in one and the same gasifier, resulting in 
different reactor temperature distributions and gas compositions with lower heating 
values in the range of 4.1-5.4 MJ/m3

n dry gas. The reactor bed dynamics showed to 
be dependent both on the fuel reactivity and the size, with less pressure drop for 
larger size pellets with lower reactivity. The pelletizing process itself revealed that the 
selected residues all needed higher moisture content and smaller particle size than 
recommended for wood for successful pelletizing. The relative electric energy 
consumption was lower when producing larger size pellets Ø8 mm than smaller ones 
(Ø6 mm) of same material. For untreated wet empty-fruit bunch (EFB) a stand-alone 
power plant with integrated EFB pre-treatment and gasification could generate 380 
kWh of net electricity per ton of EFB at a “well-to-wheel” efficiency of 15%. 
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NOMENCLATURE 
 
 
 
Term Sign  Unit 
 
Boiler Heat Loss due to  
fuel water vaporisation LH2O % of LHV 
 
Concentration of compound 
nn in a mixture [nn] % molar basis 
 
Heat Q J 
 
Heat of reaction ΔHR kJ/mol 
 
Higher Heating Value HHV MJ/kg or MJ/mn

3 
 
Hydrogen content in fuel H2 % of total fuel mass 
 
Lower Heating Value LHV MJ/kg or MJ/mn

3 

 
Mass m kg 
 
Moisture content in fuel MC % of total fuel mass 
 
 
 
 
Acronyms 
 
BIG-CC Biomass integrated gas turbine combined cycle 
CDM Clean Development Mechanism 
EFB Empty Fruit Bunch 
FFB Fresh Fruit Bunch 
TGA Thermogravimetric Analysis 
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1 INTRODUCTION  
 
While the biomass utilization for energy conversion in the industrialized nations is 
being largely developed, highly efficient and environmentally friendly, many tropical 
countries still use biomass at low efficiencies and high emission levels. The main 
reasons for these gaps are both political and technological: the energy markets are 
different, the Gross National Product (GDP) differs widely, and the feedstock differs 
in form and conversion behaviour. By implementing newer technologies adapted for 
tropical biomass sorts, there would be a large potential in these countries for 
increased energy services since access to modern energy is an essential step for 
improving the GDP for a country. Two dominant and tropically placed industries 
available for energy improvements are the cane sugar and palm-oil industries, 
which both produce an abundant amount of biomass residues.  The cane sugar 
industry supplies sugar, ethanol and bio-ethanol on both national and international 
markets and the palm-oil industry provides kernel-oil and raw palm-oil, both 
important ingredients in food products. Except from generation of large quantities of 
excess biomass residues, the power plant section often works with rather low 
cogeneration efficiency. 
 
One step towards better utilization of residues, which would not require large 
investment costs in the power plant section nor in the processes of these industries, 
would be to install a pelletizing unit in the industry area to make fuel out of the 
excess residues for sale to the nearby villages. The pellets could be used both for 
small-scale power generation in a gasification-IC engine plant or for cooking. The 
advantages for local community are multiple: ready availability to a refined energy 
source, independence from kerosene and other oil-based products and increased 
employment opportunities. The advantages for the industry are as well multiple: 
increased economical turnover with relatively short rate of return on the new 
investment, decreased disposal problems and increased flexibility for future 
changes in the cogeneration unit.. Pellets also allow storage of the residues for 
distributed power generation. In case the mill is dependent on diesel-fired IC-
engines for additional electricity production to the process, the diesel may be 
exchanged to one or several small-scale gasifiers fuelled on the residue pellets and 
thus decreasing the external costs for the mill. Regional and national benefits can 
be achieved with wide-spread adoption of such approaches, including positive 
contributions towards meeting global warming reduction 
 
The scope of this doctoral project is to technically investigate pelletizing and 
conversion parameters of these biomass residue pellets in small-scale gasification 
to determine the feasibility and energy costs for upgrading the residues into solid- 
and gaseous fuel products. 
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1.1 The cane sugar industry and energy view 

1.1.1 General statistics and sugar processing 
 
Sugar cane is a one-year crop that is cultivated in areas with tropical climate. Brazil 
and India are the largest producers with yearly 514 Mton respective 355 Mton of 
sugar cane [FAOSTAT, 2009]. The world production is 1558 Mton cane, which 
means that Brazil and India contribute to 56% of the total production. 
 
To produce 1 kg of sugar, about 8-10 kg of sugar cane is needed [SKIL, 2009; 
Shleser 1994]. To produce 1 litre of ethanol, around 12.5 kg of sugar cane is 
needed. Brazil is the largest fuel ethanol producer from sugar cane, with yearly 24 
500 million litres [RFA, 2009]. 
 
Of the total sugar plant, about 60% is millable cane with water content of 70-75% 
[Shleser, 1994]. The rest of the plant is so-called cane trash, i.e. tops and leaves, 
and about 140 kg of dry cane trash is possible to utilize for energy recovery from 
one ton of wet sugar cane [Waldheim et al., 2000]. 
 
After harvesting and transportation to the mill, the sugar cane stems are crushed 
and thereafter they pass a set of tandem mills to press out a sugar rich juice (Figure 
1).  Further, the sugar juice passes through cleaning steps to remove impurities. To 
concentrate the sugar from the liquid, the juice passes evaporators where the water 
is boiled off, leaving a syrup. The evaporators are heat exchangers with steam on 
one side and the water-sugar mix on the other side. The syrup enters a crystallizer 
where sugar crystals are let to grow in the liquid. The crystals are separated from 
the liquid in centrifuges. The liquid left over, molasses, still contains non-crystallized 
sugar and is possible to use in ethanol production (Figure 1). In case of pure 
ethanol production in a cane sugar mill, the sugar juice obtained from pressing is 
brought directly to a fermentation step [SKIL, 2009].    
 
The required process heat (for evaporators, crystallizers, ethanol distiller etc) is 
produced in a steam plant burning the residue fibres, bagasse, sometimes also 
additional oil or coal is utilized. The steam plant also provides power to the mills, 
conveyor belts, centrifuges and other auxiliary equipment in the sugar factory. 
 
Bagasse is the fibrous material left over after sugar juice has been pressed out. 
Each kg of sugar produced gives around 2.5 kg of bagasse [SKIL, 2009]. Bagasse 
is an inhomogeneous and non-uniform material, and also has high moisture content 
(about 50%) when coming from the mills. Usually, the bagasse is brought directly 
from the process to the boilers for combustion to avoid disposal problems in the 
industry area. 
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FIGURE 1:  FLOW-SHEET OF THE CANE SUGAR PRODUCTION PROCESS 
 

1.1.2 Cogeneration in sugar mills 
 
Bagasse is traditionally viewed as a waste product, not a biomass resource; 
therefore it is often burned at low steam parameters to create a balance between 
the needed process heat and combusted bagasse, so that it does not become a 
disposal problem [Ogden et al.. 1990]. Furthermore the sugar industry is seasonal 
(compare Table 1 below) which implies that many processes have not been 
designed to provide excess energy in form of electricity to the national power grid. 
Many mills also lack connection to the power grid, since the industries are placed 
nearby the sugar fields in the remote agricultural regions in a country. The heat and 
power need of the sugar process controls the steam plant and its steam 
parameters.  
 
The typical cogeneration process is built up with one or several boilers, providing 
steam to back-pressure turbines (Figure 2). Steam exiting the set of turbines is led 
to the sugar process where the process acts as condenser, and returns the 
condensate to the power plant. Table 1 presents heat balance data for two different 
cogeneration plants within the sugar industry [Birru, 2007; Erlich 2008]. For these 
two mills it is seen that the overall cogeneration efficiency is rather low; in both 
cases less that 65%, while, as comparison, biomass fired cogeneration plants for 
district heating for example in Sweden reach 85-90% in total efficiency [IEA, 2007].  
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The main reason for the low cogeneration efficiency in the sugar cane power plants 
is that the biomass used, e.g. the bagasse is burned wet (50% moisture content).  
 
The boiler efficiency loss as function of the humidity content of the fuel is shown in 
Eq. 1: 
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−
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== 2222
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92.892.8

   [1] 

 
The higher the moisture content the lower is the lower heating value (LHV) of the 
fuel. According to Eq. 1, a wet fuel gives larger boiler efficiency loss, than a dryer. 
Utilizing Eq. 1 for bagasse with 50% moisture content, typical chemical composition 
and lower heating value, the boiler looses more than 20% of energy content in 
bagasse only to vaporize the water. 
 

 
 
FIGURE 2: SIMPLIFIED SKETCH OF THE COGENERATION PLANT IN A TYPICAL SUGAR MILL. 
 
Except from the data presented in Table 1, mill 1 additionally produces an excess 
amount of bagasse reaching 0.5 ton/hour, which is not necessary for usage in the 
heat and power process [Birru, 2007]. In a season this leads to 2400 tons of excess 
bagasse, which today is wasted. Calculating with a heating value of 9 MJ/kg (based 
on 50% humidity content), there is a fuel power potential of 1.25 MW 
(corresponding to a fuel energy input of 6 GWh) for this specific mill only from the 
excess bagasse production. Reports from India show that only 20-30% of the 
produced bagasse in the country is used for energy recovery [Purohit et al., 2007].  
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Parameters Mill 1 (Ethiopia)1 Mill 2 (Cuba)2 

Milling season (days/year) 200 90 
Amount of cane processed (ton/h) 183 150 
Bagasse production (ton/h) 51.4 45 
Moisture content of bagasse (%) 47.5 48 
Nominal steam capacity of boilers (ton/h) 130 95 
Steam temperature from boiler (°C) 400 194 
Steam Pressure from boiler (bar) 30 13.8 
El Power + Mech Power + Heating Power (MW) 5.7 + 9.4 + 68 1.8 + 0.6 + 60 

Cogeneration efficiency based on LHV (%) 62 54 
1[Birru, 2007] 
2[Erlich, 2008] 

TABLE 1: HEAT BALANCE PARAMETERS OF TWO SUGAR MILLS, ONE PLACED IN ETHIOPIA AND THE 
OTHER IN CUBA. 

 

1.1.3 Cogeneration improvements in cane sugar industry 
The cane sugar industry possesses the possibility for large energy efficiency 
improvements to enable excess power generation for export to the power grid. The 
basic improvement is to bring down the moisture content of bagasse prior to the 
combustion process (as shown in Eq. 1 above) and in some plants also incorporate 
energy recovery from all of the produced bagasse.  This improvement also results in 
that higher pressure and temperature data of steam can be used, and thus the 
turbine efficiency can be increased. 
 
