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EXECUTIVE SUMMARY 

The ever-increasing energy demand will lead to more exploitation of fossil fuels and 

subsequent emission of greenhouse gases into the atmosphere. Instead, carbon-neutral 

biomasses can be utilized as alternate solid fuels. Although it has the potential to 

substitute fossil fuels, low energy density and particulate matter (PM) like pollutants’ 

emission during combustion makes it an unpopular alternative. Given that PM emission 

is one of the leading causes of 4 million premature deaths by household air pollution each 

year, it is an urgent issue that must be addressed. Hence, increasing energy density and 

reducing PM emissions is essential to utilize biomasses as a renewable fuel source and to 

alleviate health issues caused by household air pollution. 

Thermochemical pre-treatments, including carbonization, have been suggested as an 

effective method to valorize biomass. One of the key features of carbonization is the 

enrichment of fixed carbon (FC), and reduction of volatile matter (VM) of biomass fuel 

by producing energy-dense biochar. The produced biochar is expected to reduce PM 

emissions during combustion due to the reduction of VM. However, the benefits of 

carbonization, particularly PM reduction, might not be equal for all types of biomasses 

because of composition heterogeneity and differences in combustion conditions. 

Therefore, an assessment of PM emission reduction by carbonization of various types of 

biomasses at different combustion temperatures is required. In this study, seven different 

types of biomasses (larch, poplar, miscanthus, bamboo grass, rice straw, rice husk, and 

dairy manure) and their biochars (prepared at 400 °C) were combusted at 650, 750, and 

850 °C. As a result of carbonization, recovery of carbon was greater than 50% for all 

biomasses except dairy manure, and PM emissions were reduced by as much as 95.5%. 

It implies the potential of carbonization for biomass fuel quality improvement. PM 

reduction was significant at low combustion temperatures for all feedstocks. Although 

the combustion temperatures did not strongly affect PM emissions from low-ash (≤6.7%) 

biomass, higher heating temperatures (≥750 °C) stimulated PM emissions from ash-rich 

rice straw and dairy manure biochar. Therefore, to limit PM emissions from the chars 

produced by high ash biomass, a lower combustion temperature is preferable.  
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A considerable amount of PM can be emitted during the combustion of biochars that 

are produced from low-grade biomass (LGB), even after a significant amount of VM was 

reduced by the carbonization process. We hypothesize that mineral transformation occurs 

in high-ash biochar during the combustion at higher temperatures and that releases as PM. 

Therefore, in this study, the emission factor of high ash-containing biochar was 

investigated at combustion temperatures between 650 to 850 °C. The PM emission from 

these biochar samples was increased with the increase in combustion temperature. The 

composition of minerals in the ashes of rice straw, rice husk, and dairy manure was 

investigated before and after heating at different temperatures (650, 750, and 850 °C). 

Mineral analysis revealed that enhanced PM emission from ash-rich biochar samples can 

be attributed to a greater concentration of Na and K and the melting of their compounds 

at higher combustion temperatures. We also found that co-combustion of low-ash biochar 

with high alkali-containing biochar may effectively reduce the PM emission, mainly by 

the mineral dilution mechanism. Considering the suggested approaches to reducing PM 

emissions, further research is required to develop field utilization of biochar as a solid 

fuel product
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CHAPTER – 1. GENERAL INTRODUCTION 

1.1. Background to the study  

Energy is a fundamental and indispensable need for humans to survive and develop. 

Therefore, with population growth, energy demand and consumption have soared. 

Because of their low cost and abundance in early industrialization, fossil fuels were 

introduced in the last century, exacerbating the environmental crisis. Currently, the 

combustion of fossil fuels accounts for 85% of global energy demand. It is estimated that 

the energy demand of the world will increase by 1% per year by the year 2040 (Agency 

2022). However, considering the emissions of greenhouse gases (including CO2), and the 

non-renewability of fossil fuel, the substitution of it for clean and renewable energy is a 

major challenge in the energy sector. The developed countries of Europe and the US have 

started to shift primary energy consumption to net carbon-zero sources including nuclear, 

wind, solar, hydro, tidal, and biomass. Meanwhile, a large part of the world still relies on 

the combustion of local biomass including wood, animal feces, and other agricultural and 

forestry residue for cooking and localized heating. 

Biomass usage as a solid fuel is expected and encouraged globally due to its numerous 

benefits, which include its renewable nature, carbon neutrality, and reduction of harmful 

pollutant emissions such as sulfuric and nitrous oxides. Despite the recognized 

importance of biomass for the shift from fossil fuel to renewable energy, the combustion 

of raw biomass causes serious health problems in people due to indoor air pollution 

caused by particulate matter (PM) emissions. Considering the widespread availability and 

associated benefits of biomass use, lowering PM emissions during combustion will save 

lives and alleviate health issues caused by indoor air pollution while being a sustainable 

alternative to fossil fuel.  
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1.2. Literature review  

1.2.1. Biomass  

Biomass is a naturally occurring organic material that is directly or indirectly driven by 

living species including all plants and animals (Basu 2013; Van Loo and Koppejan 2008). 

The main sources of biomass are agricultural (food grain, all types of stalks, seed hull, 

nutshells, and manure), forest (trees, wood waste, bark, sawdust timber slash), municipal 

(sewage sludge, refuse-derived fuel, food waste, wastepaper, and yard clipping), energy 

crops (poplar, willow, switchgrass, alfalfa, prairie bluestem, corn, and soybean) and 

biological origin (animal waste, aquatic species, and biological waste). The European 

committee for standardization has divided the biomasses into two major groups – virgin 

(primary) biomass, and waste biomass (secondary). The virgin biomass includes woody 

plants and leaves (lignocellulosic), grasses, energy crops, cultivated crops, and aquatic 

biomass. Whereas the waste biomass is solid and liquid wastes generated from agriculture 

and municipal solid waste, sewage, animal and human wastes, and methane gas derived 

from landfill (Basu 2013). It is estimated that 140 billion metric tons of biomass are 

produced annually from agriculture all over the world (Ok et al. 2019). Due to its wide 

availability and renewable nature, biomass-based solid biofuel is gaining popularity 

worldwide as a sustainable energy source (Erni et al. 2020). 

Due to its origin, and type the composition is considerably different but the principal 

types of biomasses are cellulosic (non-cereal), starch, and sugar (non-cereal). The 

majority of the biomass is lignocellulosic means the main constituent is cellulose, 

hemicellulose, and lignin polymers which generally cover 20–40, 40–60, and 10–25 wt.% 

respectively (McKendry 2002; H. Yang et al. 2007). Photosynthesis and plant respiration 

result in the production of a diverse and chemically complex array of structural and non-

structural carbohydrates and other compounds including the 3 main polymers, lipids, 

proteins, simple sugars, starches, HCs, and ash which along with water comprise a 

majority of the biomass. Each class compound’s concentration varies depending on 

resource, species, type of plant tissue, stage of growth, and growing conditions.  

The degradation and transformation rate of the main polymers influences the thermo-

kinetic properties, combustion efficiency, and pollutant emission rate of biomass. 
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Hemicellulose is the most reactive of the 3 main components of biomass and decomposes 

at a temperature of about 220-315 °C, whereas cellulose decomposes at temperatures 

between 280 and 400 °C (H. Yang et al. 2007; Burhenne et al. 2013). Compared with the 

two, lignin is a complex three-dimensional macromolecule, its degradation occurs in a 

broad range of temperatures starting at 200 °C due to the various functional groups with 

different thermal stability (H. Yang et al. 2007; Weber and Quicker 2018). Thus, the 

composition of biomass is an important factor for various thermal properties when used 

as solid fuel.  

Biomass contains a large number of organic compounds (Carbon – C; Hydrogen – H; 

Oxygen – O; N – Nitrogen; may also have small amounts of chlorine and sulfur), moisture, 

and a small number of inorganic impurities known as ash. The degradation of the biomass 

structure during conversion results in the reaction of various components and, in some 

cases, their undesirable emission. The concentration of various species, as well as the 

conversion method and parameters, all have an impact on the release of pollutants. 

Therefore, the usage of various biomass materials derives several issues due to their 

composition differences and uncertainties of thermochemical transformation. 

 Solid fuel constituent is generally evaluated by proximate analysis which gives the 

composition of the biomass in terms of gross components of moisture, fixed carbon (FC), 

volatile matter (VM), and ash (Fig. 1-1). The VM of fuel is the amount of condensable or 

non-condensable vapor that is released when the fuel is heated. Biomass has a high 

content of volatile matter due to its high content of water, oxygen, and other extractives 

(Basu 2013). 

The heating value (calorific value) of the biomass is highly correlated with the C, and 

O content ratio. Therefore, the ultimate analysis of biomass is used to evaluate biomass 

efficiency as solid fuel. Once the biomass is burned, the inorganic plant nutrient 

compounds form ash and remain as residue and most of the other elements are emitted. 
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Fig. 1-1 Basis of expressing fuel composition 

1.2.2. Combustion of biomass 

Energy production from biomass generally, can be achieved by thermochemical 

conversion including, direct combustion, pyrolysis, carbonization/torrefaction, 

gasification, and liquefaction. The combustion of biomass is the oldest and most widely 

used thermochemical technique of all thermochemical conversions to produce heat and 

electricity. The nature of the combustion process depends on both the combustion 

environment and fuel properties. The phases of the combustion are drying, 

devolatilization (pyrolysis), flaming combustion, and char combustion.   

Drying is the first step in the solid fuel-burning process, where moisture begins to 

evaporate at temperatures below 100 degrees Celsius. Since evaporation consumes the 

energy released during the combustion process, the moisture content of the fuel must be 

kept to a minimum to ensure stable combustion. Devolatilization is the phase in which 

pyrolysis reaction (except the process occurs in completely inert conditions) occurs when 

a biomass fuel thermally decomposes and releases  

− light permanent gases (such as H2, CO, CO2, CH4, H2O, NH3),  

− tar (condensable hydrocarbon), 

− char (the remaining devolatilized solid waste residue) and  

− inorganic compounds (K, P, N, S, and Cl) elude from the solid particle (Williams 

et al. 2012). 
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As a result of devolatilization char and volatiles are produced (Williams et al. 2012). 

During devolatilization, many of the bonds and linkages in cellulose and hemicellulose 

(C-O bond); lignin (O functional groups, and C in aromatic rings) break and rearrange 

forming carbon-rich gas molecules. Simultaneous with the gas molecules escaping 

through pores during the phase, more stable fragments rearrange to form new stronger 

interactions with neighboring structures, and these stronger interactions accumulate to 

form char particles (Basu 2013).  

Flaming combustion is defined as the rapid oxidation of volatile species after they have 

been released from the fuel particle. Due to the volatile oxidize release rate during 

combustion, there is a significant amount of overlap between devolatilization and flaming 

combustion (Meca 1999). Like other steps of combustion, the char burning step of 

biomass also can co-exist with the devolatilization step. It is reported that 10-30 % of the 

biomass represents formed chars. Char or charcoal can be produced by a separate process 

but it is one step of biomass combustion (Williams et al. 2012).  

