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There are several biomass conversion technologies, and this thesis discusses the 

feasibility of biomass and coal slurries from different perspectives. For this purpose, 

biomass and coal slurries were made in various solvents such as biodiesel, rapeseed 

oil, and water, and their behaviors were analyzed. Besides, the effect of temperature 

and additives on the slurries' properties were also investigated in this thesis work. 

Liquid biofuels derived from biomass will play a vital role in the future energy mix in 

achieving net-zero emissions. The feed-in tariff, incentives, clean energy certification, 

and tax subsidies are critical motives behind the increased share of renewable energy. 

Thus, slurry fuel will be vital in the coming years, and more research needs to be done 

about the applicability of slurry fuels.  
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1 INTRODUCTION 

Energy is a fundamental parameter for development. The energy need is increasing 

daily due to rapid population growth, urbanization, and industrialization. Energy is 

used in different sectors, including household purpose, industrial purpose, commercial 

industry, and mobility sector. Global primary energy consumption increased rapidly in 

2018 and decreased in 2019 due to slower economic growth and weather condition 

(IEA, 2019). Energy consumption per capita in different continents and trends towards 

2035 is shown in Table 1. 

Table 1 Global Energy demand and the trend towards 2035 (Kopetz, 2015) 

 Energy Consumption per capita Trend towards 2035 

World 21,900 kWh (79 GJ) Growing 

Africa Low Strong Growth 

North America Very high Small Growth 

South America Low Growth 

Asia Rather low Strong Growth 

Europe High (38,000 kWh; 137 GJ) Stable and possibly 

decline 

Oceania High   

 

 Due to Corona Virus Pandemic (COVID-19), global energy demand dropped by 5% 

in 2020, and biomass for transport fuel is anticipated to decline by 12% compared to 

the 2019 record globally due to a national lockdown and travel ban (IEA, 2020). Power 

consumption in the largest industrialized countries fell significantly during the 

COVID-19 crisis e.g. Electricity demand in China dropped dramatically by 13% in 

January and strongly in February compared to 2019  due to the COVID-19 pandemic 

(IEA, 2020).  

Generating power in an economic, most efficient, and environmentally friendly way is 

one of the global challenges faced by all countries. More than sixty countries in the 

world have promised to zero out carbon emissions by 2050 (The New York Times, 

2019). Switching to renewable energy resources from conventional energy resources is 

the only solution to attain these goals.  
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Still, conventional energy resources such as coal, oil, natural gases are used as the main 

energy matrix for their total primary energy supply (TPES) in many countries however 

it is estimated that these source of non-renewable energy will deplete in the next 40-50 

years (Saidur , et al., 2011). 

Since there is much concern about clean and sustainable energy, the security of supply, 

price, and uncertainty of fossil fuels, there have been some transitions towards 

renewable energy in the past few years. Some countries in the world have taken an 

aggressive policy to support renewable energy resources. After the European Union’s 

(EU) 2020 targets, in 2018, the EU proposed a 2030 climate and energy framework, 

which includes an EU-wide target and policy from 2021 to 2030. The key targets for 

2030 are reducing GHG emissions by 40% compared to 1990 levels, at least 32% share 

of renewable energy, and 32.5% improvement in energy efficiency (Hrbek, 2019). The 

renewable energy mix of the EU in 2005 and 2020 is shown in Figure 1.  

 

Figure 1. The renewable energy mix of EU in 2005 & 2020 (Scarlat, et al., 2015) 

The primary renewable energy resource used today are solar energy, hydro energy, 

wind energy, ocean energy, geothermal energy, and biomass energy. Greenhouse gas 

emissions, ozone layer depletion, and global warming, acid rain, urban smog are other 

motives behind the use of renewable energy resources. Figure 2 shows the world TPES 

by fuel from the year 1971 to 2015. Currently, about 10-15% share (45±10 EJ) of the 

world’s energy is contributed by biomass energy (Saidur , et al., 2011).  
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Figure 2 World's TPES from 1970 to 2015 by fuel in Mtoe (IEA, 2019) 

Different researchers forecasted that the world’s energy matrix can be supplied with 

renewable energy by 2050. However, coal consumption is significantly higher than 

other energy sources in G20 countries. It is still challenging for the supply of transport 

fuel and jet fuels from the clean energy source. Non-hydro renewable (solar, wind, 

geothermal, and biomass) accounted for the growth at the fastest pace of 23% 

(Enerdata, 2018). Storages of energy/electricity are still expensive. So, it is very 

challenging to capture and store intermittent energy such as solar and wind energy. 
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1.1 Objective 

The main objective of this work is to investigate the different properties of the biomass/ 

coal slurries prepared in different solvents such as water, rapeseed oil, and biodiesel 

and compare their feasibility from various perspectives. Several biomasses are used to 

prepare slurries, and their properties, such as viscosity and heating values, are measured 

and analyzed as a part of the test experiments. This thesis is also focused on biomass 

slurries' properties based on biomass/coal concentration in the slurries, different 

temperatures of the slurries, and their behavior. Furthermore, the effect of a chemical 

additive such as ethanol was used in the different samples and their effect in the slurries 

was investigated.  