A study on mill 1 (Table 1 above) shows that if the heat available in the flue gases 
when leaving in the stack is utilized for drying the bagasse prior to combustion, the 
humidity content could be brought down to 30%; and this would increase the 
cogeneration efficiency to 70%. Additional 4 MW of electric power could in such 
case be taken out in theory from the cogeneration plant during the milling season, 
which corresponds to 19 GWh of electricity [Birru, 2007]. In practice this 
improvement would bring along new investment costs if terms of a new boiler and 
turbine. 
 
A large amount of research studies have shown the capability of improving the 
cogeneration in the cane sugar industry. Only a few are mentioned here.  Van den 
Broek et al. [1997] have studied the possibility of utilizing eucalyptus off-season to 
maintain year-round power production for sales to the grid in Nicaragua. In one of 
the mills studied, new boilers could be added with high live steam data (41 bar, 
440°C) to the existing boilers (17 bar, 260°C) in combination with the utilization of 
condensing turbines. This would increase the power production which was 
estimated to 15 MW of electricity to be sold to the grid (year round). The project was 
financed by FAO (Food and Agricultural Organisation of the United Nations).  
  
Sharan et al. [1999] estimates that during the harvest season, 3.6 kW of electrical 
power per 1000 ton of processed cane can be produced in excess if the bagasse 
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boiler is upgraded to high pressure and high temperature (63 atm, 480°C). In India, 
the total potential in 1999 was 3500 MW electricity from the sugar cane industry. 
The sugar cane industry has grown fast and in year 2006 the potential was 
estimated to 5575 MW [Purohit et al., 2007]. The government of India is promoting 
bagasse based power to the grid, why there are possibilities to apply for state 
subsidy to implement in reality the changes in the mill. Indian Renewable Energy 
Department Agency had up to year 2006 supported 35 projects of total 461 MW of 
electrical capacity [Purohit et al., 2007]. Compared with the potential above, it is 
seen that up to now only a fraction of the mills have been improved to deliver 
excess electricity.  
 
In Brazil, which is the largest sugar cane country, the electricity export to the power 
grid was simplified due to deregulation of the electricity market in year 1996. Still 
many “bottlenecks” existed at that time, but by year 2002, 619 MW of electricity was 
available in the power grid from the sugar mills [Lora et al., 2009]. The potential in 
the country was by this time 3.85 GW using high pressure steam cycles for the 
power generation. A forecast to year 2022, the installed power should be 5800 MW 
producing surplus electricity of 30 TWh yearly [Lora et al., 2009].  
 
In Mauritius, the government has realized the potential of bagasse based power in 
the national grid, why large investments have been performed here [Deepchand 
2001]. During year 2000, 49 kWh of electricity per ton of processed cane (in total 
210 GWh) was delivered to the national power grid during the harvest season. In 
year 1985, bagasse pellet factory was opened to manufacture pellets for storage to 
off-season, but during this time, pellet production was not profitable why the factory 
closed down [Deepchand, 2001]. 
 
By introducing biomass integrated gasification combined cycle (BIG-CC), one study 
shows that for Mauritius an electricity export of 228 kWh/ton of processed cane to 
the national grid can be realized [Ramjatun et al., 1999], meanwhile studies for 
Brazil shows that the electricity export may reach up to 291 kWh/ton of processed 
cane, this number also includes energy recovery from cane trash (tops and leaves) 
[Waldheim et al., 2000]. In order to introduce bagasse in fluidised bed technology 
(gasification or combustion), pellet form is favourable [Olivares et al., 1999]. In year 
2009, still the BIG-CC technology is only on demonstration level and not on 
commercial basis.  
 
Through Clean Development Mechanism programs (CDM), one country can 
discount CO2 emission on its own national level, if the country invests in power plant 
improvements in another country leading to decreased CO2 emission [Swedish 
Energy Agency, 2009]. This program is part of the UN Framework Convention on 
Climate Change. Sweden has invested into upgrading three sugar mills in the Sao 
Paulo region in Brazil. Exchange to high pressure boilers will facilitate electricity 
export to the power grid during the dry season [Swedish Energy Agency, 2009]. The 
possibility of implementing CDM as an economical base for upgrading power plants 
in the sugar industry worldwide may increase the pace at which improvements can 
be done. Restuti et al. [2007], has defined the electricity potential in Indonesia to 
260 GWh from the sugar industry, which on large scale could result in a total 
reduction of 241 Mton CO2 for CDM investing countries. Purohit et al. [2007] 
projects that in India, the maximum estimated power potential from the sugar 
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industry will still not be reached within the next 20 years, why CDM could help to 
improve the sugar sector and excess power production.     
 
Another possibility of improving the energy recovery from sugar cane residues is to 
make a fuel out of the excess bagasse produced in many sugar mills. A convenient 
form is pellets. The pellets could be sold to the surrounding villages either as 
cooking fuel (not investigated in this thesis), or as fuel for a stand-alone gasifier-
combustion engine plant for mechanical or electrical power generation. Pellets 
could also be used in the factory power plant to produce excess electricity to sell to 
the national grid (if there is such a connection), or to replace diesel (via a small-
scale gasification system) if the power plant has been built in such a way. Since no 
impact is needed on the present sugar process or power plant, the rate of return on 
the investment should be high. 
 
For example, Thek et al. [2004] have estimated that the base case of pellet 
production from sawdust should cost 91 euro/ton pellets. The cost of operational 
staff constitutes a large item in the estimation as well as purchase of the raw 
material. By optimizing the production line, the cost could be reduced to 62.4 
euro/ton pellets (economical period is 10 years), where 31.3 euro is the cost of 
purchasing the biomass material and 5.7 euro the cost of staff in the pellet mill. 
Since the raw material presently is for free in the cane sugar industry, this cost 
could be removed in a rough estimation of the pellet production cost. In most sugar 
cane countries the personnel is not as costly as in Europe, why the cost of 
personnel could be assumed to be half of that in Europe. A rough estimation to 
produce bagasse pellets is thus 28.2 euro/ton in a sugar cane country. The energy 
content of bagasse is 17.9 MJ/kg dry matter (compare paper I-IV), why the 
production cost per energy unit of pellets (10% moisture content) becomes 0.63 
eurocent per kWh energy content in the pellets.  
 
The market price for kerosene, a common fuel in tropical countries, is 63 U.S. cents 
per litre [The Jakarta Post, 2008], which corresponds to 45 eurocent per litre. The 
heating value of kerosene is 35 MJ/L [The Engineering Toolbox, 2009] which results 
in a price of 4.6 eurocent per kWh energy content in the kerosene. 
 
Comparing these two calculation examples, it is seen that bagasse pellets could 
compete as fuel on the energy market in countries with significant sugar cane 
production. Even a pellet production cost of 91 euro per ton is compatible to the 
price of kerosene.  
 

1.2 The palm-oil industry and energy view 

1.2.1 General statistics and palm oil processing 
 
The palm-oil tree is a perennial crop grown in tropical countries to produce palm-oil, 
which is an important food product. The average efficient productivity for a palm-oil 
tree is 23 years and a tree is able to annually produce in average 150 kg of fresh-
fruit bunch (FFB) [Yusoff, 2006]. In total the world produced 192.5 Mton of FFB in 
year 2007, which resulted in 39.3 Mton of crude palm oil [FAOSTAT, 2009]. The two 
leading palm-oil producing countries are Indonesia (16.9 Mton/year) and Malaysia 
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(16.5 Mton/year) [FAOSTAT, 2009]. These two countries contribute to 84% of the 
total world production. Other important palm-oil countries are Nigeria (1.3 
Mton/year), Thailand (0.97 Mton/year) and Colombia (0.78 Mton/year) [FAOSTAT, 
2009]. The numbers presented here are the production rates of crude palm-oil, 
which is pressed out from the palm-fruit. In addition, palm kernel oil is extracted 
from the nut inside the fruit. For each ton of crude palm oil, additionally 80-110 kg of 
palm-kernel oil is produced [compiled from FAOSTAT, 2009].  
 
After harvesting of the FFB, it is brought to the nearby mill. The FFB is first treated 
in a pressurized steam driven (140°C) sterilizer to loosen the palm fruits in the 
bunch [Prasertsan et al., 1996] (Figure 3). Thereafter the bunch enters a rotary 
drum where the fruits are separated. The empty fruit bunch (EFB) is exiting the 
factory via a conveyor belt and thereafter transported back to the palm fields, 
without energy recovery, as organic fertilizer. The fruits are fed into a digester 
where hot water is added under stirring, creating a fruit mash [CENEPALMA, 2008]. 
This mash passes a screw press in which crude oil is pressed out. The crude oil is 
thereafter treated in some cleaning steps and water is removed. The fruit fibres and 
nuts left over from the press (in cake form) are separated, either mechanically or by 
an air stream. The nuts are brought to a cracker. The shells are brought out from 
the process and the kernels are used for extracting palm kernel oil. In some regions, 
the palm-kernel extraction is placed in another mill than the crude oil process 
[Prasertsan et al. 1996; Mahlia et al., 2001]. In this case the kernels are packed in 
sacks and brought to this factory. 
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FIGURE 3:  FLOW-SHEET OF THE PALM-OIL PRODUCTION PROCESS 
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The palm-oil extracting process gives rise to three different kinds of solid residues 
(Figure 3), namely empty fruit bunch (EFB) (18-30% of FFB), fruit fibres (11.5 -15% 
of FFB) and shell (5 -7.5% of FFB), all percentages on total mass basis [Arrieta et 
al., 2007]. The intervals are given since the ratios differ in between the countries 
depending on palm growth conditions.  
 

1.2.2 Cogeneration in palm-oil mills 
 
The palm-oil process needs heat and power, which is produced from combustion of 
the solid residues in a cogeneration plant connected to the palm-oil mill. The power 
plants works in a similar way as for the cane sugar industry, with back-pressure 
turbines (compare Figure 2). In most mills worldwide only the fibres and shells are 
utilized as fuel, since these alone can produce more heat and power than the 
demand of the process [Husain et al., 2003; Yusoff 2006]. Depending on the 
modernity of the mill, the cogeneration efficiency varies heavily. In the study by 
Husain et al. [2003], the efficiencies varied from 61% up to 83% for the seven 
studied mills in Perak State, Malaysia. Compared to bagasse in previous section, 
the moisture content in fibres and shells is somewhat lower. Shells have around 
10% water and fibres 40% [Husain et al., 2003] 
 
For each ton of processed FFB, around 17-40 kWh of electrical energy is needed 
[Mahlia et al., 2001; Husain et al., 2003]. Some plants have reported even higher 
electrical consumption [Arrieta et al., 2007]. The heat to power ratio is about 18 
[Husain et al., 2003]. A mill which consumes 20 kWh electricity per ton of processed 
FFB, additionally needs 360 kWh of heat. 
 
