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Abstract 

More deaths are caused every year by indoor air pollution than malaria, HIV/AIDS 

and tuberculosis combined. Cooking with traditional fuels such as charcoal and 

fuelwood with poor ventilation causes the single most important environmental 

health risk factor worldwide. It also contributes to environmental issues such as 

deforestation as traditional biomass fuels and cooking stoves are inefficient and 

requires large quantities of wood. This is especially critical in Africa where the 

largest regional population growth in the world is expected to occur.  

A solution to these issues was realized through fuel pellets and modern cooking 

stoves by Emerging Cooking Solutions, a company started by two Swedes and 

based in Zambia. The production of fuel pellets in Zambia is dependent on pine 

sawdust from small sawmills and is a declining source of raw material. However, 

other sources of biomass are available in Zambia such as pigeon pea stalk, an 

agricultural waste product, and sicklebush, an invasive tree species. If these species 

are viable for pelletization, the production of pellets can increase while reducing 

issues with sicklebush and promoting cultivation of pigeon pea. The aim of this 

work is to evaluate if pigeon pea stalk and sicklebush are viable to pelletize in 

Zambia and how the press is affected by the different raw materials. 

A pilot study is done at Karlstad University with a single unit press, hardness tester 

and soxhlet extractor to evaluate how the material constituents correlate to friction 

in the press channel and hardness of the pellets. The results of the pilot study 

provide support for full scale tests done in a pellet plant in Zambia. The normal 

production of pellets from pine sawdust is used as quality and production reference 

for the tests with pigeon pea stalk, sicklebush, and different mixes of the raw 

materials. The properties used to evaluate the quality of the pellets are hardness, 

durability, moisture content, bulk density, and fines. The press configuration is 

evaluated by logging the electricity consumption by the press motor, calculating 

the power and specific energy consumption from the logs, and observations during 

the tests. 

The results show that sicklebush, and mixes of sicklebush with pigeon pea stalk 

can produce pellets with better quality than the reference pine pellets. An 

interesting composition is a mix of 80% pigeon pea and 20% sicklebush that 

produces pellets with the best quality of all the tests. However, pellets produced 

from sicklebush and pigeon pea show a larger variation in hardness as compared to 

the reference pellets from pine sawdust. Mixing pigeon pea with pine reduces these 

variations but reduces the hardness of the pellets below the reference. The press 

struggles to process sicklebush and pigeon pea stalk with fluctuating power 

consumption that causes the motor to trip. The inhomogeneity of the materials in 

sicklebush and pigeon pea are identified to cause the issues in the press. Production 

improvements are discussed to facilitate the production of pigeon pea stalk and 

sicklebush pellets. 



 

 

Sammanfattning 

Fler dödsfall orsakas varje år av luftföroreningar inomhus än malaria, HIV / AIDS 

och tuberkulos tillsammans. Traditionella bränslen som kol och ved eldas inomhus 

för att laga mat, men rökgaser och dålig ventilation orsakar den enskilt största 

hälsoriskfaktorn för människor världen över. Denna typ av matlagning är inte 

energieffektiv utan kräver stora mängder biomassa för att täcka energibehovet. 

Detta är problematiskt i Afrika där den största regionala befolkningstillväxten i 

världen förväntas inträffa och majoriteten använder sig av dessa bränslen. 

Emerging Cooking Solutions är ett företag i Zambia, startat av två svenskar, som 

insåg en möjlig lösning på problemen med traditionell matlagning genom 

bränslepellets och moderna spisar. Produktionen av pellets i Zambia görs av 

furuspån idag men tillgången till råmaterialet är osäkert och minskar. Andra 

råmaterial finns tillgängliga i Zambia som pigeon pea bönstjälk, ett jordbruksavfall, 

och sicklebush, en invasiv trädart. Om pelletering av dessa arter är möjlig kan 

pelletsproduktionen ökas samtidigt som pigeon pea- odling gynnas och problem 

med sicklebush kan minskas. Målet med arbetet är att utvärdera om det går att 

producera pellets av pigeon pea bönstjälk och sicklebush i Zambia samt hur 

pressen påverkas av de olika råmaterialen. 

En förstudie genomförs vid Karlstads Universitet med en enpetarpress, 

hårdhetstestare, och soxhlet extraherare. Resultaten från förstudien ligger till grund 

för tester i full skala vid en pelletsfabrik i Zambia. Nuvarande produktion av pellets 

från furuspån används som referens för kvalitét och pressning för testerna med 

pigeon pea bönstjälk, sicklebush, och olika blandningar av råmaterialen. 

Parametrar som undersöks för kvalitét hos pellets är hårdhet, hållfasthet, fukthalt, 

bulkdensitet, och smul. Pressinställningar och hur pressen påverkas av råmaterialen 

utvärderas genom att logga elförbrukningen för pressmotorn, beräkna effekten, och 

den specifika energiförbrukningen vid testerna samt observationer på plats. 

Resultaten visar att sicklebush, blandningar av sicklebush med pigeon pea 

bönstjälk kan producera pellets med bättre kvalitét än referenspelletsen från 

furuspån. En intressant blandning är 80% pigeon pea bönstjälk med 20% 

sicklebush som ger pellets med bäst kvalitét av alla tester. Pellets som produceras 

av sicklebush och pigeon pea har en större variation i hårdhet än referenspelletsen. 

Blandas furuspån med pigeon pea bönstjälkar minskar variationen men hårdheten 

sjunker under referensvärdet. Pressen har problem att bearbeta sicklebush och 

pigeon pea bönstjälk med ojämn effektförbrukning vilket får motorn att bli 

överbelastad. Problemen i pressen verkar orsakas av pigeon pea- och sicklebush 

materialens inhomogenitet. Produktionsförbättringar duiskuteras för att underlätta 

produktion av pigeon pea böntjälk- och sicklebushpellets  



 

 

Preface 

This thesis has been presented orally for an audience familiar with the subject. The 

report has subsequently been discussed at a special seminar. The author of this 

work participated actively at the seminar as an opponent to another thesis. 

A sincere thank you to Per, Mattias, Marion, and everyone at Emerging Cooking 

Solutions for giving me the opportunity to do this thesis with you. I would like to 

thank Mathews for our inspiring discussions about everything from electrical 

wiring to densification of biomass in Zambia. Thank you Damian for helping me 

getting installed in Ndola and showing me Zambia off-road on top of your Land 

Rover. A special thanks to the production crew in Ndola that put up with me and 

my endless questions and test preparations, Ephraim, Leonard, and Gilbert. 

I could not have done this work without the excellent guidance and support from 

my supervisor Jonas who came down to visit me in Zambia with Magnus. Thank 

you Stefan for your help and insights about the single unit press and thank you Lars 

for constructing the press just in time for my thesis. 

This work and field study have partly been funded by the SIDA Minor Field 

Studies scholarship, Åforsk travel grant, and a scholarship from the Ahlmark 

Group. Thank you sincerely for allowing me to do this thesis and believing in a 

sustainable future from biomass in Africa. 



 

 

Nomenclature 

Cosφ 
 

Motor power factor 
 

  - 
 

E 
 

Total energy consumed during a test 
 

[kJ] 
 

Espec. 

 
Specific energy consumption 
 

[kJ/kg ds.] 
 

Ffmax  
 

Maximum friction force in press channel 
 

[kN] 
 

Ffw 
 

Friction work in press channel 
 

[kNmm] 
 

I 
 

Motor load current 
 

[A] 
 

mF 
 

Total mass of final test sample 
 

[kg] 
 

mi 
 

Total mass of specific biomass in a test 
 

[kg] 
 

mp 
 

Mass of pellets produced during a test 
 

[kg] 
 

MC 
 

Moisture content 
 

[%] 
 

MCF 
 

Moisture content in final test sample 
 

[%] 
 

MCi 
 

Moisture content of specific biomass in a test 
 

[%] 
 

MCp 
 

Moisture content of pellets produced from a test 
 

[%] 
 

mos 
 

Mass of oven dry sample 
 

[kg] 
 

mws 
 

Mass of wet sample 
 

[kg] 
 

mxos 
 

Mass of extracted oven dry sample 
 

[kg] 
 

P 
 

Pellet press motor power consumption 
 

[kW] 
 

U 
 

Phase-to-neutral voltage 
 

[V] 
 

W 
 

Water amount needed to add in test preparation 
 

[kg] 
 

X Amount of extractives [%] 



 

 

 

Table of Contents 

1 Introduction ......................................................................................................... 1 

1.1 Sustainable Development Goals and Challenges ............................................. 1 

1.1.2 Issues with Traditional Household Fuels .................................................. 1 

1.2 Sustainable Energy Solutions ........................................................................... 2 

1.2.1 Emerging Cooking Solutions in Zambia ................................................... 2 

1.3 Fuel Pellet Production ...................................................................................... 3 

1.3.1 Different Press Types and Dies ................................................................. 3 

1.3.2 Pellet Quality and Material Constituents ................................................... 5 

1.3.3 Raw Materials for Pellet Production in Zambia ........................................ 7 

1.3.4 Biomass and Mixes for Pellet Production in Zambia ................................ 9 

1.4 Purpose and Objectives .................................................................................. 10 

1.4.1 Purpose .................................................................................................... 10 

1.4.2 Objectives ................................................................................................ 10 

1.5 Delimitations .................................................................................................. 10 

1.6 Zambia – Developments and Issues ............................................................... 11 

1.6.1 Ndola ....................................................................................................... 13 

1.7 Modern Cooking Stoves ................................................................................. 13 

1.8 Densification of Biomass ............................................................................... 14 

2 Method ............................................................................................................... 16 

2.1 Pilot study at Karlstad University .................................................................. 16 

2.1.1 Extractive content .................................................................................... 16 

2.1.2 Single Unit Press ..................................................................................... 17 

2.1.3 Hardness test ............................................................................................ 19 

2.2 Field Study in Zambia .................................................................................... 19 

2.2.1 Raw Material Collection and Issues ........................................................ 19 

2.2.2 Pellet Plant System Description .............................................................. 21 

2.2.3 Pellet Press in Zambia ............................................................................. 22 

2.2.4 Types of Tests in Zambia ........................................................................ 23 

2.2.5 Test Preparations ..................................................................................... 24 

2.2.6 Test Routine............................................................................................. 25 



 

 

2.2.7 Production and Quality Measurements ................................................... 26 

2.2.8 Electricity Log and Specific Energy of the Press .................................... 26 

3 Results ................................................................................................................ 28 

3.1 Pilot Study ...................................................................................................... 28 

3.1.1 Correlations between Material Constituents, Friction and Hardness ...... 29 

3.1.2 Extractive Content ................................................................................... 31 

3.2 Field Study in Zambia .................................................................................... 31 

3.2.1 Data Tables from Tests in Zambia .......................................................... 32 

3.2.2 Hardness and Durability .......................................................................... 33 

3.2.3 Energy Evaluation and Press Issues ........................................................ 34 

4 Discussion ......................................................................................................... 37 

4.1 Purpose and Objectives .................................................................................. 37 

4.2 Pilot Study at Karlstad University.................................................................. 37 

4.2.1 Pelletization Correlations and Material Constituents .............................. 37 

4.2.2 Friction Force in Press Channel .............................................................. 38 

4.2.3 Pilot Study Method .................................................................................. 39 

4.3 Field Study in Zambia .................................................................................... 40 

4.3.1 Production and Quality of Pellets from tests in Zambia.......................... 40 

4.3.2 Raw Material Issues ................................................................................ 42 

4.3.3 Pellet Plant Conditions ............................................................................ 43 

4.3.4 Test Issues and Quality Tests .................................................................. 44 

4.4 Production Improvements .............................................................................. 44 

4.4.1 Press Types and Energy Evaluation ........................................................ 45 

4.4.2 Feeder Issues ........................................................................................... 45 

4.4.3 Die thickness for Different Raw Materials .............................................. 46 

4.5 Pellets for Sustainable Development ............................................................. 47 

4.6 Further Work .................................................................................................. 47 

5 Conclusions ....................................................................................................... 49 

6 References ......................................................................................................... 50 

 



1 

 

1 Introduction 

1.1 Sustainable Development Goals and Challenges 

To improve life of people everywhere in the world 17 sustainable development 

goals were developed by the UN and adopted by countries in 2015  (UN, 2017). 

These goals follow up on the millennium development goals that were adopted by 

world leaders at the millennium summit of 2000 to combat extreme poverty, 

hunger, disease, and to promote environmental sustainability (UN, 2006). Goal 7 of 

the sustainable development goals strives to achieve affordable and clean energy 

for everyone. The work towards this goal has multiple direct positive and 

synergetic effects that help contribute towards other goals as well, such as: good 

health and well-being, gender equality, sustainable cities and communities, and 

climate action (WHO, 2016). 

The International Energy Agency defines energy access as household access to 

electricity and clean cooking facilities, meaning cooking fuels and stoves that does 

not cause indoor air pollution (IEA, 2016). Modern, clean energy services are vital 

to the development of a country, however some 2.7 billion people still lack access 

to clean cooking fuels. Of these 2.7 billion people 95% live in either sub-Saharan 

Africa or developing Asia, most of them in rural areas (IEA, 2016). 