Most transportation fuels, such as gasoline, diesel, jet fuels, kerosene, etc., are based 

on fossil fuels. Direct firing of the non-renewable fuels is creating environmental 

pollution resulting in increased GHG and global warming.  This thesis work also 

suggests some of the alternatives for the firing of the liquid fuels based on biomass.  
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2 LITERATURE REVIEW 

2.1 Status of renewable energy 

Renewable 2020 Global Status Report revealed the reality that the revolution of the 

power sector will be driven by rapid change towards renewable energy. The price of 

renewable systems is falling, and investment towards research and development of 

renewable energy has been significantly increased in recent years. The report also 

stated that every year the share of renewable energy is in increasing trend. An estimated 

200 Gigawatts of renewable power generation, which is the most significant annual 

increase ever, occurred in 2019. About 75% of the global investment in renewable was 

accounted for China, the United States, and Europe. (REN21, 2020). The estimated 

renewable share of different energy sources for total final energy consumption in 2018 

is shown in Figure 3. 

 

Figure 3. Share of different energy sources in total final energy consumption, 2018 (REN21, 2020) 

In 2018 renewable energy share towards global total final energy consumption was 

21.0%, where 11.0% share came from modern renewables. Modern renewable refers 

to solar power, wind power, geothermal power, bioenergy (biodiesel and ethanol 

production), concentrating solar thermal power, and hydropower. The lowest 

percentage of renewable energy contribution was towards the transportation sector. 
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However, renewable contribution towards heating, cooling, and transport sector were 

in increasing trend. (REN21, 2020)  

2.1.1 Bioenergy and current global status 

Bioenergy refers to the use of different biological matter for energy purposes. 

Municipal solid waste (MSW), by-products from the forestry and wood industry, 

agriculture, waste treatment, wastewater treatment, and other energy crops are the 

feedstocks of bioenergy productions. Thermal energy, electrical energy, transport fuels 

and different chemicals can be produced from biomasses through different conversion 

technologies.  

Bioenergy was the largest renewable energy source in 2018, among other renewable 

sources accounting for 70% contribution towards renewable energy consumption 

(World Bioenergy Association, 2019). The share of biomass energy was decreased 

slightly due to the decreasing use of biomass for traditional purposes such as cooking 

and heating in developing countries. Likewise, the contribution of biofuels in the 

transportation sector was 3.5 EJ, which accounts for 3% of the total contribution 

(World Bioenergy Association, 2019). In Europe, bioenergy is the largest source of 

renewable heating (European Commission, 2011). Solid biomass is the only renewable 

fuel with higher industrial use in the EU (Malico, et al., 2019). More than one-third of 

the primary energy in India is contributed by biomass resources (Joshi, et al., 2016). 

Biomass is widely used to produce heat used in space heating, commercial building, 

and industrial purposes. Biomass accounted for more than 96% of the global renewable 

heat market (World Bioenergy Association, 2019). 

In 2017, liquid biofuels contributed about 3% of the worldwide transportation fuel, 

which is about 3.5 EJ (World Bioenergy Association, 2019).  Ethanol is a leading liquid 

biofuel and is used to reduce automotive emissions. The United States and Brazil are 

the world’s largest ethanol producers and consumers (Wall, et al., 2008). Several Latin 

American countries implemented a policy program to substitute fossil fuel with 

bioenergy. Sugarcane, soybean, palm, and eucalyptus are the primary feedstocks for 

traditional biomass transition to modern biomass in those countries (IANAS, 2016).  
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2.2 Biomass and its resource types 

Biomass is organic materials (woods, crops, animal waste, MSW, etc.) derived from 

plants and animals and is considered a renewable source of energy (Loppinet-Serani, 

et al., 2008). European Committee for standardization classified biomass into four 

broad categories based on their origin: (Basu, 2018). 

1. Woody biomass  

2. Herbaceous biomass  

3. Fruit biomass 

4. Blend and mixtures 

To be precise major biomass resource types are categorized as follows (Hoogwijk, et 

al., 2003); 

i. Primary residues: -  

These resources usually refer to harvested agricultural feedstock. Such as forest 

products, e.g., thinning from the commercial forest, dead/diseased trees. 

ii. Secondary residues: - 

Processing of food and material from food and beverage industries, paper mills. 

For example, Sawdust, leaves/needles, bark, and branches 

iii. Tertiary residues: -  

Tertiary Residue usually refers to Municipal solid waste (MSW), refuse-

derived fuel (RDF), demolition and construction wood waste and sludge, yard 

trimmings, textiles, paper. 

iv. Dedicated Energy Crops 

Non-food crops grown on marginal land (land not suitable for corn and 

soybeans) are used for energy production. These energy crops are either 

herbaceous or woody. Herbaceous energy crops are perennial (plants live 2 to 

3 years) and harvested annually. For example, Miscanthus, sweet sorghum, 

switchgrass, bamboo, etc. 
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The “other biomass resource” such as short rotation coppice (SRC), e.g., willow 

and energy grass, e.g., Reed canary grass and straw are dominant in Germany, 

France, Spain, and Poland (Parikka, 2006). Short rotation woody crops are 

harvested within 5 to 8 years of planting; hybrid poplar, black walnut, 

sweetgum, sycamore, eastern cottonwoods are examples of dedicated woody 

energy crops. 

Dedicated energy crops grown sustainably helps in improving soil, and water 

quality help in balancing the ecosystem, enhances wildlife habitats, diversifies 

income sources, and overall, they improve farm productivity.  

