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Abstract 

The utilization of agricultural by-products for the co-production of biochar and 

bioenergy offers a viable way to sequester carbon effectively with added agricultural 

benefits. The operating pyrolysis temperature (or ‘volatile production temperature’), 

however, strongly influences the balance between biochar production (yield and 

quality) and energy production (composition and higher heating value (HHV) of the 

volatiles). In this thesis, the term ‘raw pyrolysis volatiles’ is used to refer to the 

mixture of pyrogas and bio-oil produced during pyrolysis. The composition (moisture, 

ash, volatile matter (VM), sulfur, and nitrogen contents) of the biomass can also 

influence the yield of pollutants. Using a laboratory-scale combined pyrolysis and 

combustion (pyrolysis-combustion) process, raw pyrolysis volatiles were produced at 

varying temperatures (400 – 800 °C) from agricultural by-products and combusted at 

850 °C. The particulate matter (PM10 and PM2.1), gaseous (H2S, SO2, and NOx), and 

PM-bound polycyclic aromatic hydrocarbon (PAH) emissions were evaluated. These 

pollutants are responsible for severe short and long-term harmful health impacts and 

are therefore subject to strict environmental legislation. 

Utilizing rice husk in the pyrolysis-combustion process, it was found that the 

highest yields of both PM10 and PM2.1 occurred at lower volatile production 

temperatures (400 – 600 °C). This was attributed to the increased contribution of bio-

oil to the raw pyrolysis volatiles HHV which resulted in elevated C/H ratios in the 

volatile mixture. This increased the tendency of the pyrolysis volatiles to soot during 

combustion. Linear dependence was observed between PM emissions and the bio-

oil fraction in the raw pyrolysis volatiles.   
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Combustion of the raw pyrolysis volatiles produced at elevated volatile 

production temperatures resulted in significantly increased PM-bound PAH 

concentrations. This was primarily due to the elevated PAH and oxy-aromatic 

content of the bio-oil fraction at higher temperatures. Elevated temperatures also 

resulted in increased average molecular weights of the PM-bound PAHs. Increased 

PM toxicity was observed at higher volatile production temperatures due to the 

elevated concentration of 4, 5, and 6 ring PAHs.  

It was demonstrated that increased volatilization of the fuel-bound sulfur and 

nitrogen contents during pyrolysis at elevated volatile production temperatures 

increased the energy-based yields of SO2, H2S, NO, and NO2. Utilization of grape 

pruning demonstrated that elevated biomass VM content resulted in increased 

energy-based yields of PM. The majority of the increase resided in the sub-micron 

size fraction due to the increased pyrogas fraction in the raw pyrolysis volatiles. The 

PM emissions were found to be independent of the feedstock ash content due to its 

retainment in the biochar.  

It was also found that utilization of the as received (AR) rice husk resulted in 

greater energy-based yields of PM10 (1.2 times at 400 °C and 1.6 times at 800 °C). 

The PM-bound PAH concentration was observed to be 2.1 and 2.8 times higher for 

the AR rice husk at 400 and 800 °C, respectively. Nevertheless, the majority of the 

PM-bound PAH species generated from the AR rice husk consisted of 2 and 3 ring 

PAHs (naphthalene, acenapthylene, and acenaphthene) with relatively low toxicity. 

This resulted in the toxicity of the PM generated from the AR rice husk being lower 

than the dried rice husk.  
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This thesis demonstrated that operation of a pyrolysis-combustion process for 

the optimized generation of either biochar or bioenergy, at lower and elevated 

volatile production temperatures, respectively, resulted in significant differences in 

the emissions of harmful pollutants. It is hoped that the outcomes of this work will 

provide guidance for facilitating effective evidence based policies for agricultural by-

product utilization with beneficial environmental outcomes. It is clear, however, that 

despite the potential for high ash content agricultural by-products to be utilized in 

pyrolysis-combustion systems, doubts surrounding the current market demand for 

biochar need to be addressed before the large-scale co-generation of biochar and 

bioenergy can become a reality. 
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Chapter 1: Introduction 

1.1. Background  

The influence of anthropogenic GHG emissions on climate change is one of 

the major concerns of our time. One significant contributor to this problem is the 

increasing concentration of atmospheric CO2 resulting from the combustion of fossil 

fuels for energy generation purposes (Lehmann, 2007). It has therefore been 

suggested that an ambitious programme of mitigation measures are needed in order 

to reverse our progress towards irreversible climate change (Woolf et al., 2010). 

This means that technologies that can actively withdraw CO2 from the 

atmosphere, and sequester that C safely for extended periods of time, must be 

included due to the continuing presence of unavoidable GHG emissions from both 

fossil fuel burning and biomass decomposition (Lehmann, 2007). Indeed, CO2 

reduction should be at the forefront of any long-term mitigation measures as it 

remains the primary anthropogenic source of GHG, representing 76 % of total GHG 

emissions (CO2,equivalent) in 2010 (IPCC, 2014). 

One way to effectively reduce atmospheric CO2 concentrations is through the 

growth of plants. Plants remove CO2 from the atmosphere during photosynthesis 

and store it in their soil organic matter or tissue (Lehmann, 2007). Combustion of this 

plant matter (biomass) is C-neutral, and will not result in long-term effective 

atmospheric CO2 reduction. Instead, conversion of the readily decomposable C 

present in the biomass to much more stable forms is an effective means to 

sequester C (Lehmann, 2007). This can be achieved through the heating of biomass 

to elevated temperatures (generally from 300 – 800 °C) in the absence of oxygen by 

a process known as “pyrolysis”. As a result of the pyrolysis reaction the biomass 
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thermally decomposes to leave a solid carbonaceous product named “biochar” (Fig. 

1.1). The biochar is characterized by high C content (> 40 %) and increased 

durability when compared to the original feedstock. The production of biochar from 

sustainable biomass sources is generally considered to be a C-negative process 

(Glaser et al., 2009). It has been estimated that sustainable biochar implementation 

could offset approximately 130 Pg of CO2-equivalent emissions over a 100 year time 

period, and a maximum of 12 % of anthropogenic GHG emissions on an annual 

basis (Woolf et al., 2010).  

Estimates for the length of C sequestration vary, but typically range from 

hundreds to thousands of years (Lehmann, 2007). The application of biochar to soils 

has also been shown to provide added-value to biomass wastes by improving 

agricultural productivity. This is especially true of low-fertility and degraded soils 

(Woolf et al., 2010). Biochar can improve soil health by reducing the leaching of 

nutrients into ground water (Hagemann et al., 2017); reducing the soil emissions of 

N2O (Cayuela et al., 2013); increasing the cation-exchange capacity of the soil 

(Jien and Wang, 2013); increasing water holding capacity (Karhu et al., 2011); 

moderating soil acidity (Obia et al., 2015); and being beneficial to the health of soil 

microbes (Han et al., 2017). Numerous studies have demonstrated the 

effectiveness of biochar for increasing plant yields in various soil types (Chan et al., 

2007; Major et al., 2010; Yamato et al., 2006). 

Biochar can be made through various pyrolysis approaches (Antal Jr and 

Gronli, 2003). The majority of these methods, however, are relatively simple, and do 

not result in the co-generation of bioenergy. Often these traditional methods are also 

inefficient (Sparrevik et al., 2015). Modern pyrolysis processes typically separate the 

condensable (bio-oil) and non-condensable (pyrogas) products of the pyrolysis 
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reaction to generate an oil-free gas for power generation (Ning et al., 2013). This 

approach of separating the fractions, however, reduces the available energy content 

from combustion of the volatile mixture. This is the due the significant contribution of 

bio-oil to the HHV of the volatiles at the lower pyrolysis temperatures that favor 

biochar production (Williams and Nugranad, 2000). It is therefore suggested that co-

combustion of the pyrogas and bio-oil fractions of the raw pyrolysis volatiles may be 

advantageous to the performance of modern pyrolysis processes. In this thesis the 

mixture of pyrogas and bio-oil is termed the “raw pyrolysis volatiles”. 

Co-combustion of the pyrogas and bio-oil results in the production of energy 

that can be used to power the endothermic pyrolysis reaction and drying 

requirements of wet biomass. On-site heating requirements can also be reduced 

(Moon et al., 2011). Higher combustion efficiencies (due to enhanced fuel/air mixing 

and elevated combustion temperatures) are achievable through modern pyrolysis-

combustion processes when compared to conventional biomass disposal methods 

(including open burning and cook stoves). This may therefore offer the additional 

advantage of reducing the harmful emissions associated with current disposal 

practices, which are significant contributors to premature mortality in developing 

countries (Smith et al., 2000; Reddy and Venkataraman, 2002). Attempts to increase 

the utilization rates of agricultural by-products have also traditionally been hindered 

by the low bulk and energy densities of the feedstocks (Chen et al., 2015; Vassilev et 

al., 2010). This means that future utilization strategies must be able to use the by-

products on-site, reducing transportation costs. These benefits suggest that 

distributed pyrolysis-combustion systems may offer a method for upgrading waste 

biomass that cannot currently be utilized due to it being currently economically 
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prohibitive. This approach can be mobile (allowing difficult to access biomass to be 

accessed) and offers additional sustainability benefits.    

It is therefore clear that the large-scale production of biochar and bioenergy 

by pyrolysis-combustion can address the following major challenges that society 

currently faces: 1) It can reduce atmospheric CO2 concentrations to help combat 

climate change, 2) help improve the productivity and yields of agricultural practices, 

ensuring enhanced food security in a world with a growing population, 3) increase 

global bioenergy production to reduce fossil fuel consumption, 4) reduce the 

emissions associated with conventional methods of biomass disposal, and 5) provide 

an additional income stream for agricultural producers with abundant biomass 

wastes. One type of abundant biomass feedstock that currently has little or no value 

and is therefore suitable for the co-generation of biochar and energy are agricultural 

by-products.  

1.2. Agricultural By-Products: Properties and Availability 

Agricultural by-products are attractive feedstocks for increasing the global 

production of biochar and bioenergy. This is because there is no competition with 

existing agricultural lands, no potential for deforestation, and no exploitation of 

existing farming industries. In addition, by producing biochar and energy from current 

by-products with little or no value, an additional revenue stream will be generated for 

agricultural producers by creating added-value for these materials. As agricultural 

by-products represent a potentially abundant source of feedstocks (Huang et al., 

2013; Yin et al., 2017), they are extremely attractive for the development of 

sustainable waste management practices with energy generation.  
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Agricultural by-products are a diverse class of materials with variable 

properties and compositions. The wide-range of fuel qualities possessed by these 

feedstocks is demonstrated in Table 1.1. The ash content of the rice husk (16.1 %) 

is, for example, greater than most other types of biomass, which typically varies 

between 0.3 – 8 % (Alper et al., 2015). This results in variable VM contents, with the 

rice husk (56.1 %) being considerably lower than that of olive husk (73.7 %). In 

addition, significant variations in feedstock moisture content are observed in Table 

1.1, which leads to inconsistencies in the HHV of the feedstocks. The composition of 

the biomass-bound ash is also significantly different to that of traditional fossil fuels. 

Relative to coal, agricultural by-products generally have less aluminium, iron, 

titanium, and S. They also have more oxygen, silica, chlorine, potassium, and 

calcium (Khan et al., 2009). 

 The desire to increase the utilization rate of agricultural by-products is being 

partly driven by the abundance of relatively cheap feedstocks (Roberts et al., 2010). 

Considering China in 2009 alone, it is estimated that the total yield of straw by-

products was 806.9 million tons (Jiang et al., 2012). The three principle by-products 

were the straws of maize (40.6 %), wheat (24.2 %) and rice (15.7 %) (Table 1.2). 

The values presented in Table 1.2 indicated the total bioenergy potential from 

agricultural straw by-products in China was 7.4 EJ in 2009, equivalent to 254 million 

tonnes of standard coal (Jiang et al., 2012). The potential for agricultural by-products 

to be used for the co-generation of biochar and bioenergy in other major agricultural 

economies is also vast. Taking India as an example, it has been estimated that there 

are approximately 511 million tonnes of by-products available each year. By-

products from rice (170 million tonnes), cotton (53 million tonnes), and maize (27 

million tonnes) cultivation were the biggest potential sources of feedstocks (Kumar et 
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al., 2015). This thesis investigates the utilization of both rice husk and grape pruning. 

These by-products were used due to their vast potential for biochar production, 

current harmful disposal practices, as well as their significantly different 

compositions. Further detail on the composition, fuel properties, and availability of 

these two feedstocks is provided in Section 1.5.1. 

Due to the vast potential of agricultural by-products to contribute to global 

energy production, many developed and developing countries have promoted such 

practices through instrumented policies and financial incentives, including enhanced 

feed-in tariffs (Kumar et al., 2015). There is therefore a substantial economic 

incentive for agricultural producers to utilize these materials efficiently. Significant 

problems (both environmentally and economically) associated with the conventional 

methods of agricultural by-product disposal are also accelerating the development of 

new and innovative utilization practices.   

1.3. Conventional Methods of Agricultural By-Product Disposal 

For many agricultural by-products, current utilization approaches are 

inefficient, provide little or no added-value, and are potentially harmful to the local 

environment. Although practices vary between countries, it is clear that the majority 

of approaches are not desirable for long-term practices. Fig. 1.2 shows the 

breakdown in utilization rates for agricultural by-products in China in 2009. 

Fig. 1.2 shows that the most common method of agricultural by-product 

disposal is simply leaving it in the field to either decompose or be openly burned (31 

%). Only 19 % of the available by-products were utilized for energy purposes. This 

trend is also reflective of other major agricultural countries. In India, 97 million tonnes 

of rice straw is produced every year, and around 23 % of it is disposed of (Ghosh, 
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2016). The majority of the disposed straw is openly burned. The straw by-products 

that are utilized are generally for animal feed, resulting in little added-value for 

agricultural producers. Additional conventional methods for rice paddy waste 

disposal across many different countries include burying in the soil (Zhang et al., 

2015), applying to the top layer of soil as a mulch for soil amelioration (Jiang et al., 

2012), and heating purposes in cook stoves (Smith et al., 2000; Kim Oanh et al., 

2005). These approaches, however, are generally inefficient, and can result in 

serious negative side-effects.  

1.3.1. Decomposition 

Leaving agricultural by-products in the field to decompose is not an effective 

method of nutrient recycling for soil enhancement. Significant quantities of the N 

contained in the waste are lost to the atmosphere through volatilization (Woolf et al., 

2010). This approach does not allow for effective application timing, which is also 

important for increased plant yields. CH4 emissions are also a concern from such 

practices. It is well established that the anaerobic decomposition of biomass leads to 

significant CH4 production, which is a potent GHG (Gunaseelan et al., 1997). 

Overall, these factors make decomposition an extremely poor choice for increasing 

the utilization rates of agricultural by-products. For similar reasons, the addition of 

these raw wastes to fertilizers is also not an approach that will provide significant 

improvements in crop yields or increased fertilizer value.  

1.3.2. Open Burning 

One of the most common approaches for agricultural by-product disposal is 

through open burning. This approach, however, directly results in gas and particle 

emissions that have been shown to influence the physical and chemical properties of 
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the atmosphere (Crutzen and Andreae, 1990). This occurs through several different 

routes (Christian et al., 2003), including: the release/redistribution of C resulting from 

incomplete combustion (Prather et al., 1994), changes in oxidative capacity (Mason 

et al., 2001), and changes in atmospheric radiative transfer (Hobbs et al., 1997; 

Kaufman and Fraser, 1997). Significant emissions of PM, PAHs, and CO have been 

reported from the open burning of biomass (Christian et al., 2003; Jenkins et al., 

1996). The yields of these pollutants during open burning are generally high as they 

are products of incomplete combustion and this approach is characterized by low 

combustion efficiencies. As PM10 and PM2.5 emissions are major contributors 

towards premature mortality in developing countries, the importance of reducing this 

practice is clear (Barron and Torero, 2017). In addition, many PAH species are 

subject to strict emission standards due to their carcinogenic and mutagenic 

properties (Keith, 2015). The concern resulting from the harmful emissions during 

the open burning of agricultural by-products has led to the banning of the practice in 

many different locations. As a result, the percentage of straw by-products burned 

directly in the fields has decreased dramatically in China (Jiang et al., 2012). 

Therefore, due to the high yields of harmful pollutants, as well as the lack of an 

additional revenue stream for by-product producers, open burning cannot be 

considered a viable utilization approach for agricultural by-products looking into the 

future. 

1.3.3. Cook Stoves 

One of the most common approaches for utilizing agricultural by-products is in 

cook stoves. Biomass fuels (including agricultural by-products) are used extensively 

in developing countries for heating and cooking requirements (Abdullahi et al., 2013). 
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Globally, the annual residential consumption of biomass fuels in 2007 was equivalent 

to 3.7 x 1016 J, over 93 % of which occurred in developing countries (Shen et al., 

2013a). Due to the low efficiencies of these cook stoves, however, significant 

emissions of PM (Kim Oanh et al., 2005), PAHs (Shen et al., 2013a), and CO (Smith 

et al., 2000) have been reported. Conservative estimates indicate that around 1 

million people die from chronic obstructive pulmonary disease annually due to indoor 

exposure to smoke (Hetland et al., 2000). It was also previously reported that PAH 

exposure caused 1.6 % of lung cancer morbidity in the Chinese population in 2003 

(Zhang et al., 2009). Indeed, 63 % of PAH global emissions in 2007 were derived 

from use of solid fuels in homes, of which China contributed 62 % of the total (Shen 

et al., 2013c).  

It can therefore be seen that the current practices of utilizing agricultural by-

products by either open burning or in cook stoves are not viable long-term strategies 

for reducing the emissions problems associated with conventional methods of by-

product disposal. These methods are contributing to localized air pollution issues. 

They are also not providing significant added-value for agricultural producers. 