These sub-processes will occur concurrently within the fuel bed in a real-world 

application with continuous fuel feeding. In households, for cooking and heating biomass 

has generally combusted in various low-temperature traditional simple stoves (600-

900°C), and three-stone fires (Gill-Wiehl, Price, and Kammen 2021; Raman et al. 2013; 

Illerup et al. 2020). Several studies have tested improved stove adoption to reduce public 

health risks. There was no substantial reduction in PM emission when 17 commonly used 

simple stoves in Asia and Africa were compared to improved stoves (Garland et al. 2017). 

A comprehensive review study has revealed that stove users are still reluctant to transition 

to improved stoves due to the ease of use, cooking pattern, and cost-effectiveness of the 

old stoves (Gill-Wiehl, Price, and Kammen 2021). 

1.2.3. Particulate matter 

As defined by the United State Environmental Protection Agency, particulate matter (PM) 

is a complex mixture of extremely small particles and liquid droplets (Morakinyo et al. 

2016). The size of PM varies and is expressed by mass concentration PM0.1 (aerodynamic 

diameter less than 0.1 μm), PM2.5, (aerodynamic diameter less than 2.5 μm), or PM10 

(aerodynamic diameter less than 10 μm). Depending on the size of the PM, the potential 
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to cause health issues is varied. Both respirable (ultrafine – PM0.1 to fine particles PM2.5) 

to inhalable (coarse particles – PM10) particles, cause diverse health issues (Morakinyo et 

al. 2016). Short-term and long-term exposure to PM induces daily mortality and chronic 

effect on human health, respectively (Tarín-Carrasco et al. 2021; WHO 2021). It is 

estimated that in Europe, the excess mortality rate from PM2.5 is 904,000 premature deaths 

per year. This mortality rate tends to rise by 73% in the year 2050 (Tarín-Carrasco et al. 

2021). World Health Organization (WHO) remarked that PM affects more people than 

any other pollutants (WHO 2021). Thus, when the concentration of the particles is 

reduced, associated mortality will decrease by 20-50% (Bruce et al. 2015). Therefore, it 

is apparent that each source of PM emission must be investigated, and appropriate 

mitigation measures applied. Household air pollution contributes significantly to outdoor 

air pollution, about 80 percent of PM is emitted from household fuel firing (for cooking 

and heating) in both urban and rural areas (Jaworek et al. 2021), accounting for up to 50% 

in some parts of the world. Air quality measurements are commonly reported in terms of 

daily or annual mean PM10 particle concentrations per cubic meter of air volume (m3). 

Typical air quality measurements express such PM concentrations in micrograms per 

cubic meter (µg /m3). Fine particle concentrations (PM2.5 or smaller) are also reported 

when sufficiently sensitive measurement tools are available. 

In 2021, the WHO set the following targets and guidelines for household air pollution 

concentrations: PM10 15 µg/m3 annual mean, 45 µg/m3 24-hour mean; PM2.5 5 µg/m3 

annual mean, 15 µg/m3 24-hour mean. However, the WHO reported in 2019 that 90% of 

the world’s population is living in conditions where the guideline levels are not met 

(WHO 2021). For instance, in Ulaanbaatar, the capital city of Mongolia the emission 

factor of PM2.5 24-hour mean in the urban area and the suburban area was 52.8 µg/m3 and 

127.8 µg/m3 respectively (Enkhbat et al. 2016). The high PM concentration in a suburban 

area was due to raw coal and biomass burning in the households (Lim et al. 2018). The 

WHO target and recommendations are intended to assist in meeting the guideline for 

pollution in all settings, both indoors and outdoors. However, due to the difference in 

housing characteristics and cooking practices (Fig. 1-2), the emission of pollutants in a 

household differs significantly.  
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Fig. 1-2 Example of traditional stoves in Mongolia and Nepal 

According to WHO, household target emission rates from combustion need to be PM2.5 

0.80 mg/min and 0.23 mg/min for vented and unvented combustion respectively. The 

emission evaluation has to consider the emission factor, kitchen volume, air exchange 

rate, and daily cooking time (World Health Organization 2021). Thus, to ensure a healthy 

environment and effectively reduce the PM, the factors of PM emission during the 

combustion of the most widely used fuel materials in households of every nation need to 

be evaluated precisely. 

PM formation and emission during combustion  

Throughout the combustion process, the inorganic mineral components and organically 

bound metal compounds in solid fuels gradually release volatile alkali metal salts, 

chloride salts, sulfate salts, or heavy metal salts, among other things, while forming ash 

via a series of physical and chemical processes (Niu, Tan, and Hui 2016). The main phase 

of the release of PM during combustion is devolatilization and the formation of PM due 

to the high heating of char is impacted by the swelling, permeability, and volatile 

evolution rates of solid fuel particles, as well as the transformation of inorganic matter 

including the generated ash particles (Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 

2020). Depending on the particle size distribution formation of the ultrafine, fine, and 

coarse particle is different.  

Under the different combustion phases, the nucleation and condensation process will 

greatly govern the emission of ultrafine and fine particles. The coarse particles are made 

up of unburned carbon and high melting point compounds that are generally internal and 
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externally bound minerals in the fuel matrix. As a result of internal mineral melt 

polymerization and external mineral and unburnt carbon fragmentation coarse PM is 

produced (Y. Wang et al. 2017; Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020) The 

major pathways of fine particles are the precipitation of inherently fine inorganic minerals 

and its fragmentation aggregation of ultrafine particles rich in volatile alkali metal salts, 

and uneven condensation of evaporative substances on fine residual ash particles. 

Additionally, the combustion temperature has a significant impact on the emission of 

ultrafine and fine-mode PM. (Jia and Lighty 2012).  

Fuel composition effect on PM emission  

To understand and predict the performance of solid fuel, the chemical composition is 

fundamental. Therefore, the influencing factors need to be discussed comprehensively. 

The composition and pollutant emissions of coal have been studied well since it has been 

the most common fuel for small-scale combustion and large-scale utilization. 

As previously mentioned, due to biomass composition differences in moisture, FC, 

VM, and ash content, the emission of PM is varied during the combustion. Previous 

studies have reported the effect of VM content in fuel matrix as the main pathway of 

emissions from biomass and coal (Li et al. 2016; Chen et al. 2018). During coal 

combustion, incomplete combustion is the main reason for various pollutant emissions 

including black carbon of elemental carbon. Whereas in biomass combustion, the main 

emission of PM is due to the early degradation of the hydrocarbons into lighter volatiles 

(Li et al. 2016).  

Recent studies have demonstrated the ash content of biomass is playing a significant 

role in the emission of PM from biomass combustion (Wei Yang et al. 2017; Itoh et al. 

2020). Inorganic constituents include dissolved salts, organically bound ash-forming 

compounds, and included and excluded minerals all influence the emission behavior of 

PM (Kleinhans et al. 2018). The ash melts when the combustion temperature is above the 

boiling point, and some minerals in the ash are liberated, which is a primary source of 

PM emissions. 

Phase transformation of the ash is the main reason for the PM release from the ash, 

when the melting has occurred some minerals in the ash are released when the combustion 
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temperature exceeds their boiling points. Considering the PM emission induced by ash 

mineral is regulated by the combustion temperature largely (Míguez et al. 2021; 

Kleinhans et al. 2018). Therefore, the evaluation of the PM emission from the fuel needs 

to be tested in various temperature ranges which should be in line with the field 

measurements of small-scale household stoves. Organic and inorganic components in the 

ash are associated with the solid and fluid phases’ transformation during the combustion 

of biomass. Solid phases include crystalline and nanocrystalline to semi-crystalline 

minerals. Whereas the fluid matters are mostly inorganic, including the gas and gas-liquid 

association (Vassilev et al. 2017). As reviewed by Wu Yang et al., the fuel material 

composition and combustion environment all influence the emission of PM during the 

combustion (Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020). 

1.2.4. Particulate matter-reducing technologies 

To reduce the emissions of PM during the combustion in households in developing 

countries the stove-improving method has been tested, for instance, the government of 

Mongolia implemented the improved stove project with the support of the Asian 

development bank during the last decade (ADB 2019). The results of PM emission 

reduction however have shown no significant results compared with using the old stove 

(Lim et al. 2018). Therefore, the upgrading of biomass fuel is necessary. To upgrading of 

the fuel, several pre-treatment methods have been suggested including physical methods 

of drying, briquets, and some thermochemical and thermophysical methods including 

water and acid washing to remove alkalis, or torrefaction to reduce VM (Sun et al. 2019; 

Jensen, Sander, and Dam-Johansen 2001; van Lith et al. 2006; Itoh et al. 2020).  

Among the pre-treatment methods, thermochemical pre-treatment of biomass, which 

includes torrefaction and carbonization is considered the most efficient and simple 

technology. Torrefaction and carbonization are both based on pyrolysis reaction which 

partially decomposes biomass and that results in the creation of biochar via fuel 

composition change. Pyrolysis has previously been observed to be an effective technique 

to both increase energy density and reduce PM emission during combustion due to the 

removal of VM (Li et al. 2016; Itoh et al. 2020). Pyrolysis is the same as the initial stage 

of combustion and gasification but the difference is the pyrolysis process requires an 

absence of oxidizing substances or when the supply is restricted. During the pyrolysis of 
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biomass, complex hydrocarbon molecules will be decomposed into smaller and simpler 

molecules of gas-liquid and char which is more energy-dense than the parent feedstock 

(Basu 2013).  

Carbonization is a process of making biochar by slow pyrolysis, in the temperature 

range of 500 to 900 °C (Yogalakshmi K N et al. 2022). Itoh et al. investigated various 

pyrolysis temperatures to minimize PM emissions from biomass and found that 

carbonization may efficiently reduce PM while reserving carbon content at pyrolysis 

temperatures over 400°C (Itoh et al. 2020). Further, the study suggested that the reduction 

of PM emissions might not only be related to the reduction of the VM, also its efficiency 

was significantly different depending on the composition of the parent material. 

1.3. Research problem identification  

There are 2.8 billion people who still rely on coal and traditional biomass as primary 

energy for cooking and heating. Therefore, minimizing the fossil fuel and exploitation of 

valuable forest biomass resources, Low-Grade Biomass (LGB) including energy coppice, 

agriculture, or forestry waste materials utilization is advantageous. As reviewed from the 

literature, direct combustion of those materials is not encouraged due to the emission of 

PM and its risk to human health and environmental pollution. On the other hand, 

compared with coal combustion, biomass combustion has less toxic emissions (SO2 NOx) 

due to the low content of sulfur or nitrogen (Zhang et al. 2007). Given the potential for 

waste reduction, LGB fuel would be beneficial if the fuel qualities, such as energy density 

and PM emission during burning, were adequately addressed. 