Some mills are not self sufficient in providing heat and power to the process; co-
generation is not applied. In Colombia for example, many mills buy electricity from 
the national power grid [Arrieta et al., 2007]. The reasons for not constructing a 
cogeneration plant when building the mill were lack of incentive programs to 
facilitate electricity production from small producers and lack of tradition in the palm-
oil sector to construct such power plants.  
 
One of the leading palm-oil producing countries, Malaysia, has a strategy to 
improve the electricity generation from palm-oil residues in order to increase the 
amount of renewable electricity in the power grid [Menon et al.; 2003]. For this, new 
mills have been well equipped. The most advanced mill, Kunak Sabah, is the first 
palm mill power plant to deliver biomass derived electricity to the power grid in 
Malaysia. The plant was commissioned in year 2004. The power production is 14 
MW whereof 10 MW is sold to the power grid; the rest is used internally in the palm-
oil process. The boiler works with relative high pressure and high temperature 
steam (65 bar, 400°C). The boiler is fired with all residues obtained from the palm 
extraction, including EFB [Renewable Cogen Asia, 2009].    
 
However, for already existing mills, any kind of reconstruction to improve the 
cogeneration process to produce excess electricity, would bring along large costs, 
such as for the cane sugar industry. The largest biomass potential is EFB, which in 
the majority of cases not is used for energy recovery today. Except from the reason 
mentioned above, that the energy potential is not needed for the palm-oil extraction 
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process, EFB also is bulky (units larger than 50 cm in length); it contains splinters 
and long fibres, and comes wet (50-60% moisture content). Direct combustion of 
the units would cause severe inefficiency at high emission levels. The EFB could 
however be used as fuel, if pre-treated to a form which is easily managed, for 
example pellets. The applications of the pellets are the same as mentioned 
previously for sugar cane bagasse.  
 
Agricinal palm mill in Indonesia produces 10.5 tons of EFB per hour, which is not 
recovered [Aprilianto, 2006]. The seven palms mills in Perak State in Malaysia 
analysed by Husain et al. [2003], produce around 2000 ton EFB per day (at 60% 
moisture content), which is not energy recovered. With a lower heating value of 
18MJ/kg on dry substance (paper III), the fuel energy potential in this case is 4000 
MWh daily, only in Perak State. Menon [2004] estimates that for Malaysia alone, 
500 GWh of electricity could be obtained from EFB. 
 

1.3 Biomass Pellets 

1.3.1 Market, energy and research 
 
Wood pellets for residential heating as well as for large-scale combustion in power 
plants have reached commercialisation during the 1990's in Europe [Olsson et al., 
2003]. As mentioned previously, the cost of producing wood pellets is estimated to 
62 euro/ton where the raw material constitutes half of the cost [Thek et al., 2004].  
 
Pellets bring along several advantages compared to the material in original form, 
especially if the material is of bulky and low density sort: 
 

• Efficient biomass storage  
• Uniform and controlled combustion, with low emission levels 
• Low moisture content – Less boiler efficiency loss 
• Introduction of modern conversion equipment, for example packed bed 

technology, spray combustion or fluidised beds. 
• Simplified fuel feeding  
• Flexibility in accommodating a variety of feedstock including wastes 
• Ease in transport and handling 
• Market ability 
• Possibility to upgrade the biomass conversion properties such as increment 

of the ash-melting temperature by additives [Bentzén et al., 2002] 
 
One large disadvantage with pellets is the energy cost for preparing these. Table 2 
presents the overall energy consumption as kWh per ton of final pellets for six 
Nordic mills from a survey that has been performed [Pettersson, 2005]. The relative 
energy consumption has also been indicated in the table as % of the LHV of the 
final pellets. Here it is assumed that the final pellets have LHV = 4.7 kWh/kg 
[Näslund, 2003]. 
 
In Table 2 it is seen that a total electrical energy input of around 2-4% of the LHV of 
the final pellets is required, depending on the form in which the wood comes. The 
electricity consumption differ depending on the need of granulation of the feed (mill 
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A needs more energy for milling than mill B), conditioning of the feed (see section 
1.3.2) and the type of pelletizing equipment used.  
 
Additionally, heat is required for drying of the material prior to pelletizing; this also 
depends on the form in which the raw material comes. If heat is used for feed 
conditioning (see section 1.3.2), the electricity consumption during the pelletizing 
process itself decreases [Näslund, 2003].  
 
 

Mill 

Production 
rate (kton 
pellets/year) 

Raw 
material 

Moisture 
content, 
% wt 

Heat 
consumption 
(kWh/ton) 

Heat, 
% of 
LHV1 

Electricity 
Consumption 
kWh/ton 

Electricity, % 
of LHV1 

        

A 130 
Wood 

waste, peat 12% 540 11.5 200 4.3 

B 40 
Wood 

powder 50% 700 14.9 100-110 2.1 - 2.3 

C 36 
Wood 

powder 50-53% 700 14.9 80-100 1.7 - 2.1 
D 42 Saw dust 50% 1000 21.3 140 3.0 

E 80 
Wood 

powder 50-60% 600 12.8 200 4.3 

F 190 
Bark, Wood 

chips 50-60% 600 12.8 105-110 2.2 - 2.3 
1 Calculated based on LHV = 4.7 kWh [Näslund, 2003] 

TABLE 2: ENERGY CONSUMPTION IN KWH/TON PELLETS AND RELATIVE ENERGY CONSUMPTION IN 
% OF LHV DURING PELLETIZING FOR 6 MILLS IN THE NORDIC COUNTRIES [PETTERSSON, 
2005].  

 
Depending on the energy market of a country and the price of energy; the cost for 
pelletizing may exceed that of what is paid back in form increased efficiency of 
biomass conversion to useful energy. The trend in Europe is presently that the price 
of energy is higher than the cost of pelletizing and in addition the advantages 
mentioned previously outweigh, why the market for pellets has grown rapidly. 
 
With the increased utilization of pellets in Europe, the research in the topic has also 
been intensified. Obernberger et al. [2004] have characterised raw wood pellets 
from different European countries and made comparisons on heating values, 
durability, ash content and other parameters. Emissions from wood pellets 
combustion has been evaluated [Kjällstrand et al., 2004]. In this study, it was found 
that there are large differences in emission levels in between the pellet burner 
manufacturers, but all pellet burners tested had significantly lower emission levels of 
carcinogenic poly-aromatic compounds (tars) than a wood fired residential boiler 
from the 1980’s used as comparison.  The effect of the combustion conditions and 
composition of the wood pellets on the emission levels was studied by Olsson et al. 
[2003]. In this study it was found that glowing burning gave significantly higher 
levels of tars than flaming burning. 
 
Palchonok et al. [2002] studied the physical effects on the wood pellet during 
pyrolysis and combustion by measuring the shrinkage characteristics. It was shown 
that the higher the conversion temperature, the larger the shrinkage. In comparison 
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to wood slabs of same size, pellets give 50-80% more char after pyrolysis than the 
wood slabs.  
 
With the increased market for wood pellets, other materials for compacting could be 
of interest. Straw pellets have been investigated for gasification by Bentzén et al. 
[2002]. By adding certain substances into the pellets, the ash-melting temperature 
was increased and it was thereby possible to gasify the straw without ash-sintering 
problems. The production potential in northern Sweden and pellet technology of 
reed canary grass was investigated in a recent PhD thesis by Larsson [2008]. Here 
the pelletizing parameters were defined in order to reach high quality pellets with 
durability larger than 97.5% and bulk density larger than 650 kg/m3.      
 
With regards to tropical biomasses, there is less experience from pelletizing 
technology. Deepchand [2001], reports that Mauritius produced bagasse pellets in 
year 1985 in order to store the biomass for the off-season. The factory however 
closed down after short time due to lack of profit. It is worth mentioning that the 
pellet technology was not commercialized in Europe either by this time, why the 
possibility for economical profit is different today.  
 
Successful fluidised bed gasification of bagasse pellets have been performed by 
Olivares et al. [1999], De Filippis et al. [2004] and Waldheim et al. [2000]. In the 
study by Waldheim et al. [2000], specially fabricated bagasse pellets of ø12 mm in 
diameter were used for continuous operation in a 2 MW atmospheric circulating 
fluidised bed gasifier as part of study for the Brazilian market. The intention was to 
invest and commercialise the biomass-integrated gasification combined cycle (BIG-
CC) in the sugar industry. By the time of this thesis, the project has not been 
realized.  
 
Gabra et al. [2001] pelletized bagasse and thereafter ground it to obtain larger 
particle fractions into the studied cyclone gasifier. Too small feed fractions caused 
problems in the screw feeding system. However, bagasse pellets are not yet a 
commercialized product on the bio energy market within the cane sugar countries, 
and the experience on the thermochemical and mechanical behaviour of whole 
bagasse pellets during conversion is limited [Erlich et al. 2005].  
 
Regarding pellets of palm-oil residues there are no reports on the topic (found by 
the author), but briquetting if fibres and shells is reported by Husain et al. [2002]. 
Different briquetting diameters were studied (40-60 mm). The fabricated briquettes 
had densities in the range of 1100-1200 kg/m3 and an equilibrium moisture content 
of 12%. This study did not include EFB as material. 
 

1.3.2 The pellet production process 
 
The pellet production process can be divided into five main steps considering fresh 
biomass as raw material [Näslund 2003; Hirsmark, 2002]: 
 

• Drying  
• Milling 
• Conditioning 
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• Pelletizing 
• Cooling 

 
Depending on the original form of the biomass, the sequence of the drying and 
milling steps may differ.  
 
Drying 
Fresh biomass typically contains 50% water on total mass basis and for wood 
optimal moisture content prior to pelletizing is 12-15% [Zethraeus et al. 2002; 
Pettersson, 2005]. Therefore, pellet mills treating fresh biomass need to have a 
dryer installed. A common type of dryer is the direct heated rotary drum dryer, 
where biomass is entering a drum and hot air or hot combustion gases are let to 
pass through the biomass [Hirsmark, 2002]. The water within the biomass vaporizes 
and leaves with the gas flow in steam form. 
 
Milling 
Prior to pelletizing the material needs to be ground in smaller fractions. Typically a 
recommendation is that the particle sieve size should be less that 3 mm [Näslund, 
2003]. Studies performed on durability of the pellets (high durability is wished), 
shows that larger particle sizes give less durable pellets [Larsson, 2008]. 
 
The common type of milling equipment is the hammer mill [Hirsmark, 2002]. The 
hammer mill is efficient for making small fractions but sensitive to initially large sizes 
of the feed. If the material comes in large units, in needs first to be granulated to 
coarser fraction before entering the hammer mill [Näslund, 2003]. Of the total 
electricity needed for preparing biomass pellets, around 30% is spent in the milling 
process [Thek et al., 2004; Pettersson, 2005]. 
 