Similarly, leaving the by-products to decompose in the field is not an efficient way to 

recycle nutrients back into the soil. This approach is also not an effective measure to 

reduce GHG emissions through carbon sequestration as the anaerobic digestion of 

the by-products produces significant quantities of CH4. It can therefore be concluded 

that is it of significant importance that new, viable, technologies become available for 

the development of effective resource management practices. To be considered 

viable, it must be possible for agricultural by-products to be utilized in such a way 

that significant added-value is generated; while at the same time the emissions of 

harmful pollutants are minimized. One of the suggested approaches for achieving 
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these criteria is the direct combustion of agricultural by-products for bioenergy 

generation. 

1.4. Improved Utilization of Agricultural By-Products 

1.4.1. Direct Combustion 

Agricultural by-products are considered suitable candidates for increasing 

global energy production through direct combustion processes. As they are both 

renewable and a C-neutral fuel source (Chao et al., 2008), there have been 

numerous efforts to incentivise their use for bioenergy purposes through government 

led initiatives (Moon et al., 2011). A significant amount of research investigating 

various direct combustion approaches for agricultural by-products has also been 

published. 

Janvijitsakul and Kuprianov (2008) investigated the major gaseous and PAH 

emissions from rice husk utilization in a fluidized-bed combustor. They reported 

extremely high combustion efficiencies (all > 99 %), the greatest of which was with 

an excess air of ≈ 40 %. With the same excess air feed, the heat loss due to 

unburned C and incomplete combustion were at their lowest (0.5 and 0.1 % 

respectively). The PM-bound PAH emissions were reported to be approximately 10 

µg/kWh, the greatest of which was acenaphthylene (4.1 µg/kWh). They concluded 

that the total PAHs emissions from biomass combustion were relatively low, but that 

concern should be given when utilizing fuels with higher moisture and ash contents 

due to the likelihood of increased PAH emissions. 

Chao et al. (2008) investigated the PM and PAH emissions resulting from the 

co-combustion of coal and rice husk/bamboo in a fluidized bed. They observed that 

operation between 10 % and 30 % biomass to coal blending ratios was the optimum 
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for minimizing pollutant emissions per unit energy output. Combustion efficiencies 

were greater than 90 % for all coal/biomass mixtures, implying that the blending of 

biomass in coal did not have significant effect on the operating efficiency. It was 

observed that the PM10 and PM2.1 concentrations increased by 5 % and 10 % for rice 

husk between moisture contents of 8 % and 14 % (average). For the same moisture 

content range there was a 5 % and 15 % increase in PM10 and PM2.1 concentrations 

for bamboo. This was due to decreased combustion temperatures owing to 

additional heat being transferred to the latent heat of vaporization of the water. At 10 

% excess air and a rice husk blending ratio of 50 %, the reported emissions of PM10, 

PM2.1, and PM-bound PAHs were approximately 4050 mg/kWh, 430 mg/kWh, and 

480 µg/kWh, respectively. They concluded that the issues of slagging, fouling and 

the formation of clinker need to be addressed for biomass co-combustion. 

Sirisomboon and Kuprianov (2017) investigated the co-combustion of 

sunflower shells and coconut coir dust/moisturized rice husk in a 205 kW fluidized-

bed combustor with bottom air injection. They observed that the excess air had the 

most significant impact on the emissions and combustion performance of the reactor. 

Combustion efficiencies of around 99 % were achieved. The heat losses due to 

incomplete combustion and unburned C ranged from 0.5 – 3.0 % and 0.1 – 0.5 % 

respectively. NO emission reductions of up to 25 % were achieved through the fuel-

staged co-firing of sunflower shells with coconut coir dust/moisturized rice husk when 

compared to the sunflower shells only.  

Numerous other studies have investigated the direct combustion of 

agricultural by-products for energy generation purposes. These include the 

combustion of wheat straw in a fixed bed combustor (Cepic et al., 2016), combustion 
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of rice straw in a fluidized bed (Okasha, 2007), and the combustion of torrefied 

sugarcane bagasse (Valix et al., 2017). The majority of these studies offer methods 

for increasing the utilization rates of abundant biomass wastes with high combustion 

efficiencies. This therefore appears to present a viable method to reduce the harmful 

pollution associated with conventional methods of by-product disposal. 

1.4.2. Emission Reduction Potential of Direct Combustion 

Due to the high combustion efficiencies offered by direct combustion, effective 

emissions reduction is readily achievable when compared to conventional disposal 

methods. The emission factors for various agricultural by-products utilized in direct 

combustion processes is compared to both cook stoves and open burning in Table 

1.3. It is observed in Table 1.3 that the emission factors for direct combustion are 

generally lower than both cook stoves and open burning. In particular, the reduction 

in the emissions of products of incomplete combustion during direct combustion (PM, 

PAHs, and CO) is significant when compared to open burning. As previously 

mentioned, this is due to the much improved combustion efficiency during the 

controlled direct combustion. Due to the severe health impacts of these emissions, 

improving utilization practices by adopting direct combustion technologies for energy 

production is clearly desirable. Indeed, direct combustion has been called the most 

mature technology available nowadays for biomass utilization (Nussbaumer, 2003). 

There are, however, numerous problems that exist with this approach that have led 

to relatively low utilization rates.  

1.4.3. Problems with Direct Combustion of Agricultural By-Products 

Despite the environmental and economic advantages associated with 

utilization of agricultural by-products in direct combustion processes rather than open 
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burning or cook stoves, several issues relating to fuel quality and availability have 

hindered wide-scale adoption. The lack of available high-quality biomass fuels has 

resulted in the need to utilize low-quality feedstocks with variable properties and 

compositions (see Table 1.1). Many of these qualities are detrimental to the 

operation of direct combustion processes (Jenkins et al., 1998).   

Significant variations in ash content are one of the major problems for 

increasing agricultural by-product utilization. For example, the significant ash content 

of rice husk shown in Table 1.1 (16.1 %) can potentially lead to the formation of 

slags and clinkers on internal heat transfer surfaces (Gilbe et al., 2008). High 

potassium and chlorine contents, along with high ash content, in other types of 

biomass are also of major concern (Khan et al., 2009). Chlorine, which is found in 

high quantities in straws, can facilitate corrosion. Chlorine also facilitates the mobility 

of many inorganic compounds (especially potassium) and can form potassium 

chloride which is among the most stable high temperature, gas phase, alkali-

containing species (Khan et al., 2009). In addition, silica is abrasive and can react 

with alkali metals to form alkali silicates that melt at low temperatures to form slag 

and clinker (Gilbe et al., 2008; Jenkins et al., 1998). It is also of concern that 

increases in PM emissions associated with high ash content biomass fuels have 

previously been reported (Gao and Wu, 2011; Johansson et al., 2003; Johansson et 

al., 2004).  

High moisture contents are also problematic for increasing the utilization rates 

of agricultural by-products. The moisture content of biomass can vary substantially (5 

- 70 %) (Khan et al., 2009). Increased moisture contents result in decreased fuel 

HHV and higher energy requirements due to drying and the latent heat of 
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vaporization (Demirbas, 2007). The HHV of coal is approximately 40 % greater than 

that of biomass (Chao et al., 2008). It is therefore required that greater amounts of 

agricultural by-product are used to achieve the same energy output as coal. High 

moisture content can also cause start-up issues and reduce the combustion 

temperature, which negatively affects the quality of combustion (Demirbas, 2005). 

Ignition issues are also a problem for the direct combustion of biomass with elevated 

moisture contents (McKendry, 2002). Reduced combustion temperatures are also 

associated with elevated emissions of PM, PAHs, and CO (Kwong et al., 2007; Chao 

et al., 2008).  

The decentralized nature of agricultural by-product availability also means that 

decomposition may occur during storage and transportation. LCA studies of potential 

agricultural by-product utilization approaches have indicated that the transportation 

distance of the biomass is a significant hurdle to the economic viability of any new 

approaches (Roberts et al., 2010; Dutta and Raghavan, 2014). Increased 

transportation requirements also result in additional GHG emissions (Roberts et al., 

2010). Many of these location problems are exacerbated by the low bulk density of 

agricultural by-products. For example, the bulk densities of chopped straw (50 – 120 

kg/m3) and rice husk (100 – 125 kg/m3) are much lower than brown coal (560 – 600 

kg/m3) and bituminous coals (800 – 900 kg/m3) (Khan et al., 2009). For these 

reasons it is appropriate for utilization of agricultural by-products to occur on-site. 

This is not viable for large-scale direct combustion approaches, as the distributed 

nature of agricultural by-products does not facilitate exploitation of feed-in tariffs or 

supplementing large on-site energy demands. 



15 
  

It is therefore concluded that direct combustion is not a viable utilization 

approach for many agricultural by-products. Significant problems with biomass ash, 

moisture, low bulk density, and location constraints dramatically increase utilization 

difficulty. It is appropriate that technology capable of utilising problematic feedstocks 

and is deployable on-site is favoured for increasing the utilization rate of distributed 

agricultural by-products. The co-production of biochar and energy using a pyrolysis-

combustion process may be considered viable for this purpose due to the inherent 

separation of fuel-bound ash in the biochar prior to combustion. There is, however, 

very little information available regarding the emissions from such a process utilizing 

agricultural by-products. In order to investigate the emissions of common pollutants 

during pyrolysis-combustion it is important to understand the mechanisms of their 

formation.  

1.4.4. Pollutant Formation 

The primary pollutants of concern in this thesis are PM (both PM10 and PM2.1), 

PM-bound PAHs, SO2, and NOx. These pollutants are responsible for the majority of 

short and long-term negative health impacts on local populations from conventional 

methods of disposal (Smith et al., 2000; Reddy and Venkataraman, 2002). The 

organic constituents of the PM (soot) are believed to form through a HACA 

mechanism (Lima et al., 2005). During combustion the constituents of the fuel form 

free radicals that, via cyclization reactions, form the first aromatic rings (Ritchter and 

Howard, 2000). These ring species then react with other small aromatic compounds 

(e.g. C2H2 – acetylene) to form larger and more stable multi-ring compounds (Lima et 

al., 2005). The HACA mechanism is slightly endothermic as the abstraction of H 

leads to an increase in entropy and reduces the overall Gibbs free energy, promoting 

growth (Wang, 2011). This reaction pathway for soot formation is shown in Fig. 1.3. 
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 Multiple ring polymerization reactions ultimately lead to the formation of large 

aromatic polymer species. High molecular weight PAHs (∼500 - 1000 AMU) function 

as molecular precursors of soot particles (Lima et al., 2005). Pyrogenic oxidation of 

the PAH species is generally caused by OH• radicals under fuel-rich conditions. 

Under fuel-lean conditions O is primarily responsible (Ritchter and Howard, 2000). 

Organic super-micron emissions are usually formed through incomplete burnout of 

residual char and tar droplets in the combustion region, forming hollow cenospheres 

(Linak et al., 2000a). 

The inorganic species in the biomass ash tend to promote the formation of 

sub-micron PM at high combustion temperatures/efficiencies through a mechanism 

of vaporization, nucleation, coagulation, and condensation (Linak et al., 2000a). At 

lower combustion temperatures/efficiencies many of the ash constituents will fail to 

vaporize and the sub-micron emissions will be lower. Because particles tend to 

“accumulate” in the size range from 0.1 to 1 µm, this range is called the 

accumulation mode (Wilson and Suh, 1997). This formation route of PM appears to 

terminate around 1 µm in particle size.  

The emissions of SO2 originate from the fuel-bound S content. Volatilization of 

fuel-bound S during the initial pyrolysis reaction forms H2S that is then oxidised to 

form SO2 (Shirai et al., 2013; Kramlich et al., 1981). For efficient combustion systems 

that operate in excess air the emissions of H2S are generally very low (Shirai et al., 

2013). NOx emissions during direct combustion can result from volatilization of the 

fuel-bound N. Oxidation of the nitrogenous species produced during volatilization 

(including hydrogen cyanide and ammonia) in the initial pyrolysis step can lead to 

NOx formation (Darvell et al., 2014). Both NOx and SOx emissions have been found 
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to increase with higher fuel N and S contents respectively (Mitchell et al., 2016). NOx 

can also be produced through thermal and prompt formation routes during 

combustion (Löffler et al., 2005). 

1.4.5. Alternative Approaches to Direct Combustion 

Several alternative utilization approaches exist for agricultural by-products. 

These technologies are in differing stages of development and are all currently active 

areas of research. This Section outlines the foundations of these technologies and 

explains recent progress that has been made towards making them viable options 

for increasing the utilization rate of agricultural by-products.  

Torrefaction is one such technology that is currently under development due 

to its ability to improve the properties of biomass, including HHV and bulk density, 

and possesses significant potential for industrial applications (Chen et al., 2015). 

With this approach, the raw biomass feedstock undergoes thermal pre-treatment in 

an inert atmosphere (200 – 300 °C) for the purpose of upgrading the fuel (Tran et al., 

2013). Due to these operating conditions, torrefaction has been referred to as “mild 

pyrolysis” (Chen et al., 2015). The purpose of torrefaction is to improve the poor fuel 

qualities of most biomass feedstocks (see Section 1.2), including its high moisture 

content, low HHV, hygroscopic nature, and low bulk density. Previous work on the 

torrefaction of biomass has demonstrated that improvements in feedstock HHV, 

lower atomic O/C and H/C ratios, lower moisture content, higher hydrophobicity, 

improved grindability, and more uniform properties can all be achieved (Chen et al., 

2015; van der Stelt et al., 2011). The removal of O from the raw biomass causes the 

fuel to become more coal like, which is demonstrated in the van Krevelen diagram 

(Fig. 1.4). Torrefaction is, however, limited as it cannot both add value to the 
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biomass and effectively sequester C. The future of this technology is likely in 

conjunction with the use of biomass for large-scale centralized bioenergy purposes, 

including direct combustion. It is therefore unlikely to be utilized for the on-site 

distributed utilization of agricultural by-products. It also does not offer an approach to 

increase the uptake of by-products with high ash contents for bioenergy generation. 

Gasification is another potential approach for increasing the utilization rates of 

abundant agricultural by-products for bioenergy purposes. Gasification is the partial 

oxidation of carbonaceous feedstocks above 800 °C to produce syngas that can be 

used for applications such as gas turbines, engines, and fuel cells (van der Stelt et 

al., 2011). Gasification is generally characterised by high thermal efficiencies. The 

syngas produced is a mixture of CO, H2, CH4, and CO2, as well as light 

hydrocarbons, such as ethane and propane, and heavier hydrocarbons (tar) that 

condense at temperatures between 250 and 300 °C (Molino et al., 2016). 

Undesirable gases, such as H2S, can also be present in the syngas. The lower 

heating value of the syngas ranges from 4 to 13 MJ/Nm3 (Molino et al., 2016). A 

solid carbonaceous residue containing char and ash is also produced (van der Stelt 

et al., 2011). Several problems exist, however, that have hitherto hindered the 

development of gasification technologies for many agricultural by-products. Moisture 

contents above 30 % makes fuel ignition difficult in gasification processes and has a 

negative effect on the HHV of syngas (McKendry, 2002). In addition, high fuel ash 

content (which is common with many biomass feedstocks), can increase gasification 

difficulty. The oxidation temperature is often above the melting point of the biomass 

ash, leading to clinkering/slagging problems in the process (McKendry, 2002). Ash 

contents above 5 % (especially if the ash is high in alkali oxides and salts) may 

cause clinker problems. This can therefore result in increased process downtime. It 
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is therefore concluded that, without significant pre-treatment of the by-product 

feedstocks (such as torrefaction), gasification processes are unlikely to contribute to 

the on-site utilization of distributed agricultural by-products. Such pre-processing 

requirements may incur significant economic disadvantages for agricultural by-

product utilization. 

Hydrothermal carbonization is another potential approach for improving the 

utilization rates of low quality biomass feedstock. It is characterised by the combined 

dehydration and decarboxylation of the biomass at elevated temperatures (180 – 

220 °C) in a suspension of water under saturated pressure for several hours. This 

process increases the C content of the feedstock (increasing the HHV) (Funke and 

Ziegler, 2010). A lignite-like, easy to handle fuel, with improved thermal properties 

can be created from agricultural by-products. This solid product (hydrochar) has 

reduced equilibrium moisture content, so it is less likely to deteriorate in storage 

(Reza et al., 2014). This approach, however, is suitable only for feedstocks with 

higher moisture contents as drier by-products require large amounts of water. In 

addition, the detailed reaction mechanisms involved during hydrothermal 

carbonization are largely unknown and evaluations of the resulting reaction network 

are not possible in detail yet (Funke and Ziegler, 2010). The lack of understanding of 

the complicated reaction pathways involved during the production of hydrochar 

means there has been little demonstration of the concept on a large-scale. It is 

therefore clear that, although hydrothermal carbonization has significant potential to 

increase the utilization rates of wet feedstocks going into the future, it is not yet a 

mature enough technology to be considered viable for distributed agricultural by-

products.  
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1.5. Combined Pyrolysis and Combustion Processes 

It is clear that any attempts to increase the uptake of agricultural by-products 

for the production of more valuable materials will result in the need to utilize 

problematic feedstocks with significant fuel ash and moisture contents. While 

conventional disposal methods are inefficient and result in localized air pollution 

problems (Section 1.3), modern approaches, including direct combustion (Section 

1.4.3), torrefaction, gasification, and hydrothermal carbonization (all Section 1.4.5), 

also suffer from drawbacks that mean they are not currently suitable for improving 

value-adding efforts. 

It has been suggested that a combined pyrolysis and combustion process 

(pyrolysis-combustion) for the co-generation of biochar and bioenergy is the most 

suitable approach for increasing the utilization rate of agricultural by-products 

(Roberts et al., 2010). As mentioned in Section 1.1, this approach involves co-

combustion of the liquid (bio-oil) and gaseous (pyrogas) products generated from the 

initial pyrolysis step and differs from conventional pyrolysis processes that separate 

the condensable fraction prior to combustion. Separation of the bio-oil fraction is not 

recommended for self-sustaining pyrolysis-combustion processes as the liquid 

fraction contributes significantly to the energy content of the raw pyrolysis volatiles 

(Williams and Nugranad, 2000). In addition, the upgrading of bio-oil in centralized 

facilities is currently uneconomical due to problems with the bio-oil quality, catalyst 

instability, and deterioration during storage (Hassan et al., 2016). The heat 

generated from combustion of the raw pyrolysis volatiles can be used to sustain the 

endothermic pyrolysis reaction (further details provided in Section 1.6). The energy 
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flow for a simulated pyrolysis-combustion system for biochar and bioenergy 

production using late stover is shown in Fig. 1.5 (Roberts et al., 2010). 