To improve biomass quality, thermochemical pretreatment processes are beneficial, 

particularly carbonization, which increases carbon content while decreasing hydrogen 

and oxygen content as a result of volatile matter (VM) emission. However, one of the 

unwanted components is ash content, which frequently increases. The release of organic 

VM and certain inorganic minerals (ash) from the fuel matrix is the primary source of PM 

emissions during carbonized biomass burning (Shen et al. 2021; Long et al. 2012). It has 

been claimed that the high ash content of biomass may reduce the effectiveness of 

carbonization in reducing PM (Itoh et al. 2020). It indicates that the efficacy of 

carbonization on PM reduction is debatable for some biomass with greater ash content. 
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Therefore, evaluating the efficiency of PM reduction by carbonization based only on the 

reduction of VM is might not valid. The capacity of carbonized biomass as clean fuel 

requires a comprehensive and accurate evaluation for future efforts of PM emission 

control. 

The combustion temperature is one of the defining factors for the emission of a PM 

that originates from the ash part of fuel during combustion. However, studies of PM 

emissions from biomass or coal ash content and composition have focused on applications 

in industrial combustion systems. Thus, PM emission measurements have generally been 

above 1200 °C (Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020) which is a relatively 

higher temperature than the stove bed temperature used in households. Depending on the 

combustion temperature, and the main elements in the ash composition, various ash 

transformations could occur. Alkali metals, for example, are reactive species that function 

as a catalyzer during combustion, increasing the ignition temperature, lowering the 

melting temperature of ash, or vaporizing easily depending on the behavior of other ash 

elements. However, the influence of the ash mineral component of biochar on PM 

emission during combustion has received insufficient attention. 

Thus, the impact of the biochar ash mineral transformation on PM emission needs to 

be studied considering the uneven stove temperature. Additionally, to promote the 

affordable clean utilization of waste-derived biochar material as solid fuel, precise 

calculation of the different biochar's emission factors (EF) and influencing factors on 

emission behavior must be investigated. These results of EF and PM emission behavior 

of biochar during various ranges of combustion temperature might make it possible to 

design household PM emission mitigation methodology. 

1.4. Aims and objectives 

In the present work, to clarify the PM emissions from various types of biomasses and 

their carbonized products, and to propose a potential method for reducing PM emissions 

based on ash content and composition, we hypothesized: 

1. Low combustion temperatures reduce the PM emissions from carbonized biomass, 

even biomass with high ash content. 
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2. Mineral transformation occurs in high-ash biochar during the combustion at higher 

temperatures and that is released as PM. 

1.5. Thesis outline  

Chapter – 1 will provide an overview of the current situation of renewable energy 

concerns. As biomass is a renewable carbon-neutral source of energy, biomass 

combustion needs to be supported. However, its pollutant emission issue needs to be 

addressed since ambient air pollution causes severe diseases in humans. Therefore, this 

chapter will review the literature and rationalize the research need related to biosolid fuel. 

Chapter – 2 The chapter will provide experimental data on the PM emission factor from 

biomass combustion and reduced PM emission due to carbonization.  

Hypothesis: Low combustion temperatures reduce the PM emissions from carbonized 

biomass, even from biomasses with high ash content. 

Objective: To investigate the PM emission from various biomasses and their carbonized 

product, to study the effect of feedstock composition and combustion temperature on the 

reduction efficiency of PM emission.  

Chapter – 3 This chapter will focus on reducing the PM emission from the high ash-

containing biochar (RHB, RSB, DMB). 

Objectives: To investigate PM EF in various combustion temperatures, mineral content 

analysis of the high ash-containing biomass and reveal the mechanism of PM emission 

originating from ash. 

Hypothesis: Reducing the K content in the high-ash biochar will suppress the PM 

emission during combustion at less than 850°C. 

Chapter – 4 is for an overall discussion of the thesis, further implications and study 

suggestions will be provided. 
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CHAPTER - 2. EFFECTS OF ASH CONTENT AND COMBUSTION 

TEMPERATURE ON REDUCED PARTICULATE MATTER EMISSION BY 

BIOMASS CARBONIZATION 
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2.1. Abstract 

Thermochemical pre-treatments, including carbonization, have been suggested as an 

effective method to valorize biomass. One of the key features of carbonization is the 

enrichment of fixed carbon (FC), and reduction of volatile matter (VM) of biomass fuel 

by producing energy-dense biochar. The produced biochar is expected to reduce PM 

emissions during combustion due to the reduction of VM. However, the benefits of 

carbonization, particularly PM reduction, might not be equal for all types of biomasses 

because of composition heterogeneity and differences in combustion conditions. 

Therefore, an assessment of PM emission reduction by carbonization of various types of 

biomasses at different combustion temperatures is required. In this study, seven different 

types of biomasses (larch, poplar, miscanthus, bamboo grass, rice straw, rice husk, and 

dairy manure) and their biochars (prepared at 400 °C) were combusted at 650, 750, and 

850 °C. As a result of carbonization, recovery of carbon was greater than 50% for all 

biomasses except dairy manure, and PM emissions were reduced by as much as 95.5%. 

It implies the potential of carbonization for biomass fuel quality improvement. PM 

reduction was significant at low combustion temperatures for all feedstocks. Although 

the combustion temperatures did not strongly affect PM emissions from low-ash (≤6.7%) 

biomass, higher heating temperatures (≥750 °C) stimulated PM emissions from ash-rich 

rice straw and dairy manure biochar. Therefore, to limit PM emissions from the chars 

produced by high ash biomass, a lower combustion temperature is preferable. 
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2.2. Introduction  

To utilize LGB as effective biofuel through carbonization, we need to thoroughly 

investigate their PM emission behavior and its probable sources. To address the problems 

associated with solid biofuel, several pretreatment strategies, including physical, 

chemical, thermophysical, thermochemical, and biological methods, have been examined 

(Sun et al. 2019; Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020). Among them, 

thermochemical pretreatment of biomass is attracting attention because of its simplicity 

and effectiveness. This technology includes both torrefaction and carbonization, which 

partially decompose biomass and produce carbonized biomass known as biochar via 

volatile matter (VM) reduction. These methods have previously been observed to 

effectively increase the energy density in solid biofuels and reduce PM emissions during 

combustion because of the decrease in VM (Li et al. 2016; Itoh et al. 2020). However, 

Itoh et al. suggested that the reduction in PM emissions depends on both the reduction 

rate of VM and the type of biomass used (Itoh et al. 2020). They also reported that the 

torrefaction of dairy manure increased the ash content in the resultant biochar, which 

decreased the overall efficiency of PM emission reduction compared with that achieved 

using low-ash woody biochar (Itoh et al. 2020). 

Like dairy manure, numerous types of waste-derived biomass have a high ash content 

and are usually considered low-grade biomass (LGB) (Vassilev et al. 2010). PM 

emissions due to the enhanced ash content of the carbonized biomass are a major concern 

when these LGBs are used as biofuel. Therefore, the mechanism of PM emissions from 

biochar needs to be understood and methods to mitigate PM emissions should be 

developed. Yang et al. have reported that variations in the inorganic-organic minerals of 

fuel ash influence the release of PM. Specifically, some alkali-metal s (e.g., K and, Na) 

tend to contribute to PM emissions from biomass and coal firing because they are easily 

volatilized (Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020). The ash in LGBs is rich 

in alkali and, alkaline earth metals (e.g., K, Na, Ca. Mg), and other minerals (e.g., Si, Al, 

P, Cl, and S), which are present in various amounts depending on, for example, the 

biomass type, time of harvest, and the growing conditions (Vassilev et al. 2010). To 

develop a method for PM reduction and evaluate the efficacy of carbonization, the effect 

of the ash composition within different biomass types on PM emission should be clarified. 
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In addition, in most studies where PM emissions have been measured, combustion 

temperatures greater than 1000 °C were used for either biomass or coal combustion (Wu 

Yang, Pudasainee, Gupta, Li, Wang, et al. 2020). However, in practical situations, stove-

bed temperatures range between 700 and 1000 °C during the char combustion phase, and 

even lower temperatures have been observed during the ignition and flame phase (Illerup 

et al. 2020). Thus, given the boiling points of K and Na (759 and 883 °C, respectively), 

testing the influence of different combustion temperatures on PM emissions by 

comparing raw and carbonized biomass is necessary for evaluating the applicability in 

real-world situations. However, the literature contains little research on the effects of 

biomass compositional differences and combustion temperature variability on the 

potential reduction of PM emissions by carbonization. 

In the present work, to clarify the PM emissions from various types of biomass and 

their carbonized products, and to propose a potential method for reducing PM emissions 

on the basis of ash content and composition, we hypothesized that low combustion 

temperatures reduce the PM emissions from carbonized biomass, even biomass with a 

high ash content. 

2.3. Materials and methods 

2.3.1. Materials 

Fourteen samples (raw biomass and their biochar from seven different feedstocks) were 

used as shown in Table 2-1. Feedstocks with different ash contents and resource 

availability were selected. Rice straw (RS), rice husk (RH), and dairy manure (DM) are 

wastes generated from agriculture. Giant miscanthus (Miscanthus giganteus) (Mi) is a 

short-rotation energy coppice, is abundant, and has a relatively low ash content. Poplar 

(Poplar spp.) (Po) is a representative fast-growing forest coppice, and Japanese larch 

(Larix kaempferi) (JL) is an abundant tree species of temperate forests. Bamboo grass 

(BG) from Sasa kurilensis is an invasive species in the temperate forest of northern Japan. 

All raw biomass samples were collected from the experimental farm and campus of 

Hokkaido University, Sapporo, Japan. The samples were dried at 105 °C for 24 h to 

remove inherent moisture, then milled and sieved through a 0.5-mm sieve. 
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Table 2-1. Feedstock information 

 

Biochar samples were produced by pyrolysis of the biomass at 400 °C for 1 h in a 

FO810 muffle furnace (Yamato Scientific, Tokyo, Japan). Biochar samples were 

designated as RSB (rice straw biochar). A pyrolysis temperature of 400 °C was selected 

on the basis of the high char yield and efficiency of VM reduction at this temperature 

(Itoh et al. 2020). To determine minerals that could contribute to PM emissions, ash was 

heated at different temperatures (650, 750, and 850 °C) using some high-ash (>10%) 

biomass (e.g., RH, RS, and DM). The ash samples were prepared by incineration of the 

raw materials in a muffle furnace at 600 °C for 3 h and were subsequently stored under 

airtight conditions. After the samples were incinerated, 300 mg of each ash sample was 

heated at 650, 750, or 850 °C for 60 min in a tube furnace. The products are referred to 

as heated ash samples. 

2.3.2. Fuel compositional analysis  

Proximate analyses including VM, FC, ash content, and ultimate analysis (carbon, 

hydrogen, and nitrogen contents) of the biomass and biochar samples were evaluated. The 

VM content of raw and carbonized biomass was determined according to the method 

specified in standard ASTM (i.e., heating the dried feedstock at 950 ± 20 °C for 7 min). 

For determination of the ash content, samples were combusted at 600 °C for 3 h in a 

muffle furnace. The fixed carbon (FC) content was calculated by the difference (FC 

[wt.%] = 100 – VM [wt.%] – ash [wt.%]).  