Conditioning 
Conditioning the biomass feed prior to pelletizing, means that steam is passed 
through the material. The biomass material will then soften, which results in less 
energy consumption during the pelletizing step by a friction decrease [Näslund, 
2003]. In the study made by Hirsmark [2002], around 50% of the Swedish pellet 
mills used conditioner in year 2001.  
 
Pelletizing 
The heart of the pellet production process is the pelletizing step itself. The main 
principle is that the fractionated biomass material is pressed through a number of 
small cylindrical channels, to build up friction heat. This heat (corresponding to 
temperatures in the interval 60-90°C, sometimes up to 120°C) causes lignin and 
water within the biomass to act as glue, resulting in the formation of compact 
cylinders, i.e. pellets [Larsson, 2008; Zethraeus et al., 2002]. The European 
standard diameters for the channels are 6 mm respective 8 mm [Pettersson, 2005] 
 
Different pelletizing techniques can be applied. The vertical ring-die type is the most 
commonly used technology [Hirsmark, 2002; Näslund, 2003; Larsson 2008], Figure 
4. The principle is that the biomass is feed horizontally (typically with a screw) into a 
space in between one or several rotating rollers and the die. The channels in the die 
are arranged in rows or other patterns. The pressure from the feeder forces the 
particles through the channels and pellets are formed. The die itself is either rotating 
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or fixed. Pellets are cut off from the channel each time the channel passes a knife 
placed in the die house.  
 
 

 
 

FIGURE 4: THE SCHEMATIC PRINCIPLE OF A VERTICAL RING-DIE PELLETIZER WITH ONE ROLLER IS 
ILLUSTRATED (RE-DRAWN FROM NÄSLUND [2003]).  

 
Cooling 
Since the pellets are formed at elevated temperature (up to 120°C is some cases) 
and are soft directly at the die exit, there is need for cooling of the pellets. The 
cooling will harden the pellet and also function as a moisture transporter; that is, 
moisture (steam) that still is trapped within the pellet after the mill will be transported 
away. If this is not done, the pellet may loose its quality in the storage both by 
disintegration and microbial activity [Näslund, 2003].  
 
A common cooling technique is that the pellets meet an opposite airstream, with the 
result of a pellet end temperature around 5°C higher than the ambient. If the cooling 
process is too rapid, there is a risk that the pellet will not be completely cooled. A 
residence time of 1 hour is not unusual. According to Näslund [2003] the cooling 
process is often the limiting factor of the total pellet production capacity.   
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1.4 Biomass Gasification 
 

1.4.1 Gasification Process – General Description 
Gasification is a thermochemical process at elevated temperature that converts 
carbon-containing fuels, such as coal, biomass or black liquor, into a combustible 
gas containing mainly carbon monoxide, hydrogen, methane and inert gases, 
through incomplete combustion and reduction. The combustible gas can be used in 
internal combustion (IC) engines or gas turbines (enabling high efficient power 
generation), burned directly in gas boilers or be used in the production of methanol, 
dimethyl ether (DME) or hydrogen. 
 
In this introduction, only biomass gasification is considered. 
 
The higher heating value of air-gasified biomass is 4-7 MJ/mn

3
 depending on reactor 

type and biomass sort. The higher heating value can be upgraded if oxygen is used 
as gasification agent to 10-18 MJ/mn

3 [Bridgwater, 1995]. Some typical product gas 
compositions for air gasification for different gasifiers are presented in Table 3. 
 

 H2 
(vol%) 

CO 
(vol%) 

CO2 
(vol%) 

CH4 
(vol%) 

N2 
(vol%) 

Tars 3 

 
Dust 3 

 
Down- 
Draft 1)  12-20 15-22 8-15 1-3 45-55 Good Fair 

Up- 
Draft 1) 8-14 20-30 5-10 2-3 45-55 Poor Good 

Fluid  
Bed 2) 9-15 9-18 15-19 4-8 46-57 Fair Poor 

 
1 Vol-% dry gas from wood feed with 10-20% moisture content [Stassen et al., 1995] 
2 Vol-% dry gas from biomass feed (wood, forest residue, paper mill residue, alfalfa) with 15-20% 
moisture content  [Salo et al., 1998] 
3 [Bridgwater, 1995] 

TABLE 3: PRODUCT GAS COMPOSITIONS FROM AIR GASIFICATION IN DIFFERENT GASIFIER 
DESIGNS 

 
In Table 3 it is observed that the downdraft technology generally gives higher 
contents of hydrogen, and relatively low tar content in product gas compared to the 
other technologies. However, the downdraft reactor is limited in size and is typically 
used with an IC-engine as prime mover. Fluidised beds are used for larger scale 
application and can be integrated with gas turbines. More information on downdraft 
gasification can be found in section 1.4.2. 
 
The gasification process of solid biomass can be divided into following sub-
processes: 

• Drying 
• Pyrolysis 
• Combustion 
• Char gasification 
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Drying means that water within the fuel is vaporised, leaving behind a dry fuel bed. 
The water moisture within the particle is represented in several ways: liquid phase 
absorbed or adsorbed in cavities or capillaries, or chemically bound to the particle 
structure. The latter requires more energy to vaporise. Vaporisation takes place at 
constant temperature 100°C (if atmospheric pressure is applied) which is seen in 
thermogravimetric experiments [Erlich et al., 2006], but may continue with heating 
up to 150°C [Buekens et al., 1985]. 
 
Fresh biomass, such has agricultural or forestry residues, has initially very high 
moisture content around 50% [Zethraeus et al., 2002]. A gasifier cannot not 
manage this high content of moisture due to the large need of vaporisation heat 
(compare Eq. 1.), thus the biomass needs to be pre-dried. The lower the moisture 
content, the more heat is available for pyrolysis and char gasification, which both 
are endothermic processes. However, some moisture is needed for the steam 
gasification of char. Gasifiers usually handle up to 30% moisture within the fuel 
[Bridgwater, 1995]. 
 
 
Pyrolysis or Devolatilisation is an endothermic process where volatiles leave due 
to heating of the biomass material in the range of 200-500°C, with decomposition of 
hemi-cellulose in the lower temperature region and lignin in the higher [Peters et al., 
2003]. The products from pyrolysis are gases (combustible and inert), liquids and 
solid reside (char). 
 
In biomass the volatile content is about 70-80% while coal has only 10-30 % [Di 
Blasi, 2000]. The remaining char consists mainly of carbon and ash. The reactivity 
of char is an important factor within the gasification process and is usually 
determined as the rate of relative mass loss in the gasification step. High reactivity 
is desirable, since the residence time for the feed in the gasification reactor is very 
limited. Low reactivity can cause the char to assemble on the grate leading to low 
conversion ratio, bad reactor efficiency and lower heating value of the producer gas 
[Milligan et al., 1994]. High reactivity is obtained by rapid heating to high 
temperature of the feed during the pyrolysis [Zanzi, et al., 1996] and is favoured by 
insulating the reactor. 
 
In certain gasifier designs, so-called flaming pyrolysis occurs, which is simultaneous 
pyrolysis and gas combustion. This happens when the oxidant is present in the 
pyrolysis zone. As long as pyrolysis gases leave the particle, a flame is visible 
around the particle caused by combustion of the pyrolysis gases. Flaming pyrolysis 
is particularly interesting in the gasification context since it enables rapid heating as 
discussed above. 
 
Combustion is the heat source in the gasifier and takes place immediately after the 
pyrolysis, or in simultaneously in flaming pyrolysis. The first combustion reactions 
that occur are gas combustion of the volatiles from the pyrolysis, since these 
reactions provide less diffusion resistance for the oxygen in air.  Secondly, some of 
the char is oxidised, but this is a somewhat slower process due to the higher mass 
transportation resistance within the solid particle. The most common combustion 
reactions within gasification are listed below with heat of combustion ΔHR [Buekens 
et al., 1985]:  
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Gas Combustion: 
 
CO + ½ O2 → CO2   ΔHR = - 282  kJ/mol 
H2 + ½ O2 → H2O   ΔHR = - 242  kJ/mol 
CH4 + 2 O2 → 2H2O + CO2  ΔHR = - 802  kJ/mol 
C2H4 + 3 O2 → 2H2O + 2CO2 ΔHR = - 1326 kJ/mol 
 
Char Combustion:  
 
C + ½ O2 → CO   ΔHR = - 111 kJ/mol 
C + O2 → CO2   ΔHR = - 394  kJ/mol 
 
Some tars are also combusted in the high temperature area so that secondary tar is 
formed (most often lighter form) [Di Blasi, 2000]. 
 
TAR1  + O2 → TAR2  
 
In the gasification process there is also an equilibrium reaction present, the so-
called water gas shift reaction: 
 
CO + H2O ↔ CO2+ H2  ΔHR = - 41 kJ/mol 
 
This reaction contains the important gas elements in the product gas, and can be 
used for predicting the final gas composition in a gasifier in an equilibrium model [Di 
Blasi, 2000; Buekens 1985]. The concentration of each compound in the product 
gas can be calculated from the knowledge about the equilibrium constant according 
to [Fogler, 1992]: 
 

[ ] [
[ ] [

]
]OHCO

HCOK
2

22

⋅
⋅

=  (Eq. 2) 

 
At about 800°C, K=1 [Fogler, 1992], and the compounds are at equimolar 
concentrations (in a pure water-gas shift reactor). For higher temperatures, K < 1, 
and the reaction is dominant in the reverse direction i.e. more CO and H2O is 
produced than CO2 and H2. The opposite relation is valid for lower temperatures.  
 
 
Char gasification takes place at high temperature in absence of oxygen and is an 
endothermic process. More specifically, the char is reduced with CO2, H2O and heat 
to form H2 and CO. The heat is provided by previous combustion. The gasification 
reactions are very slow in comparison to both combustion and pyrolysis why this 
zone is one of the “bottlenecks” of the gasifier. The residence time for char is of 
great importance, as well as zone temperature and char reactivity to obtain good 
char conversion. If a very high temperature (>1000ºC) prevails in the reduction 
zone, lighter tars such as phenols (produced in the pyrolysis) will decompose to 
lighter compounds [Zethraeus et al., 2002]. But a very high temperature may also 
cause ash sintering (fuel dependent) on the grate. The gasification reactions are 
[Buekens et al., 1985]:  
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C+ H2O → CO + H2   ΔHR = 131 kJ/mol 
C+ 2H2O → CO2 + 2H2   ΔHR = 90 kJ/mol 
C+ CO2 → 2CO   ΔHR = 172 kJ/mol 
 
 
Depending on the use of the gasified biomass, different gasifier designs may be 
applied. Fluidised beds are generally applicable for larger scale power plants with 
fuel power ranging from 1 MW and up [Waldheim et al., 1998]. 
 