Biomass is the oldest energy source after the sun and the fourth-largest energy source 

(after coal, oil, and natural gas) in the world, accounting for 14% of primary energy 

(Pathak, et al., 2013). Still, in many developing countries, people use biomass for 

traditional purposes such as cooking, heating. Modern use of biomass refers to the use 

of biomass for energy production. Biomass for energy utilization is shown in Figure 4. 

 

Figure 4 Biomass energy utilization (Kamimoto, 2006) 

 

2.3 Biomass feedstock 

Biomass feedstocks usually refer to the forest products, industrial waste, agricultural 

residue, paper, plastics, green waste, food waste, cardboard, and organic fractions of 

MSW.  Woody biomass typically consists of 30%-40% cellulose, 15%-40% 

hemicellulose, and 15%-35% lignin  (Stickel, et al., 2009). Biomass feedstocks can be 

classified, as shown in Figure 5. 
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Figure 5 Biomass feedstocks (Welker, et al., 2015) 

2.4 Biomass Potential  

Biomass is the fourth largest energy source after coal, natural gas, and oil (Ladanai & 

Vinterback, 2009). The global potential for sustainable biomass is widely recognized. 

Mainly rainforest regions in the world have high biomass productivity. Desert and 

arctic climates have low biomass potential.  

In 2012, a bioenergy supply of 270 EJ was possible on a sustainable basis, which could 

cover approximately 50% of the world’s TPES (Ladanai & Vinterback, 2009). The 

upper limit of biomass potential in 2050 is 1,135 EJ annually (Hoogwijk, et al., 2003) 

without affecting the supply of food. The global biomass potential in 2012 and 2035 is 

shown in Figure 6. 
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Figure 6 Global biomass potential in 2012 and 2035 (In EJ) (World Bioenergy Association, 2012) 

The domestic supply of global biomass (unit in EJ) in different years is shown in Table 

2.  

Table 2 Domestic supply of global biomass (IEA, 2019) 

 2000 2005 2010 2015 2016 2017 

Biomass 42.8 45.9 51.2 55.1 56.5 55.6 

Municipal Waste  0.74 0.94 1.16 1.38 1.43 1.45 

Industrial Waste  0.49 0.45 0.77 0.89 1.03 1.07 

Primary solid biofuels 40.4 42.5 45.1 46.9 49.2 48.2 

Biogas  0.28 0.50 0.84 1.30 1.31 1.33 

Liquid biofuels 0.86 1.47 3.32 4.72 3.56 3.65 

 

2.5 Biomass as a fuel 

The use of biomass for energy production has significantly increased in developed 

countries. Many countries have built a new power plant where fuels come from biomass 

resources. The traditional coal-fired power plant has been switched or modified to 

biomass only or co-fired power plants in many countries. There are different ways of 

getting energy from biomass. That is why they are called versatile energy resources. 

Biomass can be directly burnt in power plants, or it can be used to produce liquid 

biofuels. Solid biomass such as wood, bark, stumps, agricultural residue, and MSW 
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can be directly burnt to produce energy. Some of the biomass is used to make pellets 

which are consumed in power plants whereas bio-waste such as animal waste, manure, 

and food waste can be decomposed in the digester to get biogas. Some of the biomass 

can be treated for torrefaction, pyrolysis to get syngas and bio-oil.  

The energy content in the biomass initially comes from the sun.  The plant captures 

carbon dioxide in the air during the photosynthesis process, and later they are 

transformed into other carbon-containing materials such as sugar and are called 

carbohydrates.  

2.6 Biomass resource for liquid biofuels 

Liquid biofuels are mainly used in the transportation sector. The use of liquid biofuels 

is crucial to reduce vehicle-related emissions. In addition, liquid biofuels improve fuel 

security, support rural development, and helps in mitigating climate change. 

Two different feedstocks are used to produce liquid biofuels. First-generation feedstock 

includes currently accessible biomass resources resulting in biofuels through well-

established technologies (Overend & Milbrandt, 2008). Starch from grains and tubers, 

sugar from sugar crops such as sugar beets, sugar cane, and is used to produce ethanol. 

Similarly, first-generation biodiesel feedstocks include animal fat, vegetable oil, and 

used cooking oil.  

Second-generation feedstock usually refers to available biomass resources but not used 

for biofuel productions on a more significant scale. Crop and forest residues, dedicated 

energy crops, and MSW are used to extract lignocellulose to produce ethanol.  Oil from 

non-edible plants is used to make second-generation biodiesel. Jatropha and Pongam 

are such plants which can be used to create such fuels (Overend & Milbrandt, 2008).   

138 billion liters of biofuels were produced in 2017, which includes bioethanol, 

biodiesel, Hydrogenated Vegetable Oil (HVO), etc. USA and Brazil contributed as the 

largest producers of bioethanol. Global production in billion liters of liquid biofuel is 

shown in Table 3.   
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Table 3. Global Production of liquid biofuels (IEA, 2019) 

 Total  Bioethanol Biodiesel Other 

2000 18.0 13.2 0.84 3.92 

2005 38.4 26.7 3.66 8.09 

2010 106 66.5 19.9 19.7 

2015 128 79.4 30.0 19.0 

2016 134 82.7 33.9 17.3 

2017 138 85.1 36.1 16.4 

 

2.6.1 Biomass conversion 

Converting biomass into energy can be done in various ways including direct 

combustion, thermochemical conversion, chemical, and biological conversion. 

Deconstruction and fractionation are crucial in biomass conversion (U.S. Department 

of Energy, 2016).  