The utilization of traditional fuels such as fuelwood and charcoal is predicted to 

remain or increase for sub-Saharan Africa (IEA, 2002), where 81% of the 

population relies on these fuels to cover their energy needs for cooking(AFREA, 

2011). This is in contrast to China for example, where consumption of wood-based 

fuels have peaked, and  it is expected to peak in the near future for India (AFREA, 

2011). Furthermore, the population is predicted to double in sub-Saharan Africa 

from 1.1 billion in 2012 to 2.3 billion in 2050 (Haub, 2012). The predicted trend of 

traditional fuel utilization in sub-Saharan Africa in combination with the expected 

largest regional population growth in the world, pose several challenges for a 

sustainable development in the region. 

1.1.2 Issues with Traditional Household Fuels 

The collection of fuel wood and other types of wood based biomass causes issues 

with the development of a country. Women and children are usually tasked with 

the collection of the fuel which in some cases can take up to 30 hours a week, time 

that could be used in more productive ways such as education, playing or income 

generation (WHO, 2016).  

Girls and women traditionally spend more time at the hearth and thus are more 

exposed to the risks of indoor air pollution. Smoke from fireplaces and basic 

cooking stoves creates indoor air pollution and this is estimated to cause 4.3 
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million premature deaths every year according to WHO (2016). This figure shows 

that more deaths are caused every year by indoor air pollution than malaria, 

HIV/AIDS and tuberculosis combined. Poor ventilation and incomplete 

combustion generates harmful substances in households thus causing the single 

most important environmental health risk factor worldwide. It is an issue even 

more important than the lack of clean water and sanitation (WHO, 2016).  

Unfortunately, in many cases traditional biomass fuels are the only energy source 

available for a majority of the population in countries located in sub-Saharan 

Africa. Poor infrastructure and insufficient electrical grid development, in 

combination with poverty cause this dependency on traditional fuels. The 

conversion of wood into charcoal is usually done in small traditional kilns. The 

kilns converting the wood into charcoal have an efficiency of around 8-12%  

(AFREA, 2011) and traditional cooking stoves have about 7-20% efficiency 

(Smeets et al., 2012). According to FAO (n.d.) burning fuel wood in an open fire 

have an efficiency of roughly 5-10%, meaning that traditional biomass utilization 

has a limited efficiency and the rest is lost to the ambience. This result in excessive 

quantities of biomass needed to satisfy the energy need of a growing population 

and thus, contributes to deforestation especially in many of the world’s rainforests.  

1.2 Sustainable Energy Solutions 

Fuel pellets have the potential to be a solution to the issues connected with 

traditional fuels in sub-Saharan Africa as an efficient, harmless cooking fuel 

option. To enable these benefits the pellets should be combusted in modern 

cooking stoves. These types of stoves can considerably reduce the amount of 

particulate matter and other harmful substances in the smoke as compared to a 

traditional system (MacCarty et al., 2010). Using pellets and modern cooking 

stoves can also reduce deforestation through a more  efficient combustion 

technology (Anderson and Reed, 2004). For further information about these stoves, 

refer to section 1.9 in this report. 

1.2.1 Emerging Cooking Solutions in Zambia  

Emerging Cooking Solutions is company started by two Swedes in 2012, which 

produces pellets and supplies modern cooking stoves in a country located in sub-

Saharan Africa, Zambia. The pellets are currently produced from pine sawdust, 

sourced from various sawmills around the pellet plant. The vision and motivation 

of the company is to eradicate the use of traditional fuels in Africa to save the 

forests and lives of the people living there. Apart from stoves of different sizes and 

pellets, the company also provides small solar cells to power fans in the stoves and 

charge small electrical appliances. The goal for Emerging Cooking Solutions is to 

have all production in Zambia or Southern Africa but currently the production of 

stoves and solar cells are located elsewhere. 
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The target customer base is typically low-income, rural or peri-urban settlers and 

communities, where the issues of traditional biofuels are most prevalent and not 

many other energy sources are available. The institutional customers are typically 

large canteens, orphanages, restaurants, and schools where larger stoves are 

implemented to facilitate more people. The vision in Zambia is to supply 500,000 

households and 1000 institutions with sustainable, clean energy
1
. 

1.3 Fuel Pellet Production  

Biomass in its raw form is bulky and inhomogeneous thus making it difficult to 

transport and handle, hence it is necessary to convert into a denser energy carrier, 

such as pellets. Fuel pellets are usually made from dry, untreated sawdust, wood 

chips or shavings. The material is compressed under pressure and temperature as it 

is pushed through a perforated die to form cylindrical, uniform pellets. During the 

process, substances and particles in the material act as natural binding agents, thus 

holding the pellet together after cooling, and no additional additives are required 

(Peksa-Blanchard et al., 2007). For more detailed information about the 

densification process of biomass, refer to section 1.10 in this report. 

1.3.1 Different Press Types and Dies 

There are different types of pellet presses but the most common types are of ring 

die or flat die type, see Figure 1 for a flat die type. The die is perforated by 

numerous holes with a fixed length equal to the die thickness, sometimes referred 

to as the die channel, see Figure 2. The biomass is pushed through these holes by 

rollers. The rollers can be mounted on fixed axes and the die rotates, or vice versa 

(Tumuluru et al., 2010a). If the die is rotating and the rollers are fixed, the press is 

called die driven, otherwise roller driven. Manufacturers of pellet presses (Alaska 

Pellet Mill (n.d.); Amisy (n.d.); Laizhou Chengda Machinery (n.d.)) supplies 

presses of different types depending on what raw material is going to be processed. 

From now on will raw material and biomass be used interchangeably in the report. 

 

Figure 1. Die driven flat die pellet press used in Zambia. 

                                                 
1
 Per Löfberg & Mattias Ohlsson, founders and CEOs of Emerging Cooking Solutions, mail 

conversation 23-04-2017.  
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A press configuration that affects the energy requirement of the press is the die 

channel length which corresponds to the thickness of the die. It is shown by a 

model developed by Holm et al. (2006) and validated by Holm et al. (2007) that the 

pelletizing pressure required to press biomass through the die increases 

exponentially with die length. The contact area between biomass and die channel 

increases with increased channel length, thus increasing the friction in the die. An 

important parameter of the die is the L/D ratio, length of the active die channel 

where the material is compressed, compared to the diameter of the channel, these 

lengths are marked on a flat die in Figure 2. 

 

Figure 2. Hole diameter (D) and die channel length (L) which corresponds to the die 
thickness. 

An increased ratio increases the pelletizing pressure in the die and creates longer 

pellets (Tumuluru et al., 2010b). For agricultural waste products that generally 

have lower amounts of natural binders than wood is the die thickness extra 

important. A longer die channel increases the compression length and contributes 

to liberate more lignin (Pastre, 2002) that acts as a binder in pellets. The pressure 

forces in the die channel and how they are affected by the die channel length and 

the Poisson’s ratio of the material were investigated by Holm et al.  (2007) using a 

single unit press. In a study by Nielsen et al. (2009) using a single unit press, it is 

described how the work required to pelletize biomass can be divided into different 

components, such as; compression, flow, and friction. These components are 

affected differently by different types of raw material in the press. The effect on 

energy consumption by a small scale press when different agricultural residues 

were added to the feed have been studied by (Ståhl et al., 2015, 2016; Ståhl and 

Berghel, 2008). Furthermore, wood is an anisotropic material; anatomically, 

physically, and chemically (Yang and Jaakkola, 2011). Thus, different types of 

biomass can cause different energy requirements by the same press making some 

materials easier to pelletize than others. 
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1.3.2 Pellet Quality and Material Constituents 

A number of properties can be used to determine the quality of fuel pellets. Thus, it 

is important to know for what and how the pellets will be used to evaluate the 

interesting properties. Standards and classification systems are used to evaluate and 

classify the pellets in America and Europe. Pellets are generally used for residential 

heating and industrial processes in America and Europe, thus the standards are 

designed around parameters important for these applications. However no such 

systems exist in Zambia and as such, the quality of the current pellets produced 

from pine sawdust in Zambia serve as reference in this report. Regardless of the 

application for the pellets; hardness, durability, and bulk density are important 

properties for transport, handling and storage. Another property that determines 

pellet quality is the amount of fines that are produced during pelletization. The 

content of fines is defined as the mass fraction of material below 3.15 mm after 

pelletization (ISO, 2016). As such, the properties used to evaluate pellet quality in 

this report are hardness, durability, fines, moisture content, and bulk density. 

The material constituents in biomass affect the quality of the pellets.  In general, 

wood in a living tree is composed of 40-50% water and the remaining dry matter 

can be divided into structural substances and non-structural substances (Yang and 

Jaakkola, 2011). The structural substances in wood constitute about 95% of the dry 

matter and are cellulose, hemicelluloses and lignin (Yang and Jaakkola, 2011). The 

non-structural constituents are composed of low molecular mass substances, such 

as extractives and water-soluble inorganic and organic material. This report focus 

lignin, moisture content, and extractive content in the biomass as these factors are 

known to especially affect pellet quality and the press during pelletization. 

Lignin is a substance that acts as natural glue between the fibers, keeping the plant 

together. Lignin is an amorphous, thermoplastic polymer that if heated above a 

specific temperature changes certain properties such as viscosity and elastic 

modulus, thus changes from a glassy to a rubbery state (Stelte et al., 2011b). The 

temperature when this occur is inversely dependent on the moisture content of the 

material (Back, 1987). Once in the rubbery state, within a span of 50°C above the 

glass transition temperature (Back, 1987), the viscosity of lignin is further reduced 

and results in pronounced flow characteristics. This allows for inter-diffusion of 

polymer chains to adjacent fibers and entanglements, resulting in solid bridges 

once cooled (Back, 1987; Stelte et al., 2011b). The composition of lignin varies 

between different types of biomass, thus changing the glass transition temperature 

between materials as well (Whittaker and Shield, 2017).  In a study done by Stelte 

et al. (2011) fracture surfaces of softwood, hardwood and grass pellets were 

scanned using an electron microscope and it was observed that pellets produced at 

100°C were harder for hardwood than softwood. The electron microscope revealed 

that no signs of solid bridges had been formed by the softwood but traces of solid 

bridges were seen in the fracture surfaces of the hardwood pellets. This is possible 
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since hardwood generally has a lower glass transition temperature than softwood 

(Olsson and Salmén, 1992). 

Moisture content along with lignin are possibly the two most important material 

constituents for biomass pellet durability since these two factors directly influence 

the transition glass temperature and thus, the amount of inter-particle bonding 

(Whittaker and Shield, 2017). However, water can have both a beneficial and 

detrimental effect on durability depending on the amount of water and type of 

biomass. In a study by Lehtikangas (2000) it was found that durability for pellets 

made of spruce mixed with pine had a positive correlation with moisture content. 

Conversely, a negative correlation between moisture content and durability of 

beech and pine pellets was found by Nielsen et al., (2009) in a range of 6-16% 

moisture content. It is suggested in a study by Mani et al., (2006) that high 

moisture content can act as a lubricant and can reduce the binding properties of the 

material. A literature review by Kaliyan and Vance (2009) states that water can act 

as both a binding agent and a lubricant and that several studies show that strength 

of densified biomass increases with increasing moisture content until an optimum 

is reached. Furthermore, it is concluded in a literature review by Whittaker and 

Shield (2017) that a high moisture content reduces friction in the die channel and 

can reduce the binding in the material through interacting with extractives. This is 

also supported by Nielsen et al. (2009) where a negative correlation was found 

between friction in the die channel and moisture content.  

The extractive amount and types in different materials is another constituent that 

affects the durability of pellets. There are several types of extractives but they 

usually only constitute a minor fraction in wood, example of some extractives are; 

terpenes, fatty acids, and tannins (Yang and Jaakkola, 2011). Some types of 

extractives are suggested to act as lubricants between the biomass and die channel 

(Stelte et al., 2011a). The heat and pressure that builds up during pelletizing is 

dependent on the friction between biomass and the die (Nielsen et al., 2009), thus 

lowering the friction could reduce these factors, leading to a weaker pellet (Holm et 

al., 2005). Furthermore, oleophilic extractives can prevent formation of inter-fiber 

hydrogen bonds thus weakening the pellet further (Back, 1987). Generally, 

softwoods such as pine contains higher amounts of extractives than hardwoods, 

thus explaining why it requires less energy to pelletize spruce compared to beech 

(Nielsen et al., 2009). In a study done by Bergström et al. (2010) it was found that 

pellets made from pine sawdust with the extractive content removed had higher 

strength as compared to pellets made with untreated pine sawdust. The authors 

reason that the removal of the extractives improved the inter-particle contact thus 

increasing the pellet strength.  

Trees and woody biomass contain different amounts of bark which has different 

amounts of structural and non-structural substances than wood. Two articles that 
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studied the effect of bark on pellet quality found that pellets made from pure bark 

had the highest durability of the samples (Filbakk et al., 2011; Lehtikangas, 2000). 