The carbon, hydrogen, and nitrogen contents of the samples were determined using a 

CE-440 elemental analyzer (Exeter Analytical, North Chelmsford, MA, USA). The 

Feedstocks Type 
Feedstock forms abbreviation 

Raw Carbonized 

Rice Husk RH RHB 

Rice Straw RS RSB 

Dairy Manure DM DMB 

Miscanthus (Miscanthus Gagenthus) Mi MiB 

Poplar (Populus spp) P PoB 

Japanese Larch (Larix kaempferi) JL JLB 

Bamboo grass (Sasa kurilensis) BG BGB 
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oxygen content was calculated by subtraction (O [%db.] = 100 – C [%db.] – H [%db.] – 

N [%db.] – ash [%db.]).  

The biochar yield (BY [%]) and carbon yield (CY [%]) were calculated using the 

following equations: 

𝐵𝑌 =
𝑚biochar

𝑚feedstock
× 100 

𝐶𝑌 = 𝐵𝑌 (
𝐶biochar

𝐶feedstock
) 

where 𝑚 and 𝐶 represent the dry mass [kg] and the carbon content on a dry basis [%], 

respectively.  

To determine the chemical composition of the samples, ash of RH, RS, and DM was 

analyzed by scanning electron microscope (SEM) coupled with Energy Dispersive 

Spectrometer (EDS) (JEOL JSM-7001FA, USA). The instrument was operated at an 

accelerated voltage of 10 kV, 20 kV 

2.3.3. PM emission factor measurement 

To compare the emissions of total suspended PM during the combustion of raw and 

carbonized materials, the emission factor (EF) of total PM was determined. To assess the 

effect of the combustion temperature on the total PM EF (mg/g-fuel), samples were 

combusted at 650, 750, and 850  °C in an ARF-30KC tube furnace equipped with an 

HK01P-11 temperature controller, as described in the study of Itoh et al. (Itoh et al. 2020), 

except that we did not use a PM emission sensor. The furnace design and experimental 

design are illustrated in Fig. 2-1. The airflow rate was set at 4 L/min using a mass flow 

controller. When the temperature of the tube furnace reached the designated value, 500 ± 

0.05 mg of the sample was weighed into a sample boat and introduced into the glass tube 

to combust for 60 min. Each experiment was repeated three times at each temperature.  
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Fig. 2-1 Furnace design and experimental setup 

Total PM EF was determined by the weight difference of quartz-fiber filters (2500 

QAT-UP, Tokyo Dylec, Tokyo, Japan) before and after the experiment. Before the 

combustion experiment, the filters were heated at 650 °C for 1 h to remove moisture and 

impurities and were then placed in a desiccator for 24 h at room temperature prior to their 

weight being measured and recorded. After the samples were weighed, the reduction rate 

of PM EF was estimated by comparing the value of the raw and carbonized materials 

using the method of Itoh et al. (Itoh et al. 2020). 

To compare the efficiency of carbonization for reducing PM emissions, the reduction 

rates of VM and PM were calculated using the following equations.  

Reduction rate 𝑉𝑀 (%)  =  (1 −

𝑉𝑀biochar  
 

𝑉𝑀𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
) ×  100 

Reduction rate 𝑃𝑀 (%)  =  (1 −
𝑃𝑀biochar  

𝑃𝑀𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 
) ×  100  

where VM is the percentage of volatile matter (%) and PM is the total PM EF (mg/g-fuel) 

particulate matter emitted from each raw biomass and biochar product. 

2.3.4. Statistical analysis 

To determine the difference among the treatments shown in Fig. 2-3, a one-way analysis 

of variance (ANOVA) was conducted using the IBM SPSS (version 28) statistics program. 

Tukey’s test was used to determine if a significant difference (p < 0.05) existed in the PM 

emission factor (Fig. 2-3) analysis within the same raw and carbonized material of each 
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feedstock. A correlation test between the PM emission factor and the K and Na content 

in the biochar samples was conducted in MS Excel. 

2.4. Results and Discussion 

2.4.1. Fuel compositional study  

2.4.1.1. Proximate analysis 

The results of the proximate and ultimate analyses of all feedstock and biochar samples 

are summarized in Table 2-2. The VM content in the raw materials was much greater than 

the FC and ash contents. The VM content ranged between 71.0% and 88.7% and was 

greatest in the Po, JL, and Mi samples. Among the biochar samples, the VM content 

varied from 22.3% to 43.4%, depending on the feedstock, and was significantly lower 

than in the raw materials. For example, the VM content was the greatest in woody 

biochars (JLB, PoB), followed by MiB and DMB, whereas RHB and BGB contained the 

smallest amount of VM. The FC content in the raw samples was lowest in DM (10.5%) 

and greatest in Mi (16.9%). In the biochar samples, the FC content varied significantly 

(27.5–61.4%) among the feedstocks and followed the trend DMB < RSB < RHB < JLB 

< PoB < MiB < BGB. The ash content of the biomass also varied greatly between 0.0% 

and 17.6%, depending on the biomass type. The ash content was greatest in agricultural 

residues with DM (17.6%), RH (14.3%), and RS (12.2%), whereas the ash content of JL, 

Po, Mi, and BG samples was relatively low (0.0–6.7%). According to Vassilev et al., the 

ash content of biomass decreases in the order of animal and human-derived biomass > 

herbaceous and agricultural biomass > woody biomass (Vassilev et al. 2017). The ash 

content based on the biomass category in the present study was found to be consistent 

with that reported in the literature. In the biochar samples, the ash content had a wide 

range (1.3–41.2%) and increased in the order JLB < PoB < MiB < BGB < RSB < RHB < 

DMB. Because of pyrolysis, the ash content of the biochars produced from high-ash raw 

materials (RH, RS, DM) increased significantly, whereas the ash content in the other 

samples increased only slightly.  
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Table 2-2. Proximate and ultimate analysis of raw and carbonized biomass  

Sampl
e 

Ultimate analysis (%db) Proximate analysis (%db) 

C H N O VM FC Ash 

RH 38.9 ± 1.5 5.2 ± 0.4 0.5 ± 0.3 41.1 ± 2.1 71.0 ± 1.1 14.7 ± 1.1 14.3 ± 0.4 

RS 38.7 ± 1.3 5.2 ± 0.1 0.5 ± 0.1 43.4 ± 1.4 73.6 ± 2.4 14.3 ± 2.4 12.2 ± 0.1 

DM 42.2 ± 2.6 5.3 ± 0.3 1.7 ± 0.2 33.2 ± 2.7 71.9 ± 4.8 10.5 ± 4.8 17.6 ± 0.1 

Mi 45.6 ± 0.0 5.6 ± 0.1 0.3 ± 0.0 45.4 ± 0.0 79.9 ± 5.7 16.9 ± 5.7 3.1 ± 0.2 

Po 47.0 ± 0.4 5.8 ± 0.1 0.3 ± 0.0 46.3 ± 0.6 88.7 ± 0.3 10.8 ± 0.3 0.5 ± 0.4 

JL 48.2 ± 0.4 5.8 ± 0.0 0.3 ± 0.0 45.7 ± 0.5 86.4 ± 0.6 13.6 ± 0.6 0.0 ± 0.0 

BG 44.0 ± 0.2 5.6 ± 0.1 1.0 ± 0.2 42.7 ± 0.5 78.8 ± 0.4 14.5 ± 0.4 6.7 ± 0.1 

RHB 50.1 ± 1.1 2.7 ± 0.0 1.1 ± 0.2 12.5 ± 1.3 23.4 ± 0.0 42.9 ± 0.0 33.7 ± 1.0 

RSB 54.0 ± 1.6  2.8 ± 0.1 0.7 ± 0.0 13.6 ± 1.5 28.9 ± 0.8 42.1 ± 0.8 29.0 ± 0.5 

DMB 45.3 ± 1.2 2.5 ± 0.2 2.3 ± 0.1 8.8 ± 1.5 31.3 ± 4.0 27.7 ± 4.0 41.2 ± 8.8  

MiB 68.6 ± 0.5 3.2 ± 0.1 0.3 ± 0.0 20.2 ± 0.5 32.9 ± 1.2 59.4 ± 1.2 7.8 ± 0.2 

PoB 71.5 ± 0.7 3.0 ± 0.1 0.3 ± 0.0 20.9 ± 0.7 39.1 ± 2.2 56.6 ± 2.2 4.2 ± 0.3 

JLB 71.9 ± 0.6 2.8 ± 0.1 0.3 ± 0.0 23.7 ± 0.7 43.4 ± 0.6 55.3 ± 0.6 1.3 ± 0.1 

BGB 61.6 ± 1.5 3.3 ± 0.3 1.3 ± 0.3 17.5 ± 1.5 22.3 ± 4.5 61.4 ± 4.5 16.3 ± 0.4 

 

Overall, the increase in FC and ash content in biochar samples was due to VM release 

as a result of carbonization. The VM reduction rate (Table 2-3) due to carbonization was 

greatest in BG (71.70%) followed by RH, RS, Mi, DM, Po, and JL. Itoh et al. reported 

that woody biomass that contains less than 50% VM can be used to minimize PM 

emissions (Itoh et al. 2020), suggesting that the risk of PM emission due to VM would be 

sufficiently reduced by the method proposed in the present study. 
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Table 2-3 Mass yield, carbon recovery, and VM reduction rate. 

Biochar MY (% db) C recovery (% db) VM reduction rate (% 
db) 

Rice husk (RHB) 39.0 50.2 67.0 

Rice straw (RSB) 41.9 58.4 60.7 

Dairy manure (DMB) 31.0 31.0 56.5 

Miscanthus (MiB) 33.1 49.8 58.8 

Poplar (PoB) 36.7 55.8 55.9 

Larch (JLB) 34.2 51.0 49.8 

Bamboo grass (BGB) 36.3 50.8 71.7 

MY: mass yield; VM: volatile matter; db: dry basis 

2.4.1.2. Ultimate analyses 

The ultimate analyses revealed that the C content of the raw materials ranged between 

38.7% and 48.2%, whereas that of the biochar samples was 45.3–71.9%. The ratio of the 

H/C and O/C of raw and biochar samples are illustrated using the Van Krevelen diagram 

(Fig. 2-2). The overall reduction of the atomic ratio suggests an increase in fuel quality 

similar range of coal. The least and greatest C-containing biomass samples were RS and 

JL, respectively. The recovery of C from each feedstock was calculated on the basis of 

the mass yield of the biochar (Table 2-3). All materials underwent C enrichment due to 

dehydration and decarboxylation during the carbonization process, and the yield was 

greatly influenced by the composition of the feedstocks. For instance, biomass with a high 

lignin content has been reported to yield more C in charred materials, whereas animal-

manure- and sewage-sludge-derived biochar has been reported to yield less C than 

lignocellulosic biomass (Weber and Quicker 2018; Chen et al. 2018). Similar to the 

observation of Weber and Quicker (Weber and Quicker 2018), the C recovery of DM was 

the lowest in our study. C recovery from rice straw was greatest and was similar to that 

from the woody biomass (Po, JL), which is considered to have a relatively high lignin 

content compared with herbaceous biomass (Basu 2013; Burhenne et al. 2013).  
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Fig. 2-2 Van Krevelen diagram of raw biomass and biochar  

The H content of raw biomass was between 5.2% and 5.8%, whereas that of biochar 

ranged from 2.5% to 3.3%. The N content in the raw and biochar samples ranged from 