Biomass is deconstructed into its component chemicals based on the temperature used. 

High-temperature deconstruction encompasses gasification, pyrolysis, and 

hydrothermal liquefaction. In low-temperature deconstruction, feedstocks get 

breakdown into intermediates by pretreatment followed by hydrolysis. Pretreatment of 

biomass refers to either chemical or mechanical processing and segregation of biomass 

feedstock to soluble and insoluble components while hydrolysis breakdown the 

polymers through chemically or enzymatically to get suitable fuels. The intermediate 

produced from deconstruction might include gaseous mixture, sugars and other 

chemicals which are upgraded through various techniques to get a finished product. 

Feedstock to product pathways is shown in Figure 7.  
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Figure 7 Biomass conversion routes (U.S. Department of Energy, 2016) 

 

2.6.2 Thermochemical Conversion 

Thermochemical processes are widely used to extract energy from biomass (Arnavat, 

et al., 2019). This conversion is referred to as gasification because of controlled heating 

to oxidize biomass to form a producer gas and charcoal. Most of the agricultural 

biomass residue is used with gas turbines to produce producer gas and charcoal. This 

process also produces jet fuels. Different type of thermal and thermo-chemical 

conversion of biomass is shown in Figure 8. 

 



16 

 

 

 

Figure 8 Different type of thermal conversion process (Bain, 2004) 

Some of the thermochemical processes are described here;  

2.6.2.1 Pyrolysis 

Pyrolysis is the thermal conversion process of biomass in the absence of oxygen. Once 

the temperature of dry biomass reaches 200oC to 350oC, the volatile gases are released, 

and large complex hydrocarbons are break down into smaller and simple molecules of 

liquid, gas, and char. Pyrolysis of biomass results in gas (e.g., CO2, H2O, CO, C2H2), 

liquid (tars, larger hydrocarbons, and water), and solid (biochar or carbon) (Basu, 

2013). The outcome of the pyrolysis process can be classified into condensable vapors 

and non-condensable gases and solid biochar (Pandey, et al., 2019).  The final product 

of the pyrolysis process depends on the pyrolysis temperature and Pyrolysis process. 

Pyrolysis of a biomass particle is shown in Figure 9. 
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Figure 9 Pyrolysis of a biomass particle (Basu, 2013) 

2.6.2.2 Gasification  

Gasification is a thermochemical process in which fossil fuel or biomass-based 

carbonaceous material into a useable fuel in the form of gas such as carbon monoxide, 

carbon dioxide, and hydrogen. Biomass Gasification is considered carbon neutral. The 

heating value of the product gas is dependent on raw materials, the catalyst used, 

operating variables, and design of the gasifier, etc. Biomass gasification consists of 

several processes such as drying, pyrolysis and partial oxidation. All possible biomass 

gasification pathways are shown in Figure 10. A simple representation of the 

gasification reaction is shown in Equation 1 (Sikarwar & Zhao, 2017).  

Biomass  CO + H2 + CO2 + CH4 + Tar + H2O + H2S + C + trace species  (1) 
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Figure 10 Viable Gasification pathways (Sikarwar, et al., 2016) 

2.6.2.3 Torrefaction 

Torrefaction is an upgrading process of biomass (Basu, 2018) performed at a lower 

operating temperature range of  200-300oC, but the process is similar to pyrolysis. After 

the torrefaction, biomass gets better fuel characteristics with higher heating values and 

makes grinding easier. The final products from the torrefaction process are shown in 

Figure 11. 

 

Figure 11 Torrefaction products (Basu, 2018) 
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2.6.3 Biochemical Conversion 

This conversion process involves using biocatalysts such as enzymes, heat, and other 

chemicals to convert carbohydrate (hemicellulose and cellulose) content of biomass 

into an intermediate sugar stream which can be fermented and chemically catalyzed 

into a variety of biofuels and chemical (U.S. Department of Energy, 2016).  

The biochemical conversion process consists of several stages including biomass 

handling, pretreatment, hydrolysis, and fermentation. A schematic diagram of the 

biochemical conversion process is shown in Figure 12. 

 

Figure 12 A schematic diagram of biochemical conversion technology (Mahalaxmi & Williford, 2012) 

 

2.6.4 Chemical Conversion 

Chemical agents are used in converting biomass into useful energy in chemical 

conversion. Usually, liquid biofuel is produced by this process. Traditional paper mill 

also uses this process to extract pulp from the biomass. The possible outcome of the 

chemo-catalytic biorefinery is shown in Figure 13. 
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Figure 13 The possible scheme for a chemo-catalytic biorefinery (Kohli, et al., 2019) 

2.7 Biomass properties 

Biomass contains organic material such as carbohydrates, proteins, fats, and other 

minerals such as calcium, sodium, phosphorous, and iron (Basu, 2018). The 

characteristics of the biomass have a significant impact on the performance of biomass 

conversion, including torrefaction, pyrolysis, and combustion (Basu, 2018). A detailed 

and proper understanding of the chemical and physical properties of biomass is 

essential for the design of efficient conversion (Tao, et al., 2012).  