The solid biochar product is removed prior to combustion of the volatile 

mixture. This effectively results in an ash free raw pyrolysis volatile mixture as the 

majority of the ash is retained in the biochar (Claoston et al., 2014). This therefore 

allows feedstocks with high ash contents to be utilized effectively with reduced 

fouling/slagging potential. Pyrolysis-combustion is also attractive for feedstocks with 

elevated moisture contents and it is less likely to suffer from ignition issues due to 

the volatilization of the fuel-bound moisture in the pyrolysis reaction (Demirbas, 

2004b). For these reasons the pyrolysis-combustion process is the focus of this 

thesis. The potential of this approach to utilize abundant yet problematic agricultural 

by-products in a manner that helps address many of the major challenges that 

society currently faces (see Section 1.1) expedites its study in greater depth. This is 

compounded by the lack of available literature currently dealing with this topic. 

1.5.1. Choice of Feedstock 

One of the major advantages of the pyrolysis-combustion process is its ability 

to process feedstocks with wide-ranging fuel qualities. In order to examine the 

influence of biomass properties and composition on the performance of the 

pyrolysis-combustion process, two significantly different agricultural by-products 

were utilized. The first of these is rice husk, which is an abundant agricultural by-

product with traditionally limited methods of utilization and distributed availability. 

Approximately 822 million tonnes produced annually worldwide (Naqvi et al., 2014). 

Rice husk is characterised by low VM and N content, and high ash and S content 

(Claoston et al., 2014). This by-product is typically openly burned or applied to the 
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soil following detachment of the chaff from the grain (Zhang et al., 2015). The 

second agricultural by-product that is used is grape pruning. Grape pruning is 

comparable to the majority of biomass compositions, with low ash and S contents, 

and high VM and N content (Liang et al., 2016; Marshall et al., 2017; Nasser et al., 

2014). Grape pruning is typically openly burned, landfilled, or used for composting 

(Liang et al., 2016). 

1.6. Pyrolysis Fundamentals 

Pyrolysis is the thermal decomposition of organic matter at elevated 

temperatures (300 – 800 °C) in the absence of oxygen. The pyrolysis reaction is 

primarily endothermic. There are three primary products from the pyrolysis reaction: 

Biochar (solid), bio-oil (liquid), and pyrogas (gas). Depending on the operating 

conditions, varying amounts of solid, liquid and gas will be produced (Bridgwater, 

2004). As previously mentioned, biochar is the solid carbonaceous product which 

consists mainly of stable C and ash. Bio-oil is a complex mixture of different species, 

including aliphatic hydrocarbons, PAHs, and oxygen substituted aromatic species 

(oxy-aromatics) (Hu et al. 2014; Biswas et al. 2017). Pyrogas (often termed ‘syngas’) 

is the non-condensable product of the pyrolysis reaction and consists mainly of CH4, 

CO, CO2, and H2 (Williams and Nugranad, 2000). The reaction mechanisms of 

biomass pyrolysis can be defined by the following three primary steps (Demirbas, 

2004a): 

                          𝐵𝑖𝑜𝑚𝑎𝑠𝑠 → 𝑊𝑎𝑡𝑒𝑟 + 𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑅𝑒𝑠𝑖𝑑𝑢𝑒          (1.1) 

                 𝑈𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑅𝑒𝑠𝑖𝑑𝑢𝑒 → (𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 + 𝐺𝑎𝑠𝑒𝑠)1 + (𝐶ℎ𝑎𝑟)1                  (1.2) 

                         (𝐶ℎ𝑎𝑟)1  → (𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 + 𝐺𝑎𝑠𝑒𝑠)2 + (𝐶ℎ𝑎𝑟)2           (1.3) 
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The initial step of the pyrolysis reaction is the loss of moisture from the 

biomass feedstock at low temperatures (Eq. 1.1). The secondary step involves 

significant temperature rises and the start of primary pyrolysis reactions. This leads 

to the initial release of volatiles (Volatile + Gases)1 and the gradual formation of char 

(Char)1 (Eq. 1.2). Flow of the hot volatiles towards the cooler residues leads to heat 

transfer between the two mediums. During the final step (Eq. 1.3), the char begins to 

decompose slowly and takes on its C rich solid form (Char)2. Secondary charring 

makes the char less reactive and forms additional volatiles (Volatile + Gases)2. 

Condensation of volatiles in cooler regions leads to bio-oil production. Further 

thermal cracking of the bio-oil fraction at higher temperatures leads to higher 

pyrogas yields (Tsai et al., 2007). Secondary reaction of volatiles at elevated 

pyrolysis temperatures can also lead to increases in CO, H2, and CH4 production 

rates at the expense of CO2 (Xu et al., 2009). 

1.6.1. Influence of Operating Conditions 

The relative yields of primary pyrolysis products are influenced by several 

different operating conditions. These include the pyrolysis temperature, heating rate, 

particle size, and reactor atmosphere (Beis et al., 2002). The process conditions can 

be varied to optimize the yields of biochar, bio-oil, or pyogas. Table 1.4 shows the 

typical pyrolysis product yields obtained from different operating conditions (split into 

different modes of pyrolysis). 

Fast pyrolysis is characterised by short residence times (2 – 25 s), moderate 

pyrolysis temperatures (≈ 500 °C), high biomass heating rates, and high product 

cooling rates. The primary product from fast pyrolysis is the condensable bio-oil 

fraction. These conditions also inhibit biochar formation (Manya, 2012). As the fast 
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pyrolysis reaction occurs rapidly, heat transfer, mass transfer, and reaction kinetics 

play an important role. Further information can be found in Babu (2008), who 

discusses several different kinetic models for fast pyrolysis. Higher heating rates 

generally result in greater bio-oil yields, as demonstrated by Gao et al. (2016). The 

results showed that the maximum bio-oil yield of 76 wt. % (including water) occurred 

with a final pyrolysis temperature of 575 °C, heating rate of 20 °C/min, and a 

biomass particle size of 5 mm. The feedstock particle size also played a major role in 

the heating rate of the biomass and therefore the bio-oil yield. The highest yield was 

seen with intermediate sized particles. The smallest particles had rapid heat transfer 

and increased secondary cracking reactions that decreased the yield of bio-oil. 

Larger particles had slower heating rates, which negatively affected the final yields 

(Gao et al., 2016). 

Fast pyrolysis, however, suffers from several drawbacks that complicate any 

attempts to utilize agricultural by-products on a large-scale. The primary product of 

fast pyrolysis (bio-oil) is not currently economically or technically viable as a fuel due 

to several issues. High oxygen content, low pH resulting from the presence of acids 

(including acetic acid), and high moisture content render bio-oil inferior to traditional 

hydrocarbon fuels (Isahak et al., 2012). In addition, the upgrading of bio-oil to a 

higher quality fuel has issues with catalyst instability, bio-oil deterioration, and 

general quality issues that render it uneconomical currently (Mortensen et al., 2011). 

Slow pyrolysis is the preferred approach for optimizing biochar production. 

This method is characterized by low pyrolysis temperatures (≈ 400 °C), slower 

heating rates, and long residence times (> 10 mins) (Russell et al., 2017). Slow 

pyrolysis also yields reduced fractions of bio-oil in the raw pyrolysis volatiles. This 



25 
  

approach can be considered the conventional approach of pyrolysis as it has been 

applied for many years for the production of charcoal from wood (Mohan et al. 2006). 

This approach is also beneficial for the production of biochar with higher contents of 

stable C (Roberts et al., 2010). This is essential for effective long-term C 

sequestration in soils with added benefits to agricultural productivity. While lower 

pyrolysis temperatures generally result in higher biochar yields, elevated pyrolysis 

temperatures (600 – 800 °C) result in greater C content in the biochar (Williams and 

Nugranad, 2000). Biochar total ash content also increases with pyrolysis 

temperature as the majority of the species in the ash are not volatilized between 400 

and 800 °C (Claoston et al., 2014). 

1.6.2. Reactor Types 

1.6.2.1. Screw (Auger) Reactor 

Screw reactors are commonly used for the pyrolysis of biomass due to their 

simplicity and ease of operability (Brown, 2009). These reactors typically consist of a 

single or twin-screw enclosed in a tube that is rotated at a low RPM to maximize 

residence times for biochar production (Brassard et al., 2017). The residence time 

can be easily controlled by the variable RPM. As the biomass is continuously fed into 

the reactor the screw rotation transports the product along the screw axis until the 

end of the screw. Heating of the biomass can either be done indirectly, or directly 

with a heat transfer medium that is fed with the biomass, such as sand (Brown and 

Brown, 2012). As the raw pyrolysis volatile products evolve they exit the reactor due 

to pressure differences (Brown, 2009). The biochar will typically drop under gravity at 

the end of the screw to be collected. These reactors can be mobile, they require little 

or no carrier gas, and have low energy requirements (Brassard et al., 2017). Screw 

reactors are also tolerant to biomass feedstocks with high ash contents. The bio-oil 
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can be condensed out of the raw pyrolysis volatiles to generate a bio-oil-free pyrogas 

for combustion, or the bio-oil and pyrogas can be co-combusted (Ning et al., 2013).  

One problem for screw reactors is the limitations of heat transfer, especially at 

large-scale (Bahng et al., 2009; Kan et al., 2016). This has resulted in reported heat-

transfer problems associated with scaling up screw reactors to industrial scale 

(Funke et al., 2017). Due to the significant amount of work investigating the pyrolysis 

of biomass in screw reactors, however, they are considered a mature technology 

(Babu, 2008; Brown, 2009; Brown and Brown, 2012; Li et al., 2014). An example of a 

two-stage continuous screw-kiln reactor for the production of pyrogas and biochar 

from the pyrolysis of waste wood with subsequent catalytic steam reforming of the 

pyrolysis oils and gases is shown in Fig. 1.6 (Efika et al., 2012). 

1.6.2.2. Rotary Kilns 

Rotary kilns are cylindrical vessels that transport the biomass by slow rotation 

about an axis that is slightly inclined to the horizontal. The vessel is rotated slowly, 

facilitating long residence times for the material travelling from the upper to lower 

end. Stirring and mixing provides the necessary heat transfer for the pyrolysis 

reaction. Carrier gas is typically supplied so that it passes counter-current to the 

biomass, improving reaction rates. The rotary kiln typically prevents agglomeration 

and ensures a good mixing of the biomass particles because of the rotation of the 

reactor (Acevedo and Barriocanal, 2015). Limitations of feedstock shape, size and 

HHV are less of an issue for rotary kilns when compared to other reactor types 

(Conto et al., 2016). This has made rotary kilns an active research area for the 

utilization of waste tyres for char production (Fig. 1.7) (Acevedo and Barriocanal, 

2015; Antoniou and Zabaniotou, 2015).  
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Very few studies, however, have been reported for the performance of rotary 

kiln reactors for the pyrolysis of agricultural by–products. Conto et al. (2016) 

investigated the performance of a rotary kiln reactor for the pyrolysis of elephant 

grass. They observed that the C content of the biochar increased and the O/C ratio 

decreased with rotational speed. Rotary speed did not appear to influence the 

composition of the ash in the biochar. Other published studies include the pyrolysis 

of wheat straw (Kern et al., 2012), olive stone (Sanginés et al., 2015), and 

eupatorium adenophorum spreng/tobacco stem (Meng et al., 2015). The lack of 

available literature on the use of rotary kilns for this purpose compared to other 

reactor types, however, means that it cannot be considered a common reactor 

design for pyrolysis reaction. 

1.6.2.3. Fixed-Bed Reactor 

Numerous studies have investigated the production of biochar from 

agricultural by-products in fixed-bed reactors. The traditional method of charcoal 

production through slow pyrolysis, including earth or metal kilns, is one example of 

fixed-bed reactor. Here, the biomass is piled into the batch reactor and sealed so 

that the atmosphere is O-free (Brassard et al., 2017). More recent studies have 

investigated the use of fixed-bed reactors for the production of biochar from various 

agricultural by-products. This includes the pyrolysis of pine wood, wheat straw, green 

waste, and dried algae in fixed-bed reactors by Ronsse et al. (2013). It was noted 

that the fixed C content in the biochar samples increased with higher temperatures 

and longer residence times in the pyrolysis process. Other studies have investigated 

fixed-bed reactors for the production of biochar from brown alga (saccharina 

japonica) (Choi et al., 2016), dairy manure (Liu and Tsai, 2016), and pine wood (Li et 
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al., 2014). Fixed-bed reactors are, however, limited by their throughput and have 

difficulties in scaling-up to produce large quantities of biochar. 

1.6.2.4. Fluidized-Bed Reactor 

Research into biomass pyrolysis with fluidized-bed reactors has generally 

been split into BFB and CFB reactors (Brown, 2009). For BFBs, the biomass is first 

fed into a vertical reactor vessel with a bed of solid material (Fig. 1.8a). Large flows 

of inert gas are used to fluidize the bed material. Multiple orientations of heating 

arrangements can be used, including indirect heating from hot combustion products 

or arrays of tubes inside the reactor (Bridgwater, 2007). The pyrolysis products exit 

at the top of the reactor with the fluidizing gas. CFB reactors differ from BFBs as they 

have a separate combustion chamber to re-heat the bed material which is 

continuously circulated, rather than having the bed material suspended in one 

reactor (Fig. 1.8b) (Brown, 2009). Fluidized-beds are characterized by excellent heat 

and mass transfer rates at a small-scale, resulting in high efficiencies (Song et al., 

2015).  

Numerous problems still exist however. Though fluidized-bed reactors have 

been demonstrated on a commercial scale, their construction and operation at this 

scale is often complex. Heat transfer problems and significant energy requirements 

associated with handling the fluidization gas have also been reported during scaling 

(Brown, 2009). High inert gas flows are also required to maintain fluidization (Brown 

and Brown, 2012). Problems with ash agglomeration, especially in agricultural by-

products with high ash contents, can also be problematic (Khadilkar et al., 2015). For 

these reasons, the number of studies reporting the production of biochar using 

fluidized-bed pyrolysis is still very limited (Yang et al., 2016). Wang et al. (2013) 

investigated the co-production of bio-oil and biochar from microalgae in a fluidized 
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bed reactor at 500 °C. The reported yields of bio-oil, biochar, and pyrogas were 53, 

31, and 10 wt. %, respectively. Yang et al. (2016) also studied the production of 

biochar from reed black liquor in a fluidized bed. They found that a reactor 

temperature of 500 °C and a reaction time of 5.7 min was optimum for producing 

biochar with maximum adsorption capacities. 

Numerous other studies have investigated different reactor types for the 

pyrolysis of agricultural by-products. These include microwave reactors (Huang et 

al., 2016), ablative reactors (Bahng et al., 2009), and cone reactors (Verma et al., 

2012). The primary focus of this thesis, however, is the co-production of biochar and 

bioenergy from agricultural by-products in a screw reactor. Due to their tolerance of 

variable ash and moisture contents (a typical issue with increasing biomass 

utilization rates), as well as their relative simplicity of design and operation, screw 

reactors are a mature technology for slow pyrolysis. 

1.7. Significance of this Thesis 

The co-generation of biochar and bioenergy from agricultural by-products 

offers an attractive approach for sustainable waste management. The added-value 

processing of biomass materials that currently have little or no value can potentially 

contribute to the development of the bio-economy. By co-producing biochar and 

bioenergy on a large-scale, many of the problems currently faced by society can be 

addressed in a timely and efficient manner. In particular, pyrolysis-combustion 

systems offer a method to fully utilize abundant biomass wastes with variable ash 

and moisture contents. Pyrolysis-combustion processes, despite their obvious 

potential to increase utilization rates of agricultural by-products, are plagued by 

uncertainty regarding the influence of operating conditions and feedstock 
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composition/properties on the emissions from the process. As the conventional 

methods of disposal are significantly impacting on the health of populations exposed 

to these emissions, a better understanding of the relationship between key process 

parameters and pollutant yields for pyrolysis-combustion is needed. Without this 

insight, effective policy making for agricultural by-product utilization cannot be 

achieved. 

It is well known that the choice of pyrolysis temperature influences both the 

yield and the quality of the biochar (Claoston et al., 2014). It is also known that the 

pyrolysis temperature affects the yields, HHV, and composition of the pyrogas and 

bio-oil (and therefore the raw pyrolysis volatiles) (Williams and Nugranad, 2000). It is 

therefore clear that the development of pyrolysis-combustion processes will incur a 

trade-off between effective biochar production and heat/power generation. The 

extent of this trade-off is currently unclear. It is also expected that the pyrolysis 

temperature will influence the emissions from the process. This is because the bio-

oil/pyrogas ratio, aromatic concentration, S, and N content of the raw pyrolysis 

volatiles will all vary with pyrolysis temperature (Biswas et al., 2017; Claoston et al., 

2014). As a result, it is expected that energy-based yield of the pollutants from the 

pyrolysis-combustion process will be affected.  

The influence of feedstock drying has also not been investigated for the 

pyrolysis-combustion processes. It is well known that this parameter significantly 

influences the emissions of PM and PM-bound PAHs during direct combustion (Shen 

et al., 2013b; Sanchis et al., 2014). The concentration of char-bound PAHs is also of 

concern, as application of biochar with significant PAH contents will facilitate the 

existence of carcinogenic contaminants in the soil that are extremely difficult to treat 

once buried (Dutta et al. 2016). It is also not yet known if the pyrolysis-combustion 
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process offers a pathway to reduced yields of harmful pollutants during the utilization 

of agricultural by-products when compared to the conventional methods of disposal, 

including open burning and cook stoves. 