0.3% to 1.7% and from 0.3% to 2.3%, respectively. The O content in the raw material 

was lowest in DM (33.2%) and greatest in Po (46.3%), whereas that of the biochar 

samples was 8.8–23.7%. Volatile organic compounds are released during carbonization; 

therefore, the biochar samples contained less O and H than the raw biomass, resulting in 

a lower risk of emissions of certain toxic gases such as carbon monoxide and 

hydrocarbons (Fitzpatrick et al. 2007; Maxwell et al. 2020). In addition, the calorific value 

of fuel increases with decreasing concentration of O in the fuel. Because the N content in 

biochars remained stable or increased slightly in DMB, RHB, BGB, and RSB, the N in 

the investigated biomass was not substantially volatilized under the investigated pyrolysis 

conditions. The increase in the N proportion of the biomass can be explained by the 

degradation of amino acids and protein, which are further adsorbed onto the char (Riaza 

et al. 2019). The N in the fuels can contribute to the emission of NOx and other 

nitrogenous species during the combustion of biomass (Broer and Brown 2015). However, 

torrefied biomass (biochar) with increased N does not increase the emission of NOx, 

which is instead reduced in most cases (Maxwell et al. 2020; Nunes 2020). Therefore, the 

expected reduction in volatile matter or gas emission (CO, HCs, NOx, etc.) and C 

enrichment in the biochar indicate that fuel quality was improved significantly. 
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2.4.1.3. Biochar surface analysis 

In solid fuel surfaces, the elemental composition is an important factor to evaluate the 

reactivity and emission of PM during combustion. Therefore, to analyze the mineral 

composition of the produced biochar the surface mineral component of each biochar 

material has been presented in Fig. 2-3 to Fig. 2-9. The K, Na, S, and Cl are considered 

highly volatile species during thermal treatment; therefore, they will easily vaporize 

during the gaseous phase. Whereas, Si, Al, Ca, Fe, Mg, P and are considered non-volatile 

and tends to retain in biomass char during the devolatilization stage (Valmari et al. 1998)  

  

Fig. 2-3 SEM-EDS image of RHB Fig. 2-4 SEM-EDS image of RSB 

The volatile alkaline species (K, Na) content is highest in DMB, 3.1%, and lowest in 

JLB, 0.0%, (DMB > RSB > BGB > PoB > RHB > MiB > JLB). The S content was not 

detected on the surface of all biochar, whereas some trace amount of Cl has been observed 

on the DMB (1.7%) and BGB (0.1%). K and Na, S, and Cl often dominate the fine 

particulate matter of fly ashes (Valmari et al. 1998). Therefore, the high content of those 

volatile elements in biochar is expected to contribute to more fine PM emissions 

(Kortelainen et al. 2015). Si, Al, Ca, Fe, Mg, and P the non-volatile elements, could cause 

the emission of coarse PM during char combustion by partitioning from the fuel matrix 

(Kortelainen et al. 2015). As shown in Fig. 2-3 RHB is significantly rich (15.3%) in Si 

compared with all other biochars. The second high Si-containing biochar is RSB (Fig. 2-
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4). It is known that the annual plant tissue, shell, or hull is rich in Si which is an essential 

element for mechanical function, for instance, it strengthens the plant cell and the 

protection from fungal and pest attacks.  

The component of DMB was highly heterogeneous along with high content of alkaline 

minerals and other alkaline earth metals (Ca and Mg) observed. The ash content of RSB 

and DMB and the amount of reactive elements is the highest, therefore it is expected to 

emit higher PM emissions. 

 

 Fig. 2-5 SEM-EDS image of DMB 

The low ash-containing biochar contained a significantly high amount of C (73.1 - 

75.0%) when compared with the high ash biochar (56.9 - 64.5%). The same phenomenon 

has been observed by the proximate analysis. Due to the less heterogeneous component 

of the low ash containing biochar lower emission of PM is expected. The surface 

morphology of the woody biochar (PoB, JLB) has been observed significantly different 

than the other biochars (Fig.2-7, Fig.2-8). The porous structure of the biochar material is 

might due to the retainment of the highly complex and hardy vascular system of woody 

plants (Słupianek, Dolzblasz, and Sokołowska 2021). Considering the limitation of SEM 

analysis which only could detect and estimate the composition of minerals on the surface 

of the materials, furthermore accurate quantitative mineral composition analysis is 

required. 
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Fig. 2-6 SEM-EDS image of MiB Fig. 2-7 SEM-EDS image of PoB 

  

Fig. 2-8 SEM-EDS image of JLB Fig. 2-9 SEM-EDS image of BGB 
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2.4.2. PM emission reduction 

The PM EFs of all the biomass and biochar samples at different heating temperatures 

(650, 750, and 850 °C) are presented in Fig. 2-10. To simply compare PM emissions 

among the feedstocks, the mean PM EF of each biomass (raw) or biochar (char) sample 

was calculated by averaging the emission values at three combustion temperatures. The 

data indicate that PM EF of raw biomass increased in the order: RH < Po < RS < Mi < 

BG < JL < DM (9.7, 12.9, 13.2, 13.7, 14.6, 15.2, and 19.5 mg/g-fuel, respectively). 

Meanwhile, the PM EFs of some biomass varied significantly depending on the 

combustion temperature. For example, for the RS, DM, and Po samples, the EF value 

increased with increasing combustion temperature, whereas the combustion temperature 

did not have a significant effect on the PM emissions from RH, BG, Mi, and JL. 

The average PM EF of biochars increased in the order PoB < MiB < JLB< RHB < 

BGB < RSB < DMB (1.0, 1.3, 1.3, 1.7, 3.1, 7.8, and 12.9 mg/g-fuel, respectively). Similar 

to the PM emissions from biomass samples, the PM emissions from some biochars were 

influenced by the combustion temperature. As the combustion temperature increased, 

more PM was emitted from RS and DM biochar, whereas the other samples did not show 

any specific temperature dependency. 

Carbonization significantly reduced PM emission from all the biochar samples, and 

the magnitude of the reduction varied considerably depending on the combustion 

temperature of the specific biochar. For example, PM emission was reduced by 75.5% 

(DM) to 92.6% (Mi) at a combustion temperature of 650 °C, by 14.2% (DM) to 90.7% 

(Po) at 750 °C, and by 9.6% (DM) to 95.4% (Po) at 850 °C. These results indicate that, 

although the carbonization of biomass is effective in reducing PM emission, the 

efficiency depends on both the feedstock and the combustion temperature (Itoh et al. 

2020; Li et al. 2019). 

The biomass samples containing the greatest amount of VM were Po, JL, and Mi. 

Consequently, the average PM emission from JL, Po, and Mi was the greatest except for 

the emission from DM. In the present study, the reduction in VM from biomass due to 

carbonization ranged from 49.7% to 71.70%, which suggests that VM was efficiently 

reduced by carbonization. The results also indicate that carbonization efficiently reduced 
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PM emissions from low-ash biomass (≤6.7%) because of the reduction in VM, 

irrespective of the combustion temperature (Fig. 2-10d-g). By contrast, the combustion 

temperature had a significant effect on the emission of PM from high-ash biochar. For 

example, DM, which was biomass with one of the lowest VM contents (71.9%), exhibited 

the greatest PM emission (19.5 mg/g-fuel), likely because of the emission of PM 

originating from the ash fraction (Itoh et al. 2020). Therefore, PM emission from biomass 

cannot be defined only by VM reduction. 

The main source of the VM from the lignocellulosic biomass is hemicellulose and 

cellulose (holocellulose) because they are easily degraded at relatively low temperatures 

(130-300 °C) (Basu 2013; Chen et al. 2018; Ma et al. 2015). Whereas the lignin in 

biomass would degrade more gradually at higher combustion temperatures, the organic 

and inorganic mineral residue would be collected as bottom ash. The lignin content is 

highest in woody biomass, whereas herbaceous and other agricultural waste materials are 

rich in holocellulose and other minerals (Basu 2013; Chen et al. 2018). Therefore, a higher 

content of lignin in the parent material might be preferred because it leads to a greater 

recovery of carbon (Basu 2013) and produces low PM emissions from biomass fuel (Lv 

et al. 2010). 
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Fig. 2-10 PM emission factor (EF) of raw biomass and biochar (designated as raw and char) at 

combustion temperatures of 650, 750, and 850 °C [values are mean±standard deviation of three 

replicates; values with different superscripts within the same biomass group were significantly 

different, as determined by Tukey’s test (p<0.05)]. 
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As hypothesized, PM emission reduction was most effective at low combustion 

temperatures (650 °C) for high-ash biochar samples. Higher combustion temperature led 

to greater PM emissions from high-ash biochar except for RH biochar (Fig. 2-10a). The 

PM emissions from RH biochar did not change with combustion temperature. This 

phenomenon was somewhat counter-intuitive. The average EF of the RH raw sample was 

9.67 mg/g, which is similar to that reported by Abah et al. (Abah, Ahamed, and Noguchi 

2020). In their study, the PM EF of rice husk biomass samples was 5.5–13.6 mg/g at 

combustion temperatures between 600 and 900 °C. However, no comparable study of RH 

biochar EF has been reported. The surprisingly low PM emission from high-ash RH 

biochar (Fig. 2-10a), even at high combustion temperatures, is attributable to 

compositional differences in the ash. Specifically, RH is known for its high Si content, 

whereas the other straw materials are generally rich in K, Ca, and P in addition to Si 

(Beidaghy Dizaji et al. 2022; Wei Yang et al. 2017).  

2.5. Conclusion  

Carbonization significantly reduced PM emissions: however, the efficiency varied 

depending on the inherent ash content, the composition of the biomass, and the 

combustion temperature. When the ash content was less than 6.7%, the combustion 

temperature did not significantly influence the PM emission from either raw or charred 

samples. In the group of high-ash biomass, the alkali-metal content in the ash might be 

the main reason for elevated PM emission of biochar samples at higher combustion 

temperatures. Therefore, the biochar produced from low-ash or low-alkali material can 

be used as a solid fuel with low PM emissions and enhanced fuel properties. Meanwhile, 

the biochars with high-ash alkali oxides need to be combusted at a low temperature 

(650 °C) or the minerals need to be diluted to reduce the risk of emission. Further 

investigations to reduce the alkali-metal content in ash are needed to enable high-ash 

biomass to be used as a solid biofuel. 
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CHAPTER - 3. REDUCTION OF PM EMISSION FROM HIGH-ASH BIOCHAR 
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3.1.Abstract 

A considerable amount of PM can be emitted during the combustion of biochars that are 

produced from LGB, even after a significant amount of VM was reduced by the 

carbonization process. We hypothesize that mineral transformation occurs in high-ash 

biochar during the combustion at higher temperatures and that releases as PM. Therefore, 

in this study, the emission factor of high ash-containing biochar was investigated at 

combustion temperatures between 650 to 850 °C. The PM emission from these biochar 

samples was increased with the increase in combustion temperature. The composition of 

minerals in the ashes of rice straw, rice husk, and dairy manure was investigated before 

and after heating at different temperatures (650, 750, and 850 °C). Mineral analysis 

revealed that enhanced PM emission from ash-rich biochar samples can be attributed to 

a greater concentration of Na and K and the melting of their compounds at higher 

combustion temperatures. We also found that co-combustion of low-ash biochar with 

high alkali-containing biochar may effectively reduce the PM emission, mainly by the 

mineral dilution mechanism.   
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3.2. Introduction  

The PM emission during the combustion of biomass could reduce by more than 50 percent 

by carbonization-induced decomposition of organic volatile matter (VM) originating 

from cellulose, hemicellulose, and lignin (H. Yang et al. 2007; Itoh et al. 2020). The 

efficiency is highest in the woody biomass, whereas in LGB the reduction is varied 

depending on the content and composition of inorganic minerals. Especially the alkali 

minerals including potassium and sodium (K and Na). These are abundant in annual fast-

growing plants and translocated as water-solubilized forms from the soil to various parts 

of the plant (Boström et al. 2012). During the combustion of biomass, alkali minerals 

(KOH, KCl, K2SO4, NaCl, and Na2SO4) tend to contribute to the PM by vaporizing easily 

and forming aerosols in the gas phase (Boström et al. 2012), which could be removed by 

carbonization below 400 - 500 °C (Z. Hu et al. 2018; Itoh et al. 2020). However, after 

biomass carbonization along with fixed carbon enrichment, other crystalline species of K 

and Na could be increased and decomposed during combustion as PM once the 

temperature is above the boiling point of alkali metals.  