Heating value is one of the critical biomass characteristics because it indicates the total 

energy available in the fuel. The heating value is expressed in two ways: Higher heating 

value (HHV) and Lower heating value (LHV). Higher heating values are the total 

amount of energy in the fuel including the energy contained in the water vapor in the 

exhaust gases however LHV doesn’t include energy contained in the Water vapor 

(PENNSTATE, 2010). The higher heating value of different fuels (oven dry) is shown 

in Figure 14. 
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Figure 14 HHV of various fuels (PENNSTATE, 2010) 

Moisture content is another essential characteristic. Usually, fresh or green word has 

half water content. Low moisture content is preferable as they provide useful high heat 

per unit mass. If the fuel has high moisture, most of the fuel's energy is used to vaporize 

the water. Moisture content in the fuel is calculated on a wet and dry basis. The LHV 

and HHV of the wood fuel and moisture content is shown in Figure 15. 

 

Figure 15 LHV and HHV of wood fuel (PENNSTATE, 2010) 
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In addition to heating values and moisture content, ash content, amount of volatiles, 

and susceptibility to slagging & fouling determines the fuel performance. Typically, 

woody biomass such as bark and field crop have higher ash content. Percentage of 

volatiles refers to the fraction of the fuel, which will quickly volatize upon subject to 

high temperature. Slagging and fouling occur when ash tends to melt and deposits 

inside the combustor. This can be minimized by keeping the temperature low to avoid 

fusing ash (PENNSTATE, 2010).  

Fuel particle size and the density of the fuel are also essential factors that affect the 

burning characteristic. Fuel size should be designed based on the fuel handling 

equipment such as combustors, gasifiers, etc. Wrong size fuel will impact the 

combustion process's efficiency and result in the jamming to the fuel handling 

equipment. Smaller size fuel is more common for household and industrial purposes.  

 

2.8 Fuel slurries  

Coal-water slurries (CWS) are the complex solid-liquid dispersion and are used as a 

liquid fuel. It has been over 100 years since the CWS were used as fuel (Chen, et al., 

2011). The structure of the solid particles and size distribution plays a crucial role in 

determining the slurryability and rheological behavior of the slurries for desired 

characteristics. (Nunes, 2020).  Due to limited research and development, technological 

hurdles, lack of incentives, and public awareness, slurries fuels are not widely used. 

However, research and development projects are continuing to promote slurry fuel. 

Biomass slurries can be prepared by dissolving the biomass powder in a different 

solvent such as water, oil, diesel, kerosene, and other solvents after adequate and 

efficient mixing for enough time. If the mixture is unstirred, the slurry forms sediment 

because the wood particle's density is higher than the solvent used (Benter, et al., 1997). 

Biomass drying, torrefaction, particle size reduction are the critical steps towards 

making proper and efficient biomass slurry. Scott Convertech Ltd developed a 
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technology to make biomass slurry on an industrial scale (Benter, et al., 1997). The six 

stages of the Convertech process are:  

i. Coarse milling of biomass 

ii. Washing of chips (biomass) 

iii. First autohydrolysis (saturated steam) 

iv. Second intermediate wash 

v. Second autohydrolysis (saturated steam) 

vi. Drying (superheated steam) 

Biomass slurries can be used in industrial furnace, boiler, and possibly in stationary 

diesel engines. A typical biomass slurry is formed by mixing 50-75% wt. of the 

biomass, 25-50% water, and 1% additives. 

Biomass slurries might show different flow properties depending on the amount of 

solvent used, type of biomass used, particle size, temperature, pH, and the presence of 

chemical additives and electrolytes (Singh, et al., 2016). If the solid concentration of 

the biomass is higher, then the slurries exhibit non-Newtonian behavior with a yield 

stress, which requires high power input to get mixed (Russ, et al., 2015). Efficient 

mixing is needed for high solids slurries as enzymatic hydrolysis reaction rates and 

yields are comparatively lower. Usually, the viscosity should be kept at a minimum for 

easier handling, storage, transfer, and atomization (Atesok, et al., 2002). 

2.8.1 Fuel slurry stabilization 

If the slurries need to be stored for a long time without settling, the apparent viscosity 

of the solvent must be increased. Ideally, the viscosity is low at high shear rates, and 

viscosity increases with low shear rates. Additives help to induce the interaction 

between particles which avoids slurry from settling. Adding the polar liquids such as 

water or short-chain alcohol to the slurry with the help of surfactant forms an emulsion. 

By doing so, the particles get caught between the droplet and prevent from settling 

(Benter, et al., 1997).  
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3 METHODOLOGY 

The biomass and charcoal samples shown in Figure 16 were used for the test 

experiments for this thesis work. The biomass sample was of birch wood chips from 

Finland, while charcoal was bought from the local supermarket. Charcoal is named as 

sample 1, whereas biomass is named as sample 2 for all the experiments.  

 

Figure 16 Biomass sample (a) and charcoal sample (b) 

Since sample 1 does not need torrefaction, the biomass sample was subjected to the 

torrefaction process under the temperature of 235℃ and the residence time of 30 

minutes. Torrefaction was carried out in an oven reactor and bench-scale device as 

shown in Figure 17.  
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Figure 17 Oven (a) and bench-scale device (b) used for torrefaction 

3.1 Particle size reduction 

The torrefied wood and charcoal were ground before the slurry preparation. At first, a 

hammer mill was used to reduce the particle size to 0.5 mm (Fig. 20). The particle size 

was still bigger for making slurries, so they were subjected to a ball mill (Fig. 18) for 

10-15 minutes to get an adequate particle size of 1 µm. 

 

Figure 18 Hammer mill (left) and ball mill 
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The particle size after the use of the hammer and the ball mill is shown in Figure 19. 