In both articles it was found that pure wood and pure bark pellets had higher 

durability than those of mixed content. It is thought that differences in the material 

structure between bark and wood can cause inhomogeneity in the structure of the 

pellet, thus resulting in fracture sensitive areas. Bark should generally be removed 

from the biomass before pressing but can be difficult to accomplish if the stems 

have a small diameter (Whittaker and Shield, 2017). However, the effect of bark is 

ambiguous as an article by Lerma-Arce et al. (2017) found that durability for 

Mediterranean pinewood pellets increased with an increased bark mass fraction 

between 4,6 – 14% and reduced the amount of fines. The reason given for the 

increased durability with increased bark content is that bark generally contains 

higher levels of extractives and lignin as compared to wood. The contradictive 

results between these articles shows how complex the interactions are within the 

wood constituents and needs to be carefully monitored during pelletization. 

1.3.3 Raw Materials for Pellet Production in Zambia 

The current main biomass for fuel pellet production in Zambia is pine sawdust that 

has been grown mainly to facilitate the mining operations in the country. However, 

this is considered as a temporary solution by Emerging Cooking Solutions as the 

production is starting up. Since pellet production is a densification process, large 

quantities of raw material are needed and thus the raw material sourcing is a key 

element in pellet production. This causes an issue for production in Zambia since 

the sawmills are generally small scale and spread out, thus making the raw material 

sourcing troublesome. Furthermore, sawdust already has some alternative uses such 

as animal bedding and direct fuel. Hence, alternative raw materials are interesting 

to expand the production base. This can cause challenges in a pellet production 

plant, especially in the press, since different materials require different press 

settings. Pelletization of pine sawdust is well documented from studies and 

production in Europe and America. However an increasing demand for fuel pellets 

and limited amounts of available wood waste from industries have created an 

interest in broadening the raw material base for pellet production (Peksa-Blanchard 

et al., 2007). Especially fibrous residues from agriculture and food processing 

wastes such as; husks, pulps, straws are interesting alternatives (Stelte et al., 2012). 

A wider knowledge of pelletizing different raw materials is helpful for pellet 

production in Zambia since other types of biomass are prevalent. Some plant 

species have already been identified by the company as potential raw material for 

future production and will be further analyzed in this report. 

Pinus L. Commonly known as pine is a family of species of softwood conifer trees. 

It is native to Europe and northern Asia but has been grown in Zambia to primarily 

facilitate the mining operations as pine is known to be used as mining props 

(IUCN, 2011). Pine is also used for interior construction and manufacturing in the 
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country. It is uncertain exactly what species of pine was available at the production 

facility during this study. The wood density, glass transition temperature of lignin, 

structural constituents, and extractives for scots pine have previously been 

determined in several other studies and are compiled in Table 1. 

Table 1. Values for material constituents and properties of scots pine determined in 
other studies. Sources: (Castellano et al., 2014; FAO, 2015; Kilpeläinen et al., 2003; 
Stelte et al., 2012; Toivanen and Alén, 2006). 

Material density (kg/m
3
) 

410 ±20 (12% MC)                              
450                                            

510 (12-15% MC)  

Kilpeläinen et al.                
Filbakk et al.               

FAO handbook 

Lignin (%) 
27±0.5                            

23.26±0.17                 
28.46 

Kilpeläinen et al. 
Toivanen et al. 

Castellano et al. 

Cellulose (%) 
41±0.5                                        
23.56 

Kilpeläinen et al. 
Castellano et al. 

Hemicelluloses (%) 
27±0.7                                          
44.16 

Kilpeläinen et al. 
Castellano et al. 

Extractives (%) 
1.8 ±0.75                       

6.62                                    
6.00 

Kilpeläinen et al. 
Toivanen et al. 

Castellano et al. 

Glass transition temp.  (°C) 91 (8% MC)* Stelte et al.* 
*Value for spruce 

Cajanus Cajan L. Millsp. Commonly known as pigeon pea, is a legume with a 

woody base and has been cultivated since ancient times in Africa and Asia 

(Houérou, n.d.). It is highly regarded for its nutritious value and soil improvement 

properties (Odeny, 2007), thus making it interesting for intercropping with maize 

and other staple foods of Zambia. It is already being cultivated in some African 

countries but the majority of the production, 74% of the global production, comes 

from India (Odeny, 2007). However, the many positive properties of the plant and 

its ability to withstand droughts and grow on nutrient depleted soils makes it 

possible to increase production in Africa (Odeny, 2007). The material density, 

constituents, and glass transition temperature for pigeon pea have previously been 

determined in some other studies and are compiled in Table 2. The stalk of the 

legume is woody and has potential as fuel in different combustion systems, studied 

by Surinder K. Katyal (2000). Emerging Cooking Solutions wants to promote this 

legume as a multi-purpose crop where the edible peas are rich in protein, the plant 

improves the soil through nitrogen fixation, and the stalks after harvest can be 

converted into fuel pellets. The cultivation of the legume is currently limited in 

Zambia but is increasing as a Dutch NGO and roughly 10,000 farmers in Zambia 

are collaborating to improve agriculture through intercropping different plants such 

as pigeon peas
2
. The pigeon pea stalks used in this study were harvested in Kabwe 

rural area, central province of Zambia. 

                                                 
2
 Per Löfberg & Mattias Ohlsson, founders and CEOs of Emerging Cooking Solutions, mail 

conversation 22-09-2016. 
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Table 2. Values for material constituents of pigeon pea determined in other studies. 
Sources: (Karunanithy et al., 2012; Samanta et al., 2013; Surinder K. Katyal, 2000). 

Material density (kg/m
3
) 

80 (0% MC)                           
100(Bulk,10% MC)* 

surinder et al.             
Karunanithy* 

Lignin (%) 
2.31±0.13                             

24.2* 
Samanta et al.               
Karunanithy* 

Cellulose (%) 42.71±3.18 Samanta et al. 

Hemicelluloses (%) 18.33±1.4 Samanta et al. 

Extractives (%) 6.1 - 13.9* Karunanithy* 

Glass transition temp.  (°C) 75 (10% MC) Karunanithy* 
      *pigeon pea grass 

Dichrostachys Cinerea. Commonly known as sicklebush is a semi-deciduous tree 

native to sub-Saharan Africa and Zambia but found around the world close to the 

equator (Orwa et al., 2009). The plant has multiple utilizations with edible fruits 

and seeds, strong hardwood timber that is usually used for fencing and fuelwood, 

since the stem has generally small dimensions and is not suitable for construction. 

The bark contains a strong fiber that is used in various applications, it is also used 

as erosion control especially in the Sahel area (Orwa et al., 2009). However, due to 

its vigorous growth and ability to grow on degraded land it can become invasive, 

thus causing issues in areas affected  (Fernández et al., 2015; Pedroso and 

Kaltschmitt, 2012; Sekhwela and Kgathi, 2012). The plant forms impenetrable 

thickets and grows thorns as a protection. The sicklebush used for tests in this work 

has been harvested in Lochnivar national park in Zambia where it spreads 

uncontrollably, threatening other species. The material density and constituents for 

sicklebush have previously been determined in some other studies and are 

compiled in Table 3. 

Table 3. Values for material constituents of sicklebush determined in other studies. 
Sources: (Fernández et al., 2015; Orwa et al., 2009; Soudham et al., 2011). 

Material density (kg/m
3
) 600-1190 (15%MC) Orwa et al. 

Lignin (%) 
32.1±0.37                      

30±3 
soudham et al. 

Fernández et al. 

Cellulose (%)  
39.5±0.43                      

40±4 
soudham et al.  

Férnandez et al. 

Hemicelluloses (%) 
21.7±0.35                    

21±3 
soudham et al. 

Fernández et al. 

Extractives (%) 3.8±0.15 (Ethanol)                          soudham et al.  

1.3.4 Biomass and Mixes for Pellet Production in Zambia 

The long-term goal for Emerging Cooking Solutions is to utilize different raw 

materials in different areas of the country and having small production facilities 

close to the biomass
3
. The type of biomass used for pellet production will be 

dependent on what kind of raw material is available in the region and thus, 

different raw materials and mixes are more interesting than others.  For example, 

there are regions where pine already grows in quantities and the area is suitable for 

                                                 
3
 Mattias Ohlsson, founder and CEO of Emerging Cooking Solutions, interview 02-04-2017. 
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pigeon pea farming. Farmers in the eastern provinces of Zambia cooperate with a 

Dutch NGO that implements agroforestry as well as projects with intercropping 

pigeon peas. The more arid southern and western provinces have issues with 

sicklebush encroachment. Thus, pellets made from; pine sawdust mixed with 

pigeon pea stalk, sicklebush mixed with pigeon pea stalk, pure pine, pure pigeon 

pea stalk, and pure sicklebush are interesting from a production point of view
4
 and 

will be studied further in this report. For a more in-depth description of Zambia and 

the location of the current production facility, refer to section 1.8. 

1.4 Purpose and Objectives 

1.4.1 Purpose 

The purpose of this work is to diminish unsustainable usage of biomass and other 

fuels for cooking by producing fuel pellets in a developing country such as Zambia. 

To realize this purpose, sicklebush, pigeon pea stalk, pine sawdust, and mixes of 

the raw materials are studied to evaluate if they are suitable for pellet production 

and if they can be pelletized in Zambia.  

1.4.2 Objectives 

A pilot study is done at Karlstad University with a single unit press and a hardness 

tester to investigate how sicklebush (D.cinerea), pigeon pea stalk (Cajanus cajan), 

and pine (Pinus) react to pelletization. Amount of extractive content for the raw 

materials are determined with a soxhlet extractor. Correlations between moisture 

content of the raw materials, friction in the press channel, and hardness of the 

pellets are evaluated from the data gathered in the tests. 

A field study is done at a pellet plant in Zambia with full scale tests based on the 

pilot study evaluations to find combinations of the raw materials and press settings 

that can produce hard, durable pellets. Current production and quality of pellets 

from pine sawdust are evaluated to use as reference for the alternative raw 

materials. The electricity consumption by the press is logged to investigate how 

different raw materials affect the production and the press. Suggestions for 

production improvements are discussed to facilitate pelletization of different raw 

materials in the pellet plant in Zambia. 

1.5 Delimitations 

Utilization and economic aspects of the product will not be treated in this report 

and as such; ash content, chemical composition and heating value of pellets will 

not be evaluated. Collection of raw material and post-press processes will be 

briefly mentioned but not further investigated. 

                                                 
4
 Mattias Ohlsson, founder and CEO of Emerging Cooking Solutions, interview 02-04-2017. 
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1.6 Zambia – Developments and Issues 

Zambia is a landlocked country located in southern Africa and neighbors to 

Tanzania, Congo D.R., Angola, Namibia, Botswana, Zimbabwe, Mozambique and 

Malawi, see Figure 3. The country is located on the South African high plateau and 

is home to Africa’s fourth longest river, the Zambezi, which cascades into the 

famous Victoria Falls on the border to Zimbabwe. The climate is tropical with 

three distinct seasons; wet, dry-cold and dry-warm. In 1964 Zambia, former 

Northern Rhodesia, gained impendence from Britain and elected their first 

president who imposed a single party rule. First elections were held in 1991 and the 

country has since been a democracy without officially been involved in any wars or 

conflicts (Landguiden, 2015).  

 

Figure 3. Map over Africa and Zambia. Inspired by: (CIA, 2017). 

The development and economy of Zambia have always been closely related to the 

international copper price since the country is one of the largest exporters of copper 

in the world. Zambia saw rapid economic development in the first decade of 

independence. However, other sectors have been neglected which have left the 

economy vulnerable to fluctuations in the copper price. During the 70s and 80s the 

economy of the country crashed as the copper price went down and during the mid-

80s the national debt was more than twice as big as the GDP. Zambia has since 

then recovered somewhat with rising copper demand, especially from China. The 

country has experienced a continuous increase of GDP with a rate of 5-7% yearly 

since 2003, somewhat attributed to the depreciation of the national debt 

(Landguiden, 2015). Yet a majority of the people in Zambia remains below the 

poverty line and the country struggles with HIV/AIDS. Zambia ranks seven in the 

world of highest prevalence of HIV/AIDS in the population, the median age is one 

of the absolute lowest in the world and life expectancy is only 52.5 years or 

number 217 in the world ranking (CIA, 2017). 

A major environmental and sustainability issue in Zambia is deforestation. Zambia 

is one of the most forested areas in sub-Saharan Africa, roughly 67% is covered by 
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forests which constitutes one of the largest forest areas in sub-Saharan Africa 

(FAO, 2011).  However, it is estimated that roughly 250000-300000ha or 0.5-0.6% 

of total forest cover is deforested per year (FAO, 2011; Vinya et al., 2011). This 

deforestation rate is above regional and global average and the driving forces are a 

combination of illegal charcoal production, fuelwood collection, logging, poor law 

enforcement, mining and agricultural expansion (Sluge and Wingqvist, 2010; 

Vinya et al., 2011). Fuelwood has been reported as the single largest source of 

energy in Zambia by (Kalumiana, 1996 in Mulombwa, 1998) and it is estimated 

that 88% of households use forest resources to cover their energy needs 

(Mulombwa, 1998). According to a study done by Vinya et al. (2011) the forest 

loss in deforestation hot-spots in Zambia has increased steadily since the 1980s. 

The population growth rate ranks number eight in the world with the fourth highest 

birth rate (CIA, 2017), thus displaying an uncertain future for the forests. 