For smaller scale systems where direct combustion of the gas is to be applied, 
updraft gasification is a suitable technology, since it is simple and has high char 
conversion efficiency, but produces a tarry gas. For small scale systems with 
mechanical power generation (up to around 100 kW of mechanical power) the 
downdraft gasification technology is suitable.  
  

1.4.2 Downdraft gasification technology 
 
The downdraft gasification technology connected to an IC-engine constitutes a 
promising technology for rural electrification of small industries and villages in 
developing countries. A simple system setup is shown in Figure 5. To convert 
biomass into mechanical power, a gasifier, a gas clean-up system and an IC-engine 
are needed.  
 

Biomass

Air

Ash

Gasifier

Cyclone

Filter

Cooler

Start-up 
blower IC-Engine

& Electr.-
Generator

Ash  
 
FIGURE 5: SCHEMATIC SKETCH OF A SMALL-SCALE BIOMASS FIRED POWER PLANT SETUP, WITH 

GASIFICATION INCORPORATED.  
 
 
Wood or charcoal gasifiers have been installed in a number of areas since 1980's. 
Many of the installations did however fail, due to lack of experienced staff and 
shortage of fuels and repair materials for the gasifier [Stassen, 1995]. Research 
activities the past decades include implementation of the relatively new design, 
stratified open top [Di Blasi, 2000] and testing of different fuels [Dogru et al., 2002; 
Zainal et al. 2002]. One and the same gasifier may work out well for one type of 
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fuel, but other fuels can cause failures. Areas for improvement of the downdraft 
technology have been defined as follows [Kjellström et al., 2005]: 
 

• Better fuel flexibility: One and the same gasifier should be able to vary the 
fuel during the year, depending on what is available locally during the 
seasons. This would make the attraction significant higher to invest and 
install a downdraft gasification-IC engine unit. 

 
• Reduced needs for services and maintenance: The key to successful 

installations is experienced and motivated operational personnel, who 
know how to handle and overcome technical difficulties. Many of the 
problems are related to the fuel used. In the service is included the need 
of proper preparation of the fuel such as sizing and drying.   

 
• Possibly improved gasification efficiency. In literature, there are large 

differences of the reported gasifier efficiencies, where some are reported 
very high [Henriksen et al., 2003] and some relatively low [Zainal et al., 
2002]. The electrical efficiency for a gasifier-engine plant is dependent on 
both the gasifier efficiency and on the engine used. There is no 
recommended standard design for an efficient downdraft gasifier, with 
regards to geometry contra thermal power.  

 
However, the simplicity of the technology makes it as a very important alternative 
for rural electrification or for supplementary industrial power, especially when more 
than 15 kW but less than 100 kW is needed [FAO, 1986]. Depending on the 
efficiency of the connected IC-engine, efficiency of the gasifier and if energy 
recovery is utilised in the plant, total electrical efficiencies from 12-15% up to 25-
30% (based on the energy content of the biomass feed) can be expected [Stassen, 
1995].  
 
To reach better fuel flexibility, research on the raw materials is needed, especially 
on the physical behaviour during different treatment conditions. By densifying the 
fuel into briquettes or pellets, the fuel becomes more homogeneous and easier to 
handle and store. It also allows for a variety of fuels to be used in one and the same 
gasifier since the anisotropic characteristics for each biomass type has been 
removed during pelletizing/briquetting. Also, very bulky biomasses, like sugar cane 
residues and palm-oil wastes can be utilised if pelletized. Higher density fuels 
should give less operational problems such as bridging and channelling. 
 
For further technical details about the downdraft gasification technology, the reader 
is referred to the study by Erlich [2005]. 
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1.5 Objectives 
 
The objectives herein lie within the framework of future research needs defined by 
Larsson [2008] as: 
  
“The rapid growth of the international wood pellet market provides evidence of the 
potential for the increased use of biomass for energy purposes through the 
development of economically beneficial technologies.  
 
The worldwide feedstock supply of forestry and agricultural residues and dedicated 
energy crops constitutes a huge resource that, through research into the 
optimization of compaction processes, could be introduced into the world’s energy 
systems. “ 
 
The overall objective of this doctoral thesis is to define important conversion 
parameters in small-scale systems of the biomass residues from the cane sugar 
and palm oil industries in pellet form. The pellet form is chosen since these residues 
otherwise cannot be introduced in small-scale electricity generation due to their 
bulky and heterogeneous appearance. The conversion parameters include both 
global system aspects such as energy consumption, as well as detailed mechanical 
and chemical aspects of each process. The conversion focus is downdraft 
gasification. Since the worldwide pellet research mainly is focused on wood, much 
of the data in this thesis has been compared with commercial wood pellets. 
More specifically the objectives are: 
 

• To find technical design parameters for a downdraft gasifier unit by 
experimental investigation of the single-pellet conversion behaviour, both in 
reducing and oxidizing atmospheres, studying both chemical and mechanical 
conversion behaviour (paper I-II) 

  
 

• To define how successful pelletizing can be performed with the residues, but 
also at which electrical energy cost by experimental evaluation of the 
parameters of importance during the pelletizing process of the residues. 
These include electrical energy consumption for treatment, needed moisture 
content and feed particle size prior to the pelletizing process (paper III) 

  
 

• To find key parameters for optimal gasification of the reside pellets, both from 
chemical and mechanical conversion viewpoint, by experimentally 
investigating the pellets in downdraft gasification (paper IV) 

  
 

• To determine the overall system efficiency for one selected residue, from wet 
untreated form to electricity by a numerical model with measured data 
inserted 

. 
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2 RESEARCH APPROACH 
 
Wood pellets are a commercial product in Europe with many applications, both 
small-scale, e.g. residential heaters and large scale e.g. cogeneration power plants. 
Since there are well-known manufacturing and conversion parameters of wood 
pellets as well as commercially available appliances, the market has been able to 
grow in importance and has significantly contributed to the limitation of green-house 
gas emissions and the use of fossil fuels.  
 
In order to be able to introduce other pellet sorts than wood on a biomass market, 
as well as extending the pellet market to countries where other climate conditions 
prevail compared to Europe, there are three technical areas of importance to 
address: 
 

1. The pelletizing process itself of the biomass to be introduced: The 
conditions and recommendations for wood as feed in a pelletizing process 
are not valid for other biomass types due to both different chemical 
compositions as well as biomass structural differences. There is thus a need 
to specify how successful pelletizing of these other biomasses can be 
performed.   

 
2. The conversion behaviour of the produced biomass pellets: Once there 

are pellets available of a certain biomass sort, there is a need to specify the 
conversion behaviour of these in order to develop the appliance for which the 
pellets should be used.  

 
 
3. The appliance in which the pellets are to be used: In tropical countries, 

electricity is needed meanwhile Europe has a large market for heat 
production. In Europe there is a large market for residential heaters and there 
are as well many producers for this kind of appliance. In rural areas in many 
tropical countries small-scale systems are feasible, but there are no 
commercial pellet-fired appliances available.  The technical development of 
such appliances is crucial in order to open up for a biomass pellet market. 

 
 
The research approach in this study is to address these three areas for bagasse 
and palm-oil residues as fuel.  In the study by Erlich [2005] (papers I-II), single-
pellet conversion is investigated in order to find parameters of importance to design 
an appliance. The downdraft gasification technology is chosen as appliance due to 
its simplicity to operate and the small need of complicated auxiliary systems. The 
operation and performance of the pellet-fired gasifier is reported here (paper IV). To 
take into account the complete energy system aspect, the pelletizing process of the 
selected residues is investigated (paper III). To summarize the overall system 
efficiency, from untreated wet biomass to electricity, a model for one of the selected 
residues is set-up (paper V). 
 
 
The complete study is thus built upon five separate publications (whereof the first 
two in the list were included in the licentiate thesis [Erlich, 2005] and therefore not 
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appended here). Paper V is a short communication in form of an internal report, 
since the result herein is part of a larger study by Salomón et al. [2009] 

 
I. Erlich C., Öhman M., Björnbom E. and Fransson T.; 2005 
“Thermochemical characteristics of sugar cane bagasse pellets” 
Fuel 2005, 84, pp 569-575 (not appended here) 

 
II. Erlich C., Björnbom E., Bolado D., Giner M. and Fransson T.; 2006 

”Pyrolysis and gasification of pellets from sugar cane bagasse and wood” 
Fuel 2006, 85, pp 1535-1540 (not appended here)  

 
III. Erlich C., Hedman H., Gomez M. and Fransson T.; 2009 

” Milling and pelletizing residues from cane sugar and palm oil industries: 
Physical parameters and electrical energy consumption” 
Submitted to Applied Energy, Elsevier Science, September 21, 2009 
(Appendix 1A) 

 
IV. Erlich C. and Fransson T.; 2009 

”Downdraft gasification of pellets made of wood, palm-oil residues respective 
bagasse: Experimental study” 
Submitted to Applied Energy; Elsevier Science, September 21, 2009 
(Appendix 1B)  

 
V. Erlich C; 2009 

”Conversion of palm-oil empty fruit bunch to electricity via milling, pelletizing 
and gasification: Short communication”; EKV 22/09, Internal report, 
Department of Energy Technology, Royal Institute of Technology, Stockholm, 
Sweden (Appendix 1C) 
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2.1 Thermochemical conversion of biomass pellets - A parametric 
study for application in downdraft gasification (paper I-II) 
 
The study is built up on single-pellet parameter studies for application in downdraft 
gasification [Erlich, 2005]. To evaluate under which treatment conditions the pellets 
behave most favourable, the two papers include experimental analysis on flaming 
pyrolysis and rapid heating (paper I) and pyrolysis in oxygen-free atmosphere and 
slow heating (paper II). Behaviour during steam gasification has also been included 
in paper II. Below the essential parts of the papers are quoted. 
 

2.1.1 Objectives of papers I-II 
 
The objectives in this section are quoted from Erlich [2005]: 
 
“The main objective with the present work is to find and analyse those parameters 
of importance in order to successfully introduce pellets as fuel for downdraft 
gasification.  The aim in pelletizing a fuel is that "before disregarded fuels", such as 
sugar cane bagasse, can be utilised for the downdraft technique.  
 
Densified fuels have, contrary to raw form of the material, no special fibre direction 
or biomass cell orientation, since a pellet is compressed from many small particles. 
This will affect the conversion behaviour, and especially the mechanical behaviour. 
In a downdraft gasifier, the mechanical behaviour is a very important issue for 
successful use of densified materials. 
 