 

Figure 19 The samples after grinding 

Following particle size reduction through a hammer mill and ball mill, the sample 

was sieved to separate different particle sizes. Three ranges of particle sizes were then 

determined: 

i. <0.5 µm PSD 

ii. O.5 µm<PSD<1 µm 

iii. >1 µm 
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3.2 Slurry Preparation 

The overall process of slurry preparation is presented in Figure 20. 

 

Figure 20 Overall process for slurry preparation 

The fine particles of charcoal and finely ground torrefied wood were mixed in different 

solvents such as water, rapeseed oil, and biodiesel by high-speed homogenizer (Ultra 

Turrax © Model T25) with a constant speed of 11,000 rpm. The homogenizer is shown 

in Figure 21. Rapeseed oil was bought from a local supermarket, and biodiesel was 

brought from St1 Lauritsala Lappeenranta. 

A known weight of the sample (charcoal and biomass) was added in the known volume 

of the solvent gradually while the homogenizer was rotating approximately for 1 min. 

Then manual stirring was performed by glass rod for 1-2 minutes to maintain 

homogenous slurry.  
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Figure 21 High-Speed Homogenizer 

In this thesis work, 20% wt., 25% wt. and 35% weight of solid content was mixed in 

the investigated solvents and then kept for at least 24 hours to check the stability 

visually. In the coal biodiesel slurry where biodiesel was seen floating above the coal 

powder as shown in Figure 22. A separate similar sample was prepared and 1-5% wt. 

of ethanol was added and stirred enough to make the slurry stable and kept for 24 hours. 

Coal slurries in rapeseed oil and biodiesel before adding the ethanol is shown in Figure 

22.  
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Figure 22 Coal slurries in rapeseed oil and biodiesel 

3.2.1 Viscosity measurement 

Anton Paar Modular Compact Rheometer (MCR 302) was used to measure the 

viscosity, shear rate, and shear stress. Two different heads; measuring cup C-CC27 and 

Stirrer ST24 heads were used to measure the viscosity and other parameters of the 

slurries. The stirrer head is mainly used when the particles settle in the solvent as it 

keeps on mixing the sample. The rheometer and different heads are shown in Figure 

23.  

The amount of sample to be taken depends on the type of heads used. Since the C-

CC27 has bigger heads; only 25 ml of the sample can be taken for the experiments, and 

35 ml of the sample can be taken while using stirrer head ST24 head.  

The sample can be heated to the desired temperature by heating the container. To 

analyze the effect of temperature on viscosity, the experiments were carried out at three 

different temperatures: 21 °C (room temperature), 50℃, and 70℃.  
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3.3 Heating values 

The heating values of the samples were measured by bomb calorimeter. Approximately 

1gram of sample powder was taken to make a capsule. The capsule was kept in the 

combustion chamber of the calorimeter. The higher heating value of the biomass 

sample was found to be 19.862 
𝑀𝐽

𝑘𝑔
. It was quite challenging to make pellets from the 

charcoal sample because of extreme dryness and non-sticky behavior. Therefore, the 

heating value of the charcoal was taken from the Phyllius2 database as 33.86 
𝑀𝐽

𝑘𝑔
 (Phyllis 

2, 2001) 

  

Figure 23 Rheometer and different heads used 
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4 RESULTS 

Coal and biomass slurries were prepared in different solvents, and some of the results 

are shown here. Following case scenarios have resulted in this thesis work: 

i. Effect of particle size to the viscosity of the slurries 

ii. Impact of solid concentration on the viscosity of slurries 

iii. Addition of ethanol to the slurry 

iv. The viscosity of coal/water, rapeseed oil, and biodiesel slurries 

v. The viscosity of biomass/water, rapeseed oil slurries 

vi. Effect of temperature on the viscosity of biomass-rapeseed oil slurries 

Three different samples were prepared based on the particle size and mixed with water. 

The coal was 25% by weight and the viscosity was measured at room temperature 

(21oC). The relation between particle size and viscosity is shown in Fig. 24. The 

viscosity is higher for small particle sizes and decreases with increased particle size.  

 

Figure 24 Effect of the particle size on viscosity 

On the other hand, the viscosity increases significantly with increased solids share, as 

shown in Figure 25. 
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Figure 25 Effect of the solid concentration in the slurries 

From Fig. 26, it is clear that additives such as ethanol increase the viscosity of the 

slurries.  

 

Figure 26 Effect of 5% ethanol to the coal water slurries 
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Coal-biodiesel slurry has significantly higher viscosity, as shown in Figure 27, because 

biodiesel has two highly electronegative oxygen atoms ( polar bonds) which increases 

the viscosity of biodiesel. (VCE Chemistry, 2016).  

 

Figure 27 Coal slurries in water, biodiesel, and rapeseed oil 

Likewise, biomass powder was mixed with water, rapeseed oil, and biodiesel to make 

the slurries. As shown in Fig. 28, biomass-rapeseed oil slurry has significant viscosity 

as rapeseed oil is denser than the water.  
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Figure 28 Viscosity of biomass slurries prepared in water and rapeseed oil 

The viscosity was measured at 21oC, 50oC, and 70oC. As we can see from Figure 29, 

the viscosity decreases with increasing temperature.  