To lower PM emissions from solid fuels, it is required to reduce the ash alkali minerals 

in the fuel matrix (Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020) and previous 

studies have suggested two approaches. One is the dilution of minerals in LGB by co-

firing high-quality primary biomass to reduce the overall ash content of the fuel 

(Fagerström et al. 2010; Rebbling et al. 2020). The second is, to add additives (kaolin or 

other Si-based additives) or co-combustion based on chemical speciation to modify the 

ash content and composition of the fuel (Mlonka-Mędrala et al. 2020; Wu Yang, 

Pudasainee, Gupta, Li, Wang, et al. 2020; Wu Yang, Pudasainee, Gupta, Li, Song, et al. 

2020).  

Based on research on PM reduction methods using diverse biomass, coal, and some 

pretreated biomass, Yang et al. proposed that a low (K2O+Na2O)/(SiO2+Al2O3) ratio in 

the ash is required to minimize PM emissions during combustion (Wu Yang, Pudasainee, 

Gupta, Li, Wang, et al. 2020). The biomass co-combustion with coal has shown a 

significant reduction of PM generation by potassium from the biomass could be captured 

by aluminosilicate oxides of the coal (W. Wang et al. 2019). The main mechanism is that 
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vaporized alkali minerals  (above 759 °C) during the combustion can be adsorbed on the 

aluminosilicate, once the combustion temperature exceeds the ash fluid temperature 

which is usually above 950 °C (Kleinhans et al. 2018). Therefore, the adsorption effect 

by co-combustion only has been proven in higher combustion temperatures of 1200-

1700°C (Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020).  However, Niu et al. have 

reported capsicum straw ashed at 815 °C has formed zeolite and leucite by following the 

reaction through R 1, and R 2.  

2KCl + Al2O3 + 2SiO2+ H2O → 2KAlSiO4 +  2HCl↑ (R1) 

2KCl + Al2O3 + 4SiO2 + H2O → 2K(AlSi2O6) + 2HCl↑(R2) 

To assess the application of the co-combustion study it is necessary to examine the 

mineral composition of the feedstock and test the lower combustion temperatures as the 

conventional stove operates. Except for a few studies of torrefied biomass co-combusted 

with coal or water leaching treatments (W. Wang et al. 2019; Han et al. 2019),  there are 

no studies on methods of PM emission reduction from biochar combustion. Therefore, 

examining the various strategies to reduce PM emission from biochar produced from 

LGB is required to increase waste utilization. To reduce the emission of PM from the 

mineral part of biochar, the present study hypothesized that, reducing the K and Na 

content in the high ash biochar will suppress the PM emission during combustion at lower 

than the 850°C. 

3.3. Materials and methods 

3.3.1. Materials  

Rice straw (RS), rice husk (RH), dairy manure (DM), and Japanese larch (JL) samples 

were collected from the experimental farm of Hokkaido University, Sapporo, Japan. To 

remove the inherent moisture, feedstocks were dried at 105 °C for 24 h, then milled and 

sieved through a 0.5-mm sieve prior to carbonization. Biochar samples were produced by 

carbonization of the biomass at 400 °C for 1 h in a FO810 muffle furnace (Yamato 

Scientific, Tokyo, Japan). Biochar samples were designated as RSB, RHB, DMB, and 

JLB where “B” indicates the biochar sample. For the co-combustion experiment, biochar 

samples are divided into two batches as described in the table-2 for determining the effect 
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of adsorption and diluting effect. Before the co-combustion experiment, the biochar 

samples were ground using mortar and pestle for better homogenizing the samples.  

Batch-1 was designated for testing the adsorption effect of alkaline minerals in biochar 

by co-combustion with RHB, which may improve the ratio of SiO2+Al2O3 content in 

biochar co-combusted with DMB and RSB, both of which have significant K2O+Na2O 

content. 

Batch-2 was designated for checking the dilution effect of alkaline minerals in biochar 

by decreasing the ash content of the biochar samples by co-combust with JLB which 

contains only 1% of ash.  

Table 3-3 The mixing ratio of the biochar 

No Designation  RHB (g) DMB (g) RSB (g) JLB (g)  

1 RHB 0.5 - - - 

P
u
re

 b
io

c
h

a
r 

2 DMB - 0.5 - - 

3 RSB - - 0.5 - 

4 JLB - - - 0.5 

8 RHB1: RSB3 0.125 - 0.375 - 

B
a
tc

h
 -

1
 

9 RHB1: RSB1 0.25 - 0.25 - 

10 RHB3: RSB1 0.375 - 0.125 - 

11 RHB3: DMB1 0.375 0.125 - - 

12 RHB1: DMB1 0.25 0.25 - - 

13 RHB3: DMB1 0.125 0.375 - - 

14 JLB1: RSB3 - - 0.375 0.125 

B
a
tc

h
 -

2
 

15 JLB1: RSB1 - - 0.25 0.25 

16 JLB3: RSB1 - - 0.125 0.375 

17 JLB3: DMB1 - 0.125 - 0.375 

18 JLB1: DMB1 - 0.25 - 0.25 

19 JLB3: DMB1 - 0.375 - 0.125 

 

3.3.2. PM emission measurements  

PM emission factor  

To validate the combustion temperature dependency of PM emission, the emission factor 

of RSB, and DMB samples were combusted at 650, 700, 725, 750, 775, 800, and 850 °C. 

To compare the emissions of total suspended PM during the combustion of the pure and 
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mixed biochar materials described in table 1, the EF of total PM was determined using 

the equipment described in Chapter 2 (Fig. 2-1). Based on the experimental result of the 

PM emission factor of the pure biochar samples (RHB, DMB, RSB, JLB) expected PM 

emission of the mixed biochar samples was estimated. 

To evaluate our result in real-world usage, minimum, average, and maximum airflow 

rates measured in 59 households that use conventional stoves in the ger, the traditional 

Mongolian dwelling, in the suburbs of Ulaanbaatar, Mongolia was used as an example 

(Bayartogtokh and Zhang 2019). The PM emission concentration (C [µg/m3]) was 

calculated using the following equation.  

𝐶 = 𝑘
𝑚𝑃

𝐹𝑡
 

k – unit conversion factor [=103] 

m – fuel mass [g-fuel]  

P – PM emission factor [mg-PM/g-fuel] 

F –air flow rate [m3/h]  

t – measurement time [h]  

To observe the temporal variation in the PM2.5 emission rate was measured at a 

combustion temperature of 850 °C using the PM emission sensor developed by Nakayama 

et al., (Nakayama, Matsumi, and Kawahito & Yoshifumi Watabe 2018) in the system 

shown in Fig. 3-1. The mass concentration of PM2.5 was measured at 10-s intervals in the 

sensor which was placed in the middle of the sensor box. The emission rate has been 

evaluated as Itoh et al., introduced (Itoh et al. 2020). 
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Fig. 3-1 Furnace design and experimental setup of PM emission rate 

3.3.3. Mineral content analysis  

To determine minerals that could contribute to PM emissions, ash samples of RH, RS, 

and DM were produced by the incineration of those biomasses at 600 °C. After the 

samples were incinerated, 300 mg of each ash sample was heated at 650, 750, or 850 °C 

for 60 min in a tube furnace. The products are referred to as heated ash samples. 

The mineral (Al, Ca, K, Mg, Na, P, and Fe) content in the samples (in the ash, heated 

ash, and biochar) was determined by inductively coupled plasma mass spectrometry (ICP-

MS) (PerkinElmer, Waltham, MA, USA). Before the analysis, samples were digested by 

an HNO3 – H2O2 system, and the liquid fraction was analyzed by ICP-MS. The solid 

fraction after the digestion, which was dominated by crude silica [37], was collected by 

filtration and then weighed after drying. 

3.3.4. Statistical analysis 

A one-way analysis of variance (ANOVA) was performed within the RSB and DMB 

samples shown in Figure 3-2 using IBM SPSS (version 28) statistics to determine if there 

was a statistically significant difference between the emission factors at different 

combustion temperatures. Tukey’s test was used to determine if a significant difference 

(p < 0.05) existed in the PM emission factor analysis within the same biochar or the K 

and Na content analysis. A correlation test and t-test (p < 0.05) were conducted to 

compare the experimental result and the expected result.   
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3.4. Results and discussion  

3.4.1. PM emission combustion temperature dependency 

To verify the PM emission factor in various temperatures, high ash containing biochar 

RSB and DMB has been combusted in various temperatures ranging from 650 to 850 °C 

as shown in Fig.3-2. PM emission of DMB has significantly increased in combustion 

temperature 750 °C compared with the value of lower temperature range. The emission 

has reached its highest point at 775 °C and has not found a significant change in the above 

temperatures. In RSB samples, the emission has shown steadily increased up to 775 °C 

of combustion temperature and the highest emission factor has been recorded. It is 

observed that in both samples highest emission factor is recorded in the 775°C. 

 

Fig. 3-2 PM emission of dairy manure and rice straw biochar samples at various combustion 

temperatures [values are mean±standard deviation of three replicates; values with different 

superscripts within the same biochar group were significantly different, as determined by Tukey’s 

test (p<0.05)] 

3.4.2. Mineral composition analysis 

3.4.2.1 Ash composition  

To elucidate the mechanism of PM emission from the ash samples RH, RS, and DM 

samples were subjected to ash heating and fractionation analysis. The mass loss due to 

the heating of the ash samples is depicted in Fig. 3-3a. When the ash samples (produced 
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at 600 °C) were heated at 650, 750, and 850 °C, the ash weight reduction of the RH ash 

was 3.25%, 2.62%, and 2.64%, that of the RS ash was 3.63%, 10.95%, and 14.57%, and 

that of the DM ash was 2.10%, 4.58%, and 9.58% respectively. The insoluble and soluble 

(in acid) portions of the ash (600 °C) and heated ash samples (at 650, 750, and 850 °C) 

are shown in Fig. 3-3b. The results show that 87.9%, 67.4%, and 57.2% of the RH, RS, 

and DM ash samples, respectively, were not digested by the HNO3 acid system. A 

noticeable reduction of the ash content and the soluble part of the ash samples was 

observed when the heating temperature of the RS and DM samples was increased. This 

result implies that at high heating temperatures, soluble (volatile at high temperatures) 

minerals (such as K and Na) in the ash can be emitted as particulate matter, causing a 

reduction in the ash residue and soluble alkali metals. 