Mulombwa (1998) mentions that signs of increased deforestation are visible since 

charcoal production takes place in protected forest areas and charcoal kilns are 

emerging in botanical reserves, indicating that areas close to settlements have 

already been cleared of fuelwood. 

Observations made by the author supports the high dependence of fuelwood and 

charcoal, since every day on the way to the pellet plant, transports of charcoal 

could be seen at the roadside, see Figure 4. All these transports went in the same 

direction, from the nearby forested area to the market in the city of Ndola.  

 

Figure 4. Charcoal transports along the road from the forest to the market in town. 

It is stated in the Forest Act of 1999 that the ownership of all trees in Zambia 

belongs to the president himself, thus charcoal production for retail in Zambia 

require by law a casual license, conveyance fee, and a charcoal fee (Whiteman, 

2001). It is apparent that in a country with a minimum salary equivalent of 2.5 

USD a day, not many can afford these permits, thus almost all production of 

charcoal for retail is illegal
5
. It is usually cheaper and in many cases necessary to 

                                                 
5
 Mathew Woods, manager of Life Spring farm Ndola, interview during field study. 
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bribe the local authority instead of paying the legal fees due to high prevalence of 

corruption, something the author of this report experienced during the field study. 

Living expenditure in Zambia is not well reflected by the general poverty and low 

income. For example, food prices and wares in supermarkets have approximately, 

or in many cases, more expensive prices than similar wares in Sweden and Europe. 

Experiences by the author shows that gas and diesel is roughly the same price as 

Sweden but electronics are more expensive in Zambia as are most other advanced 

tools that are not manufactured in Zambia. The explanation given for this, when 

confronting the local people, is a combination of transport costs (lack of coastline 

and poor infrastructure) and corruption. 

1.6.1 Ndola 

The pellet plant of Emerging Cooking Solutions is located in an old particle board 

factory in the industrial city of Ndola that is located in the copper belt province of 

Zambia, close to the border of Congo D.R, see Figure 3. The climate is typical for 

that of Zambia with three distinct seasons and the area experiences most 

precipitation during the wet season, December to March. 

Ndola is the main city of the Copperbelt province and thus contains many Zaffico 

(Zambia Forestry and Forest Industries Corporation) compartments, thereby 

attracting sawmilling industries. However, amount of sawdust and sawmills have 

been observed to decrease in Ndola in recent years
6
. The town of Ndola has seen a 

decrease of business over the last years, most likely due to new and richer copper 

findings elsewhere and in Zambia and Congo D.R..  

1.7 Modern Cooking Stoves 

Making fuel pellets to substitute traditional fuels for cooking is a part of the 

solution to the problems mentioned earlier in the introduction. However, to reduce 

the harmful substances in the smoke and increasing the fuel efficiency, the pellets 

needs to be fully combusted in a controlled way. This is enabled through 

gasification. Gasification stoves or gasifiers are equipment used to completely 

combust solid biomass, something that traditional systems cannot achieve. An 

important property of the fuel used in these stoves is the size and shape. The fuel 

pieces have to be large enough to allow airflow through the fuel bed but too large 

pieces and the gas flow becomes uncontrollable. Sawdust and fines are generally 

too small and settles too compact, sticks are too big, but fuel pellets have the right 

size (Anderson and Reed, 2004). 

Gasification is used to denote the process of the creation of gases from pyrolysis 

and the subsequent combustion of the gases, separated in both time and space 

(Anderson and Reed, 2004). In a gasifier the dry solid biomass is converted in the 

                                                 
6
 Gilbert Kalela, Biomass Collection Supervisor, Emerging Cooking Solutions, text conversation 25-

04-2017. 
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first step to highly combustible gases through pyrolysis, see Figure 5. Pyrolysis is 

the thermochemical reaction that occurs when solid biomass is exposed to elevated 

temperatures, typically around 400°C, and insufficient amount of oxygen to 

combust. Then, in the secondary step seen at the top of Figure 5, the wood gas 

created by the pyrolysis is combusted with a supply of air. This combustion is fully 

developed and generates almost only water and carbon dioxide, not carbon 

monoxide or black carbon particles that cause most diseases and environmental 

issues from traditional biomass. 

 

Figure 5. Gasification stove. Inspired by (Anderson and Reed, 2004; Tabrizi, 2014) 

1.8 Densification of Biomass  

To ensure that the pellets keep together during transport and can be utilized in a 

gasification stove it is important to know what factors binds the material together. 

The bonding mechanisms within a pellet are crucial for the hardness and durability 

of the product. However, little work has been done on studying these forces in fuel 

pellets. Nevertheless, studies in other fields related to densification of biomass such 

as; pharmaceutical tableting, particle board manufacturing and feed pellets, can be 

applied to gain a better understanding of the processes that holds the pellet 

together. A densification process occur when particles are forced together closely 

thus creating inter-particle bonding (Kaliyan and Morey, 2010). The bonding 

forces between particles in densified products have been classified by Rumpf 

(1962) into five major categories; solid bridges, mechanical interlocking, adhesion 

and cohesion, interfacial forces and capillary pressure, and attraction forces 

between solid particles. These bonding forces occur throughout the densification 

process and is well described by Stelte et al. (2012b), the process is shown in 

Figure 6. 
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Figure 6. Compression curve for densification processes. Inspired by: (Stelte et al., 
2012). 

The first part of the densification process involves particle rearrangement as 

pressure gradually increases and voids between the particles are filled. As the 

surfaces of the particles are forced closer, van der Waals forces and electrostatic 

forces makes the surfaces adhere to each other (Kaliyan and Vance, 2009; Stelte et 

al., 2012). When no voids are left to fill and the particles have been arranged, 

elastic and plastic deformations of the particles occur. In plant materials fibers can 

interlock, creating interlocking bonds. For biomass this also means that the cell 

walls are broken up and the empty space inside the cell (vacuole) of dry biomass is 

compressed. The cell wall constituents, lignin and hemicelluloses, are released and 

interacts with surrounding particles. The main inter-fiber bonding mechanism in 

woody biomass are identified as non-covalent bonds, especially hydrogen bonds 

between hemicelluloses and amorphous cellulose (Stelte et al., 2011b).  
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2 Method 

The method in this report consists of two parts. In the pilot study, the extraction 

method for the extractive content of the raw materials is described. The test matrix, 

test routine, and single unit press equipment are then described. 

The second part describes the field study in Zambia. Raw material collection for 

the tests, a system description of the pellet plant, and the test preparation and 

routine is presented. The types and names of tests done in Zambia are presented in 

Table 5. 

2.1 Pilot study at Karlstad University 

The pilot study at Karlstad University was primarily done before the field study 

with material acquired from Zambia by shipment of different biomass samples, 

sicklebush and pigeon pea stalks included. The sample of sicklebush sent to 

Sweden had previously been harvested, milled, and stored for two months in a shed 

somewhat sheltered from the weather. The pigeon pea stalks had also been stored 

in the shed with the sicklebush for two months, partly milled. During the field 

study it became apparent that the biomass types accessible in quantities and 

available for pelletization were pigeon pea stalk, sicklebush and pine sawdust. 

Thus, after the field study a sample of dried pine sawdust was brought back to 

Karlstad University from Zambia for evaluation with the same method as pigeon 

pea stalk and sicklebush. 

2.1.1 Extractive content 

The amount of extractive content for pine sawdust, pigeon pea stalk, and 

sicklebush was determined with a soxhlet extractor and 50ml of acetone used as 

solvent, see Figure 7.  

 

Figure 7. Soxhlet extractor to determine extractive content amount of the biomass 
samples. 
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Before extraction the, moisture content of the biomass was determined on a wet 

basis by weighing the samples, then placing them in an oven at 103 ± 2°C for 24h 

and then weighing them again. The moisture content was then calculated according 

to (1).  

𝑀𝐶 = 100 ∗ (1 −
𝑚𝑜𝑠

𝑚𝑤𝑠
)     (1) 

Two samples from each biomass were placed in the extractor for 10h. After 

extraction, the samples were placed in the oven for 24h. The total amount of 

extractives was determined as the mass fraction on a dry basis (2). 

𝑋 = 100 ∗ (1 −
𝑚𝑥𝑜𝑠

𝑚𝑜𝑠
)     (2) 

2.1.2 Single Unit Press  

The variables investigated in three different levels were moisture content and press 

force for the biomass samples from Zambia. Table 4 shows the test matrix with 

combinations of the different variable levels tested with the single unit press. Every 

combination was repeated 3 times and the pellets from each test were stored in 

separate open before testing with the hardness tester. 

Table 4. Variables and the respective values of the variables for the test matrix. 

                    MC(%) 
Force(kN) 

10 13 16 

7  7 - 10  7 - 13  7 - 16 

10  10 - 10  10 -13  10 - 16 

15  15 - 10  15 - 13  15 - 16 

 

The samples were prepared before pressing by sieving to remove particles larger 

than 5mm. The prevailing moisture was determined according to (1). If needed, the 

moisture content was adjusted to the wanted level, by adding water with a pipette 

to the sample in a sealed bag and left for at least 24 hours to let the water disperse 

and then measured anew. 

The single unit press used in the pilot study is shown in Figure 8 with appurtenant 

cooling fan, scale, and logging computer. The amount of sample used in every test 

was 1.05 ± 0.05g, and the die temperature was set to 110°C. Displacement rate of 

the press was set to 12mm/s, similar to (Nguyen et al., 2015). The retention time 

for every test was set to 10s, in conformity with (Nguyen et al., 2015; Nielsen et 

al., 2009).  
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Figure 8. Single unit press set-up at Karlstad University (left). Piston, heating 
elements, piston stop, press cylinder, and bottom piece of single unit press (right). 

The test routine is described in the numbered bullet list below and the different 

parts of the press are shown in Figure 8, the press channel diameter of the cylinder 

was 8mm.  

1. Insert removable bottom piece at the bottom of cylinder. 

2. Insert piston stop into cylinder and push down to bottom piece. 

3. Add measured sample into cylinder. 

4. Start compression at set displacement rate.  

5. Monitor and log displacement and load. 

6. Once required load has been achieved, stop displacement rate and hold 

load during set retention time. 

7. Disengage load and remove bottom piece. 

8. Start displacement rate and keep it constant until pellet falls out of 

cylinder. 

9. Place pellet on cooling fan. 

A typical force-displacement curve from the single unit press log is shown in 

Figure 9. Steps 4-8 in the bullet list are marked in Figure 9 where the material is 

compressed. The force increases gradually as the piston compresses the sample in 

the cylinder and the particles rearranges to fill voids, number 4-5. When the target 

load is reached, the piston is stopped and the force exerted on the sample is the top 

of the curve, number 6, in Figure 9. Once the retention time is reached, the load is 

disengaged, number 7, and the piston is put in to motion again, number 8. The 

force builds up as the piston has to overcome the friction between the sample and 

the die channel to get the sample in motion. This maximum friction force peak is 

denoted as Ffmax. The work required to push the pellet through the press channel is 

denoted Ffw. The friction work was calculated as the area under the force-

displacement graph for a displacement of 2cm after the maximum friction force 

had been reached.  

Bottom 

piece 

Heating 

elements 

Piston 

stop Cylinder 
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Figure 9. Force-displacement curve during a test with the single unit press. 

2.1.3 Hardness test 

The hardness of the pellets produced by the single unit press were tested with an 

automatic “KAHL Pellet – härtetester”(Kahl, n.d.), see Figure 10. The pellet was 

mounted in the instrument and then a load was gradually applied through 

compressing the pellet radially until it cracked. The load could be determined by 

the displacement of the compression spring and is measured with [kg] as unit. 

 

Figure 10. Pellet hardness tester used on samples produced by the single unit 
press. 

Some tests had insufficient hardness to measure with this device but crumbled 

before any measurement could be read. To represent the variations of hardness and 

maximum friction force in the result, the pooled standard deviation is used for error 

bars.  

2.2 Field Study in Zambia 

2.2.1 Raw Material Collection and Issues 

The pine sawdust was sourced from sawmills that were usually small scale and 

only partly sheltered, thus making the sawdust exposed to weather and the 

surroundings, see Figure 11. The field study for this work was conducted largely 
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during the wet season, mid-February to mid-April, hence the sawdust collected 

varied in moisture content when brought to the production facility. The sawmills 

processed entire logs and thus, pollutants and bark got mixed into the sawdust 

without any separation, causing uncertainties of the purity of the sawdust. 

 

Figure 11. Collection of sawdust from a poorly sheltered sawmill. 

Sicklebush and pigeon pea stalk used in the tests in Zambia were transported in 

bags seen in Figure 12 from a farm in Monze, 180km south west of Lusaka. These 

materials came from the same batch as the samples sent to Sweden for the pilot 

study. The materials had previously been harvested and stored for five months in a 

shed, somewhat sheltered from the rains but not completely. It was damp on arrival 

at the pellet plant and required drying, see Figure 13. Some bags of pigeon pea 

stalk contained un-milled material and required milling with a hammer mill, 

unknown manufacturer, origin Zambia, powered by an 11kW motor
7
, with a screen 

size of 5mm. 

 

Figure 12. Bags of sicklebush and pigeon pea (left). Partly milled pigeon pea stalk 
(right). 