 

Figure 29  Effect of temperature on biomass-rapeseed oil slurries 

1

10

100

1000

10000

100000

1000000

0 20 40 60 80 100 120

V
is

co
si

ty
 (

m
P

a.
s)

Shear rate (1/s)

Water and rapeseed-oil as a solvent for biomass slurry

Biomass_water_20%wt_O.5 µm<PSD<1 µm Biomass_rapeseed oil_20%wt_O.5 µm<PSD<1 µm

0

20000

40000

60000

80000

100000

120000

140000

160000

180000

0 20 40 60 80 100 120

V
is

co
si

ty
 (

m
P

a.
s)

Shear rate (1/s)

Effect of temperature on biomass-rapeseed oil slurries

Biomass_rapeseed oil_20% wt_21 degree Biomass_rapeseed oil_20% wt_50 degree

Biomass_rapeseed oil_20% wt_70 degree



35 

 

 

5 DISCUSSION AND CONCLUSION 

From the test experiments performed, we can conclude that several factors affect the 

viscosity of the slurry. Particle size, temperature, amount of solids in the slurry, and 

additives have a clear impact on the viscosity.  

Viscosity is the fuel’s resistance to flow, and it is crucial to know the viscosity of the 

fuel for the continuous flow to the fuel-burning equipment. As we saw in the test 

experiments, viscosity decreases with increasing temperature and vice versa. That 

means seasonal weather should be considered while using slurries fuel. In other words, 

countries with cold winters might have difficulties in the transportation and storage of 

slurry fuel with high viscosity.  

Particle size and amount of solid concentration also determine the slurryability of the 

fuel. Higher solid concentration resulted in higher viscosity, while increased particle 

size reduced the viscosity of the slurry. That is why it is very tricky to choose the right 

particle size and correct proportion of the solid contribution in the slurry. Origin of the 

fuel such as raw material, type of the fuel, conversion process also has an impact on 

the viscosity. 

To make efficient slurry fuel, other parameters such as moisture content, heating 

values, density, ash content all play a significant role. Conversion of biomass/coal 

slurries consists of several steps. Not all biomass resources are suitable for such a 

process. Forest waste such as bark and stump requires plenty of work; otherwise, the 

heating value will be significantly low because of high moisture content and high ash 

content on those types of fuel.   

From an economic perspective, the price of biomass slurries is dependent on different 

factors. The type of fuel used, cost of transportation, cost of pretreatment, and type of 

solvent will determine the slurry fuel price. Water-based slurries are comparatively 

cheaper than other slurry fuels, but there is concern about the stability of slurry and the 

heating value of the slurry. However, the addition of chemical additives will help in 
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the stabilization of slurry. In some cases, additives will help to increase the heating 

value as well.  

With the rising concern about climate change and the environment, slurry fuel can be 

used as a transportation fuel in the future, which can reduce motor vehicle emissions 

dramatically. However, there is still plenty of misinformation, lack of awareness about 

bioenergy, and politics can be a major hurdle for promoting slurry fuel. With 

governmental support, tax subsidies, green energy certification, and feed-in tariffs, 

renewable-based slurries will have a considerable future.  

However, there is always a debate about using protected land for biomass production. 

Using excessive forest biomass can result in the depletion of water resources. Some 

people believe forest biomass use has an impact on climate change as well as global 

warming because of increased atmospheric CO2 production. Unsustainably grown 

biomass might result in unhealthy competition resulting in a disturbance in the 

ecosystem. There is controversy about emission while direct combustion of biomass.  

There are other technical as well as political hurdles. Infrastructure development, 

complex supply chain, higher cost of the manufacturing and maintenance and pre-

treatment, geographical location are some of the biomass resource limitations. The 

large scale of biomass can lead to environmental and socio-economic problems without 

public participation and strong policy support from the local government. 
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APPENDIX I  

The viscosity of the different slurry:  

A. Coal Water slurries by 25% wt. coal at room temperature  

Measuring 

points 

Shear 

rate  

(1/s) 

Sample1 

<0.5 µm PSD 

Sample 2 

O.5 µm<PSD<1 µm 

Sample 3 

>1 µm 

Viscosity (Pa.s) Viscosity (Pa.s) Viscosity (Pa.s) 

1 99.9 0.033 0.0315 0.0242 

2 79.4 0.0358 0.0313 0.0237 

3 63.1 0.0393 0.0326 0.0234 

4 50.1 0.0438 0.0348 0.0245 

5 39.8 0.0483 0.0378 0.0263 

6 31.6 0.0536 0.0419 0.0284 

7 25.1 0.0606 0.0475 0.0317 

8 20 0.0703 0.054 0.0367 

9 15.8 0.0818 0.0629 0.0422 

10 12.6 0.0968 0.0725 0.0497 

11 10 0.115 0.0849 0.0581 

12 7.94 0.137 0.101 0.0692 

13 6.31 0.167 0.123 0.0837 

14 5.01 0.205 0.149 0.102 

15 3.98 0.245 0.182 0.123 

16 3.16 0.306 0.225 0.152 

17 2.51 0.376 0.275 0.188 

18 2 0.458 0.337 0.231 

19 1.58 0.577 0.423 0.288 

20 1.26 0.728 0.533 0.362 

21 1 0.905 0.673 0.459 
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B. Coal water slurry by 25% & 35% wt. of coal 

Measuring 

points 

Shear rate  

(1/s) 

Sample1 

25% wt. 

Sample 2 

35% wt.  