This study is meant to answer the following questions: 

 
• Can any of the commercial available pellet sizes (Ø6 mm - Ø12 mm) be used 

in the gasifier, or is one size more advantageous over the other? In such 
case, why? 

 
• What can be expected from the pellets during conversion with regards to 

"popcorn" effect, char-collapse and moving bed dynamics? 
 

• Is there a difference in physical behaviour during conversion of same size 
pellets of different raw materials? 

 
• Is there a large conversion rate difference between the pellet form and raw 

material, and between the different raw materials? 
 

• Which conversion conditions are preferable for pellets with regards to their 
physical behaviour; the conditions found in a closed constricted gasifier or to 
those in an open-top gasifier? Or are there further design features that 
should be considered?” 
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2.1.2 Research approach of paper I-II 
The research approach described below is quoted from Erlich [2005]: 
 
“In paper I, pyrolysis in isothermal surrounding at different compositions of reactant 
flow has been studied. The aim was to simulate the flaming pyrolysis conditions 
taking place in the stratified open-top gasifier, where oxygen is available during the 
pyrolysis.  The experiments were carried out in an oven device at temperatures 
between 600°C - 900°C in a gas flow mixture of nitrogen and oxygen at different 
ratios. Bagasse pellets of two sizes, 6 mm and 12 mm in diameter and from two 
origins, Brazil respective Cuba, were studied. The composition of the two bagasse 
sorts did not differ with respect to the content of carbon-oxygen-hydrogen-nitrogen, 
however the ash contents were significantly different, with 1.7% for the Cuban 
bagasse and 5.5% of the Brazilian bagasse. Physical effects on the pellets from the 
different treatment conditions were analysed, such as volume decrease, char yield 
and density, mechanical stability, char surface structure as well as residence time.” 
 
 
“In Paper II, pyrolysis at slower heating conditions in absence of reactant gas 
(pyrolysis in pure nitrogen) was studied. The aim was to simulate the pyrolysis 
conditions taking place in the closed constricted gasifier. Again sugar cane bagasse 
pellets were utilised both with higher and with lower ash content, small diameter 
(6mm) and large diameter (12 mm), as well as in shred form. For comparison, wood 
pellets (Swedish spruce) of two sizes, 6 mm and 8 mm in diameter, and wood chips 
were used. The experiments were carried out in a thermogravimetric balance (TG), 
at a controlled heating rate of 20°C/min of the sample. Physical effects on pellets 
from different end-temperatures of the pyrolysis were analysed, such as volume 
decrease, char yield and density, density decrease, stability as well as mass loss 
rate during the devolatilisation. Pellets, wood chips and bagasse shred were also 
tested for gasification in steam to compare the different materials (bagasse contra 
wood), as well as the physical fuel form (pellets contra chips/shred).” 
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2.2 Milling and pelletizing residues from cane sugar and palm oil 
industries: Physical parameters and electrical energy 
consumption (paper III) 
 
Paper III focuses on the pelletizing technology through an experimental study on 
milling and pelletizing cane sugar bagasse, palm-oil fruit fibres and empty fruit 
bunch. The biomass residues used in the study were imported from Colombia.  
 

2.2.1 Objectives of paper III 
 
The main objective of this publication is to provide technical information on how to 
pelletize bagasse from cane sugar industry and EFB and fibres from the palm-oil 
industry, since no such data has been published yet (known by the author). More 
specifically, the paper contains the following aspects: 
 

• Evaluation of which milling steps are needed prior to pelletizing and 
particle size distribution on the biomass feed from each step 

• Specification of the relative electrical energy consumption during milling 
• Evaluation of the pelletizing process: moisture content and particle size in 

the feed  needed for successful pelletizing 
• Specification of the electrical energy consumption during pelletizing 
• Overall minimum electrical energy consumption for the complete process: 

from residue to pellets 
 

2.2.2 Research approach of paper III 
 
The shapes, sizes and masses of the residues as starting point for the investigation 
were the original as obtained from the Colombian industry: Bagasse arrived in shred 
form with varying particle size, some up to 20 cm in length; EFB arrived in varying 
sized units up to 50 cm in length and the palm-oil fruit fibres arrived in shred form. 
 
Three different pieces of equipment were used for the treatment: a granulator for 
coarse fraction treatment of the residues, a hammer mill for fine fraction treatment 
of the residues and a California pellet mill (maximum capacity of 20 kg pellets per 
hour) for the pelletizing process. In this unit, two different dies were used for the 
tests: 1) pelletizing diameter of 6 mm with an efficient press length of 36 mm and 2) 
pelletizing diameter of 8 mm with an efficient press length of 50 mm.  
 
In order to evaluate the electrical energy consumption during treatment, the 
electrical current was logged in each step as function of time. Also, the mass of feed 
material that was treated and its moisture content were determined. From 
knowledge of these parameters the relative electrical energy consumption was 
calculated. 
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2.3 Downdraft gasification of pellets made of wood, palm-oil 
residues respective bagasse: Experimental study (paper IV) 
 
Paper IV focuses on the gasification of the previously manufactured pellets. The 
pellet-fired downdraft gasifier plant has been constructed within the scope of this 
thesis. Parameters studied include (among others) temperature distribution inside 
the gasifier, air-fuel and equivalence ratios, composition of the product gas and 
gasification efficiency at different loads of the gasifier. The packed-bed behaviour in 
the gasifier is also approached in the study, studying the influence of pellet sort and 
size on the pressure drop and flow conditions. 
 

2.3.1 Objectives of paper IV 
The main objective in this publication is, by utilizing a simple constructed pellet-fired 
downdraft gasifier, to provide gasification data for fuels which have not yet been 
compared in one and the same gasification study: pellets of wood, bagasse 
respectively EFB. More specifically the paper contains the following aspects: 
 

• Evaluation if all these pellets can be utilized in the same gasifier, and in such 
case determine the differences in performance 

• Mapping of whether the obtained gasification data is dependent on particle 
geometry or its composition/reactivity 

• Specification of influence of reactor bed mechanics on the gasifier 
performance 

• Coupling of the bed mechanics and gasification chemistry 
 

2.3.2 Research approach of paper IV 
 
Pellets made of wood, sugar cane bagasse respective EFB were used in the 
experiments. The investigated pellet size was Ø6 mm for all three biomass types. In 
addition, EFB was also evaluated for one size larger pellets:  Ø8 mm. 
 
A downdraft reactor of capacity 3-4 kg pellets per hour was used in the experiment. 
The gasifier works with suction from a frequency regulated centrifugal blower, which 
enables air to enter the reactor through three diametrically adjustable air nozzles via 
an air flow meter. To enable high ash content fuels to be utilised, the gasifier has no 
grate to support the bed; this to avoid ash-sintering blockage and thereby 
obstruction for gases to pass. Instead the porous bed rests on the bottom of the 
gasifier. The gases pass through this bed and turn direction via a 30 mm 
circumferential passage. Most of the dust created is carried out with the gas stream 
and trapped in the downstream filters. 
 
The measured parameters in the gasifier experiments were:  

• Air flow 
• Temperature distribution inside the gasifier 
• Gas composition of outgoing product gas 
• Total mass consumption 

 36



Comparative study of residue pellets from cane sugar and palm-oil industries with commercial wood pellets, 
applied in downdraft gasification  Catharina Erlich 

 

• Char characteristics of 100 randomly selected particles – mass, diameter and 
length 

• Mass and density of char bed 
 
The modelled parameter was the pressure drop (Ergun equation) in the char bed, 
with inserted measured characteristics of the particles and char bed. 
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2.4 Conversion of palm-oil empty fruit bunch to electricity via 
milling, pelletizing and gasification: Short communication (paper 
V) 
 
Paper V presents a heat balance model for an overall system based on integrated 
pelletizing and gasification with experimental parameters inserted. The paper is a 
contribution to the larger numerical study investigating different alternatives of EFB 
use in the palm-oil industry [Salomón et al., 2009]. 
 

2.4.1 Objectives of paper V 
 
The main objective of this short communication paper is to make an overall 
assessment of the performance of an independent hypothetical EFB gasification 
power plant with integrated EFB pre-treatment (milling, drying and pelletizing). More 
specifically the paper contains the following aspects: 
 

• Evaluation of net electric energy generation from untreated EFB, with the 
necessary pre-treatment steps included in the analysis 

• Evaluation of net electric efficiency which can be achieved in the proposed 
system based on untreated EFB 

• Calculation of the water recovery potential from EFB pre-treatment 
• Estimation of the yearly electricity potential for a number of palm-oil 

producing countries 
 
 

2.4.2 Research approach of paper V 
 
A flow scheme with the different treatment steps is proposed based on the 
experimental results from paper III and IV. In the model, EFB is first granulated in 
order to reduce the large units to chip form. The drying from an initial moisture 
content of 50% takes place thereafter where it is assumed that slightly pressurized 
steam is the drying agent. The dryer is modelled as a closed heat exchanger in 
order to recover the water from the drying EFB as well as to utilize the vaporization 
heat available in the steam. Milling to fine powder is performed in a hammer mill 
after the drying step and thereafter the powder is fed to a pelletizing unit. It is 
assumed that a die of Ø8 mm is used, and thus the electrical energy consumption 
for this pellet size from paper III is used in the model.  
 
The EFB pellets are used in a gasification plant with performance according to the 
results of paper IV. For the gas clean-up it is assumed that the heat available in the 
producer gas fully can be used for generating steam which in turn is used for drying 
of the EFB. The cleaned and cooled gas is thereafter fed to an IC-engine with 
modelled efficiency of 33%. 
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3 MAIN RESULTS  
 

3.1 Thermochemical conversion of biomass pellets- A parametric 
study for application in downdraft gasification (paper I-II) 
 
The concluding results presented here are quoted from Erlich [2005]. 
 
“Conclusive from the two papers presented in this study, following aspects regarding 
design and operation of a pellet-fired downdraft gasifier should be taken into account: 
 

• Pellets of larger sizes than 6 mm in diameter show (without gluing additive) 
worse properties regarding conversion behaviour, shrinkage, mechanical 
stability and possible tar production. For wood, there was no significant 
difference between Ø6 mm and Ø8 mm on volume decrease after slow 
pyrolysis, reaction rates or char yield; however, the Ø8 mm ones were more 
abrasive before treatment and the larger shrinkage of chars from Ø8 mm wood 
pellets during gasification compared to Ø6 mm, indicates that the char structure 
of Ø6 mm is more stable after pyrolysis. Thus, a gasifier may work out very 
good on Ø6 mm pellets but not on Ø8 mm or larger ones of the same raw 
material. 