The sicklebush was dried using an old screen that had been used in the particle 

board manufacturing. Milled pigeon pea stalk was dried outside when the weather 

permitted. Both materials were stirred regularly during drying, see Figure 13. 

                                                 
7
 Ephraim Mukao, Pellet Production Manager Emerging Cooking Solutions, text conversation 2017-

05-15 
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Figure 13. Drying milled sicklebush on an unused screen inside the pellet plant 
(left). Drying milled pigeon pea stalk outside the pellet plant (right). 

2.2.2 Pellet Plant System Description 

The exterior of the old particle board factory where the pellet plant was located is 

shown in Figure 14. The facility was equipped to process logs with appurtenant de-

barker and chipper but during the field study pine sawdust was used for normal 

production and introduced into the system after the chipper. A conveyor belt 

transported the fresh pine sawdust into the wet silo before the rotary drum dryer. 

The drum dryer was fuelled by crude oil and to adjust the drying rate, the discharge 

speed of material from the wet silo could be varied. The sawdust was blown into 

the cyclone and moist air was separated from the sawdust before being transported 

to the dry silo.  

 

Figure 14. Part of pellet production line located on the exterior of the pellet plant in 
Ndola. 

From the dry silo the pine sawdust was fed to the screen by an auger screw, larger 

pieces such as bark was removed by the screen, particles smaller than 5mm passed 

through and fell down onto the production floor. The material was loaded into the 
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feeding tray to the feeder auger screw of the pellet press. An overview of the 

production inside the factory is shown in Figure 15. The press can be seen in the 

center of the figure with disengaged cooling tower since it proved to be undersized 

for full capacity production. The cooling of the pellets was done in a similar way as 

the sicklebush, on old particle board screens and manual stirring. The meshes of the 

screens were large enough to remove any fines produced during production. The 

packaging station can be seen to the right in the picture, done manually in 

transparent 16kg plastic bags or 50kg sacks. 

 

Figure 15. Pressing, cooling and bagging of pellets in Ndola, Zambia. 

2.2.3 Pellet Press in Zambia 

The press used for production and tests in Zambia was a die driven, flat die type 

TCZL-P series, maximum production rate 300kg/h, manufactured by Taichang 

Machinery. It was powered by a 37kW electrical motor with a current rating of 

69.5A. The die had a fixed rotation frequency and the material was fed to the 

rollers from above by the feeder. The press had three fixed rollers that were 

adjusted vertically by three separate adjustment screws, see Figure 1. The 

adjustment screws controlled the maximum distance for the gap between the die 

and the rollers. Without material in the press, the rollers lay bare against the die. 

No scale or position indication on the adjustment screws existed on the press but 

the gap was manually adjusted. During start up, pine sawdust was placed on the die 

and rotated manually to create a layer between the die and the rollers. The 

adjustment screw bolts were then tightened by hand and the press was started. The 

bolts were gradually tightened by turning equal amounts of turns with a wrench on 

each bolt while adding material to the press. As pressure and temperature 

increased, pellets started to come out of the press and minor adjustments to the 

bolts were made until satisfying pellets were produced. During the field study, 
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there were three dies available, all with the same hole diameter of 8mm but 

different thicknesses; 33mm, 40mm, and 45mm. 

2.2.4 Types of Tests in Zambia 

Three different categories of tests were done; 1) Evaluation of different biomass, 

mixes of biomass, and/or die thickness, 2) Evaluation of normal production, 3) 

Spot checks of produced pine sawdust pellets. Ten tests with different mixes of raw 

materials and/or die channel lengths were completed during the field study. Four 

tests to evaluate normal production and another four quality spot checks of 

produced pine sawdust pellets from normal production were done. The name and 

correlating type of test is presented in Table 5. The load current of the press motor 

was logged for biomass mix evaluation, die thickness, and normal production tests. 

The spot checks were done on finished pine sawdust pellets to measure quality 

properties for reference purpose; hardness, moisture content, and bulk density. 

Different amounts of pigeon pea stalk were mixed with pine sawdust to test if the 

increased amount of extractives would reduce the energy consumption by the press 

but still produce pellets with adequate quality. Pure sickelbush and pigeon pea stalk 

were tested with different die thickness to evaluate the effects of L/D ratio and 

amount of lignin and extractives in the feed. The mixes between sicklebush and 

pigeon pea stalk were tested to find a satisfying ratio between amount of 

extractives from pigeon pea stalk and enough lignin from sicklebush to produce 

durable pellets with low energy consumption. The results from these tests are 

discussed in section 4.3.1. 

The sample names correlate to the materials used in the tests. For example, “90-10 

Pine-pigeon” contains 90% pine sawdust and 10% pigeon pea stalk percentage per 

weight (wt%). To distinguish between some tests, the date of production is also 

included in the name, for example “60-40 Pine-pigeon 23/3” where the test was 

conducted on the 23-3-2017. The die thickness used in the tests and normal 

production was always 40mm unless other is mentioned in the sample name, such 

as “Sicklebush 33mm”. 
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Table 5. Name and type of tests done with the press in Zambia. 

Name Type of test 

90-10 Pine-pigeon  Biomass mix 

80-20 Pine-pigeon Biomass mix 

 60-40 Pine-pigeon 23/3 Biomass mix 

60-40 Pine-pigeon 31/3 Biomass mix 

80-20 Pigeon-sickle Biomass mix 

50-50 Sickle-pigeon Biomass mix 

50-50 Sickle-pigeon 33mm Biomass mix 

Sicklebush 15/3 Die thickness 

Sicklebush 33mm Die thickness 

Pigeon pea 17/3 Die thickness 

Pine reference test 10/3 Normal production 

Pine reference test 24/3 Normal production 

Pine reference test 15/3 Normal production 

Pine reference test 16/3 Normal production 

Pine morning 10/3 Spot check 

Pine 3/3 Spot check 

Pine 6/3 Spot check 

Pine 9/3 Spot check 

2.2.5 Test Preparations 

Tests done with different types of biomass, mixes of biomass, and/or die thickness 

were prepared by adjusting the moisture content within a range of ± 0.5% of the 

target moisture content on a wet basis. Target moisture content for tests with 

sicklebush and pigeon pea stalk with the 40mm die was 12.5%. For tests with the 

33mm die, the target moisture content was 12%.  The moisture content during 

normal was measured but not specifically adjusted to a target level before 

sampling. The moisture content of the feed for all tests are presented in Table 9 in 

the results. The measurements were done with a moisture analyzer, Precisa XM50 - 

readability of 0.01%. The amount of water needed to adjust the moisture content in 

each sample was determined by (3). If the sample consisted of different raw 

materials, the water needed to adjust the moisture content was based on the sum of 

the individual biomass water amount. 

𝑊 = 𝑀𝐶𝐹 ∗ 𝑚𝐹 − ∑(𝑀𝐶𝑖 ∗ 𝑚𝑖)    (3) 

Total size of sample per test was chosen to allow for at least 5 minutes of sampling 

time. The raw materials were weighed on a scale with a readability of 500g before 

placed in a container covered with a water tight plastic film, see Figure 16. The 

pre-determined amount of water was added to the mix during manual stirring in the 

container, then covered and left for 24 hours to let the water disperse. The sample 

was stirred during the dispersion time and after the 24 hours, moisture content was 

measured anew with at least three samples taken from three separate spots in the 
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container. Moisture content of normal production samples were not adjusted 

specifically but collected from the sawdust that was loaded into the auger feed tray 

at least three different times during each test. 

 

Figure 16. Plastic covered prepared samples in containers for moisture dispersion. 

2.2.6 Test Routine 

The test sample was loaded into the feeder tray manually from the sealed 

containers. The frequency of the auger feeder was varied to keep a constant level of 

material in the press. One person was required to manually stir the material in the 

press and push the biomass down to the die. The tests for biomass mixes and 

different die evaluations were initiated once the press had reached operating 

temperature during normal production with pine sawdust to limit the amount of raw 

material needed for every test. Sampling time started as the pellets that were 

produced changed appearance from standard pine pellets to the mix of the test 

sample, indicating that the biomass had changed in the press. For mixes with pine-

pigeon pea stalk, sampling time was started when roughly 1/3 of the material in the 

container had been consumed. The pellets produced during the sample time were 

collected in a bag and brought to a prepared screed for cooling and fine separation, 

see Figure 17. Once cooled, the fines were separated with a sieve with hole 

dimensions: 1cm x 0.5cm, see Figure 17. 
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Figure 17. Cooling screen with plastic film to collect fines and hand sieve to 
separate fines from pellets. 

2.2.7 Production and Quality Measurements 

The produced, cooled pellets were wieghed on the same scale used for raw material 

preparation, readability 500g. The fines were collected in a bucket and weighed on 

a scale with a readability of 5g, see Figure 18. The hardness, moisture content, and 

bulk density were recorded for every type of test. Hardness of 10 pellets per test 

were checked with a similar hardness tester as the one used in the pilot study, 

KAHL Pellet–härtetester, but manually operated. The cracked pellets were 

crumbled and three moisture content readings were made per sample with the 

moisture analyzer. The bulk density was determined with ISO 17828:2015 (SIS, 

2016a) used as guideline and the container and scale used are shown in Figure 18. 

 

Figure 18. Bucket, and scale used for quality measurements in Zambia. 

The pellets produced in the biomass mix and evaluation tests were brought back 

from Zambia and durability was tested with standard ISO 17831-1:2016 (SIS, 

2016b) used as a guideline, with one test done per sample. 

2.2.8 Electricity Log and Specific Energy of the Press 

The electricity consumption of the motor was logged using a universal recorder, 

Mitec AT 40, with a registration interval of 1s. The current clamps, Hioki 9010, 

were connected to the recorder and phases, with 100A set as the maximum 

measurement level. From the measured current, the power consumption by the 
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press could be calculated according to (4), the phase-to-neutral voltage is equal to 

380V in Zambia. 

𝑃 = √3 ∗ 𝑈 ∗ 𝐼 ∗ 𝑐𝑜𝑠𝜑      (4) 

The power consumption by the engine could then be plotted against the sample 

time and from the area under the graph, the total energy consumption could be 

determined. During some tests the motor occasionally pulled more current than the 

current rating stated on the motor specification. The current clamps could not 

measure this load but displayed “overload” in the log, shown in Figure 19. To 

calculate the total energy consumption during such a test the overloaded data was 

approximated to the maximum load measurable by the current clamp settings, 

100A. 

 
Figure 19. Logged data that overloaded the measurement equipment. 

The specific energy consumption was defined as energy consumed by the press per 

produced amount of pellets (d.s.) and is calculated by (5). 

𝐸𝑠𝑝𝑒𝑐. =
𝐸

𝑚𝑝−𝑚𝑝∗𝑀𝐶𝑝
      (5) 
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3 Results 

The result section in this paper is initiated with the results from the pilot study and 

displays correlations between material constituents, forces in the press channel, and 

pellet hardness for sicklebush and pigeon pea stalk. The second part consists of 

results from the field study in Zambia. One test of particular interest is the “80-20 

Pigeon-Sickle” that produced the least amount of fines, have the highest durability 

and second highest hardness out of all tests. 

3.1 Pilot Study 

The data from the single unit press and hardness tester for sicklebush and pigeon 

pea stalk is shown in Table 6. Friction work in press cylinder channel, maximal 

friction force in press cylinder channel, and the hardness of every test are averaged 

values from three tests.  

Table 6. Results from tests done on the biomass samples with the single unit press 
and hardness tester. 

Biomass Force (kN) MC in (%) Ffw (kNmm) Ffmax (kN) Hardness (kg) 

  7 10.6 35.2 2.27 58.0 

  10 10.6 35.2 2.28 49.0 

  15 10.6 34.4 2.32 48.7 

  7 13.4 31.9 2.04 31.0 

Pigeon Pea Stalk 10 13.4 31.2 2.10 18.3 

 
15 13.4 34.2 2.31 28.0 

 
7 16.3 29.5 1.88 0.0 

 
10 16.3 31.4 2.06 20.0 

 
15 16.3 32.9 2.25 28.0 

 
7 10.9 40.3 2.50 63.0 

 
10 10.9 36.9 2.39 38.0 

 
15 10.9 39.8 2.93 48.0 

 
7 12.7 35.1 2.32 32.3 

Sicklebush 10 12.7 35.3 2.37 38.3 

 
15 12.7 34.4 2.41 28.3 

  7 15.9 32.1 2.03 26.0 

  10 15.9 32.2 2.10 29.0 

  15 15.9 34.4 2.34 0.0 

The results for the pine sawdust sample brought back from Zambia and tested with 

the single unit press and hardness tester are presented in Table 7. The values do not 

compare to other studies and the reason is discussed in section 4.2.3. 
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Table 7. Pilot study results for pine. The hardness and friction values are not 
representative. 