This thesis has therefore focused on developing a better understanding of the 

influence of process conditions (pyrolysis/volatile production temperature), feedstock 

properties (moisture, ash, and VM content) and composition (S and N content) on 

the harmful emissions from the pyrolysis-combustion process. It is only through this 

endeavour that a viable conclusion can be arrived at regarding the improvement in 

performance (especially in terms of pollution potential) of pyrolysis-combustion 

systems over the conventional methods of agricultural by-product utilization. As the 

co-generation of biochar and bioenergy is an extremely attractive approach to 

utilizing these abundant materials in a way that addresses many of the world’s 

problems, this work is of crucial importance. 

1.8. Aims of this Thesis 

In order to achieve the objectives set in this research topic, the following aims 

were identified for this thesis: 

1. Investigate the influence of volatile production temperature (and therefore bio-

oil/pyrogas ratios in the raw pyrolysis volatiles) on the energy-based yield of 

PM and PM-bound PAHs during combustion of the raw pyrolysis volatiles.  

2. Understand how the varying degree of volatilization of biomass-bound S and 

N at various volatile production temperatures influences the energy-based 

yield of H2S, SO2, NO, and NO2 during combustion of the raw pyrolysis 

volatiles. 
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3. Investigate the relationship between pyrolysis temperature and the 

composition of the biochar (C, H, N, S, and ash) and the concentration of 

char-bound PAHs. 

4. Understand how utilization of agricultural by-products with significantly 

different ash, VM, S, and N contents influences the energy-based yields of 

PM, H2S, SO2, NO, and NO2. 

5. Investigate the influence of feedstock drying on the PM, PM-bound PAH 

emissions, and quality of the primary pyrolysis products. 

1.9. Outline of Thesis 

This thesis is comprised of 6 main Chapters. Chapter 1 provides a detailed 

outline of the potential for the co-production of biochar and bioenergy to address 

many of society’s current problems. The advantages of utilizing agricultural by-

products as feedstocks are described, along with a discussion of the problems 

associated with conventional methods of disposal. The fundamentals of pyrolysis, as 

well as the different potential reactor types that can be deployed, are provided in 

detail. The importance and aims of the thesis are also discussed.   

In Chapter 2, the energy-based yields of PM10 and PM2.1 during the co-

generation of biochar and bioenergy from rice husk are presented. Using a lab-scale 

pyrolysis-combustion facility, various volatile production temperatures (400 – 800 °C) 

are used to generate raw pyrolysis volatiles with varying bio-oil to pyrogas ratios. 

The volatiles are then combusted at 850 °C. The aim of this Chapter is to investigate 

the influence of the varying bio-oil fraction of the volatile mixture on the energy-

based yields of PM. The PM emission factor from the pyrolysis-combustion process 

for rice husk is compared to those from alternative combustion processes with other 
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high ash content feedstocks to determine the effectiveness of the process for 

emission mitigation. 

Chapter 3 investigates the influence of volatile production temperature (400 – 

800 °C) on the emissions of PM-bound PAHs from a lab-scale pyrolysis-combustion 

process utilizing rice husk. Five different raw pyrolysis volatiles are produced at each 

temperature and combusted at 850 °C. The concentrations of 15 priority pollutant 

PAH levels in the resulting PM are evaluated. The influence of pyrolysis temperature 

on the PAH concentration of the biochar is also investigated. The primary aim of this 

Chapter is to develop an understanding of how the PAH and oxy-aromatic content of 

the bio-oil fraction of the raw pyrolysis volatiles (which changes with pyrolysis 

temperature) influences the PM-bound PAH concentration. 

Chapter 4 investigates the influence of feedstock composition (S, N, ash, and 

VM content) on the yields of harmful PM and gaseous pollutants (SO2, H2S, NO2, 

NO). A lab-scale continuous pyrolysis-combustion facility utilizing rice husk and 

grape pruning (which have significantly different compositions) is operated at various 

volatile production temperatures (400 – 800 °C) and a combustion temperature of 

850 °C for the raw pyrolysis volatiles. The first aim of this Chapter is to determine the 

difference in the yields and HHV of the primary pyrolysis products from the two 

feedstocks. The influence of feedstock ash and VM content of the energy-based 

yield of PM and predominance of different PM sizes is also investigated. Finally, the 

influence of feedstock S and N content, and their respective volatilization rate at 

each volatile production temperature, on the energy-based yields of NO, NO2, H2S, 

and SO2 is also discussed. 
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The aim of Chapter 5 is to investigate the influence of drying of the rice husk 

(by utilizing both dried and AR) on various process outcomes. This includes the 

yields of primary pyrolysis products and the HHV of the raw pyrolysis volatiles, the 

energy-based yields of PM10, PM2.1, PM1.1, and the concentration of PM-bound PAHs 

and their toxicity relative to BaP. The lab-scale pyrolysis-combustion process was 

operated at various volatile production temperatures (400 – 800 °C) and the raw 

pyrolysis volatiles were combusted at 850 °C.    

 Chapter 6 presents a summary of the key findings of this thesis and outlines 

the potential for pyrolysis-combustion processes to contribute towards the global 

production of biochar and bioenergy. Recommendations for future work are also 

discussed. 
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Abstract 

Increasing energy demands and waste management concerns have 

motivated agricultural producers to consider the decentralized conversion of 

agricultural by-products for energy and value-added product (biochar) generation. 

Due to the variability of fuel properties, direct combustion of agricultural by-products 

with high ash contents, such as rice husk, may suffer from increased fouling and 

slagging issues with high PM emissions. Combustion of the raw pyrolysis volatiles 

(bio-oil and pyrogas mixtures) produced from pyrolysis with the inherent separation 

of ash in the biochar may potentially mitigate these issues. In this study, PM 

emissions from the combustion of the raw pyrolysis volatiles derived from the 

pyrolysis of rice husk were evaluated at laboratory scale by using a combined 

pyrolysis and combustion facility. Volatile production temperatures ranging from 400 

°C to 800 °C were used to generate raw pyrolysis volatiles with differing bio-oil to 

syngas ratios which were then combusted at 850 °C. It was found that bio-oil 

dominated the higher heating value of the raw pyrolysis volatiles produced at low 

pyrolysis temperatures. The combustion of such raw pyrolysis volatiles with high bio-

oil content substantially increased the yields of PM10 and PM2.1. Linear dependence 

was observed between PM emissions and bio-oil fraction in the raw pyrolysis 

volatiles. Nevertheless, the pyrolysis-combustion process, with > 96 % of the ash 

retained in biochar prior to combustion, is more favorable than direct combustion for 

high ash biomass as far as PM emissions are concerned. 
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2.1. Introduction 

Re-utilization of agricultural by-products as biomass resources has great 

potential to contribute to the development of the bioeconomy for the co-generation of 

value added products and bioenergy (Allen et al., 2015). However, limited availability 

of high quality agricultural by-products for energy applications results in the need to 

utilize more problematic raw materials with broader variations in fuel properties 

(Gilbe et al., 2008). Rice husk is an agricultural by-product with low bulk density and 

high ash content. They are abundant, with approximately 822 million tonnes 

produced annually worldwide, about 97 % of which is produced in developing 

countries (Naqvi et al., 2014). Currently most rice husk is underutilized with limited 

options for recycling (Zhang et al., 2015). However, it can contribute to the bio-

economy significantly if options such as decentralized conversion systems are 

available for agricultural producers/farmers to utilize rice husk as a renewable 

resource.  

Direct combustion is often utilized for biomass to produce heat and power for 

energy services. However, combustion of biomass with high ash content suffers from 

several disadvantages when compared to low ash fuels. Firstly, the residual ash 

content can deposit on internal heat transfer surfaces, leading to the formation of 

slags and clinkers (Gilbe et al., 2008; Jenkins et al., 1998) which negatively affect 

heat transfer rates and decrease boiler efficiency. Secondly, the abundant inherent 

inorganic species in biomass may potentially lead to significant PM emissions (Gao 

and Wu, 2011; Johansson et al., 2003; Johansson et al., 2004). Direct combustion of 

agricultural by-products with high silica ash content, such as rice husk, can result in 
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the release of fibrous PM, including crystalline silica, which can cause major health 

concerns (Gilbe et al., 2008).  

Considering the negative impact of ash on the performance of combustion 

systems; ash components can instead be separated into the solid biochar prior to 

combustion through the pyrolysis of biomass at mild temperatures. Biochar, the solid 

product of biomass pyrolysis, has demonstrated a high potential to offset C 

emissions by long-term C sequestration with additional agricultural benefits (Williams 

and Nugranad, 2000). Gas-cleaning systems, such as condensation, are commonly 

used in centralized pyrolysis operations to separate the bio-oil products from the raw 

pyrolysis volatiles in order to generate a clean (bio-oil-free) pyrogas for power 

generation (Ning et al., 2013). However, separation of the bio-oil substantially 

reduces the effective energy output, as the production of pyrogas is limited at the 

mild Tp that favour biochar production. Furthermore, the upgrading of bio-oil is 

currently economically prohibitive, due to issues with bio-oil quality, catalyst 

instability, and deterioration during storage (Mortensen et al., 2011; Lehto et al., 

2014).  

This motivated the investigation of the combustion of raw pyrolysis volatiles 

(bio-oil and pyrogas mixtures, hereafter called pyrolysis volatiles) for the co-

generation of value-added product (biochar) and low-emission bioenergy in a 

combined pyrolysis and combustion (pyrolysis-combustion) process. This potential 

approach eliminates the handling of the corrosive bio-oil product (Mortensen et al., 

2011) and utilizes the significant energy content of the liquid product for power 

generation rather than being separated out for further upgrading/disposal (Lehto et 

al., 2014). This approach is attractive for decentralized biochar and bioenergy 
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generation in agricultural sectors (Mohammadi et al., 2016) as it minimizes the C 

emissions due to transportation of the low-bulk density agricultural by-product and 

upgrading processes (Roberts et al., 2010; Bazmi et al., 2015). However, 

combustion of the pyrolysis volatiles is not entirely “clean”, as bio-oil is a mixture of 

complex organic compounds, the combustion of which may result in higher 

emissions when compared to pyrogas only. To the best of our knowledge, previous 

work investigating the atmospheric emissions, particularly PM, resulting from 

combustion of the pyrolysis volatiles during the co-production of biochar and 

bioenergy is not available in the literature.  

The aims of this study are to investigate the energy-based yield of PM from 

the combustion of pyrolysis volatiles with different fractions of bio-oil and pyrogas 

generated from the pyrolysis of rice husk; and compare the PM emissions from the 

pyrolysis-combustion process to the direct combustion of other biomass. 

2.2. Materials and Methods 

2.2.1. Materials Characterization 

The rice husk used in this study was provided by Beerbelly Brewing 

Equipment (Pooraka, South Australia). Once received the rice husk was ground in a 

rotary mill and then sieved to 420 - 500 mm. It was then dried in an oven at 105 °C 

for a minimum of 15 h. Biochar samples were obtained from the pyrolysis of rice 

husk according to the procedure described in Section 2.2.2 and then subjected to 

proximate and ultimate analysis. Proximate analyses were carried out using a TGA 

(SETARAM, Labsys™). Approximately 65 mg of sample was used to determine the 

weight fractions of VM, ash, and fixed C according to ASTM D7582. The moisture 

content of the rice husk was determined by the oven-drying method following ASTM 
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D4442. Ultimate analyses of the rice husk and biochar were carried out using a 

CHNS determinator (PerkinElmer, 2400 Series II CHNS/O). The ultimate analysis for 

C, H, N, S, and O was carried out following ASTM D5373. The O content was 

calculated by difference. The HHV of the rice husk and biochar were calculated 

using the Boie equation (Boie, 1953). 

2.2.2. Pyrolysis, Combustion, and Sampling 

Fig. 2.1 shows a schematic diagram of the experimental system for the 

pyrolysis-combustion study. Rice husk, after the pre-processing stage, was loaded 

into a hopper and continuously fed into the main screw reactor at a feeding rate of 

1.3 g/min. The biomass was then transported along the entire length of the screw 

reactor where it was heated by two sets of electrical heaters and maintained at 400, 

500, 600, 700, and 800 °C for the pyrolysis reactions. It should be noted that the 

term “Tp” is used in this Chapter when considering sampling of the biochar, bio-oil, 

and pyrogas. The term “Tv” is used when discussing sampling of the PM generated 

from combustion of the raw pyrolysis volatiles. N2 at 0.25 l/min was provided through 

the hopper to remove O from the system. The solid biochar was collected under 

gravity in a collection vessel at the end of the screw reactor. The yield of biochar is 

the recovered yield expressed as a percent by weight of dry feed and was estimated 

using the mass ratio of feedstock and biochar obtained in the collection vessel. An 

additional 0.1 l/min of N2 was provided from the collection vessel to avoid stagnation 

of the combustible volatiles. The raw pyrolysis volatiles were premixed with the 

filtered air and transported to a burner situated at the bottom of a quartz tube (150 

cm height x 4.5 cm i.d.) within a vertical 3-zone tube furnace (Carbolite®, GVC 

12/1050). The furnace temperature was maintained at 850 °C for the combustion 

(Tc). The piping between the outlet of the pyrolysis reactor and the combustion 
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region was insulated in order to maintain the temperature above 350 °C and prevent 

condensation of the bio-oil. The HHV of the pyrolysis volatiles was estimated using a 

mass and energy balance based on the yields of biochar and the HHVs of the rice 

husk and biochar. 

2.2.3. Bio-Oil Sampling 

The yield of bio-oil was obtained using a condensation train consisting of eight 

50 ml test tubes connected in series and immersed in an ice/water mixture (≈ 0 °C). 

Piping between the pyrolysis heater and the first test tube was heated to around 350 

°C to prevent condensation of bio-oil. The difference in weight of the condensation 

train before and after the experimental run was taken as the mass of bio-oil. 

2.2.4. Pyrogas Sampling 

A Teflon gas-sampling bag was used to collect the pyrogas sample for 

analysis using GC - TCD (Agilent, 490 Micro GC). The first channel of the gas 

analyser detected H2, O2, N2, CH4, and CO with a Molecular Seive 5A column, the 

second channel detected CO2 with a Poraplot U column, and the third channel 

detected hydrocarbons (butane - n-heptane) with a Silicon 5CB column. The HHV of 

the pyrogas was calculated based on the heating values and concentrations of the 

individual species. The mass of pyrogas produced was calculated as the difference 

between the mass of the feedstock used and the combined mass of bio-oil and 

biochar. The HHV of the raw pyrolysis volatiles (HHVRPV) was calculated using an 

energy balance around the pyrolysis reactor (1 kg of feed basis): 

                                    𝐻𝐻𝑉𝑅𝑃𝑉 =  
𝐻𝐻𝑉𝑅𝐻 − (𝑦𝑏𝑖𝑜𝑐ℎ𝑎𝑟 × 𝐻𝐻𝑉𝑏𝑖𝑜𝑐ℎ𝑎𝑟)

𝑦𝑅𝑃𝑉
                                     (2.1) 
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where HHVRPV, HHVRH, and HHVbiochar are the heating values of the raw 

pyrolysis volatiles, rice husk, and biochar respectively (MJ/kg), and ybiochar and yRPV 

are the yields of the biochar and raw pyrolysis volatiles respectively. 

2.2.5. Flue Gas Sampling 

Two samplings ports were positioned on the stainless steel adaptor between 

the ADT and the top of the quartz pipe situated above the vertical tube furnace. The 

CO2 analysis of the flue gas was carried out using a portable nondispersive infrared 

sensor (CO2meter.com, CM-0017) with a resolution of 0.5 vol %. A portable CO/O2 

analyser (Bacharach, Fyrite® INSIGHT® Plus) was used to analyse the CO level in 

the flue gas with a resolution of 20 ppmv and O2 level with a resolution of 0.3 %. 

2.2.6. Dilution and PM Sampling 

A CI (Copley Scientific, 8-stage Anderson cascade impactor) was used to 

collect the PM and generate mass-size distributions. The size range of the CI was 

0.1 - 10 µm. PM10 and PM2.1 refer to particulates in the size fractions 0.1 - 10 µm and 

0.1 - 2.1 µm that presented in the flue gas, respectively. The CI was situated 

immediately downstream of an ADT. The ADT was used to supply a mixture of air 

and flue gas at a dilution ratio of 8 with a fixed volumetric flowrate of 28.3 l/min to the 

CI. As all of the flue gas was sampled, isokinetic sampling was not required (Zhang 

and Morawska, 2002). Quartz fiber filter papers were used for all stages except the 

back-up stage, which used a PTFE filter with a 0.1 µm pore size. The filters were 

prepared for the collection of PM following an adapted methodology outlined in the 

USEPA Method 5 (USEPA, 2000) and the State of California Air Resources Board: 

Method 501 (CARB, 1990). The filter papers were dried and weighed before and 

after the experiments. The standard error of the mean from a set of three separate 

18 min runs was obtained. The mass-based yields of PM10 and PM2.1 were divided 
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by the HHV of the pyrolysis volatiles and presented as the energy-based yields in 

this study. 

2.3. Results and Discussion 

2.3.1. Feedstock and Biochar Characteristics 

The proximate analysis of the rice husk in Table 2.1 shows that they have a 

high amount of ash (21.5 %). The ash content of rice husk is significantly greater 

than other types of biomass. Typical ash contents for other agricultural by-products 

vary between 0.3 and 8.4 % (Alper et al., 2015). This high ash content clearly 

suggests that fouling and slagging could potentially occur in the direct combustion of 

rice husk. In addition, it is well known that silica, the main constituent of rice husk 

ash, is very abrasive and can react with alkalis to form alkali silicates that melt or 

soften at low temperatures, promoting the formation of slag and clinker (Gilbe et al., 

2008; Jenkins et al., 1998). The ultimate analysis indicated that rice husk had a 

relatively low C content (38.1 %) when compared to other biomass types (Claoston 

et al., 2014). Biochars produced from other forms of biomass typically have a C 

content between 60 and 95 % (Antal Jr. and Gronli, 2003; Claoston et al., 2014). The 

reduced C content of the rice husk derived biochar (42 – 43 %) compared to that 

derived from other typical agricultural by-products is a direct result of its high ash 

content.  