 
• Flaming pyrolysis caused a more porous char than slowly heated pellets (lower 

char yield and less volume decrease = smaller char density for the former) 
resulting in that the mechanical stability was significantly better for the chars 
obtained from slow pyrolysis in oxygen-free atmosphere. To avoid char 
collapse in the pyrolysis zone building up a large pressure drop over the bed, 
the gasifier should preferably be constructed with air inlet below the pyrolysis 
zone, such as the closed constricted type.  

 
• During slow pyrolysis of pellets, it seems that the char density reaches a 

minimum at 400-450°C, and a char structure stabilisation is taking place 
thereafter, it is recommendable that the gasifier should have an extended 
pyrolysis zone with heating up to 800°C of the pellets before being exposed to 
gas combustion.  

 
• The Brazilian bagasse may, without additive cause slagging problems, as 

material melting on the char structure was observed after flaming pyrolysis in a 
scanning-electron-microscope. The ash has high content of Si, K and Fe. 
Adding up CaO and molasses can increase the ash-melting temperature 
[Bentzen et al., 2002]. 

 
• Chars from pellets are less reactive during steam gasification than those of the 

raw form of the material suggesting that the char gasification zone needs to be 
longer for pellets, to avoid high content of unconverted char in the residual ash. 
Also bagasse as material is less reactive than wood.” 
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3.2 Milling and pelletizing residues from cane sugar and palm oil 
industries: Physical parameters and electrical energy consumption 
(paper III) 
 
The bagasse pellets used for the single particle study above were specially fabricated 
for the purpose of studying the thermo-chemical conversion behaviour. In order to 
evaluate a complete energy system with pellets included it is essential to know the 
milling and pelletizing parameters such as moisture content, sieve size of biomass 
feed and electrical energy consumption of each treatment step. The main results from 
this study are presented below: 
 

• Technically, EFB and bagasse are suitable for pelletizing meanwhile palm fruit 
fibres are difficult to pelletize without gluing additive. For EFB as material, both 
the Ø6 mm and the Ø8 mm dies worked well, meanwhile bagasse only 
pelletized in the smaller diameter one. 

 
• The three selected materials all needed higher moisture content in the feed 

prior to pelletizing than recommended for wood. The recommendation for wood 
is 12-15%. Bagasse pelletized with a moisture content of 17-19%, and both 
EFB and palm-fruit fibres needed 20-22% of water content in the feed.  

 
• In milling, all materials needed to pass Ø1 mm sieve for stable pelletizing. 

Coarser particle size distribution could be utilised in some cases but gave more 
instable pelletizing process in this pellet production system, i.e. either stops due 
to feeding problems or overheated die, or that much material passed un-
pelletized.  

 
• The electrical energy consumption during pelletizing seems dependent on the 

particle size of the material: smaller size particles in the feed give rise to higher 
electrical energy consumption.  

 
• Bagasse requires higher relative electrical energy input during pelletizing than 

EFB. Bagasse in the Ø6 mm die required around 5% of LHV (MJ electricity/MJ 
energy content in biomass), meanwhile EFB spends around 4% of LHV for the 
same size of pellet die. Palm fruit fibres could not be pelletized without 
preheating of the die.  

 
• Less electrical energy is required to produce Ø8 mm EFB pellets than Ø6 mm 

EFB pellets. Utilizing the Ø8 mm die, a relative electrical energy consumption of 
around 2-3% of LHV was spent during the pelletizing process. 

• The produced pellets of both bagasse and EFB meet the by EU recommended 
values of density, diameter and length for commercial pellets, meanwhile the 
fruit fiber pellets have lower density than recommended. The particle densities 
achieved were in average 1040 kg/m3 for EFB pellets Ø8 mm, 1150 kg/m3 for 
EFB pellets Ø6 mm, 1050 kg/m3 for bagasse pellets Ø6 mm and 900 kg/m3 for 
palm-fruit fibre pellets Ø6 mm. 
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3.3 Downdraft gasification of pellets made of wood, palm-oil 
residues respective bagasse: Experimental study (paper IV) 
 
The single-particle studies by Erlich [2005], have given important indications with 
regards to the downdraft gasifier design for example the feasibility of the closed 
constricted type for pellets as fuel and the possibility to use higher ash-content 
materials without causing sintering and thereby obstruction for gases to pass in the 
reactor bed. The gasifier used here has been adapted to this concern by excluding a 
grid. In addition, the single-particle conversion studies also indicated that smaller 
diameter pellets (Ø 6-8 mm) seem more favourable with regards to reactor bed 
mechanics, why larger size pellets have not been evaluated here. The main results 
from the gasification study of the pellets produced for paper III are presented below. 
 

• All pellet sorts and sizes tested here functioned satisfactory, though at different 
temperature levels and with different efficiency.  The start-up phase for the 
different fuels was affected by different fuels. Stable combustible gas 
production was achieved within 3-4 minutes from ignition for wood pellets, 5-7 
minutes after ignition for bagasse; meanwhile the EFB pellets were more 
difficult in the start; up to 15 minutes from ignition for the Ø8 mm EFB pellets. 

 
• Product gas composition: Wood and bagasse pellets produced a gas with 

higher contents of CO and lower contents of CO2 and H2 than the EFB pellets 
(both sizes considered). The average lower heating values of the product gas 
were 5.4 MJ/m3

n dry gas for wood pellet gasification, 5.0 MJ/m3
n for bagasse 

pellets, 4.3 MJ/m3
n for Ø6 mm EFB pellets and 4.1 MJ/m3

n for Ø8 mm EFB 
pellets. 

 
• The vertical temperature distribution was affected by the pellet sort and size 

utilized, with the highest temperatures recorded for the wood pellets and the 
lowest for EFB pellets as feed material. 

 
• For gasification of pellets there is almost a linear relation between air-fuel ratio 

and cold gas efficiency within the studied load interval: The higher the air-fuel 
ratio, the higher is the efficiency. However, much higher air-fuel ratios than 
studied here would result in a decrease in the cold-gas efficiency since the 
process in this case will approach combustion. 

 
• The mass consumption rate in a gasifier with a certain geometry seems to be a 

function of pellet geometry and not of the chemical composition, with similar 
rate for all pellets of same size, but smaller rate for one size larger pellet of 
same material  

 
• Similarly, the equivalence ratio seems to be in the same order of magnitude for 

the same size pellets in the same reactor geometry, but higher for the one size 
larger pellets. This result may rather an effect of the bed characteristics and 
flow conditions.   

 
• During the gasification tests with the different pellets, bridging was not a large 

problem. The fuel bed moved downwards though-out the runtime. However, the 
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gas flow conditions seemed to differ. While EFB (both pellet sizes) produced a 
steady gas flow throughout the run (from ignition to shut-down) both bagasse 
and wood behaved differently. These fuels started with a higher flow but when 
steady gasification was reached, the gas flow had decreased to a lower steady 
rate. 

 
• Investigation of the bed mechanics showed that both bagasse and wood had 

lower bed porosity and higher pressure drop in the reactor than EFB. While the 
air-fuel ratio for EFB was independent of the pressure drop; it was affected by 
both wood and bagasse as fuel: the higher the pressure drop, the lower the air-
fuel ratio. 

 
• The lower bed porosity was not caused by dust collected in the char bed, but 

seems to be a result from the temperature distribution: The higher temperature 
in the combustion zone is created by more intensive reactions and thus results 
in higher volume flow rate of gas from wood and bagasse pellets in comparison 
to EFB pellets. The flow carries down char pellets from above in a faster rate 
and thus the bed below becomes more packed for wood and bagasse than for 
EFB. 
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3.4 Conversion of palm-oil empty fruit bunch to electricity via 
milling, pelletizing and gasification: Short communication (paper V) 
 
The residue empty fruit bunch (EFB) from the palm-oil industry constitutes a large 
biomass resource worldwide, but is not used for energy recovery to a large extent. A 
stand-alone gasification power plant fuelled on EFB-pellets makes it possible to 
introduce EFB as fuel without affecting the palm-oil production process, which could 
give economical advantages for an investment.   
 
As mentioned in the research approach section, the stand-alone system model 
consists of a gasifier-IC engine setup and an integrated pre-treatment plant of the fuel, 
which includes granulation, drying, milling and pelletizing of the EFB. The relative 
electrical energy consumption from paper III and the gasification performance of EFB 
pellets from paper IV have been included in the model to give a realistic efficiency 
estimation of such a system. The results are presented below:  
 
 

• For a stand-alone small-scale gasification power plant with integrated pre-
treatment; the net electricity generation is 380 kWh per ton of wet untreated 
EFB and the overall efficiency is 15.3%. 

 
• If the energy consumed for EFB pre-treatment is not considered in the heat 

balance, the gross electrical efficiency for the gasifier-engine system reaches 
over 21%, provided that the IC-engine runs with 33% efficiency. 

 
• From each ton of wet EFB, it is possible to recover over 300 kg of distilled 

water which can be used for industrial purposes, irrigation or other suitable 
applications. 

 
• With the palm-oil production data of year 2007; the practical yearly net 

electricity potential using EFB as fuel is for Indonesia around 7300 GWh and for 
Malaysia around 7100 GWh. 
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4 DISCUSSION 
 
 
From the results of paper I and II it is observed that higher ash-content bagasse has 
longer overall conversion time than the lower ash-content one. In paper II it is 
additionally observed that the steam gasification rate for wood is higher than for 
bagasse. In the gasification tests in paper IV, it was shown that wood as fuel could 
reach higher cold-gas efficiency than both bagasse and EFB. These conversion 
results, in comparison with the lower heating value of the three fuels (wood, bagasse 
and EFB), implies that it may be difficult to reach the same efficiency levels for 
bagasse and EFB as for wood in an energy conversion process. Due to the lower 
temperature levels during gasification of EFB (paper IV) this fuel is even less efficient 
than bagasse, though its heating value indicates others. Since there are no 
commercial power plants fuelled solely of EFB, it is difficult to compare the overall 
efficiency of the hypothetical independent small-scale gasification plant fuelled on EFB 
pellets proposed here (paper V) with a common steam plant. In addition, the power 
plants connected to the palm-oil process are of co-generation type, why the electrical 
efficiencies usually are comparable small (since the heat demand of the process 
controls the power plant). This argument is also valid for bagasse as fuel. For 
example, the two bagasse-fired co-generation plants presented in Table 1 have 
overall electrical efficiencies (including the mechanical turbine work) of 11.6% 
respective 2.2% based on the fuel energy input. For the cogeneration plants in the 
palm-mills presented in Husain et al. [2003], the electrical efficiencies are in the 
interval of 2.6% to 4.7% based on the energy content of the fibres and shells used as 
fuel.  
 