Biomass Force (kN) MC in (%) Ffw (kNmm) Ffmax (kN) Hardness (kg) 

 
7 10.6 8.57  0.700 15.7 

 
10 10.6 7.96  0.527 14.7 

 
15 10.6 7.91  0.523 14.3 

 
7 13.7 5.90  0.473 9.00 

Scots Pine 10 13.7 6.43  0.443 5.67 

 
15 13.7 7.72  0.510 6.67 

  7 15.9 7.81  0.437 7.00 

  10 15.9 8.23  0.510 5.33 

  15 15.9 8.99  0.547 7.00 

3.1.1 Correlations between Material Constituents, Friction and Hardness 

Values from Table 6 have been combined for hardness-moisture content, friction 

force-moisture content, and hardness-friction force to create the correlation plots in 

Figures 20-22 for pigeon pea stalk and sicklebush. 

A negative correlation between hardness and moisture content in the raw materials 

can be discerned in Figure 20. Hardness of the pellets seems to decrease with 

increased amount of moisture content between 10-16%. Two tests, 15kN 

sicklebush and 7kN pigeon pea stalk with 16% moisture content crumbled in the 

hardness tester and displays 0kg in hardness. 

 

Figure 20. Correlation between hardness and moisture content for sicklebush and 
pigeon pea stalk. P p = Pigeon pea stalk, Sb = Sicklebush. Error bars represent the 
pooled standard deviation for each series. 
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A negative trend is also found between maximum friction force in the press 

channel and moisture content, presented in Figure 21. There is a difference in 

maximum friction between the two materials visible in Figure 21, with sicklebush 

generally having a slightly higher maximum friction force. 

 

Figure 21. Correlation between maximum friction in press channel and moisture 
content for sicklebush and pigeon pea stalk samples. P p = Pigeon pea stalk, Sb = 
Sicklebush. Error bars represent the pooled standard deviation for each series. 
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In Figure 22 a trend can be discerned with a positive correlation between hardness 

and friction, regardless of material. Similarly to Figure 20, the two tests that 

crumbled in the hardness tester displays 0kg in hardness. A more ambiguous trend 

can also be distinguished for maximum friction force between the two materials. 

The tests with sicklebush seem to yield a higher maximum friction in the press 

channel for a specific compression force as compared to pigeon pea stalk.  

 

Figure 22. Hardness and maximum friction correlation between Pigeon pea stalk and 
Sicklebush. P p = Pigeon pea stalk, Sb = Sicklebush. Error bars represent the pooled 
standard deviation for each series. 

3.1.2 Extractive Content 

The results from the soxhlet extractor show that sicklebush contains the least 

amount of extractives and pigeon pea stalk contain the largest amount and 

variation. The results are presented in Table 8 on a dry basis (d.b.). 

Table 8. Amount of extractive content in the biomass samples from Zambia (d.b.). 

Pigeon pea 9.06% ± 2.11 

Pine 7.83% ± 0.58 

Sicklebush 5.74% ± 0.35 

 

3.2 Field Study in Zambia 

This part consists of three sections. In the first section, two data tables show results 

from production and quality tests done in Zambia. Figures of hardness and 

durability are presented in the next section below the tables. The last section show 

specific energy consumption, power logs from the motor and issues with the press 

during tests with different raw materials. 

0

10

20

30

40

50

60

70

1,8 2 2,2 2,4 2,6 2,8 3

Hardness (kg) 

Ffmax (kN) 

7kN P p 10kN P p 15kN P p 7kN Sb 10kN Sb 15kN Sb



32 

 

3.2.1 Data Tables from Tests in Zambia 

Most comments in Table 9 relate to issues encountered during the test procedure 

and/or observations of power consumption by the press. Issues with feeder and 

power consumption encountered during tests are discussed in section 4.4.2 and 

4.4.1. The production refers to total amount of pellets produced during the sample 

time after cooling and fine separation. The moisture content of the feed in pine 

reference tests, where “Pine morning 10/3” is included, varies between 11-13.6% 

between tests. Thus, a fixed reference is not possible to achieve from a particular 

test of current production of pine pellets. Comments of production rate are noted 

for some tests but duration time is not enough to provide any certain evaluation of 

production rate.  

Table 9. Biomass moisture content, sampling duration, total production, energy 
consumption by the press (E), and comments about the test procedure. 

Sample MC Duration Production E Comments 

 
(%) (min) (kg) (kJ) 

 Pigeon pea 17/3 12.4 2.3 16.6 4320 Short sample due to load shedding. 

90-10 Pine-pigeon 12.6 5 30.4 8119 Change from pine to mix - reduced power. 

80-20 Pine-pigeon 12.4 5 28.1 7679 Longer pellets, less power than pure pine. 

60-40 Pine-pigeon 23/3 12.1 5 37.2 8293 Steady power consumption by motor. 

60-40 Pine-pigeon 31/3 12.4 5.1 34.9 9289 Higher specific energy than 23/3 test. 

Sicklebush 15/3 11.8 3 24.8 5879 
Low power input. Not representative for 
entire sample. Motor overload. 

50-50 Sickle-pigeon 12.5 7.7 63.2 15775 Good production rate, feeding issues. 

80-20 Pigeon-sickle 12.8 2.2 18.6 9058 Motor overloaded. Feeding issues. 

Sicklebush 33mm 11.9 2 21.1 4559 Uncertain sampling time. Motor overload. 

50-50 
Sickle-pigeon 33mm 

11.7 3 22.6 6268 
Power overloaded the log but motor did 
not overload during sampling. 

Pine morning 10/3 13.6 10 -  16137 Power input and pellet quality only. 

Pine reference test 10/3 13.1 10 66.8 19509 Fresh sawdust with re-pressed old pellets. 

Pine reference test 15/3 12.2 10 83.7 20446 
High production rate. Fresh sawdust and 
old re-pressed pellets. 

Pine reference test 16/3 11-15 5 26.3 7997 Uncertain MC, mix of fresh/dried sawdust. 

Pine reference test 24/3 12.2 5 28.1 7871 Steady production evaluation. 

 

Pellet quality values from tests in Zambia are presented in Table 10. The hardness 

values are averaged values from measurements done in Zambia. A clearer 

comparison of hardness and variation of hardness can be seen in Figure 23. The test 

“Pigeon pea 17/3” produced pellets with lowest bulk density as expected from the 

material with the lowest material density. The highest amount of fines, 14%, was 

produced by the test “50-50 Sickle-pigeon 33mm” but the test “50-50 Sickle-

pigeon” where the die thickness was 40mm only produced 2.5% fines. 
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Table 10. Bulk density, moisture content of pellets, amount of fines, and durability 
are presented with comments about the pellet quality of the test. 

Test 
Bulk 

density MC Fines Hardness Durability Comments 
  (kg/m

3
) (%) (%) (kg) (%)   

Pigeon pea 17/3 534 10.1 6.33 26.8 95.2 Uneven hardness. High MC. 

90-10 Pine-pigeon  656 9.52 2.62 18.8 97.3 
Low hardness, OK length 
compared to pure pine. 

80-20 Pine-pigeon 646 10.6 2.76 19.2 97.5 High MC in pellets. 

60-40  Pine-pigeon 23/3  597 8.83 - 21.2 95.9 
Hardness better than 90-10 and 
80-20 mixes. No fines collected. 

60-40 Pine-pigeon 31/3 693 7.69 3.58 16.6 95.3 Low hardness. Uncertain of fines. 

Sicklebush 15/3 607 7.09 - 56.0 98.1 No fines collected. 

50-50 Sickle-pigeon  610 8.78 2.52 44.6 97.8 Long and shiny pellets. Few fines.  

80-20 Pigeon-sickle 672 8.32 1.88 48.0 98.4 
Best hardness. Shiny, long. Bulk 
density is higher than 50/50 mix. 

Sicklebush 33mm  604 8.35 5.01 38.4 95.7 Large amount of fines.  

50-50 Sickle-pigeon 
33mm 

542 8.68 14.1 44.3 93.9 
Highest amount of fines. Hard 
pellets, low bulk density. 

Pine reference test 10/3 701 6.9 - 25.3 - No fines collected. 

Pine reference test 15/3 633 8.56 3.27 23.2 - Large amount of fines. 

Pine reference test 16/3 700 9.03 2.48 18.2  Below average pine hardness. 

Pine reference test 24/3 662 10.0 2.91 16.9 - Low hardness. high MC. 

Pine reference 3/3 710 9.6 - 24.7 - Spot check. 

Pine reference 6/3 620 10.3 - 22.7 - Spot check. 

Pine reference 9/3 677 8.59 - 22.9 - Spot check. 

Pine morning 10/3 645 8.65 - 24.6 - Spot check . 

3.2.2 Hardness and Durability 

The average values with standard deviation of ten hardness tests per pellet sample 

from Zambia are shown in Figure 23. Notice the increased deviation for samples 

containing pure sicklebush, pigeon pea stalk, and mixes between the two types of 

biomass as compared to the reference pine sawdust pellets. 

 

Figure 23. Hardness and standard deviation for every pellet sample in Zambia. 
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Durability for the samples brought back to Karlstad University is presented in 

descending order in Figure 24. The three tests with highest durability contain 

sicklebush and are pelletized with the 40mm die. These three tests, “80-20 Pigeon-

sickle, Sicklebush 15/3, and 50-50 Sickle-pigeon” also display the highest hardness 

of all the tests in Figure 23. 

 

Figure 24. Durability of samples from tests in Zambia, tested at Karlstad University. 

3.2.3 Energy Evaluation and Press Issues  

A comparison of the specific energy consumption between tests is presented in 

Figure 25. Overload in the measurement tool supplied ambiguous data for energy 

input in some tests and the tests affected by this are represented by empty bars in 

Figure 25. The different types of raw materials, mixes and die thicknesses are 

scattered in the figure without any clear distinction. 
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Figure 25. Comparison of energy consumed by the press per produced amount of 
pellets (d.s.). Empty bars represent tests when the power log equipment overloaded. 

Figure 26 shows the motor effect during start-up without any material in the press, 

idle running. Pine sawdust with a MC of 14.5%, was added after 130s and the 

motor effect increased. Die thickness during sampling was 40mm. Almost two 

thirds or 18kW of motor effect was required to only keep the die turning in the 

press. 

 

Figure 26. Motor effect during start up and idle running. Pine sawdust was added 
after 130s. 
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The electricity consumption by the pellet press motor and how it changes between 

different biomass is shown in Figure 27. The variation of load current when pigeon 

pea stalk is added to the press increases as compared to pine sawdust. 

Figure 27. The electrical current supplied to the pellet press motor and how it varies 

when different raw materials are being processed.  

Figure 28 shows partly grinded sicklebush in the press after the motor tripped and 

the test was stopped. Notice the gradient of grinded material, fine dust at the 

bottom close to the die and coarse, untouched material at the top. The material is 

not stirred in the press and forms a stationary mass between and above rollers. 

 

Figure 28. Sicklebush in the press, partly grinded by the rollers. 
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4 Discussion 

The discussion is initiated with a section concerning whether the purpose and 

objectives of this report have been met or not. This is followed by sections of result 

and method for the pilot study and field study. Based on the results from this work, 

suggestions on production improvements and further work are given. Pellets from 

sicklebush and mixes with pigeon pea stalk and sicklebush are possible to produce 

in Zambia but to make production viable, improvements are needed. 

4.1 Purpose and Objectives 

The raw materials investigated in this report have been found to produce durable 

pellets in a pellet plant in Zambia and can be considered suitable for pellet 

production. This is an indication that future pellet production can increase in 

Zambia where the raw materials are available, thus diminishing the dependency on 

traditional biomass fuels.  

The correlations found in the pilot study are supported in the literature, indicating 

that the raw materials react as expected to pelletization. Hence, they should be able 

to produce pellets in full scale tests with right moisture content in the feed and 

friction in the die channel. Unfortunately, the sample of pine sawdust that was 

tested in the pilot study did not yield representative results and could not be used as 

a reference in the results of the pilot study. However, the current production and 

quality of pine pellets have been evaluated with tests and spot checks in Zambia. 

The values have been presented together with the other tests to serve as reference. 

The full scale tests in Zambia revealed certain mixes of raw materials and die sizes 

that produced harder pellets than the reference tests.  

Specific energy consumption by the press motor, power and electricity logs have 

been presented in the result to show how the press reacted to the different raw 

materials and mixes. The logs showed that the press struggled to process the new 

raw materials and observations during the tests support this finding. To reduce 

issues in the press and improve production when pelletizing different raw 

materials, suggestions for production improvements are discussed in section 4.4. 

4.2 Pilot Study at Karlstad University 

4.2.1 Pelletization Correlations and Material Constituents 

A negative correlation between friction force and moisture content could be 

discerned in Figure 21. This indicates that increased moisture content reduces 

friction between the press channel and the biomass. This could relate to the 

negative correlation between hardness and moisture content that was found for both 

the raw materials in Figure 20. These correlations have support in the literature as 

other studies have observed similar connections. Reduced pellet strength have been 



38 

 

observed by Nielsen et al. (2009) with increasing moisture content, and a reduced 

durability was observed in briquettes when the moisture content was increased 

from 10-15% by Mani et al. (2006). It is possible that an excessive amount of water 

in the raw material during pressing could inhibit hydrogen bonding to occur, thus 

reducing the pellet strength.  The moisture content levels used in the pilot study in 

this work could have been above optimum for pigeon pea stalk and sicklebush. 

Thus, increasing the moisture above the optimum would only reduce the hardness. 