The proximate analysis results show that around 96 – 99 % of feedstock ash 

was retained in the biochar (Table 2.1). In most cases, the C content of biochar 

increases with Tp (Alper et al., 2015). However, this is often not the case for biochar 

produced from rice husk due to the significant ash content which is not liberated 

during pyrolysis (Claoston et al., 2014; Jindo et al., 2014). This agrees with (Enders 
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et al., 2012) who found that greater Tp for low ash biochars increased fixed C, but 

decreased for biochars with more than 20 % ash. In addition, the H and N contents 

were lower than other agricultural by-products, while the S content was relatively 

high (Antal Jr. and Gronli, 2003). S content in the char was reduced due to its 

volatilisation at higher temperatures. 

2.3.2. Pyrolysis Products 

Fig. 2.2a shows the effect of Tp on the yields of pyrogas, bio-oil, and biochar. 

It was found that the yield of pyrogas increased with Tp. The opposite trend was 

observed for the yields of bio-oil and biochar, which decreased with temperature. 

This is consistent with other studies of biomass pyrolysis (Williams and Nugranad, 

2000; Antal Jr. and Gronli, 2003; Tsai et al., 2007). The maximum yield of bio-oil is 

typically obtained at a low temperature, above which higher temperatures promote 

gas production. The reason for this is that higher temperatures promote further 

cracking of the condensable hydrocarbons which includes aromatic compounds, 

along with other oxygen containing hydrocarbons and complex PAHs (Naqvi et al., 

2014), leading to a greater production rate and yield of gas (Tsai et al., 2007). The 

increasing gas yield reduced the mass of the remaining char and therefore 

decreasing yields of biochar with Tp was observed. Fig. 2.2b shows the effect of Tp 

on the HHV of the pyrolysis volatiles and its contributions from pyrogas and bio-oil. It 

was found that the energy content of the pyrolysis volatiles increased slightly by 

about 7 % from 400 °C (14.2 MJ/kg) to 700 °C (15.2 MJ/kg). However, the 

contribution of bio-oil to the overall HHV of the pyrolysis volatiles reduced 

substantially from 90 % to 44 % at the Tp of 400 and 800 °C, respectively.  

Fig. 2.3 shows that the major constituents of the pyrogas at different Tp were 

CO, H2, CO2, and CH4. The concentrations of each species at each Tp were 
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normalized to 50 % N2 for comparison. It was found that the concentrations of CO 

and H2 in the pyrogas increased significantly with Tp, while CO2 showed the opposite 

trend. A slight increasing trend was observed for CH4, with its concentration 

maintained at around 3 % before 700 °C and then increasing to around 6 % at 800 

°C. It has been suggested that the secondary reactions of volatiles at high 

temperatures generate mostly CO, H2, and CH4 rather than CO2 (Xu et al., 2009; Luo 

et al., 2004). Aside from the gas species presented in Fig. 2.3, trace amounts of 

ethane and propane were also detected at each Tp. The HHV of the pyrogas and 

carrier gas mixture increased from around 2.3 MJ/kg at 400 °C to 5.4 MJ/kg at 800 

°C due to the increase in H2 and CH4 concentrations. 

2.3.3. PM Emissions during the Combustion of Pyrolysis Volatiles 

2.3.3.1. Particle Size Distribution 

Fig. 2.4a shows the normalized particle mass-size distribution resulting from 

the combustion of the pyrolysis volatiles at 850 °C. In this study, a relatively low Tc of 

850 °C was used as this is a typical temperature found in small-scale combustion 

systems (Obernberger, 1998; Miles et al., 1996). For each of the combustion 

experiments, the CO2 and CO levels of the flue gas at 5 % O2 were maintained at 

around 13 % and 400 ppmv, respectively. It was found that the coarse mode (≈ 9 – 

10 µm) was the predominant size range of PM generated from the combustion of 

pyrolysis volatiles. In addition, no distinctive sub-micron peak was observed, 

suggesting minimal ash vaporization. This result was expected as the Tc of 850 °C 

was not sufficiently high to vaporize the majority of the ash. Furthermore, the 

majority of the ash (> 96 %) was retained in the biochar prior to combustion. This 

result closely resembles the PM mass-size distributions that can be found in fuel-oil 

combustion (Linak et al., 2000a; Umbria et al., 2004). 
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2.3.3.2. Energy-Based Yields of PM10 and PM2.1 

Fig. 2.4b shows the energy-based yield of PM10 and PM2.1 during the 

combustion of the pyrolysis volatiles at 850 °C. Yields of PM10 and PM2.1 from the 

combustion of the pyrolysis volatiles were estimated to be between 2 - 5 and 0.3 - 2 

mg/gvolatiles respectively. This corresponds to energy-based yields of 154 - 370 

mg/MJ for PM10 and 21 - 118 mg/MJ for PM2.1. The yields of both PM10 and PM2.1 

reduced substantially with the increasing Tv. Between 400 °C and 800 °C there is a 

58 % decrease in the yield of PM10 and 82 % decrease in PM2.1. This demonstrated 

that the greatest PM emissions occur when the pyrolysis-combustion system is 

optimized for biochar production. In contrast, when the system is optimized for 

energy generation (i.e. higher Tv), lower PM yields were observed.  

Despite similar combustion conditions being used, there is a strong linear 

correlation between the energy-based yields of PM and the bio-oil fraction of the 

pyrolysis volatiles (Fig. 2.5a). It is suggested that the increasing number of C atoms 

in the fuel molecules would increase the unburned C contents (soot) in premixed 

flames under similar combustion conditions (Calcote and Manos, 1983; Olson et al., 

1985). Therefore, increasing the bio-oil fraction has a similar effect because bio-oil 

produced from biomass pyrolysis consists of complex compounds including organic 

acids, carbonyls, phenols, anhydrosugars, and hydrocarbons (Naqvi et al., 2014; 

Alper et al., 2015). These compounds contain much longer hydrocarbon chain 

lengths than the pyrogas constituents (CO, CH4, H2), which strongly increases the 

tendency to soot due to greater ability to resist oxidation and survive into the burned 

gas zone (Calcote and Manos, 1983). As a result, increased yields of PM from 

pyrolysis volatiles combustion were observed with the increased bio-oil fraction. 
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2.3.3.3. PM10/PM2.1 

Even though the total yield of PM10 and PM2.1 increased with the bio-oil 

fraction in the pyrolysis volatiles, a decrease in PM10/PM2.1 was observed (Fig. 2.5b). 

This suggested that higher bio-oil fractions in the pyrolysis volatiles favoured PM2.1 

formation at a greater rate than PM10 during combustion. This is counterintuitive; as it 

would be expected that higher pyrogas fractions in the pyrolysis volatiles would 

favour sub-micron particulate formation due to more complete C burnout. However, 

both the sub- and super-micron size range of particulates were included in PM2.1 (0.1 

- 1 µm and 1 - 2.1 µm) and their formation mechanisms were different (Linak et al., 

2000a). Therefore, it is appropriate to examine not only the total PM2.1 mass, but also 

the contribution from the sub and supermicron fractions in PM2.1.  

Table 2.2 summarises the weight contribution of the smallest and largest 

particulate size fractions to the overall yield of PM2.1 at different bio-oil fractions in the 

pyrolysis volatiles. It can be seen that increased bio-oil fractions in the pyrolysis 

volatiles increase the contribution of the largest particulates, while increased pyrogas 

fractions increase the contribution of the smallest particulates. This suggests that 

although PM10/PM2.1 decreased with the increasing bio-oil fraction, the proportion of 

PM2.1 mass made up of super-micron particulates (1 - 2.1 µm) increased. This 

agrees with the conclusion of (Linak et al., 2000a), who suggested that total super-

micron PM fractions increase when incomplete C burnout is the dominating PM 

formation mechanism, while sub-micron PM fractions increase when ash 

vaporization and complete C burnout dominates. 
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2.3.4. Comparison of PM emissions of Pyrolysis-Combustion with Direct 

Combustion 

A meta-analysis was carried out in order to compare the energy-based yield 

of PM10 when utilizing rice husk in the pyrolysis-combustion process with other 

biomass types in small-scale combustion devices. Fig. 2.6 indicates that lower PM 

emissions for a given energy output could be achieved when compared to other 

small-scale direct combustion devices utilizing high ash content biomass (Gao and 

Wu, 2011; Nussbaumer et al., 2008; Schmidl et al., 2011; Shen et al., 2012; Smith et 

al., 2000; Zhang et al., 2000). Fig. 2.6 also indicated that, although the energy-based 

yield can vary significantly between different combustion systems, the results from 

each study showed a trend of increasing energy-based yield of PM with the ash 

content of the biomass feedstock. This agrees with (Johansson et al., 2003; Yani et 

al., 2015; Khalil et al., 2013), who all arrived at a similar conclusion while 

investigating the relationship between fuel ash content and PM emissions from raw 

biomass combustion. The substantial PM emission reduction during pyrolysis-

combustion is an important finding. It demonstrates a potential low emission 

technique that enables the effective utilization of abundant high ash biomass 

resources, such as rice husk, for simultaneous clean bioenergy and biochar 

generation. 

2.4. Conclusion 

An experimental comparison of the PM emissions from the combustion of raw 

pyrolysis volatiles at 850 °C derived from the pyrolysis of rice husk at different 

temperatures (400 - 800 °C) was carried out. It was found that combustion of the raw 

pyrolysis volatiles generated at 400 °C with the highest bio-oil fraction had 

substantially increased energy-based yields of PM10 and PM2.1 by 58 % and 82 % 
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respectively when compared to combustion of the raw pyrolysis volatiles with the 

lowest bio-oil fraction (800 °C). This implied that the PM emissions were higher if the 

pyrolysis-combustion process was optimized for biochar production at lower Tv. 

Despite a high ash content feedstock (21.5 %) being used, the energy-based yields 

of PM10 of 154 - 370 mg/MJ were comparable to or lower than those from the small-

scale direct combustion of low ash biomass. 
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Abstract 

The aim of this study was to evaluate the emissions of PAHs bound to the PM 

during the combustion of raw pyrolysis volatiles (bio-oil and pyrogas mixture) 

generated from the pyrolysis of rice husk. Five different raw pyrolysis volatiles were 

produced at varying volatile production temperatures (400–800 °C) and 

subsequently combusted in a laboratory-scale, continuous pyrolysis-combustion 

facility at 850 °C. 15 priority pollutant PAH levels in the resulting biochar, bio-oil, and 

PM were evaluated. Results showed that combustion of the raw pyrolysis volatiles 

produced at elevated pyrolysis temperatures resulted in greater concentrations of 

PM-bound PAHs (119 % increase between 400 and 800 °C) due to the increased 

PAH and oxy-aromatic content of the bio-oil fraction. Significantly increased BaP – 

equivalent toxicity of the biochar and PM was observed at elevated pyrolysis 

temperatures. 
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3.1. Introduction 

The utilization of agricultural by-products for the co-generation of bioenergy 

and value-added products (i.e. biochar) is an attractive approach for sustainable 

waste management. These materials represent a potentially abundant and 

renewable source of energy (Huang et al., 2013; Yin et al., 2017). One approach for 

the co-generation of bioenergy and biochar is to utilize the by-products is a pyrolysis-

combustion process. Rice husk is one abundant agricultural by-product with 

traditionally limited options for recycling due to its significant ash content and 

distributed availability (Sun et al., 2017). Currently these resources are not only 

being wasted (Valix et al., 2017), but are also contributing to environmental pollution 

through their direct combustion and open burning (Sun et al., 2017; Ma et al., 2016). 

Decentralized pyrolysis-combustion systems are especially advantageous for the 

utilization of rice husk because ash related fouling/slagging issues are minimized 

due to the fuel ash being retained with the biochar prior to combustion. The 

application of rice husk biochar to soil has demonstrated effective nutrient recycling 

capability (Marshall et al., 2017; Pratiwi and Shinogi, 2016; Dutta et al., 2016), while 

also sequestering C effectively (Yue et al., 2016). Conventional recycling methods of 

rice husk, such as open burning or burying in the soil, are inefficient at recycling 

nutrients and provide little added-value to the by-product. Furthermore, reduced PM 

emissions have also been reported for pyrolysis-combustion when compared to 

other small-scale direct combustion processes (Chapter 2). This approach is 

therefore a possible sustainable pathway for the full utilization of agricultural by-

products with high ash contents, such as rice husk. 
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Pyrolysis-combustion involves co-combustion of the untreated liquid (bio-oil) 

and gaseous (pyrogas) products from pyrolysis (a mixture termed ‘raw pyrolysis 

volatiles’). This is especially attractive when the system favours bio-oil production 

over pyrogas at low pyrolysis temperatures, as it allows full utilization of the heating 

value from the liquid products (Williams and Nugranad, 2000). This is in contrast to 

the typical approach of bio-oil production, which involves condensation and 

separation from the raw pyrolysis volatile mixture prior to combustion in order to be 

upgraded to a higher quality fuel in a centralized facility (Islam and Ani, 2000). The 

upgrading of bio-oil is currently economically prohibitive due to issues with bio-oil 

quality, catalyst instability, and deterioration during storage (Hassan et al., 2016). 

Despite combustion of raw pyrolysis volatiles with significant bio-oil contents being 

beneficial for a self-sustaining pyrolysis-combustion process, to date there have 

been no studies investigating the toxicity of the PM emissions from such a process. 

One of the most toxic components of PM emissions are PAHs. Many PAHs are 

known carcinogens and mutagens, and are therefore subject to strict environmental 

guidelines (NRC, 2002; Keith, 2015). Generally, the PAHs that are considered to be 

carcinogenic have higher molecular weights (i.e. greater number of aromatic rings), 

lower vapor pressures, and lower solubility constants (Nisbet and LaGoy, 1992). 

Estimation of PAH-related toxicity is provided through the application of a BaP –TEF 

to PAH concentrations and provides a more accurate risk assessment for 

environmental exposure to PAHs (Jung et al., 2010). 

Despite the influence of pyrolysis operating conditions on the PAH content 

and BaP – TEQ of biochar being well documented (Hale et al., 2012), there is 

currently no information available on the role of pyrolysis temperature and 

aromaticity of the raw pyrolysis volatiles on the PAH-related toxicity of the PM 



58 
  

emissions. While PAHs are generally formed in fuel-rich regions of hydrocarbon 

combustion reactions (Richter and Howard, 2000), the origin of PM-bound PAHs 

from the pyrolysis-combustion process is complicated by the fact that the bio-oil can 

itself possess significant amounts of both PAHs and oxygen substituted aromatic 

species (oxy-aromatics) (Hu et al., 2014; Biswas et al., 2017). The pyrolysis 

temperature plays a major role in pyrolysis reactions, with increasing PAH production 

typically found at higher temperatures (Ledesma et al., 2002; McGrath et al., 2003). 

As such, the raw pyrolysis volatiles that are combusted for the purpose of bioenergy 

generation in the pyrolysis-combustion process can possess a wide-range of PAH 

concentrations depending on the pyrolysis temperature. 

The influence of “fuel” (in this case the raw pyrolysis volatiles) PAH content on 

the PM-bound PAH concentration has typically been limited to studies for gasoline 

and diesel combustion (Westerholm et al., 1988; Atal et al., 1997; Pedersen et al., 

1980). Some of these studies have shown that increased aromatic and PAH content 

in the fuel can result in increased PM-bound and gas-phase PAH emissions (Atal et 

al., 1997; Pedersen et al., 1980), while others have suggested little or no correlation 

(Westerholm et al., 1988). The aromatic constituents of the raw pyrolysis volatiles 

can undergo transformation during the combustion process via HACA reactions or 

resist oxidation and survive through to the flue products (Richter and Howard, 2000). 

In addition, the influence of the pyrolysis temperature on the PAH concentration of 

the biochar is also of concern, as the application of biochar to the soil may facilitate 

the persistence of PAHs in the environment (Quilliam et al., 2013; Lyu et al., 2016; 

Nisbet and LaGoy, 1992). The presence of oxy-aromatics in the bio-oil also requires 

consideration, as they are known to cause damage to cell tissue upon exposure 

(Dellinger et al., 2000). 
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The objectives of this study are to determine the influence of 1) pyrolysis 

temperature on the concentration and composition of biochar-bound PAHs, 2) 

pyrolysis temperature on the concentration and composition of bio-oil PAHs and oxy-

aromatics, and 3) bio-oil aromatic content on the PM-bound PAH concentrations and 

associated BaP – TEQ. 

3.2. Materials and Methods 

3.2.1. Pyrolysis-Combustion System 

The rice husk used in this study was provided by Beerbelly Brewing 

Equipment (Pooraka, South Australia). Once received the rice husk was first oven-

dried at 105 °C for a minimum of 15 h. It was then ground in a rotary mill and sieved 

to 420 – 500 µm. The proximate and ultimate analysis of the rice husk and biochar 

are shown in Table 2.1. 

A schematic diagram of the pyrolysis-combustion process is shown in Fig. 

2.1. N2 carrier gas was supplied at 0.25 L/min through the hopper and 0.1 L/min 

above the char pot to purge the system. The prepared rice husk was fed into the 

main screw at a feeding rate of 1.3 g/min and heated to temperatures of 400, 500, 

600, 700, and 800 °C by two electrical heaters, pyrolyzing the rice husk in the 

approximately 1 m long heating section with a residence time of 16 min. The term 

“Tp” is used in this paper when considering sampling of the biochar and bio-oil. The 

term “Tv” is used when discussing sampling of the PM generated from combustion of 

the raw pyrolysis volatiles. A premixed flame was generated through the mixing of 

HEPA filtered air and the raw pyrolysis volatiles inside a combustion furnace. The 

burner was situated at the bottom of a quartz tube (1.5 m height × 45 mm I.D.) within 

a vertical 3-zone tube furnace (Carbolite®, GVC 12/1050). The furnace temperature 
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was maintained at 850 °C for the combustion (Tc) as this is a typical temperature 

found in small-scale combustion systems (Miles et al., 1996). 