The large advantage of proposing a small-scale power plant is the independency of 
the built-in cogeneration process of the two industries treated here. For small-scale 
power generation, both bagasse and EFB are disregarded fuels if not densified due to 
their bulky appearance and physical heterogeneity. In Erlich [2005] the advantages of 
pellets over briquettes was discussed in small-scale gasification, why the complete 
study has focused on the introduction of residue pellets. 
 
The simplified heat balance diagram of the EFB-to-electricity model (paper V) is 
presented in Figure 6 and shows that for untreated wet EFB a net electrical efficiency 
of 15.3% can be reached based on the results from the pelletizing study (paper III) 
and the gasification study (paper IV).  Compared to the electrical efficiencies above for 
the combined heat and power generation from bagasse, palm-oil fibres and shells, the 
small-scale gasification plant with integrated pellet production shows a competitive 
efficiency.  
 
In addition, a boiler fuelled of untreated wet EFB alone could in all probability not 
reach higher boiler efficiency than 50% (as estimated by Menon [2004]) compared to 
commercial wood boilers reaching up to 90% [IEA, 2007]. In fact, by comparing the 
temperature levels and cold-gas efficiencies obtained in the gasification tests for EFB 
and wood (paper IV) and Eq 1 (boiler heat loss due to wet fuels), it is seen that this 
assumption is realistic. A theoretical simple steam cycle reaches approximately 33% 
electrical efficiency based on the boiler power. For a wood-fuelled steam plant with 
90% boiler efficiency, an electrical efficiency of about 30% is obtained based on the 
fuel power. An EFB-fuelled steam power plant with 50% boiler efficiency results in an 
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approximate electrical efficiency of 16.5%. Here it has not been taken into account 
that steam plants in tropical countries do not reach the same efficiency levels as those 
in the northern countries as a result of the higher temperature of the steam turbine 
condenser. It has neither been taken into account the high emission levels associated 
with low boiler efficiencies. As observed, small-scale gasification of EFB pellets is also 
compatible with a hypothetical condensing steam power plant fuelled on wet untreated 
EFB. 
 
 

 
FIGURE 6: HEAT BALANCE FOR A SMALL SCALE PELLETS-INTEGRATED GASIFICATION POWER PLANT 

FUELLED ON WET AND UNTREATED  EFB 
 
Analysing the energy flows in Figure 6, there are possibilities for improvements. The 
internal electricity consumption for milling and pelletizing was taken as the average 
values obtained in paper III. With the lowest values obtained during this evaluation of 
the EFB (5% of LHV, paper III), the internal consumption electricity consumption could 
be lowered to 45.1 MJ per 100 kg of EFB and thus the net electricity becomes 145 MJ 
accompanied with an electrical efficiency of 16.1%.  
 
Since bagasse and wood are more reactive than EFB (as discussed in paper IV), 
higher overall electrical efficiencies are to be expected in the hypothetical small scale 
gasification power plant with integrated pelletizing. 
 
From energy system perspective there are several other options for improvements 
within the two selected industries, where one application addresses the need of green 
vehicle fuels. The market for ethanol-driven vehicles has grown rapidly the past 
decade mainly due to the abundant amount of fuel ethanol available on the market 
from Brazil [Wennberg et al., 2006]. The by-product bagasse could be used as 
feedstock for further ethanol production by introducing hydrolysis to split the cellulose 
molecules into glucose, which is the main substance needed for fermentation. 
 
Another possibility is to gasify the biomass feedstock and process the gas to obtain a 
synthesis gas consisting of mainly CO and H2.  These two components could a via 
synthesis processes produce methanol (CH3OH) or ethanol (C2H5OH) [KTH Research 
Database, 2009] 
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5 CONCLUSIONS AND FUTURE RESEARCH 
 
There is an abundant amount of biomass residues from the cane sugar and palm-oil 
industries that today are not used energy efficiently, if used at all. One residue which 
is produced in a large amount worldwide, but generally not used for energy recovery, 
is the empty fruit bunch (EFB) from the palm-oil industry. Its appearance (wet, bulky 
and containing splinters) makes it difficult to introduce (without pre-treatment) in any 
energy conversion appliance with reasonable efficiency and at fair emission level. 
Converting this residue into pellets would bring along several practical advantages in 
an energy system. 
 
In general, by introducing biomass pellets into the overall energy system of a country, 
the need of petroleum products could significantly be reduced and the energy services 
to rural areas around the palm-oil and cane sugar industries could be increased. 
 
However, to realize a biomass pellet system for other residues than wood, for which 
there is a large market in Europe, there is a need for an application of the pellets in the 
countries where the biomass is produced. Since both the cane sugar and palm oil 
industries are placed in tropical countries where there is not any need for space 
heating such as in Sweden for example (and thereby a market for residential pellet 
heaters), other technologies need to be investigated. In most tropical countries there is 
a need for electricity, in especially in the rural areas where both the cane sugar and 
palm-oil industries are placed. 
 
A stand-alone small scale gasification-IC engine plant, could make use of the excess 
residues from the industries if these residues in turn could be treated to a form easy to 
handle and thus possible to introduce in a gasifier. Without affecting the industrial 
processes, the residues could via milling and pelletizing be converted to electricity with 
the suggested technology.  
 
The study in this doctoral thesis focused on the thermochemical behaviour of biomass 
pellets from the cane sugar and palm-oil industries with experimental evaluation of 
both chemical and mechanical conversion parameters, both on single-pellet scale as 
well as in a real gasifier. The pelletizing process itself has also been evaluated, and 
the energy system balance is closed for EFB as fuel with a numerical model taking all 
steps into account, “from well to wheel” i.e. wet and untreated EFB to electricity. The 
main conclusions from the studies are presented below. 
 

5.1 Conclusions 
 

• The single-particle studies (paper I-II) showed that pellets mechanically behave 
more favourable in pyrolysis when heated slowly in reducing atmosphere. This 
creates stable particle structures in the char, and therefore a downdraft gasifier 
of closed constricted type was selected as gasification technology for further 
studies (paper IV), in order to avoid early char-collapse and thereby a build-up 
of dust in the reactor bed. 

 
• The single-particle studies (paper I-II) also revealed that ash-melting on the 

char-surface of selected residues could be an issue, why the downdraft gasifier 
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was designed to work without a grid to avoid sintering and thereby obstruction 
for gases to pass. The gasification tests (paper IV) of high ash-content material 
showed that this problem could be overcome with the present design; no flow 
problems caused by molten ash were observed. 

 
• The single-particle studies (paper I-II) suggested that larger size of pellets than 

Ø8 mm could cause reactor bed problems, why the subsequent experimental 
gasification study (paper IV) is based on pellets of size Ø6 and Ø8 mm. Also, 
the pelletizing process of the residues was studied for Ø6 and Ø8 mm dies 
(paper III).    

 
• The manufacturing of the residue pellets (paper III) showed that both bagasse 

and EFB can be pelletized with higher moisture content in the feed than what is 
recommended for wood.  In addition, the larger diameter die, Ø8 mm resulted in 
less relative electrical energy consumption for granulated EFB than the smaller 
diameter one, why the larger diameter EFB pellets were chosen in the overall 
energy system model for EFB as fuel  (paper V). 

 
• Successful gasification could be performed with the different residue pellets 

(paper IV). It was observed for all pellet sorts that the cold-gas efficiency of the 
gasifier increases almost linearly with increased air-fuel ratio in the studied load 
interval.  

 
• The fuel consumption in the gasifier was similar in between the pellets of same 

size but of different biomass, but somewhat lower for the larger size pellets 
(paper IV). The single-pellet studies (papers I and II) showed that larger size 
pellets take longer time to gasify than the smaller ones of same biomass 
material, which could be one explanation why the larger size pellets caused 
lower mass consumption in the downdraft reactor (paper IV).  

 
• The flow conditions in the reactor bed seem also to affect the fuel mass 

consumption (paper IV). Gasification of larger size (Ø8 mm) EFB pellets 
resulted in lower pressure drop and higher porosity of the char bed than the 
smaller size pellets, which in turn affected the equivalence ratio: A higher 
equivalence ratio could be obtained for the larger size pellets, and thus a higher 
efficiency was reached than for the smaller pellet size of same material. The 
pressure drop also becomes higher for higher reactive fuels (wood and 
bagasse) than for lower reactive ones (EFB), which in turn is caused by less 
porous char beds for the higher reactive fuels. 

 
• In the subsequent energy system model, where a pelletizing unit and a gasifier 

are integrated in order to practically convert wet, bulky EFB into electricity 
(paper V), pellets of size Ø8 mm were chosen in order to include the optimal 
results from the pelletizing study (paper III) and the gasification study (paper 
IV). This modelling study shows that the practical, ”well-to wheel” efficiency is 
15.3%, and the practical net outtake of electricity could reach 380 kWh per ton 
of wet untreated EFB (50% moisture content). 
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• The net electrical efficiency for the hypothetical small-scale gasification power 
plant fuelled on EFB pellets is competitive both to the existing co-generation 
plants and a hypothetical condensing steam power plant fuelled on wet EFB. 

 
Conclusive from the study, it is energy efficient to pelletize residues from the palm-oil 
industries and introduce them into small-scale gasification. It is recommended that 
pellets of sizes Ø6 -Ø8 mm are used. Also bagasse from the cane sugar industry 
could be used in the same technology. A larger air-fuel ratio during gasification than 
what was reached in this study could compensate for the higher relative electricity 
consumption during the pelletizing process, and thus a well-to-wheel efficiency even 
higher than that of EFB could be reached.  
 

5.2 Future research 
 
The market for biomass pellets in most tropical countries is not yet developed, but of 
large interest for the future is to study all those aspects of introducing the modern 
biomass market, from the perspective of economics, environment, technologies and 
energy policies. Following research items are suggested for the future: 
 

• Duration tests in small scale gasifiers of tropical biomass pellets to study the 
effect of long-term operation on the system, for example ash-sintering, deposit 
of char, ash and tars etc 

 
• Introduction of other promising small-scale technologies for pellets, for example 

a pellet combustion unit connected to a Stirling engine 
 

• Fluidised bed combustion of tropical biomass pellets 
 

• Fluidised bed gasification of tropical biomass pellets 
 

• Environomic evaluation of introducing tropical biomass pellets on an energy 
market, using different conversion technologies 

 
• Policy studies: measures needed in these countries to promote the utilisation of 

modern biomass derived energy  
 

• Research clusters with close co-operation between the universities and the 
cane sugar and palm-oil companies to promote technical investments. Here 
specific studies for each industry are needed, to include economical aspects of 
that country and technical aspects in the palm-oil/sugar process which may 
differ from one factory to another 

 
• Implementation of real cases in the cane sugar and the palm-oil industries 
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