 

Fig. 3-3 (a) Ash content (%) and (b) solid and insoluble fractions in ash and heated ash 

of rice husk (RH), rice straw (RS), and dairy manure (DM). 

The ash of RS and RH are both dominated by Si (94.7% and 73.2%, respectively); 

however, RS has higher contents of alkali and alkaline-earth metals (Yao, Xu, and Liang 

2016). The total content of Al, Ca, K, Mg, Na, P, and Fe in the RH, RS, and DM have 

shown in appendices 1-3. RH leachates were significantly lower than the RS and DM 

leachates. The dominant soluble species in the ash sample of RH were K, Fe, and P (5.8, 

1.9, and 1.3 mg/g, respectively)). There was no significant difference in the concentration 

of ash minerals between the ash and heated ash samples of RH (Fig. S1).  

The K, Ca, Fe, and Mg (51.6, 6.1, 3.3, and 1.2 mg/g, respectively) contents in the RS 

ash were much greater (Fig. S2) than the RH. The concentration of other elements was 

less than 1 mg/g in both the RH and RS ash samples. The DM contained even greater 
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amounts of Ca, K, P, Na, Mg, Fe, and Al in the ash (100.0, 96.4, 35.5,17.3, 10.4, 4.2, and 

2.3 mg/g, respectively) (Fig. S3). There is a significant reduction of K content in both RS 

and DM ashes when increasing the heating temperature.  

The water-soluble alkali-metal fraction is likely to be released during combustion, 

forming PM in the flue gas, whereas the water-insoluble alkali-metals will likely 

contribute to ash transformation and ash melting (Beidaghy Dizaji et al. 2022). Therefore, 

the acid-soluble (including the water-soluble fraction) alkali content of the three biomass 

ash samples was determined and compared with the K and Na contents (the main soluble 

minerals) remaining after the ash samples were heated at higher temperatures (Table 3-

2). 

The alkali-metal content was significantly different among the feedstocks. The K 

content was 5.86, 51.61, and 96.84 mg/g, whereas the Na content was 0.14, 0.52, and 

17.33 mg/g for RH, RS, and DM ash, respectively (600 °C). With an increase in the 

heating temperature, the alkali-metal content in the RS and DM ash decreased, whereas 

that in the RH ash did not. These results imply that the vaporization of alkali metals from 

the ash of DM and RS might have been released as PM increased with increasing heating 

temperature. The same phenomenon was observed in a previous study (Itoh et al. 2020). 

Table 3-4 K and Na content of ash and heated ash samples 

SAMPLE K (mg/g) Na (mg/g) 
 

RH RS DM RH RS DM 

ASH 5.8±0.04a 51.1±8.88

a  

96.8±4.73a 0.1±0.00c 0.5±0.01a  17.3±0.79a 

650 °C 5.4±0.08b 61.1±1.51

a 

94.6±4.32a 0.1±0.01c  0.5±0.01a 18.6±0.88a 

750 °C 4.9±0.11c 19.2±1.81

b 

62.3±3.57b 0.2±0.01b 0.4±0.00b 14.1±0.72b 

850 °C 5.9±0.07a 1.3±0.18c 19.4±1.07c 0.25±0.01a 0.15±0.01c 9.5±0.53c 

RH: rice husk; RS: rice straw; DM: dairy manure. Values in the table represent the mean 

of three replicates ± standard deviation. Superscripted letters indicate significant 

differences within the same column as determined by Tukey’s test (p<0.05).  
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We attributed the reduction in minerals in the heated ash samples to the vaporization 

of the alkali metals because the metal content decreased when the heating temperature 

was close to the boiling point of the metals. However, in the RH samples, the alkali (K, 

Na) content was significantly lower than that in the other two high-ash biomass types 

(Table 3-2). The increased emission factor of the RSB and DMB, and the reduction of 

alkali mineral concentration above 750°C. Therefore, the emission of those metals from 

RH might be negligible, resulting in lower PM emissions from the RH biochar. Thus, 

both the ash content and alkali-metal content appear to strongly influence PM emissions 

from biochar combustion.  

3.4.2.2 PM emission and mineral composition 

To reduce the PM emission, the alkali-metal content in biomass and coal has been 

suggested (Wu Yang, Pudasainee, Gupta, Li, Wang, et al. 2020). To confirm this 

speculation in the case of biochar, the K and Na contents of the RH, RS, and DM biochar 

were compared with their PM EF values at three different temperatures. As shown in Fig. 

3-4, at combustion temperatures of 750 and 850 °C, the PM EF of high-ash biochar was 

strongly correlated with their K+Na content. Higher combustion temperatures 

significantly promoted the emission of PM because of the greater alkali-metal (K and Na) 

content. A previous report indicated that the dominant release of alkali and alkaline-earth 

metals occurs either below 500 °C or above 800 °C (Weber and Quicker 2018). 

Sublimation of KCl could be the main path of K release (Spokas et al. 2014). The current 

study demonstrated that biochar fuel with a high alkali-metal content emitted more PM 

under high-combustion-temperature conditions. Therefore, the combustion of these 

biochars at low temperatures could be a reasonable option for PM emission reduction.   
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Fig. 3-4 Correlation of the alkali-metal content and PM EF for rice husk, rice straw, and dairy 

manure biochar 

3.4.3. PM emission behavior of co-combustion 

3.4.3.1 PM Emission factor 

Table 3-3 shows the measured emission factor of PM from pure and mixed biochar 

samples to limit the emission of PM from ash. The emission of PM has reduced when 

increasing the content of the high Si and Al-containing RHB part in the combustion 

mixture as well as the increase of the low ash-containing JLB. The emission factor of JLB 

is lower than that of RHB, therefore the co-combustion with JLB was mostly effective 

than co-combustion with RHB. 

Table 5-3 PM EF of the pure and co-combusted biochar of 

No Mixing ratio 
PM Emission factor 

(mg/g) 

 

1 RHB 2.0 ± 0.1 

P
u
re

 b
io

c
h

a
r 

2 DMB 21.2 ± 1.2 

3 RSB 11.3 ± 0.7 

4 JLB 1.0 ± 0.6 

8 RHB1: RSB3 9.4 ± 0.3 

B
a
tc

h
 -

1
 

9 RHB1: RSB1 5.7 ± 0.2 

10 RHB3: RSB1 3.4 ± 0.7 
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In Fig. 3-5 the correlation between the molar ratio of (K2O+Na2O)/(SiO2+Al2O3) and 

the measured PM emission factor of mixed biochar samples is shown. The emission factor 

of the PM was highly correlated with the ratio of (K2O+Na2O)/(SiO2+Al2O3) content in 

ash. The content of Si and Al content was highest in the RHB, and EF was many folds 

lesser than the DMB and RSB. However, we did not find a significant difference between 

the predicted and the experimental data of EF measurement (Fig. 3-6). That indicates the 

dilution effect rather than the adsorption effect by the SiO2+Al2O3 in the ash component 

may have led to a reduction in PM emissions. 

   

Fig. 3-5 Correlation of the emission factor of 

PM and (K2O+Na2O)/(SiO2+Al2O3) of batch 1 

Fig. 3-6 The correlation of PM EF of batch 1, 

the experiment, and the estimated value 

based on the pure biochar EF 

3.3.3.2 Emission rate of the PM  

To examine the behavior of PM emission further, the real-time emission rate of PM was 

measured by burning DMB, the most PM-emitting biochar, with RHB and JLB. The 
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B
a
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15 JLB1: RSB1 6.2 ± 0.1 

16 JLB3: RSB1 2.8 ± 0.6 

17 JLB1: DMB3 10.7 ± 1.0 

18 JLB1: DMB1 9.9 ± 0.8 

19 JLB3: DMB1 6.1 ± 0.5 



44 

 

emission during the combustion of RHB has shown the highest peak within five minutes 

and the emission has been eliminated. Whereas the dairy manure biochar sample has 

shown a significantly different trend after the emission peaked and retarded within 5 

minutes another peak has been formed. In a different study, when torrefied dairy manure 

was combusted at 850 °C, a similar two-peaked pattern was observed, but not at 650 °C 

(Itoh et al. 2020). The combustion of raw biomass results in the degradation of organic 

materials, whereas carbonization is intended to reduce the organic element of the biomass. 

However, lignin, one of the main organic components of biomass, has a wide 

decomposition temperature range of up to 530 °C (Glushkov et al. 2021; H. Yang et al. 

2007). This indicates that the first peak could be caused by delayed lignin breakdown. 

The observed second peak of the DMB, on the other hand, could be caused by ash 

transformation after char combustion and smoldering (Itoh et al. 2020).  

 

Fig. 3-7 PM emission rate of DMB with co-combustion of RHB 

When the amount of RHB mixing ratio is equal to or less than the DMB in co-

combustion, the emission trend follows a similar two-peaked pattern. Whereas the RHB 

and JLB-dominated (3:1) treatment has changed the emission trend of the fuel by 

eliminating the second peak. Therefore, the K2O+Na2O adsorption by SiO2+Al2O3 could 

occur when the mixing ratio of the RHB is 3 times more than the DMB. However, the 

JLB-dominated co-combustion also showed a similar trend therefore further synergistic 

effects of the co-combusted biochar may have occurred. For instance, woody biomass 

contains a high amount of Ca which forms a K2CO3−CaCO3 melt around 800 °C resulting 

in reduced release of K (Hedayati et al. 2021). 
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Fig. 3-8 PM emission rate of DMB with co-combustion of JLB 

As shown in Fig. 3-9 there is almost no difference between all the co-combusted 

biochar (both batch 1, 2) emission factors and estimated value. Therefore, the emission 

of PM from the mineral part of biochar samples can be reduced by co-combustion of the 

biochar based on ash content. 

 

Fig. 3-9 Correlation of estimated and measured EF co-combustion of batch 1, 2 biochar 

The emission rate targets for mitigating PM exposure in a household, WHO air quality 

guideline for PM2.5 of the vented stove was 0.80 mg/min, and 7.15 mg/min in the ultimate 

and intermediate targets respectively (WHO 2021). In our study emission rate of biochar 

ranged between 0.0 to 4 mg/min. This indicates that the emission of PM from biochar 

combustion is expected to qualify for the emission target. However, in this study, the 
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emission rate did consider an energy-delivered factor of emission as WHO estimation has 

suggested. Therefore, to measure the emission rate considering the factor of energy 

delivered value, further study needs to consider the field measurement of air exchange 

rate/ventilation rate, kitchen volume, and duration of stove use per day.  