3.2.2. Pyrolysis Product Analysis 

A collection vessel at the end of the screw reactor was used to collect the 

biochar that had passed through the main screw. No accumulation of the pyrolysis 

products was found inside the screw reactor. The recovered yield of biochar was 

calculated using the mass ratio of biochar in the collection pot and the mass of feed 

(on a dry basis). The bio-oil fraction of the raw pyrolysis volatiles was collected by 

connecting a heated pipe (≈ 350 °C to prevent condensation of bio-oil at the burner 

outlet) to a condensation train consisting of eight 50 ml test tubes immersed in an 

ice/water mixture (≈ 0 °C) and connected in series with insulated piping. The 

difference in weight of the condensation train before and after the experimental run 

was taken as the mass of bio-oil. The bio-oil samples were stored in 15 ml sealed 

glass test-tubes in a refrigerator at 3 °C before further analysis. The yields (Fig. 2.2a) 

and HHV (Fig. 2.2b) of the primary pyrolysis products resulting from pyrolysis of rice 

husk in the continuous pyrolysis-combustion reactor were discussed in Chapter 2. 

3.2.3. Flue Gas and PM Sampling 

A CI (Copley Scientific, 8-stage Anderson cascade impactor) made of 

stainless steel with a size range of 0.1 – 10 µm was used to collect the PM 

generated from combustion of the raw pyrolysis volatiles. An ADT was used to dilute 

the flue gas with HEPA filtered ambient air (dilution ratio ≈ 8) in order to provide a 

fixed volumetric flowrate of 28.3 L/min to the CI. Quartz fibre filter papers were used 

for all stages except the back-up stage, which used a PTFE filter with a 0.1 µm pore 

size. The filters were prepared for collection of the PM following an adapted 
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methodology outlined in the USEPA Method 5 (USEPA, 2000) and the State of 

California Air Resources Board: Method 501 (CARB, 1990). Continuous flue gas 

monitoring was carried out by drawing the flue gas into two separate gas analysers. 

The CO2 analysis of the flue gas was carried out using a portable non-dispersive 

infrared sensor (CO2meter.com, CM-0017) with a resolution of 0.5 vol %. A portable 

CO/O2 analyser (Bacharach, Fyrite® INSIGHT® Plus) was used to analyse the CO 

level in the flue gas with a resolution of 20 ppmv and the O2 level with a resolution of 

0.3 %. For each of the combustion experiments, the CO2 and CO levels of the flue 

gas at 5 % O2 were maintained at around 13 % and 400 ppmv, respectively. The 

dried biochar and PM samples were stored in air-tight containers after collection. 

3.2.4. PAH Analysis of the Biochar, Bio-Oil, and PM 

PAH analysis of the solid biochar and PM samples from the pyrolysis-

combustion process was carried out using a GC – MS (Perkin Elmer Clarus 680 & 

iQT). PM smaller than 2.1 µm was not analysed as the particulates collected in the 

CI were embedded in the filter paper, making separation before analysis unfeasible. 

The collected particulates therefore fall within the PM2.1-10 size range. All samples 

were examined for the 16 PAHs listed in Table 3.1. 15 of these PAHs are identified 

in the USEPA 16 priority PAHs list of known concerns to human health (Keith, 2015). 

Approximately 1 mg of PM or 10 mg of biochar was weighed into a thermally 

cleaned 4 mm ID injection liner on a balance accurate to 6 decimal points (A&D, BM-

22). 10 ng of anthracene-d10 internal standard dissolved in dichloromethane was 

added and the liner was inserted into the injection port of the GC – MS. Samples 

were thermally desorbed from 40 °C to 300 °C in the injection port with helium carrier 

gas. A 30 m, 0.25 mm ID Perkin Elmer Elite 5 MS capillary column was utilized for 
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the separation of analytes with a constant flow rate of 2 mL/min at 50 °C held for 1 

min and then ramped to 300 °C at 8 °C/min and held for 7 min. Compounds were 

detected using time-of-flight (TOF) mode over a range of 45 to 400 AMU. 

Quantification of the PAHs was conducted using eCipher 3 data processing software 

against a calibration curve generated by adding known quantities of QMX PAH mix 

diluted in dichloromethane onto the injection liner following the same thermal 

desorption methodology as the PM and biochar. 

Bio-oil was investigated by extracting 1 mL of representative oil in 1 mL of 

dichloromethane. Analysis was conducted on a GC – MS system (Agilent, 5977 B) 

by direct injection of 1 µL of extract. Separation was conducted using a 30 m, 0.25 

mm ID HP-5 MS capillary column with helium carrier gas at a constant flow rate of 1 

mL/min at 50 °C held for 1 min and then ramped to 300 °C at 8 °C/min and held for 7 

min. Compounds were detected using scanning mode over a range of 45 to 600 

AMU. Semi-quantification was conducted against a calibration curve generated by 

injecting know quantities of QMX PAH Mix diluted in dichloromethane. Oxy-aromatic 

components were calculated against the naphthalene reference. 

The BaP – TEQ was calculated using the concentrations of individual PAH 

species and their respective TEF presented in Table 3.1, following the procedure 

outlined in Jung et al. (2010). Uncertainties for the PAH concentrations of the 

biochar, bio-oil, and PM were calculated as the standard error of the mean for a 

triplicate set of runs. The relative errors for the energy-based yield of PAHs were 

assumed to propagate from the errors of the PM-bound PAH concentration and 

energy-based yield of PM2.1-10. The energy-based yield of PAHs was calculated by 
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multiplying the PM-bound PAH concentration (µgPAH/gPM) by the energy-based yield 

of PM (gPM/MJ) derived from the HHVRPV. 

3.3. Results and Discussion  

3.3.1. Biochar PAH Concentrations and BaP-TEQ 

Table 3.2 shows the concentration of each of the individual biochar-bound 

PAH species at each Tp. It is apparent that increasing the Tp resulted in an increase 

in the total biochar PAH concentrations. An increase from 1.0 µgPAH/gbiochar at 400 °C 

to 11.3 µgPAH/gbiochar at 800 °C was observed. The increase in the biochar PAH 

content has been explained as a complex pyrosynthetic formation route, the rate of 

which increases at elevated Tp (Buss et al., 2016). The PAH concentration of the rice 

husk biochar (observed in this study) are comparable to the biochars derived from 

other biomass sources (Dutta et al., 2016; Hale et al., 2012). Total biochar-bound 

PAH concentrations (Σ16 USEPA PAHs) ranging from negligible (Singh et al., 2010) 

to 65 μg/g (Quilliam et al., 2013) have been reported. Slow pyrolysis biochars, 

however, tend to range between 0.1 and 5 μg/g (Dutta et al., 2016; Hale et al., 

2012). Given that there are a wide range of factors (such as temperature, residence 

time, and feedstock type) that can influence both the rate of PAH formation and 

devolitization, there are large variations in the reported results. For each of the 

biochars produced between 400 and 800 °C, the most predominant PAH species is 

naphthalene, with the concentration generally increasing with temperature. The 

naphthalene concentration of the 800 °C biochar (3.7 µgPAH/gbiochar) is approximately 

9 times higher than that of the 400 °C biochar (0.4 µgPAH/gbiochar). For all the biochar, 

the total PAH contents are dominated by 2 – 3 ring species. In particular, 

acenaphthylene, phenanthrene, and anthracene are all abundant in each, which 
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agrees well with previous studies investigating the PAH content of biochar produced 

by slow pyrolysis (Dutta et al., 2016; Lyu et al., 2016). 

Results also indicated that only the 400 and 500 °C rice husk derived biochar 

are below the 6 µg/g limit set by the USEPA for the maximum PAH concentration for 

soil application (NRC, 2002). Furthermore, significantly higher concentrations of BaP 

and dibenz(a,h)anthracene were found in the 600 and 800 °C biochar, which 

resulted in a BaP – TEQ of 0.70 and 0.37 µgPAH/gbiochar respectively. Although the 

700 °C biochar has a total PAH concentration similar to that of the 600 °C biochar, 

the predominant PAH species are those with low molecular weights, such as 

naphthalene (3.6 µgPAH/gbiochar) and acenaphthylene (1.2 µgPAH/gbiochar). As a result, 

the 700 °C biochar possesses a BaP – TEQ of only 0.01 µgPAH/gbiochar, which is 

significantly lower than the 600 °C biochar. The application of biochar to the soil with 

significant BaP – TEQ values is of obvious concern, as it may facilitate the existence 

of carcinogenic contaminants that are difficult to treat once buried (Dutta et al., 

2016). Using the concentration of biochar-bound PAHs presented in previous 

studies, the BaP – TEQ values of biochar produced from a wide range of agricultural 

by-products were calculated. The reported BaP – TEQ’s ranged from 0.001 to 0.99 

µg/g (Freddo et al., 2012; Dutta et al., 2016), while the BaP – TEQ of rice husk 

derived biochar was calculated as 0.85 µg/g (Quilliam et al., 2013), which agrees 

with the results presented in this study. 

3.3.2. Bio-Oil PAH Concentrations 

Table 3.3 shows the influence of Tp on the bio-oil PAH concentrations. As with 

the biochar, increasing Tp resulted in increased PAH concentrations in the bio-oil (1 

µgPAH/mLbio-oil at 400 °C and 1113 µgPAH/mLbio-oil at 800 °C). Increasing Tp also 
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resulted in greater concentrations of heavier 5 – 6 ring PAHs in the bio-oil at the 

expense of the lighter 2 – 3 ring PAHs that dominate at lower temperatures. The 

same trend has also been observed for bio-oil produced from the pyrolysis of rice 

husk (Williams and Nugranad, 2000) and other biomass (Hu et al., 2014). For the 

bio-oils produced at 400 and 500 °C, the most predominant PAH species are low 

molecular weight PAHs such as naphthalene, acenaphthylene, and acenaphthene. 

At 700 °C there is a significant increase in the total PAH concentration, which is 

mainly caused by an increase in the concentration of naphthalene and 

acenaphthylene. Heavier PAHs such as benzo(b)fluoranthene and BaP are also 

present at this temperature. It is in the 800 °C bio-oil, however, that the highest 

concentration of medium and high molecular weight PAHs can be found. Significant 

increases in the amount of 4 ring PAHs such as fluoranthene and pyrene, as well as 

all 5 – 6 ring PAHs are observed, leading to the high concentrations of 

benzo(b)fluoranthene, BaP, and dibenz(a,h)anthracene in the 800 °C bio-oil. The 

mechanism for the increase in both the total concentrations of PAHs, as well as the 

increase in average molecular weight, at higher Tp has been proposed to be a Diels-

Alder reaction mechanism followed by dehydrogenation (Cunliffe and Williams, 1988; 

Morf et al., 2002). Increased fragmentation of the lignocellulosic feedstock yields 

hydrocarbon radicals which may capture hydrogen producing alkanes and/or 

proceed via free radical reaction to form alpha-olefins (Domínguez et al., 2005). In 

addition, it has also been suggested that secondary reactions of hydrocarbons at 

elevated Tp can lead to increased aromatic production (Cyprès, 1987). It appears 

that the increased devolatization of the rice husk observed at greater Tp results in a 

steeper increase in the PAH content of the bio-oil at 700 and 800 °C than that in the 

biochar. 
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Table 3.4 shows the concentration of the most predominant aromatic 

compounds present in each of the bio-oils. The most abundant compounds observed 

in each of the bio-oils are oxygenated aromatics, such as phenols and cresols. 

Phenol concentration is observed to increase significantly with Tp (384 and 1249 

µg/mLbio-oil at 400 and 800 °C respectively). It is also observed that a higher 

proportion of the total bio-oil aromatic concentration is provided by oxygenated 

species, rather than PAHs, at lower Tp. For example, bio-oil PAHs account for 0.04 

% of total aromaticity by mass at 400 °C, while bio-oil PAHs account for 46 % of total 

aromaticity by mass at 800 °C. The O content of the aromatics is derived from the 

highly oxygenated structures present in the cellulose, hemicellulose, and lignin of the 

rice husks (Williams and Nugranad, 2000). 

3.3.3. PM-Bound PAH Emissions 

Fig. 3.1a shows the total PM-bound PAH concentrations (µgPAH/gPM) and the 

energy-based yield of PM-bound PAHs (µgPAH/MJ) generated from combustion of the 

raw pyrolysis volatiles at 850 °C. It was observed that the PAH concentration of the 

PM was 119 % higher when the 800 °C raw pyrolysis volatiles were combusted (882 

µgPAH/gPM), compared to the 400 °C volatiles (403 µgPAH/gPM). The energy-based 

yields of PAHs were observed to be the highest when the volatiles produced at 500 

and 600 °C were combusted, despite the total PM-bound PAH concentration being 

higher when 700 and 800 °C temperatures were used. This discrepancy is due to the 

decrease in the energy-based yield of PM (gPM2.1-10/MJ) resulting from combustion of 

the raw pyrolysis volatiles produced at elevated Tv (Chapter 2). Fig. 3.1b shows the 

contribution of 2 – 3 ring, 4 ring, and 5 – 6 ring PAHs to the total PM-bound PAH 

concentration. It is observed that combustion of the raw pyrolysis volatiles produced 
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at lower Tv generate PM with higher contributions of smaller (2 – 3 ring) PAHs, while 

higher temperatures generate PM with higher contributions of heavier (5 – 6 ring) 

PAHs. No clear trend was observed between the Tv and the contribution of 4 ring 

PAHs to the total PM-bound PAH concentration. The increase in average molecular 

weight of the PM-bound PAHs with higher Tv originate from increases in PM−bound 

benzo(b)fluoranthene, BaP, indeno(1,2,3-cd)pyrene, and benzo(g,h,i)perylene 

concentrations. 

The increasing concentration of heavier 5 – 6 ring PAHs on the PM when 

higher Tv were used suggested that the parent PAHs in the bio-oil play a 

fundamental role in determining the PAH content of the PM. A comparison of Table 

3.3 and Fig. 3.1b shows that the total PM-bound PAH concentration increased when 

the total bio-oil PAH concentration was higher for elevated Tv. Combustion of the raw 

pyrolysis volatiles with greater contributions of 5 – 6 ring PAHs in the bio-oil fraction 

resulted in PM with higher concentrations of 5 – 6 ring PAHs. The same relationship 

was observed when the bio-oil contained greater amounts of 2 – 3 ring PAHs. No 

such relationship was observed for the 4 ring PAH species. The significant increase 

in 5 – 6 ring PAHs bound to the PM at 700 and 800 °C suggests that some of the 4 

ring PAHs may be undergoing ring-addition reactions. The role of the abundant oxy-

aromatic species within the bio-oil in this additional multi-ringed PAH formation is 

unclear, but the presence of 5 – 6 ring PAHs on the PM (that were not present in the 

bio-oil at low Tp) suggests that one of the possible routes for this additional ring 

formation is through a HACA mechanism. It is believed that some oxy-aromatics may 

be undergoing carbonyl group losses in the high temperature combustion region 

followed by ring polymerization reactions via recognised HACA addition products 

(Richter and Howard, 2000) to form higher order aromatics. Although combustion 
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conditions, such as Tc, excess air ratio, and burner design, play a significant role in 

PAH emissions (Lima et al., 2005), a similar combustion setting was employed in this 

study so their effects were considered minimal. 

Fig. 3.2 presents the BaP – TEQ of the PM (µgPAH/gPM) and the BaP – TEQ 

energy-based yield (µgPAH/MJ) resulting from combustion of the raw pyrolysis 

volatiles. Increased PM toxicity was observed when higher Tv were used, which was 

due to greater contribution of 5 – 6 ring PAHs to the total PM-bound PAH 

concentration. Between Tv of 400 – 800 °C the BaP – TEQ of the PM increased from 

19.1 to 149.1 µgPAH/gPM. Despite Fig. 3.1a demonstrating that the energy-based yield 

of PM-bound PAHs was highest at 500 and 600 °C, it is observed in Fig. 3.2 that the 

BaP – TEQ energy-based yield was highest at 700 and 800 °C due to greater 

weighting being placed on higher order PAHs. It is therefore concluded that 

operation of the pyrolysis-combustion process at lower Tp for the optimization of 

biochar yields results in lower potential toxicity of the PM. The PM-bound PAH 

concentrations reported here are comparable to previously reported values for solid 

and liquid fuel combustion studies, which range from 19 to 6260 µg/g (Mastral et al., 

1996; Singh and Prakash, 2007). 

3.3.4. PAH Formation and Survival 

Fig. 3.3 shows the relationship between the PAH mass ratio (PM/bio-oil) and 

Tv. The PAH mass ratio was calculated by dividing the mass of PAHs on the PM by 

the mass of PAHs in the bio-oil at each temperature. Mass ratios > 1 suggest that 

additional PAHs are being formed in the combustion region; mass ratios ≈ 1 suggest 

that the majority of PAHs contained in the bio-oil end up on the PM; while mass 

ratios < 1 suggests that only a small number of bio-oil PAHs ends up on the PM. The 
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results indicate a significant difference between these ratios when bio-oil PAH 

concentration is low (< 700 °C), compared to when the bio-oil PAH concentration is 

high (≥ 700 °C). For combustion of the raw pyrolysis volatiles produced at low 

temperatures, the PAH mass ratio suggests that additional PAHs were formed during 

combustion (PAH mass ratio > 1). As a result, the PAH content of the PM appears to 

originate from both the slight inherent aromaticity of the bio-oil and additionally 

formed PAHs. Previous studies have observed that, for fuels with low PAH contents, 

the majority of emitted PAHs are formed in the combustion region (Westerholm et 

al., 1988). In contrast, Tv of 700 and 800 °C appear to result in only a small fraction 

of bio-oil PAHs ending up on the PM surface. As the PAH content of the bio-oil is 

higher at these elevated temperatures, the concentration of PM-bound PAHs is 

much greater despite a reduction in the number of bio-oil PAHs ending up on the PM 

surface. This suggests that there is a limit to gas-phase PAH (originating from the 

bio-oil) adsorption onto the surface of the PM, the mechanism for which has been 

previously discussed (Lima et al., 2005). 