No optimum moisture content was found for the hardness in the pilot study but 

good quality pellets had previously been produced with an incoming moisture 

content of 13-14% in the press in Zambia. This indicated that the moisture content 

of the feed in the tests in Zambia should not exceed 13 % as the pellets hardness 

might reduce and as such the target moisture content range was set to 12-13% for 

the tests. 

The positive correlation between hardness and friction in Figure 22 could relate to 

increased compression of the material as the friction increases. Increased 

compression promotes bonding as particles are forced closer together. This is 

especially important for raw materials such as pigeon pea stalk that contains less 

lignin than the other two materials. Thus, pigeon pea stalk should be evaluated with 

a thicker die in Zambia or it should be mixed with sicklebush to create stronger 

pellets.  

A slight difference in maximum friction force could be discerned between pigeon 

pea stalk and sicklebush in Figures 21-22. The difference in the amount of 

extractive content could be the reason for this. The amounts of extractive content 

for the materials presented in Tables 1-3 in section 1.3.3 were in accordance with 

the literature. Largest amount of extractives was found in pigeon pea stalk, and the 

least in sicklebush. A low extractive amount in sicklebush should cause higher 

friction and be more difficult to press through the die. The largest variation in 

extractive amount was found for pigeon pea stalk which makes sense since it is 

more inhomogeneous with a higher content of twigs, leafs and pods than the other 

materials. This could indicate that pigeon pea stalk would produce pellets with a 

large variation in hardness. Mixing pigeon pea stalk with pine sawdust should 

reduce hardness variations in pellets since pine sawdust is more homogenous. 

Sicklebush should be evaluated with a thinner die in the tests in Zambia to reduce 

press issues and power consumption. 

4.2.2 Friction Force in Press Channel 

In the result diagrams Figures 21-22, where friction is presented, the value for the 

maximum friction, Ffmax, was chosen instead of the friction work, Ffw. The reason 

for this is to stay as true to actual production as possible. In a continuous pellet 

press the biomass is pushed into, and through the die channel incrementally as the 

rollers passes over the die holes. This would mean that between these increments, 
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the biomass is stationary and the energy required to push the material through the 

die should be equal to the maximum friction force in the die channel observed in 

the single unit press. The single unit press available at Karlstad University 

however, is loaded once with the full sample and not sequentially with small 

amounts of sample until a full pellet is created. The method of sequentially feeding 

material is used by Stelte et al. (2011b) and  Nielsen et al. (2009) in their single 

unit press set-ups to mimic the actual production of a pellet in a press channel. The 

maximum friction force in the single unit press relates to the friction experienced 

by the feed in a die channel in a pellet press more accurately than the friction work. 

4.2.3 Pilot Study Method 

The choice of test variables investigated with the single unit press was based on 

what production parameters were adjustable in Zambia, moisture content and die 

thickness. This limits the amount of variables in the test matrix, Table 4, and does 

not give a complete analysis on how the materials react during pelletization since 

more factors than press force and moisture content affect the process. However, 

these two factors play a key role for the friction during pelletization, which relates 

to energy consumption by the press and hardness/durability of the pellets. More 

variables would not have been possible to include given the time limitation of this 

work. The moisture content of the pellets made in the single unit tests were never 

tested and can be considered an error in the pilot study method, something that 

should be avoided in other similar studies. However, the results from the single unit 

press were still sufficient to give indications on how the materials react during 

pelletization and what tests to do in Zambia. 

The settings of the single unit press were chosen to mimic actual production of 

pellets as much as possible and are based on previous tests with similar set-ups. 

According to the review by Whittaker and Shield (2017)  pressures in the range of 

115-300MPa are required to produce durable pellets. A press force of 15kN in the 

single unit press used by Nielsen et al. (2009) correlated to roughly 300Mpa, the 

levels of press force in this study, shown in Table 4, are within the range of these 

values. The moisture content levels, seen in Table 4, were chosen within the range 

of previous studies as well (Lehtikangas, 2000; Nguyen et al., 2015; Nielsen et al., 

2009). The temperature was set to 110°C to resemble operation temperature in a 

pellet press which is supported by Stelte et al. (2011a). These configurations in the 

single unit press should yield results as true to actual full scale production as 

possible. 

The pine sawdust sample brought back to Karlstad University for Analysis did not 

produce results that can be considered representative for the raw material. Pine is 

known to produce durable pellets and constitute a considerable part of the raw 

material base in pellet production in Scandinavia. It is surprising that the friction 

force of the pine sawdust sample is considerably lower than pigeon pea stalk since 
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the extractive content is higher in pigeon pea stalk. The hardness result of the 

pellets can be discarded since the hardness tester variation is too great compared to 

the measured value. One reason for this sample not being representative could be 

the uncertainty when acquiring the sample. The sawdust was sourced from various 

small scale sawmills that were exposed to ambient conditions in Zambia. It is 

possible that some contamination affected the raw material before it was brought to 

the pellet plant.   

4.3 Field Study in Zambia 

4.3.1 Production and Quality of Pellets from tests in Zambia 

Pine sawdust pellets tests and spot checks served as reference values for quality 

limits to evaluate the mixes and tests with the other raw materials. As mentioned in 

the results, no single reference test could be used as reference indication as the 

production parameters changed continuously during the field study. Both the 

moisture content of the pine sawdust and adjustment screw settings changed 

between every test. The hardness of all reference pine sawdust pellets can be seen 

in Figure 23 to have a lower limit value of about 20kg. The bulk density of all pine 

sawdust pellets were above 600kg/m
3
 and thus, can be considered as the lower 

limit for other tests as well. The largest amount of fines collected during pine 

sawdust pellet production was 3.27% and the highest moisture content found was 

10.3%, these two values can be used as upper limits for other tests to compare with. 

The highest specific energy consumption for a pine sawdust test was 334kJ/kg ds. 

but no clear limit of the Pine reference tests can be distinguished as they are 

scattered between the other tests, seen in Figure 25. Other biomass tests that meet 

all of these limit values or most of them can be considered interesting for future 

production or studies.  

Tests done with pine sawdust and pigeon pea stalk showed a slightly lower 

hardness than the pine sawdust pellets. No correlation between the amount of 

pigeon pea stalk and hardness could be found as the “60-40 Pine-pigeon 23/3” test 

showed the highest hardness out of all pine-pigeon mixes and the test “60-40 Pine-

pigeon 31/3” had the lowest hardness, seen in Figure 23. However the durability 

test, seen in Figure 24, revealed a negative correlation between amount of pigeon 

pea stalk and durability where “80-20 Pine-pigeon” and “90-10 Pine-pigeon” 

showed considerably higher values than the 60-40 tests and pure pigeon pea. The 

hardness variation seemed to decrease as expected when pigeon pea stalk was 

mixed with pine sawdust as “Pigeon pea 17/3” had significantly larger deviation 

than all the pine-pigeon mixes, seen in Figure 23. No clear reduction in specific 

energy consumption could be discerned for the mixes as compared to the pine 

sawdust pellet tests in Figure 25. Based on these results, pigeon pea stalk should 

not be mixed with pine sawdust to reduce energy requirements during pelletization 
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and is not a viable mix for producing hard, durable pellets. However pine sawdust 

can be mixed with pigeon pea stalk to reduce the hardness variations of the pellets. 

The pure pigeon pea stalk test “Pigeon pea 17/3” showed as expected a large 

variation in the hardness, seen in Figure 23, and cannot be considered to be above 

the hardness reference level. It also had the lowest bulk density of all tests with 

534kg/m
3
 which is to be expected since pigeon pea had the lowest material density 

compared to the other materials, Tables 1-3. It also produced the second most fines 

out of all tests, 6.3%. A longer die channel should help increasing the bulk density 

with increased compression. The poor quality of the pigeon test is an indication 

that the lower lignin content is detrimental for the pellet quality.  A longer die 

channel could have helped to liberate more lignin in the feed (Mani et al., 2006), 

thus increasing the pellet strength. Unfortunately, pigeon pea stalk was not possible 

to test with the 45mm die as the available press could not process any material with 

that die, it only grinded the material with the rollers. 

Two tests with pure sicklebush were done with the press, one with 40mm die 

thickness and one with 33mm. Both the tests had hardness above the reference 

limit. The test “Sicklebush 15/3” showed both higher hardness and durability 

compared to the “Sicklebush 33mm” in Figures 23-24. The amount of fines for 

“Sicklebush 33mm”, 5.01%, was the third largest out of all tests and above the 

reference limit. No fines were collected during the “Sicklebush 15/3” test. Worth 

noting is that the test “Sicklebush 15/3” had the lowest specific energy 

consumption out of all tests, seen in Figure 25. This is interesting since this test had 

a longer die, and sicklebush contains lower amount of extractives than the other 

biomass which was expected to yield higher friction and higher energy 

consumption. As seen in the comment of this test, the energy consumption during 

sampling was not representative for the entire test. It was fluctuating heavily and 

overloading the measurement equipment. Thus, the specific energy consumption 

should be treated with caution. The motor tripped during both the tests and this is 

an indication that the press had issues processing the sicklebush. It is possible that 

the temperature generated in the shorter die channel was not sufficient to soften the 

lignin enough for adequate bonding to occur, thus producing the high amount of 

fines. Sicklebush produced hard, durable pellets but caused issues in the press. This 

is partly related to the low extractive content in the material.  

Tests with sicklebush and pigeon pea stalk mixes resulted in pellets with good 

quality but also large variations in the production. The test “50-50 Sickle-pigeon 

33mm” did not cause the motor to overload and trip whereas “Sicklebush 33mm” 

caused the motor to trip. The increased amount of extractives in the 50-50 mix by 

the pigeon pea stalk could explain why it was possible to process the mix in the 

press without overloading the motor. The hardness of “50-50 Sickle-pigeon 33mm” 

was above the reference level but it had the lowest durability and second lowest 
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bulk density, 542kg/m
3
, of all the tests. It also produced significantly more fines 

during production than other tests, 14.1%, seen in Table 10. A similar test but with 

a thicker die “50-50 Sickle-pigeon” also had hardness above the reference level and 

the third highest durability of the tests, seen in Figure 24. The test also produced 

fewer fines than the reference level, 2.5%. The increased compression and 

temperature generated by the larger L/D ratio of the die channel could contribute to 

the improved quality of the “50-50 Sickle-pigeon” test. Lastly, one of the most 

interesting mixes tested was the “80-20 Pigeon-sickle” that produced the most 

durable pellets, least amount of fines, 1.9%, second hardest, and a bulk density 

above reference limit, 672kg/m
3
. It did have the highest specific energy 

consumption and caused the motor to trip during the test however. This is 

surprising since a decreased amount of lignin and increased amount of extractives 

in the 80-20 test compared to the 50-50 test should reduce friction, energy 

consumption and hardness. It is possible that press settings, such as the adjustment 

screws were set differently. It also seemed like the press had issues processing 

these mixes, especially with a die thicker than 33mm. With these tests it has been 

shown that mixes of sicklebush and pigeon pea stalk can produce pellets of higher 

quality than pine sawdust.  

The specific energy consumption for all tests presented in Figure 25 revealed that 

there were differences between tests, although not as expected. The largest 

difference in specific energy consumption was roughly 28% between the test with 

the largest and the one with the least consumption. Surprisingly, the biomass in the 

test requiring the least energy was pure sicklebush and the test requiring most 

energy to pelletize was a mix with 80% pigeon pea stalk and 20% sicklebush. Due 

to lower amounts of extractives, sicklebush was expected to require most energy 

and pigeon pea stalk to require the least amount of energy. No clear distinction can 

be discerned between the materials in Figure 25. This indicates that the largest 

effect on the specific energy consumption are the press settings such as adjustment 

bolts, amount of material in the press, and if the feeding rate was stable.  

4.3.2 Raw Material Issues 

The storage of sicklebush and pigeon pea stalk affected the pelletization tests in 

several ways. The materials had been stored in a shed with risk of leaking for 5 

month. Apart from requiring drying it also most likely caused the material to react 

with the ambiance and started to decompose. It is possible that during this storage 

some material properties changed, as for example extractives are known to react 

with ambient air. This can affect the pelletization of the material, although it is 

uncertain how much. Both sicklebush and pigeon pea stalk were stored compact in 

the bags seen in Figure 12 and formed dense lumps of biomass. These lumps can 

be discerned in Figure 13 for milled pigeon pea stalk. During drying and test 

preparation the author did his best to separate these lumps and homogenize the 
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material. However, these lumps most likely affected the pelletization, and 

contributed to the irregular power consumption by the press.  

Ambient air humidity also changed considerably during the field study as it 

changed from wet to dry season, which could affect the raw materials during 

storage. As previously discussed for the pine sawdust sample in section 4.2.3, the 

sourcing of sawdust was located at several small sawmills, it was not possible to 

control if any contamination occurred at these locations. Furthermore, it was not 

possible to control the amount of bark in the pine sawdust since no screen was used 

during collection of the raw material. The age of the sawdust is also unknown but 

is likely not more than a couple of months old since the sawmills were too small to 

accumulate large piles over a long period of time. These factors cause uncertainties 

in the purity of the materials and moisture content distribution of the test samples. 