3.4.4. Comparison of PM emission concentration and WHO guidelines  

Fig. 3-10 compares the PM emission concentration computed based on the PM emission 

factor of the pure and mixed biochar we measured with three alternative airflow rates 

available in the literature (Bayartogtokh and Zhang 2019), to the WHO air quality 

guideline 24-hour mean (PM2.5 – 15 µg/m3; PM10 – 45 µg/m3) (WHO 2021). It was 

observed that the JLB and RHB have emitted PM lower than the WHO guideline. 

However, since airflow rate is another important factor in PM emission concentration, 

more research is needed to examine the airflow rates of stoves more carefully. The co-

combustion of the JLB with high ash-containing biochar has shown a promising effect in 

reducing the emission of PM, especially when the airflow rate is sufficient. The PM 

emission reduction was observed more in RSB than in DMB co-combusted with JLB. 

Because the ash content of RSB is lower than the DMB. Therefore, by reducing the PM 

emission from high ash-containing biochar by co-combustion, reducing the overall ash 

content in the mixture could be expected a better result.   
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Fig. 3-10 PM emission concentration of pure and mixed biochar 

3.5.Conclusion 

The emission of the PM from the ash part has been greatly influenced by the combustion 

temperature and composition of the feedstock that is used for biochar production. The 

emission of PM from RSB and DMB was increased significantly in the combustion 

temperature range of 725 to 775 °C. The emission was stabilized later, or a slight decrease 

was observed between 775-850 °C. Emission from the alkali-metal content in the ash was 

the main reason for elevated PM emission of biochar samples at higher combustion 

temperatures. As our study proved that the PM emission from co-combustion biochars 

can be predicted quite accurately, this model can be utilized to design various 

combinations of biochar-based solid fuel that would satisfy the WHO emission guideline.  
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4.1. Biomass type on PM generation 

Biomass is the most abundantly available renewable resource (Liu, Jiang, and Yu 2019). 

Therefore, the carbonization of biomass material is a viable solution for addressing 

numerous concerns, such as increasing clean renewable energy supply and minimizing 

waste as part of the circular economy (Q. Hu et al. 2021). However, its use as a solid fuel 

remains understudied (Kant Bhatia et al. 2021), and even the prospect of lowering PM 

emissions is promising. Therefore, this study has demonstrated the PM emission 

reduction effect of various biomass by carbonization. 

Based on the review study results of the life cycle assessment of a wide variety of 

biochar, Zhu et al concluded that the increasing environmental advantages biochar 

production process should adapt to local or regional level (X. Zhu et al. 2022). Therefore, 

the tested biomass in this study were selected based on the abundance and low utilization 

options. The PM emission during the combustion of selected seven types of biomasses 

and their carbonized types were compared to evaluate the efficiency of PM reduction and 

the influencing factors.  

In this study, PM emissions have been reduced significantly from all biochar due to 

the removal of the volatile matter by carbonization. The average PM emission from the 

biochar was lowest in woody biochar and energy coppices (PoB < MiB < JLB< RHB < 

BGB < RSB < DMB). The countries that have a high abundance of forest residue, i.e, 

Mongolia, the carbonization of poplar wood or larch would be beneficial. Further, 

effective forest management, thinning and forest floor cleaning from dead wood and log 

is generally suggested (Altrell 2019). The broad-leaf bamboo is an invasive species in the 

northern temperate forest of Japan. Removal of the invasive plant is effective silvicultural 

prescription to sustain overstory plant diversity (Ishii et al. 2008), so plants like bamboo 

grass can be carbonized and utilized as biosolid fuel. As a result, active utilization of this 

kind of biomass materials would help maintain a healthy sustainable forest ecosystem. 

Given that rice, meat, and dairy products are the staple diet for billions of people, food 

processing waste would increase year after year. The residual biomass from the 

agricultural activity is typically either burned in the agricultural field or discarded as 

waste, both of which pollute the environment. Consequently, effective utilization of such 
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biomass is gaining more attention. Therefore, unutilized biomass resource surveys in the 

country or region and their compositional study would assist in the sustainability of 

biomass utilization and its emission prediction of PM during combustion. 

4.2. PM emission behavior 

Fuel properties including fuel particle size, mineral properties, inherent ash content, 

and its composition are big factors for PM emission quantity accompanying furnace 

design (Leskinen et al. 2014; Sun et al. 2019; Wu Yang, Pudasainee, Gupta, Li, Wang, et 

al. 2020). Therefore, the PM emission behavior and reduction possibility based on the 

mineral composition and combustion temperature has been evaluated. The main source 

of PM emission from biomass is due to the VM of organic parts as reviewed in the 

literature (Van Loo and Koppejan 2008; Basu 2013). We found that a substantial amount 

of PM is also emitted from the inorganic part. Combustion temperature has a significant 

impact on PM emission from high ash-containing biomass (≥6.7%). As our hypothesis, 

the PM emission reduction results show that the emission has been reduced significantly 

by carbonization from all the biomass at low combustion temperatures. 

The results from the first phase of the study, suggest that the PM emission from the 

ash-rich biochar is highly dependent on its composition and combustion temperature. 

Most of these ash-rich biochars are produced from LGB. Finding an effective way to 

utilize carbonized LGB as a solid fuel without many emissions will have a significant 

impact on renewable energy research and the well-being of the rural community in many 

developing countries 

Therefore, detailed combustion temperature and ash mineral components of high ash-

containing biochar were investigated relating to the emission of PM during combustion. 

Based on the first phase of the study results, we hypothesized that mineral transformation 

occurs in high-ash biochar during the combustion at higher temperatures and that releases 

as PM. The ash composition of the high ash-containing biochar samples namely rice husk 

(RHB), rice straw (RSB), and dairy manure biochar (DMB) were analyzed.  

The emission of PM from RSB and DMB was increased significantly with combustion 

temperature increase. The highest PM emitting range was well aligned with the studies 
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that stated the release of alkali minerals could occur at 700 to 900 °C during combustion 

(Jensen, Sander, and Dam-Johansen 2001; Yogalakshmi K N et al. 2022). Further, the 

ash composition and the heating study revealed that the RH, RS, and DM include 12.1%, 

32.6%, and 42.8% of soluble minerals, respectively. The insoluble part of the ash is 

mainly consisting of Si and other refractory or acidic compounds whereas the soluble part 

of the minerals is mostly alkaline and alkaline earth minerals including K2O, CaO, Na2O, 

etc. The high emission of PM owing to high heating temperature is influenced by alkali 

metal release from the soluble ash part of RS and DM. The heating temperature of the RS 

and DM ash increased, and the soluble portion of the ash decreased. The decrease in the 

ash soluble part was due to the degradation of a significant amount of K and a small 

amount of Na. As our hypothesis, the PM EF of high-ash biochar was strongly correlated 

with their K+Na content when the combustion temperature was higher.  

Compared to biochars with higher ash content, RHB differed most in terms of ash 

chemical composition, and PM emission behavior. The low emission from RHB is due to 

the high percentage of insoluble mineral Si. It is known that rice husk ash has a high 

content of SiO2 (Wei Yang et al. 2017), which is considered a favorable fuel additive for 

reducing alkali metals. Therefore, considering its lower PM emissions, RHB might be 

employed as a solid fuel. However, due to the possibility of slagging, the sample's high 

ash concentration may impede its use (Dunnigan et al. 2018; Yao, Xu, and Liang 2016). 

Therefore, the reduced ash content of RHB would make this biochar more valuable as 

solid fuel. 

To reduce the emission of PM induced by the alkaline mineral content we tested two 

approaches as literature supported (Mlonka-Mędrala et al. 2020; Wu Yang, Pudasainee, 

Gupta, Li, Wang, et al. 2020). The high PM emitting RSB and DMB high-alkaline-ash 

biochar was co-combusted with low-ash JLB to dilute ash minerals. Additionally, those 

were co-combusted with high Si-containing RHB to test the adsorption effect. From the 

co-combustion study, it was observed that the emission reduction by ash dilution is more 

likely to happen than the adsorption effect, since the batch 1, and 2 studies both well 

correlated with the expected results of emission reduction. The adsorption effect has not 

occurred might because the combustion temperature was below the Si melting 

temperature and the Al content was not high enough. Since the co-combusted materials 
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were not pure additives, more complex ash transformation may have occurred. 

Nevertheless, the co-combustion based on the ash content of the biochar can be applied 

to reduce the emission of PM during the combustion of the biochar in the various ranges 

of conventional stove temperature. 

4.3. Conclusive summary 

From overall results and discussion, we conclude that carbonization is effective in 

reducing PM emissions from low ash-containing biomass, or low alkali-containing 

biochar in combustion temperatures of 650-850 °C. The high-alkali-containing biochars 

can be combusted at 650°C. For combustion above that temperature, ash content should 

be diluted to reduce the emission of PM. The comparison of probable PM release rate and 

WHO emission concentration guidelines have shown the possibility to use the LGB as a 

potential bio-solid fuel (with reduced PM emission). Based on the preceding findings, the 

flowchart below is provided to assist in further biomass upgrading and predicting the 

effectiveness of carbonization to reduce PM emissions during combustion (Fig. 4-1).  
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Fig. 4-1 Diagrammatic outline of producing clean biosolid fuel by carbonization 
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4.4. Study limitations and suggestions for future research 

As our study has mainly focused on environmental factors of biochar, future study needs 

to evaluate the commercial and technical value of biochar as solid fuel as follows. 

• For further studies, it is necessary to examine the fuel particle size effect on the 

PM emission factor. Because, when the emission factors of the RHB, RSB, and 

DMB were compared in the second and third chapters of the study, a modest rise 

was noticed in chapter 2, although the combustion conditions were the same. The 

difference may be occurred due to the biochar particle size since the second part 

of the study, biochar samples were ground to finer sizes.  

• To assess biochar fuel production and ease of future utilization, the biochar 

mechanical densification method including briquette/pelletizing (a technique to 

harden and bind a material by compressing under high pressure) may be beneficial. 

Various studies have suggested that the densification of biomass and coal has been 

effective to reduce PM emissions along with increasing energy density and overall 

fuel quality (Y. Zhu et al. 2018; Sun et al. 2019). 

• It is necessary to perform a field combustion experiment to evaluate whether the 

emission reduction target is achievable in a real environment, regarding different 

ventilation rates and firing behavior of the user for instance the average cooking 

time.  

• Considering the mineral composition heterogeneity, and possible melting of the 

Ca-Mg-Si-P-O system (Falk et al. 2022) during the co-combustion of biochar, the 

emission of PM prediction could be assisted by ternary composition diagram of 

biomass ash introduced by Vassilev et al. (2017).  

• More precise PM emission prediction models should be developed 

• Evaluation of lower heating and higher heating value of the biochar is necessary 

to estimate the commercial value of biochar as fuel. 
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APPENDIX 

 

Fig. S1 Rice husk (RH) ash mineral content 
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Fig. S2 Rice straw (RS) ash mineral content 

 

Fig.S3 Dairy manure (DM) ash mineral content 

 