It is therefore suggested that there are two possible fates for the remainder of 

the bio-oil PAHs present in the raw pyrolysis volatiles: 1) they remain in the gas-

phase given the limited availability of surface area on the PM for 

adsorption/condensation to occur, or 2) they undergo destruction through direct 

burnout in the combustion region due to the fuel-lean conditions (Lima et al., 2005). 

This study does not, however, include the mass of gas-phase PAHs found in the flue 

gas, which can in some cases significantly contribute to the total amount of PAHs 

present in the combustion products (Westerholm et al., 1988). Further study is 

needed to determine the ultimate fate of the bio-oil PAHs that are not involved in 

adsorption/condensation reactions on the surface of the PM. In addition, it is also 
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recommended that any further study of the PM and biochar toxicity resulting from the 

utilization of agricultural by-products, such as rice husk, in the pyrolysis-combustion 

process also examine the dioxin and furan concentration of the products and 

emissions. These compounds can pose significant health risks upon exposure, 

meaning that any conclusion regarding the environmental implications of adopting 

this process for by-product utilization should consider these pollutants. 

3.4. Conclusion  

The pyrolysis-combustion process provides a pathway for adding value to 

high ash content agricultural by-products through the co-production of bioenergy and 

biochar, which is an effective soil enhancer. Using rice husk, it was observed that the 

BaP – equivalent toxicity of the PM and biochar was greater when the process was 

operated at Tv. Between 400 and 800 °C, the BaP – TEQ of the PM increased from 

19.1 to 149.1 µgPAH/gPM respectively. The majority of PM-bound PAHs appeared to 

originate from the parent bio-oil PAHs and oxy-aromatics due to the fuel-lean 

conditions; which did not favour significant additional PAH formation. 
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Abstract 

The co-production of biochar and bioenergy using pyrolysis-combustion 

processes can potentially minimize the emission problems associated with 

conventional methods of agricultural by-product disposal. This approach also 

provides significant added-value potential through biochar application to soil. Despite 

these advantages, variations in biomass composition, including sulfur, nitrogen, ash, 

and VM content, may significantly influence both the biochar quality and the 

emissions of harmful PM and gaseous pollutants (SO2, H2S, NO2, NO). Using a 

laboratory-scale continuous pyrolysis-combustion facility, the influence of biomass 

composition (rice husk and grape pruning) and volatile production (pyrolysis) 

temperature (400 – 800 °C) on the biochar properties and emissions during 

combustion of the raw pyrolysis volatiles were evaluated. Utilization of grape pruning 

resulted in higher energy-based yields of PM10 than the rice husk, the majority of 

which consisted of the PM1.1 fraction due to the elevated pyrogas content of the 

volatiles. The PM emissions were found to be independent of the feedstock ash 

content due to its retainment in the biochar. Greater volatilization of biomass sulfur 

and nitrogen during pyrolysis at higher temperatures resulted in higher yields of 

sulfurous and nitrogenous gaseous pollutants. The energy-based yields of NO and 

NO2 were found to increase by 16 % and 50 % for rice husk and 21 % and 189 % for 

grape pruning respectively between 400 and 800 °C. The same trend was also 

observed for the emissions of H2S and SO2 for both feedstocks.  
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4.1. Introduction 

Agricultural by-products generated within the horticulture industry present 

numerous challenging and financially burdensome disposal problems for food 

producers. At present, many of these by-products have little or no value and do not 

provide an additional revenue stream for producers. Rice husk is one such abundant 

by-product, of which approximately 822 million tonnes are produced annually 

worldwide (Naqvi et al., 2014). Grape pruning, a common woody waste from the 

growing of grape vines, is also an agricultural by-product with few options for 

recycling. Current utilization rates for both feedstocks are low, with rice husk typically 

openly burned or buried following detachment of the chaff from the grain after 

cultivation (Zhang et al., 2015). Grape pruning is typically disposed of by burning or 

landfilling, or on very few occasions used for composting (Liang et al., 2016). These 

conventional methods of disposal are not only providing little added-value to the by-

product, but they are in many cases also resulting in significant emissions of harmful 

PM and gaseous pollutants (SO2, H2S, NO2, NO) when openly burned (Hays et al., 

2005). This is of significant concern, as PM10 and PM2.5 emissions are currently one 

of the primary causes of premature mortality in developing countries (Barron et al., 

2017), while the negative health consequences of exposure to harmful gaseous 

pollutants is well documented (Zhang and Smith, 2007). One potential option for 

providing both added-value to these agricultural by-products and a method for 

reducing the harmful emissions associated with disposal is a pyrolysis-combustion 

process for the co-generation of biochar and bioenergy. 

Biochar, the solid carbonaceous product of pyrolysis, can provide value 

adding potential to the agricultural by-products given its ability to offset C emissions 

by long-term C sequestration with additional agricultural benefits (Taherymoosavi et 
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al., 2017). The co-generation of bioenergy through utilization of the heat liberated 

from combustion of the raw pyrolysis volatiles can also potentially reduce on-site 

energy costs. Alternative approaches for the generation of bioenergy from 

agricultural by-products, such as direct combustion and gasification (Xin et al., 

2017), have often been hampered by the wide-variability in the fuel qualities 

possessed by such feedstocks, including fuel ash contents (Gilbe et al., 2008). 

Pyrolysis-combustion processes have previously been shown to be tolerant of wide-

ranging feedstock ash contents, as the majority of the biomass-bound ash is retained 

in the solid pyrolysis product (biochar) prior to combustion (Claoston et al., 2014; 

Hung et al., 2017). The diversity of agricultural by-products also implies that attempts 

to increase utilization rates will result in broad variations in biomass properties, such 

as S and N content. The volatilization and subsequent oxidation of these species has 

been shown to strongly influence the emissions of gaseous pollutants (including 

SO2, H2S, NO2, NO) during direct combustion (Moron and Rybak, 2015; Reddy and 

Venkataraman, 2002). Variations in the VM content of feedstocks are also of 

concern, as this affects not only the HHV for energy generation, but may also 

promote the formation of sub-micron PM (Mitchell et al., 2016). Fine particle 

emissions are considered a significant health concern as they cannot be cleared 

readily from the lung once inhaled (Salvi, 2007). Therefore, despite it being well 

documented that fuel S, N, ash, and VM content strongly influences the yields of 

both gaseous and PM emissions during direct combustion, there is currently no 

information available regarding their influence on the emissions from the pyrolysis-

combustion process.    

In order to examine the influence of biomass composition on the emissions 

associated with by-product utilization through the pyrolysis-combustion process, two 
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abundant agricultural by-products with significantly different compositions (grape 

pruning and rice husk) were used in this study. Grape pruning is considered more 

representative of the majority of biomass types, with low ash and S contents, as well 

as a high VM and N content (Liang et al., 2016; Marshall et al., 2017; Nasser et al., 

2014). Rice husk is abundant, but less typical of the majority of biomass, as it has 

high ash and S content, along with low VM and N content (Claoston et al., 2014). 

Conventionally, the condensable (bio-oil) and non-condensable (pyrogas) fractions 

are separated from the raw (untreated) pyrolysis volatiles generated from biomass 

pyrolysis (Alper et al., 2010). However, it has been suggested that separation is not 

the most suitable approach for the distributed utilization of agricultural by-products as 

bio-oil contributes significantly to the heating value of the raw pyrolysis volatiles, 

especially at lower volatile production temperatures (< 500 °C) (Chapter 2). 

Therefore, co-combustion of the bio-oil and pyrogas (i.e. combustion of raw pyrolysis 

volatiles) is a viable approach for distributed generation as it avoids the need for 

separation and energy intensive bio-oil upgrading processes (Mortensen et al., 

2011). The composition of the raw pyrolysis volatiles are not only dependent on the 

feedstock used, but are also influenced by the volatile production temperature. 

These factors can therefore influence the emissions from the process associated 

with bioenergy generation. High volatile production temperatures can lead to an 

increase in volatilization of feedstock S and N (Claoston et al., 2014), as well as 

variations in the ratio of pyrogas and bio-oil in the raw pyrolysis volatiles (Chapter 2). 

To date there have been no studies investigating the role of volatile production 

temperature on the gaseous emissions from a pyrolysis-combustion process utilizing 

agricultural by-products.  
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Therefore, the objectives of the study are to determine 1) the yields and HHV 

of the primary pyrolysis products from the grape pruning and compare them to those 

from the rice husk, 2) the influence of feedstock ash and VM content on the energy-

based yields of PM, and 3) the influence of biomass S and N content, and volatile 

production temperature, on the energy-based yields of NO, NO2, H2S, and SO2. 

4.2. Materials and Methods 

4.2.1. Material Characterizations 

The grape pruning used in this study was grown in Urrbrae, South Australia, 

while the rice husk used was supplied by Beerbelly Brewing Equipment (Pooraka, 

South Australia). Both feedstocks were first ground in a rotary mill and then sieved to 

420 – 500 µm. Drying was done in an oven at 105 °C for a minimum of 15 hours, 

following ASTM D4442. The ultimate analysis of the grape pruning and biochar 

(produced following the method outlined in Section 4.2.2) was carried out using an 

Elemental Analyser (PerkinElmer, 2400 Series II CHNS/O) following ASTM D5373, 

with the O content calculated by difference. The proximate analysis of the samples 

was carried out using a TGA (METTLER TOLEDO, TGA/DSC 2 STARe System) 

following ASTM D7582 with modifications. Approximately 65 mg of sample was 

loaded into the TGA and heated to 800 °C at 30 °C/min under N2. The sample was 

then held until a constant weight was achieved, at which point the atmosphere was 

switched to O2 to determine the ash content. The HHV of the feedstock and biochar 

were calculated using the Boie equation (Boie, 1953). The characterization results of 

the grape pruning were compared to those previously presented for rice husk in 

Chapter 2. 
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4.2.2. Lab-Scale Pyrolysis-Combustion Process 

A schematic diagram of the experimental pyrolysis-combustion system is 

shown in Fig. 4.1. The dried and ground biomass samples were first loaded into a 

hopper and fed into the main screw at a rate of 1.3 g/min. The main screw reactor 

(length ≈ 1 m with residence time of 16 min) was heated externally with two electrical 

heaters to 400, 500, 600, 700, or 800 °C. These temperatures are referred to as “Tp” 

when discussing the properties of the biochar and bio-oil, and “Tv” when discussing 

the PM and gaseous emissions generated from combustion of the raw pyrolysis 

volatiles. The solid biochar was collected from a char collection pot at the exit of the 

main screw reactor. The yield of biochar was calculated using the mass ratio of 

biochar collected and the mass of feed (on a dry basis). N2 carrier gas was supplied 

at two different gas inlets to purge the system. The first of these was located on the 

top of the hopper (0.25 l/min) and the second was above the char collection pot (0.1 

l/min). The raw pyrolysis volatiles generated during the pyrolysis reaction were 

directed into a burner where they were then mixed with the HEPA filtered 

combustion air. The raw pyrolysis volatiles produced between 400 and 800 °C were 

combusted at 850 °C. The heat required for auto-ignition of the volatile/air mixture 

was provided by a vertical 3-zone tube furnace (Carbolite®, GVC 12/1050). This 

combustion temperature (Tc = 850 °C) was fixed through the combustion 

experiments and was chosen as a typical temperature found in small-scale 

combustion systems (Obernberger, 1998). The flue gas generated from the 

combustion reaction was contained within a quartz tube (1.5 m height x 45 mm I.D.) 

where it was diverted into an ADT situated above the combustion furnace and mixed 

with HEPA filtered air.  
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4.2.3. Pyrogas and Bio-Oil Sampling 

The pyrogas (non-condensable) fraction of the raw pyrolysis volatiles was 

sampled by attaching a Teflon gas sampling bag to the burner outlet via a sampling 

pipe. Once the bag was full, the pyrogas was then passed through a coalescing filter 

before analysing in a GC - TCD (Agilent, 490 Micro GC). The first channel of the GC 

separated H₂, N₂, CH₄, and CO with a Molecular Sieve 5A column. The second 

channel separated CO2 with a Poraplot U column. The HHV of the pyrogas was 

calculated as a mass-weighted average based on the concentration of the individual 

species. The bio-oil (condensable) portion of the raw pyrolysis volatiles was collected 

using a condensation train consisting of eight 50 ml test tubes immersed in an 

ice/water mixture (≈ 0 °C) that were connected in series via insulated piping. The 

connection between the burner outlet and the condensation train was heated (≈ 350 

°C) using rope heaters to avoid bio-oil condensation. The mass of bio-oil was taken 

as the difference in weight of the condensation train before and after the 

experimental run. There was negligible accumulation of char/bio-oil on any of the 

interior surfaces of the pyrolysis reactor or feeding systems. The composition, yields 

and HHV energy balance calculation for the primary pyrolysis products resulting from 

rice husk pyrolysis in the continuous pyrolysis-combustion process have been 

previously presented in Chapter 2.  

4.2.4. Particulate and Gaseous Pollutant Sampling 

Sampling of the flue gas was achieved by extracting a portion from a gas 

sampling port situated at the entrance of the ADT into two separate flue gas 

analysers. The CO2 content of the flue gas was measured using a portable NDIR 

sensor (CO2meter.com, CM-0017) with a resolution of 0.5 vol %. A portable CO/O2 

analyser (Bacharach, Fyrite® INSIGHT® Plus) was used to measure the CO 
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concentration in the flue gas with a resolution of 20 ppmv and O2 level with a 

resolution of 0.3 %. The flue gas composition was maintained at an O2 concentration 

of around 3.5 % during PM and gaseous pollutant sampling.  

The concentrations of gaseous pollutants, including H2S, SO2, NO, and NO2 

were measured using a portable multi-component gas analyser with electrochemical 

sensors (RAE Systems, MultiRAE). The resolution for the detections are 0.1 ppm for 

H2S, SO2, and NO2, and 0.5 ppm for NO with a higher detection limit of 100 ppm for 

H2S, 20 ppm for SO2, 250 ppm for NO and 20 ppm for NO2. The analyser was 

connected to another gas sampling port located at the outlet of the ADT. A dilution 

ratio of 3 was used for analysis of the gaseous pollutants in order to ensure it did not 

exceed the higher detection limits of the instrument. The dilution ratio was 

determined using the CO2 concentrations at the inlet and outlet of the ADT. The 

percentage of feedstock S/N volatilization was calculated using a mass balance and 

expressed as the ratio of S/N in the raw pyrolysis volatiles over the S/N that 

remained in the biochar. At 100 % volatilization, all the S/N from the feedstock was 

present in the raw pyrolysis volatiles with no retention in the biochar. The standard 

errors in the energy-based yield of gaseous pollutants were calculated from the 

mean result of three separate 18 minute experiments. 

The gaseous and PM sampling experiments were conducted separately. A CI 

(Copley Scientific, 8-stage Anderson cascade impactor) made with stainless steel 

was used for PM sampling and connected to the outlet of the ADT operating at a 

dilution ratio of 8. This dilution ratio was chosen to ensure a fixed volumetric flowrate 

of 28.3 l/min of diluted flue gas was supplied to the CI. Quartz fibre filters were used 

from stage 1 to 8 while a PTFE filter (0.1 µm pore size) was used in the back-up 

stage. The sampling stages in the CI provided a PM collection size range of 0.1 - 10 
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µm. Each filter was dried and weighed before and after PM sampling following an 

adapted methodology outlined in the USEPA Method 5 (USEPA, 2000) and the State 

of California Air Resources Board: Method 501 (CARB, 1990). The energy-based 

yields of PM10, PM2.1, and PM1.1 generated from combustion of the raw pyrolysis 

volatiles produced were calculated by dividing the mass-based yield of PM by the 

HHV of the raw pyrolysis volatiles. The standard errors in the energy-based yield of 

PM were calculated from the mean result of three separate 18 minute experiments. 

The results for the grape pruning were compared to those for the rice husk 

presented in Chapter 2 which were determined using the same sampling procedure. 

4.3. Results and Discussion 

4.3.1. Feedstock and Biochar Characteristics 

Table 4.1 shows the proximate and ultimate analysis of the rice husk, grape 

pruning, and biochar produced at Tp between 400 and 800 °C. It is clear that there 

are significant compositional differences between the two feedstocks. Firstly, the ash 

content of the rice husk (22 %) is much greater than that of the grape pruning (7 %). 

The ash content of the rice husk is greater than most other types of biomass, which 

typically varies between 0.3 – 8 % (Alper et al., 2010). As the main constituent of rice 

husk ash is silica (Ng et al., 2015), which is very abrasive and can react with alkalis 

contained within the ash to form alkali silicates that melt or soften at low 

temperatures, this may promote the formation of slag and clinker in small-scale 

combustion devices (Gilbe et al., 2008; Jenkins et al., 1998). Both the VM and the C 

content of the rice husk are significantly lower than the grape pruning due to the high 

ash content. The C content of the grape pruning (49 %) is representative of the 
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majority of biomass types; while the rice husk (38 %) is at the lower end (Claoston et 

al., 2014).  

It was observed that the properties of biochar are strongly influenced by their 

respective raw feedstock compositions. The effect of Tp on the C content of the 

biochar was more pronounced for the grape pruning than the rice husk. The C 

content of the biochar derived from the grape pruning increased from 69 % at 400 °C 

to 81 % at 800 °C due to the higher level of carbonization at elevated temperatures. 

In contrast, the C content in rice husk biochar decreased slightly over the same Tp 

range due to the increased ash content of the biochar (Claoston et al., 2014; Jindo et 

al., 2014). Grape pruning possesses a relatively low S content (0.3 %) and high N 

content (1 %). In contrast, rice husk possesses higher S content (0.5 %) and low N 

content (0.3 %). Agricultural by-products typically possess N contents ranging 

between 0.1 – 0.7 % and S contents between 0.01 – 0.3 % (Vassilev et al., 2010). 