One limiting factor during the tests in Zambia was the uncertain amount of raw 

material available for the tests. Pine sawdust was available in quantities around the 

plant but sicklebush and pigeon pea had to be transported from Monze. Uncertainty 

of when, how much, and in what condition the raw material would arrive affected 

the tests. Sampling time was first aimed at ten minutes and then changed to five 

minutes of production. A longer sampling time would have been preferred to more 

accurately study the specific energy consumption and the variations in power 

consumption. Since time was a limiting factor during the field study, the tests were 

designed before and during the raw materials were delivered. As an improvement 

for future studies it is suggested to secure the amount of available raw materials 

before designing tests to prioritize which tests should be done with the raw 

materials.  

4.3.3 Pellet Plant Conditions 

Much of the machinery used in the production had been unpowered for 2 years and 

not optimized for pellet production but rather for particle board manufacturing on a 

large industrial scale. This meant that many facilities for pellet production was 

missing and much of the equipment did not work or work as intended. There was 

no equipment available for pre-conditioning the feed with steam, heat or additives. 

The dryer had issues controlling the drying rate and it was not possible to find a 

setting that dried the sawdust to a specific moisture content. The sawdust was 

usually over dried to 8-10% and mixed with fresh sawdust manually before loading 

it into the feeding tray of the auger. This issue made it challenging to evaluate a 

specific reference from normal production.  

No fixed feeder auger frequency was able to be set to secure a constant flow of 

material to the press and keep a stable level of material in the press. The feeding 

frequency was constantly varied to not overflow the press or leave the rollers 

without material and grinding against the die. The auger frequently jammed during 

normal production and the issue was aggravated when pigeon pea stalk and 
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sicklebush were introduced. This could have affected the production rate as 

material in the top layer of the press helps forcing material down to the die through 

gravitation and insufficient material in the press could reduce this factor. These 

feeding issues increased the irregular power consumption by the press and could 

have increased the risk for the motor to trip, causing the tests and production to 

shut down.  

4.3.4 Test Issues and Quality Tests 

The approximation of load current for certain tests when the measurement 

equipment was overloaded caused some uncertainty regarding the specific energy 

consumption for the tests. However, the approximation only affected certain tests 

in certain intervals, generally not more than a few seconds of the total sample time, 

see Figure 19. The biggest issue caused by the motor was when the overcurrent 

protection released and tripped the motor, causing the test to stop.  Due to limited 

raw material stock, the tests affected by this were included in the result regardless. 

This problem is related to the press type, material texture, and the way the raw 

material is fed to the press. Suggestions on how to reduce these issues are discussed 

in the section production improvements 4.4 in this report. The sample time for 

some of the tests affected could be significantly shorter than what was intended, 

see Table 9 for actual sample time of every test. This issue caused most 

uncertainties for the specific energy consumption and production rate. Since a 

combination of short sample time and fluctuating power consumption cannot 

represent a steady production well. 

The hardness test is not very consistent since the force applied on the pellet was 

concentrated on a small area. If a local weakness in the structure of the pellet was 

located in that area, the hardness tester would have showed a lower value than what 

was representable for the sample. Of course, a similar deviation occurred if there 

was a local hard area where the tester applied the force. The results for hardness of 

pellets produced in Zambia are presented in Figure 23 with the standard deviation 

based on ten measurements. Unfortunately no durability tester was available during 

the field study in Zambia. To follow standard methods for durability tests, at least 

500g per sample is needed (SIS, 2016b), something that was not viable to produce 

in the single unit press. Thus, the tests done with different biomass and mixes in 

Zambia were therefore brought back to Karlstad University for durability tests as 

validation.  

4.4 Production Improvements 

Suggestions of production improvements regarding the pellet press and the 

pelletization process are divided into three main topics; Press type, feeder issues, 

and die thickness for different raw materials. These improvement topics should 

address the issues and inefficiencies, observed and experienced during the field 

study. 
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4.4.1 Press Types and Energy Evaluation  

The press used during the field study is according to several manufacturers  not 

optimal for woody biomass but rather optimized for pellet production of softer raw 

materials such as animal feed (Alaska Pellet Mill (n.d.); Amisy (n.d.); Laizhou 

Chengda Machinery (n.d.)). The reason given is that with a roller-driven die the 

rollers can be geared lower, thus increasing the torque and more efficiently push 

harder, woody material through the die. This could explain the grinding observed 

of raw material in the press, Figure 28. The grinding could also partly have 

occurred due to the inaccurate die-roller gap setting with the adjustment screws. It 

was not possible to set the rollers with a fixed gap between the die and roller wheel. 

This could have affected the pressure force that is required to force the material 

into the die channel. When other biomass than pine sawdust was added to the press, 

the electricity consumption became unstable, shown in Figure 27 with transition 

between pine sawdust and pigeon pea stalk. Sicklebush bark fibers seem 

particularly strong (Orwa et al., 2009) and the milled pigeon pea stalk had a more 

fluffy texture than pine sawdust. It is possible that this could have caused issues 

with the press type as sicklebush and pigeon pea stalk formed dense lumps of 

biomass during storage and in the auger screw. The spikes in power consumption 

by the press and part of the cause for the motor overload could be explained by 

this. When a lump of biomass was forced under a roller, the press had to pull more 

power in order to keep the rotation speed. A roller driven die could reduce and 

disperse these lumps through continuous stirring of the material in the press. 

A roller driven press with adjustable roller gap settings is suggested to avoid 

grinding issues and reducing inhomogeneous lumps of material in the press. 

Even if pigeon pea stalk did not seem to decrease the energy consumption in the 

press significantly compared to pine sawdust, it is possible to decrease the energy 

and power consumption by the press. Roughly two thirds or 18kW of the power 

consumption during normal production is used for idle running, shown in Figure 

26. That part of the power consumption is related to the design of the press and was 

not studied in this report. However, one third of the power consumed by the press 

during normal production was used to pelletize the pine sawdust. This part could be 

affected by what material is processed and has potential to be reduced by changing 

the feed. Other studies have focused on adding different substances from 

agricultural residues to the feed and evaluated the energy consumption (Ståhl et al., 

2015, 2016; Ståhl and Berghel, 2008). It is possible to decrease the energy 

consumption by the press using different mixes of biomass and as such increase the 

production. 

4.4.2 Feeder Issues 

The auger screw had issues with jamming when the screw was exposed to too 

much material. The problem was exacerbated when pigeon pea stalk and 
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sicklebush were introduced. This caused blockage in the feeder and for some tests, 

feeding was done manually, making it difficult to keep a steady feeding rate. 

Similar issues were encountered by Holm et al. (2006) when different mixes of 

hardwood (beech) amounts were mixed with pine sawdust. A conveyor belt should 

allow for a more even feed rate without packing the raw material. Another possible 

solution to reduce the amount of dense lumps and homogenize the raw material 

would be to install a mixer before the feeder. This would also disperse water more 

evenly in the mix and make sure the raw materials are evenly mixed. A more even 

feed should promote a smoother power consumption by the press and reduce the 

observed spikes in electricity consumption. 

A stronger auger screw motor that is lower geared is needed to avoid jamming in 

current set-up. Otherwise it is suggested to change feeder system to something that 

does not pack the raw material and cause lumps of biomass. A conveyor belt feeder 

is suggested. A mixer would greatly facilitate mixes of different raw materials to 

homogenize the feed in both moisture content and texture. 

4.4.3 Die thickness for Different Raw Materials 

The test “Sicklebush 33mm” had considerably lower durability and hardness than 

“Sicklebush 15/3”. One possible explanation for this could be that the 33mm die 

channel was insufficient to elevate the temperature of sicklebush sufficiently above 

the glass transition temperature of lignin in the material. It is unlikely that the press 

force was insufficient for adequate compression since both the tests caused the 

motor to trip. Low amount of extractives in sicklebush could cause excessive 

friction in the die channel for the motor to overcome. This would result in blockage 

in the die channel and reduce the heat in the die since less material is pushed 

through. A similar conclusion was made by Holm et al., (2006) where results 

showed that it should be possible to pelletize beech (a hardwood) with a channel 

length up to 25mm as compared to pine sawdust that should manage 70mm with 

the same motor. According to (Whittaker and Shield, 2017) preheating of the 

material can reduce friction in the die channel as well as increasing the durability. 

This is likely related to softening of lignin in the material above the glass transition 

temperature. Pigeon pea stalk was unfortunately not possible to pelletize with the 

45mm die due to press issues but should increase quality with a thicker die as 

discussed in section 4.3.1. 

To facilitate the pelletization of sicklebush, increasing the durability and reducing 

press issues, the material should be pre-heated before pressing and pressed through 

a thin die, possibly the 33mm die. If pure pigeon pea stalk is to be processed into 

hard pellets, a thicker die is recommended to increase the L/D ratio and a press that 

can successfully push the material through the die. 
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4.5 Pellets for Sustainable Development 

It is crucial to secure a sustainable development now in Africa and Zambia since 

the current issues with traditional cooking and fuels are expected to exacerbate 

with the growing population. In the energy outlook by IEA (2002) biomass is 

predicted to dominate the energy demand in developing countries even in 2030, 

especially in Africa. As such, developments of modern biomass technologies are 

vital for a sustainable progress in these areas. Also, other types of modern fuels 

such as electricity cannot substitute biomass fuels directly as the distribution 

system is lacking in many places. It is imperative for the survival of the forests in 

Zambia to improve or shift the energy source from the woods. The forests are 

diminishing already and with an increasing population this will only increase 

deforestation. Fuel pellets is an interesting and viable solution to these issues, 

especially if the raw materials can be sourced from agricultural waste, such as 

pigeon pea stalks, and weeds/invasive species, such as sicklebush. Utilizing these 

two types of raw materials should not cause any moral issues with food production 

as they do not compete over arable land. Contrary, pellet production would 

promote and increase values of certain crops, giving more incentive to increase 

food production. It could also create jobs to remove invasive species which are 

now left untouched on land that could be arable or protected in conservation areas. 

Making use of degraded land is important as protected natural areas risk being 

intruded when more people compete over less productive land in a growing 

population. Furthermore, substituting illegal charcoal production would increase 

tax revenues for governments and help combat the corruption as pellet production 

is done through registered companies, such as Emerging Cooking Solutions.  

4.6 Further Work  

To the knowledge of the author, no study has been carried out where different 

pellet presses were tested with different raw materials and energy or electricity 

consumption was recorded. This could expand the knowledge of the correlations 

between different press types and feedstock. In this work, a die driven flat die press 

was used for the full scale tests and as stated previously in section 4.4.1, some of 

the issues with the biomass could possibly be diminished with a different press 

type. The information found about different press types was statements by 

manufacturers of presses and their recommendations based on their own 

observations and experiences. A study that compares different raw materials in 

several press types with controlled press variables is suggested. 

The new raw materials studied for pellet production in Zambia were sicklebush and 

pigeon pea stalk. However, other samples were also sent to Karlstad University for 

the pilot study but were never tested due to the uncertainty of the availability 

during the field study. A similar study done in this report but with different raw 

materials would be of interest to further expand the raw material base in Zambia 

and other regions. Species of interest is Gliricida sepium, a plant used in 
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agroforestry to improve soil quality and Lantana Camara, an invasive shrub. Raw 

materials and mixes of different biomass that can decrease the power consumption 

by the press are especially interesting from a production point of view. 

Feasibility studies on harvest and collection of these raw materials are valuable as a 

step to realize new types of biomass. Sawdust has already been “gathered” by other 

businesses which makes it cheap and readily available for pellet production. An 

economic feasibility study could help convince companies to invest in pellet 

production in Zambia since there are no preceding cases to rely on, making 

investment risky. It is important to realize the sustainable energy solution with 

pellets but it has to be profitable to gain attention and make an impact, otherwise it 

will just be a theoretic utopia. 

Variations of moisture content have not been tested in this work, primarily due to 

limited amount of raw material. Also, the temperature of the die and pellets were 

not studied in this report but is strongly recommended for further work since it 

could help explain the quality of certain tests.  It would be especially interesting to 

see if pre-heating sicklebush and using a thin die could produce quality pellets with 

low specific energy consumption by the press.  
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5 Conclusions  

Fuel pellets is a sustainable energy solution to issues with traditional cooking in 

Zambia. It is possible to make fuel pellets from sicklebush and mixes of pigeon pea 

stalk with sicklebush that have a higher quality than pine sawdust pellets. However, 

the press in the pellet plant in Zambia have issues pelletizing sicklebush and pigeon 

pea stalk. The motor power consumption fluctuates when processing these 

materials and trips. Production improvements are required to make full scale 

production viable with sicklebush and pigeon pea. 

 A combination of 80% pigeon pea and 20% sicklebush results in pellets 

with the highest overall quality of all the tests. 

 Pigeon pea should not be mixed with pine sawdust as it reduces the 

hardness without considerably reducing the energy consumption of the 

press. 

 To produce pure pigeon pea stalk pellets, a die thicker than 40mm with 

8mm hole diameter is recommended to improve hardness and durability. 

 Inhomogeneity in the sicklebush and pigeon pea feed causes variation in 

hardness of the pellets and issues in the press. 

 A mixer to homogenize the feed and a conditioner to pre-heat material is 

imperative for reducing press issues and to enable production of pellets in 

Zambia. 
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