Viscosity (Pa.s) Viscosity (Pa.s) 

1 99.9 0.033 0.703 

2 79.4 0.0358 0.77 

3 63.1 0.0393 0.858 

4 50.1 0.0438 0.964 

5 39.8 0.0483 1.09 

6 31.6 0.0536 1.24 

7 25.1 0.0606 1.42 

8 20 0.0703 1.65 

9 15.8 0.0818 1.92 

10 12.6 0.0968 2.24 

11 10 0.115 2.65 

12 7.94 0.137 3.14 

13 6.31 0.167 3.74 

14 5.01 0.205 4.47 

15 3.98 0.245 5.36 

16 3.16 0.306 6.47 

17 2.51 0.376 7.83 

18 2 0.458 9.5 

19 1.58 0.577 11.6 

20 1.26 0.728 14.2 

21 1 0.905 17.3 
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C. Addition of 5% ethanol to Coal water slurries  

Measuring 

points 

Shear rate  

(1/s) 

Sample1 

25% wt. 

Sample 2 

25% wt. +5% ethanol 

Viscosity (Pa.s) Viscosity (Pa.s) 

1 99.9 0.033 0.0484 

2 79.4 0.0358 0.0519 

3 63.1 0.0393 0.0546 

4 50.1 0.0438 0.0598 

5 39.8 0.0483 0.0664 

6 31.6 0.0536 0.0735 

7 25.1 0.0606 0.0835 

8 20 0.0703 0.096 

9 15.8 0.0818 0.112 

10 12.6 0.0968 0.132 

11 10 0.115 0.153 

12 7.94 0.137 0.182 

13 6.31 0.167 0.218 

14 5.01 0.205 0.266 

15 3.98 0.245 0.32 

16 3.16 0.306 0.397 

17 2.51 0.376 0.492 

18 2 0.458 0.611 

19 1.58 0.577 0.766 

20 1.26 0.728 0.958 

21 1 0.905 1.19 
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D. Coal Water/biodiesel/rapeseed oil slurry 

Measuring 

points 

Shear 

rate  

(1/s) 

Coal Water  

Slurry 

Coal biodiesel  

Slurry 

Coal rapeseed oil 

Slurry  

Viscosity (Pa.s) Viscosity (Pa.s) Viscosity (Pa.s) 

1 99.9 0.0484 0.464 0.319 

2 79.4 0.0519 0.56 0.327 

3 63.1 0.0546 0.677 0.341 

4 50.1 0.0598 0.824 0.357 

5 39.8 0.0664 1.01 0.377 

6 31.6 0.0735 1.23 0.4 

7 25.1 0.0835 1.52 0.428 

8 20 0.096 1.88 0.461 

9 15.8 0.112 2.32 0.5 

10 12.6 0.132 2.87 0.546 

11 10 0.153 3.56 0.601 

12 7.94 0.182 4.43 0.666 

13 6.31 0.218 5.5 0.744 

14 5.01 0.266 6.87 0.836 

15 3.98 0.32 8.54 0.946 

16 3.16 0.397 10.6 1.08 

17 2.51 0.492 13.2 1.24 

18 2 0.611 16.5 1.42 

19 1.58 0.766 20.6 1.65 

20 1.26 0.958 25.7 1.93 

21 1 1.19 32.2 2.26 
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E. Biomass water slurry and biomass rapeseed oil slurry  

Measuring 

points 

Shear rate  

(1/s) 

Biomass Water slurry 

20% wt. 

Biomass rapeseed oil Slurry 

25% wt 

Viscosity (Pa.s) Viscosity (Pa.s) 

1 99.9 0.516 4.07 

2 79.4 0.526 4.79 

3 63.1 0.536 5.65 

4 50.1 0.554 6.67 

5 39.8 0.576 7.92 

6 31.6 0.612 9.38 

7 25.1 0.656 11.2 

8 20 0.721 13.3 

9 15.8 0.783 15.9 

10 12.6 0.864 19 

11 10 0.952 22.8 

12 7.94 1.05 27.5 

13 6.31 1.17 33 

14 5.01 1.33 40 

15 3.98 1.53 48.6 

16 3.16 1.76 58.7 

17 2.51 2.04 71 

18 2 2.37 87.3 

19 1.58 2.81 107 

20 1.26 3.34 131 

21 1 3.96 159 
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A. Biomass rapeseed oil slurry in different temperature  

Measuring 

points 

Shear 

rate  

(1/s) 

21oC 50oC 70oC 

Viscosity (Pa.s) Viscosity (Pa.s) Viscosity (Pa.s) 

1 99.9 4.07 3.34 2.63 

2 79.4 4.79 3.89 3.03 

3 63.1 5.65 4.53 3.53 

4 50.1 6.67 5.31 4.13 

5 39.8 7.92 6.24 4.87 

6 31.6 9.38 7.34 5.76 

7 25.1 11.2 8.64 6.86 

8 20 13.3 10.1 8.15 

9 15.8 15.9 12 9.75 

10 12.6 19 14.3 11.7 

11 10 22.8 16.9 14.1 

12 7.94 27.5 20.2 17 

13 6.31 33 24.1 20.6 

14 5.01 40 28.9 24.9 

15 3.98 48.6 34.5 30 

16 3.16 58.7 41.6 36.6 

17 2.51 71 50.6 45.2 

18 2 87.3 60.5 55.4 

19 1.58 107 73.6 68.2 

20 1.26 131 91.8 84.6 

21 1 159 111 102 

 

 

 