For both feedstocks, increasing Tp resulted in greater volatilization of their H and S 

contents. This resulted in a decrease in the concentration of these species in the 

biochar between 400 and 800 °C. For the rice husk biochar, the concentration of H 

decreased from 2.2 to 1.2 % and S decreased from 0.4 to 0 % between 400 and 800 

°C. For the grape pruning biochar, the concentration of H decreased from 4.6 to 1.2 

% and S decreased from 0.2 to 0.03 % between 400 and 800 °C. 

4.3.2. Influence of Pyrolysis Temperature on the Distribution of the Pyrolysis 

Products 

Fig. 4.2 shows the yields of each pyrolysis product (biochar, bio-oil, and 

pyrogas) collected between 400 and 800 °C. It is observed that, for both the rice 

husk and grape pruning, increasing Tp resulted in decreased yields of bio-oil and 
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biochar, along with increased yields of pyrogas. The maximum yields of bio-oil are 

obtained at reduced temperatures (≤ 500 °C) due to the promotion of further thermal 

cracking of the condensable hydrocarbons at elevated temperatures. This also 

resulted in increased yields of pyrogas at higher Tp (Tsai et al., 2007). Fig. 4.2 also 

suggested that the yield of pyrogas resulting from pyrolysis of the grape pruning is 

significantly greater than that from the rice husk. Between 400 and 800 °C, the yield 

of pyrogas increased from 39 to 64 % for the grape pruning, and 19 to 46 % for the 

rice husk. This is due to the greater VM content of the pruning, originating from its 

enhanced lignin content (Nasser et al., 2014) which promotes pyrogas formation with 

temperatures greater than 600 °C at the expense of biochar (Yang et al., 2007), 

along with its reduced ash content. The HHV of the raw pyrolysis volatiles (bio-oil 

and pyrogas mixture) of grape pruning (17.4 – 18.9 MJ/kg) was also found to be 

higher than that from rice husk (14.2 – 15.1 MJ/kg). 

Table 4.2 shows the composition (normalized to 50 % N2 for comparison) of 

the pyrogas fraction of the raw pyrolysis volatiles produced between 400 and 800 °C. 

The pyrogas constituents at each temperature were observed to be primarily CH4, 

H2, CO2, and CO. It was found that the concentrations of CO and H2 increased 

significantly with temperature while CO2 exhibited the opposite trend. CH4 

concentrations were observed to increase with temperature for both feedstocks, 

although this trend was more significant in the case of grape pruning. This is likely 

due to secondary reactions of volatiles at elevated temperatures which promote CO, 

H2, and CH4 formation at a greater rate with the release of CO2 from carboxyls at 

relatively low temperatures (Xu et al., 2009). The differences in pyrogas composition 

between the two feedstocks primarily originated from the greater lignin content of the 

grape pruning. It is well established that decomposition of lignin at elevated 
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temperatures yields primarily H2 and CH4 (Yang et al., 2007), with the increase in the 

concentration of these two species particularly evident at the highest Tv of 700 and 

800 °C. As a result of the increased CH4 and H2 content, the HHV of the pyrogas 

produced from grape pruning is significantly greater at these elevated temperatures. 

Between 400 and 800 °C, the HHV of the pyrogas and carrier gas mixture increased 

from 2.3 MJ/kg at 400 °C to 5.4 MJ/kg at 800 °C and 1.8 MJ/kg to 6.8 MJ/kg for the 

rice husk and grape pruning respectively.  

4.3.3. Influence of Feedstock Ash and VM on the Energy-Based Yields of PM 

Fig. 4.3 shows the energy-based yields of PM10, PM2.1, and PM1.1 resulting 

from combustion of the raw pyrolysis volatiles generated from the pyrolysis of grape 

pruning and rice husk. It is observed that the PM emissions from the pyrolysis-

combustion of grape pruning are higher than that of rice husk. Between Tv of 400 

and 700 °C, the increase in the energy-based yield of PM10 for the grape pruning 

over the rice husk was found to range from 6 to 24 %, while at 800 °C the yield was 

found to be greater for the rice husk. The increase in the energy-based yields of 

PM2.1 and PM1.1 for the grape pruning over the rice husk between 400 and 800 °C 

were found to be 4 – 75 % and 12 – 75 % respectively. These results suggested that 

the increase in the PM emissions from the pyrolysis-combustion process for the 

grape pruning were a result of variations in the raw pyrolysis volatiles composition, 

which is mainly influenced by Tv (Fig. 4.2, Table 4.2) and feedstock VM content 

(Table 4.1). Previous studies have shown that increased fuel-VM content is linked to 

increasing yields of PM2.5 for direct combustion (Li et al., 2016; Mitchell et al., 2016). 

For pyrolysis-combustion, the raw pyrolysis volatiles produced from the grape 

pruning had greater fractions of pyrogas than the rice husk (Fig. 4.2) due to the 

higher VM content of the feedstock. This resulted in an increased contribution of 
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PM1.1 to the energy-based yield of PM10. For the grape pruning, 16 – 60 % of the 

PM10 yield is contributed by the PM1.1 fraction, while for rice husk only 11 – 23 % of 

the PM10 yield is contributed by the PM1.1 fraction. The increase in the energy-based 

yield of PM1.1 was the primary reason for the greater PM10 emissions for the grape 

pruning.  

Fig. 4.3 also suggested that the contribution of the super-micron PM size 

fraction to the energy-based yield of PM was greater for the rice husk for every Tv 

except 400 °C. The PM10/PM1.1 ratio for the rice husk ranged from 4.4 to 9.3 between 

400 and 800 °C. In contrast, over the same temperature range this ratio for the grape 

pruning ranged from 2.5 to 4.2. The predominance of sub-micron PM generated from 

the grape pruning, and the contrasting super-micron PM generated from the rice 

husk, indicate different formation pathways. It is well established that the mechanism 

for PM formation resulting from the organic constituents of pyrogas contributes 

primarily to the sub-micron particulate fraction (Li et al., 2016; Linak et al., 2000b). 

PM formation from these non-condensable species is believed to primarily occur 

through initial PAH inception by cyclization reactions via radical intermediates 

(Richter and Howard, 2000). These PAHs are then expected to undergo further 

polymerization reactions through a HACA mechanism, ultimately leading to sub-

micron soot formation (Richter and Howard, 2000). In contrast, super-micron 

particulates are generally formed through incomplete burnout of bio-oil and entrained 

char particles, resulting in low-density char cenospheres (Linak et al., 2000b). It was 

also observed that the PM emissions for pyrolysis-combustion were independent of 

the feedstock ash content. This is because the majority of the feedstock ash is 

retained in the biochar. A mass balance around the pyrolysis reactor showed that 95 

- 99 % of rice husk ash and 97 – 100 % of grape pruning ash was retained in the 
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biochar. Further details for the relationship between Tv and the energy-based yield of 

PM are discussed in Chapter 2. 

4.3.4. Influence of Biomass-Bound Sulfur Volatilization on H2S and SO2 

Energy-Based Yields 

Figs. 4.4a and b show the energy-based yields of SO2 and H2S respectively 

for the pyrolysis-combustion of rice husk and grape pruning with differing amounts of 

feedstock S volatilization. Greater volatilization of biomass-bound S was observed at 

higher Tv for both feedstocks. In the case of rice husk, the fraction of feedstock S 

volatilized increased from 65 % to 100 % between Tv of 400 °C and 800 °C. This 

corresponded to a flowrate of S in the volatiles of 0.004 g/min at 400 °C and 0.0062 

g/min at 800 °C, based on a mass balance calculation. Figs. 4.4a and b 

demonstrated that combustion of the raw pyrolysis volatiles produced at elevated Tv 

with enhanced S contents led to increased energy-based yields of SO2 and H2S. The 

SO2 yield was found to increase from 6 to 57 mg/MJ during combustion of the 

pyrolysis volatiles produced at 400 °C and 800 °C, respectively for rice husk (Fig. 

4.4a). In the case of grape pruning, the SO2 yield was found to increase from 5 to 17 

mg/MJ during combustion of the pyrolysis volatiles produced at 400 °C and 800 °C, 

respectively. The H2S yield was observed to increase from 1 to 11 mg/MJ for the rice 

husk between 400 and 800 °C (Fig. 4.4b). Over the same temperature range the H2S 

yield was observed to increase substantially from 0.4 to 4 mg/MJ for the grape 

pruning. The S emissions were higher for the rice husk when compared to the grape 

pruning due to the increased feedstock S content (Table 4.1). This relationship 

between fuel S content and the emissions of sulfurous pollutants has previously 

been investigated (Kwong et al., 2007; Moron and Rybak, 2015; Reddy and 

Venkataraman, 2002). It is believed that the volatilization of biomass-bound S during 
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the pyrolysis process primarily results in the formation of H2S in the pyrolysis gas 

(Shirai et al., 2013). The oxidation of this species in the combustion region 

contributes to the formation of SO2 (Kramlich et al., 1981).  

The yields of sulfurous pollutants observed for the rice husk and grape 

pruning in this study are at the lower-end of previously reported emission factors for 

the direct combustion of biomass fuels with similar S contents (Fournel et al., 2015; 

Jenkins, 1991; Moron and Rybak, 2015). Results suggested that the operation of the 

pyrolysis-combustion process at lower Tv for the purpose of biochar generation is a 

viable means to control the emissions of harmful sulfurous pollutants associated with 

agricultural by-product disposal. 

4.3.5. Influence of Biomass-Bound Nitrogen Volatilization on NOx Energy-

Based Yields 

Figs. 4.5a and b show the energy-based yields of NO and NO2 respectively 

for the pyrolysis-combustion of rice husk and grape pruning with differing amounts of 

feedstock N volatilization. For both feedstocks, it can be seen that increasing 

volatilization of biomass-bound N occurred at elevated Tv. In the case of grape 

pruning, the amount of feedstock N volatilized increased from 45 % to 68 % between 

Tv of 400 °C and 800 °C. This corresponded to a flowrate of N in the volatiles of 

0.0049 g/min at 400 °C and 0.0073 g/min at 800 °C, based on a mass balance 

calculation. The resulting increase in the N content of the raw pyrolysis volatiles 

resulted in greater energy-based yields of NO and NO2. For the rice husk, the NO 

yield increased from 100 to 117 mg/MJ between Tv of 400 and 800 °C (Fig. 4.5a). 

For the grape pruning, the NO yield increased from 155 to 188 mg/MJ over the same 

temperature range. The NO2 yield increased from 4 to 7 mg/MJ for the rice husk and 

10 to 29 mg/MJ for the grape pruning between Tv of 400 and 800 °C (Fig. 4.5b). 
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Similar observations have previously been made regarding the influence of fuel-

bound N content on NOx emissions from biomass direct combustion (Mitchell et al., 

2016). The formation of NOx from combustion of the volatiles is expected to originate 

from oxidation reactions of N containing species such as ammonia and hydrogen 

cyanide liberated from the feedstocks during pyrolysis (Darvell et al., 2014). Given 

the low-temperature Tc used in this study (850 °C); it is believed that thermal NOx did 

not contribute significantly to the NOx emissions. 

The energy-based yields of NOx observed in this study are at the higher-end 

of those previously reported for the direct combustion of biomass with similar N 

contents (Bhattacharya et al., 2002; Kwong et al., 2007; Mitchell et al., 2016). It has 

previously been reported that combustion of bio-oil results in greater NOx emissions 

than the combustion of conventional fuels such as diesel (Martin and Boateng, 

2014). This was due to increased contribution of both prompt NOx and fuel-bound N. 

With these two formation routes, fuel NOx has been reported to be the dominant 

formation mechanism during bio-oil combustion (Tzanetakis et al., 2010). The 

elevated NOx yields observed in this study at higher Tv may be attributed to the well-

mixed flame that minimized fuel rich regions in the combustion zone (Munir et al., 

2011). In addition, the abundance of O containing species in the raw pyrolysis 

volatiles (such as oxy-aromatic compounds), which originate from the highly 

oxygenated structures present in the cellulose, hemicellulose, and lignin, may 

facilitate the availability of oxidizing species (Singh et al., 2016). Despite the 

significant NOx emissions reported both in this study and in the previously mentioned 

studies, the yields of NOx during bio-oil combustion can be controlled by using a 

conventional staged combustion strategy typically employed for other fuels 

containing N (Tzanetakis et al., 2010). Further study, however, is needed to examine 
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the predominant formation routes for NOx in pyrolysis-combustion processes, as the 

Tv may influence the availability of different NOx precursors in the raw pyrolysis 

volatiles.  

4.4. Conclusion 

This study demonstrated that feedstock composition and Tv influenced the PM 

and gaseous emissions from the pyrolysis-combustion of agricultural by-products. 

Grape pruning had high VM (65 %) and low ash (7 %) content when compared to the 

rice husk. The pyrolysis-combustion of grape pruning resulted in higher PM10 energy-

based yields than the rice husk between Tv of 400 and 700 °C. The greater pyrogas 

content of the grape pruning volatiles resulted in enhanced contributions of the PM1.1 

fraction to the PM10 yield. The energy-based yields of PM from the combustion of the 

raw pyrolysis volatiles were found to be independent of the feedstock ash content. 

Gaseous emission results suggested that the increased biomass-bound S content 

from rice husk resulted in greater energy-based yields of H2S and SO2. The higher N 

content of the grape pruning also resulted in greater energy-based yields of NO and 

NO2. The feedstock S and N volatilization increased with Tv and therefore the 

combustion of high temperature volatiles resulted in elevated emissions of S and N 

containing gases. Gaseous emissions were minimised when the pyrolysis-

combustion system was optimized for biochar production at low Tv. 
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Abstract 

 This study investigates the effect of feedstock drying on the emissions of 

PAHs associated with the PM produced during the co-generation of biochar and 

bioenergy. Raw pyrolysis volatile mixtures were generated from the pyrolysis of rice 

husk at 400, 500, 600, 700, and 800 °C using a laboratory-scale continuous 

pyrolysis-combustion system and combusted at 850 °C. PM samples from the 

combustion were collected and analysed for 15 priority PAH species with a GC/MS. 

It was found that the utilization of the AR rice husk resulted in significantly greater 

energy-based yields of PM10 (1.2 times at 400 °C and 1.6 times at 800 °C) than the 

dried rice husk. The majority of the increase was of the PM2.1-10 size fraction. The 

PM-bound PAH concentration was found to be 2.1 and 2.8 times higher for the AR 

rice husk at 400 and 800 °C, respectively. This resulted in a significant increase in 

the energy-based yield of PAHs over the entire volatile production temperature range 

for the AR rice husk. Nevertheless, the majority of the PM-bound PAH species 

generated from the AR rice husk consisted of 2 and 3 ring PAHs (naphthalene, 

acenapthylene, and acenaphthene) with relatively low toxicity. The concentration of 

4, 5, and 6 ring PAHs was generally lower than that generated from the dried rice 

husk. This resulted in the BaP-equivalent toxicity of the PM generated from the AR 

rice husk being lower than the dried counterpart. 
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5.1. Introduction 

The co-production of biochar and bioenergy from agricultural by-products 

offers a potential approach for developing sustainable land-management practices 

with additional economic benefits (Roberts et al., 2010). The uptake of these 

feedstocks, however, often requires on-site utilization due to issues relating to the 

low-bulk density and decomposition during storage of wet biomass. The reduced 

throughputs of distributed systems suggests that it is often necessary to minimise the 

energy intensive drying processes in order to be economically viable. As such, this 

will result in the need to utilize feedstocks with AR moisture contents (Olave et al., 

2017). One potential approach for the distributed co-production of biochar and 

bioenergy from agricultural by-products is through a combined pyrolysis and 

combustion process (pyrolysis-combustion) (Roberts et al., 2010).  

Pyrolysis-combustion involves combustion of the raw pyrolysis volatiles 

produced during the initial low temperature pyrolysis step of the process. The co-

product of the pyrolysis reaction (biochar) is separated prior to combustion. These 

volatiles are a mixture of condensable (bio-oil) and non-condensable (pyrogas) 

fractions. The range of pyrolysis temperatures that typically favour biochar 

production (< 500 °C) also favour bio-oil formation over pyrogas. Recent study has 

suggested that it is beneficial to co-combust the two fractions for energy generation 

purposes (Williams and Nugranad, 2000). The pyrolysis-combustion processes are 

especially advantageous for feedstocks with variable moisture contents, as the 

feedstock is dried in the pyrolysis process which volatilizes the fuel-bound moisture 

into vapor form prior to fuel combustion (Demirbas, 2004a). Therefore, the moisture 
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variations in the AR feedstocks are less likely to induce the ignition and flame 

stability issues associated with direct combustion (McKendry, 2002).  

Nevertheless, the utilization of agricultural by-products without prior drying 

may, however, present additional challenges for the pyrolysis-combustion system. 

The presence of moisture in the biomass results in decreased feedstock HHV and 

higher energy requirements for drying (Demirbas, 2007). The yield and composition 

of the bio-oil fraction of the volatiles has also previously been shown to be influenced 

by feedstock moisture (He et al., 2009; Wang et al., 2008). Bio-oil produced from AR 

biomass feedstocks is generally characterised by elevated water content and 

decreased HHV. The physical properties of the bio-oil are also affected by the 

presence of moisture, with increased density and decreased viscosity reported with 

elevated feedstock moisture content (He et al., 2009; Wang et al., 2008). The 

chemical composition of the bio-oil is also strongly influenced by the moisture 

content of the feedstock. Bio-oil with higher average molecular weights was found 

from feedstocks with reduced moisture contents (Demirbas, 2004b; He et al., 2009). 

In addition, elevated concentrations of acidic species (low pH) in the bio-oil produced 

from biomass with lower moisture contents have also been demonstrated (He et al., 

2009). As a result, the physiochemical changes of the bio-oil resulting from the 

presence of moisture in the feedstock can strongly influence its fuel properties. This 

includes variations in both the required residence time for combustion and ignition 

delay (Shihadeh and Hochgreb, 2002). As such, it is plausible that the performance 

and the emission characteristics from the combustion of the raw pyrolysis volatiles 

produced from the AR feedstock may differ from the dried feedstock. Increased fuel 

moisture has previously been demonstrated to result in elevated yields of PM during 

direct combustion (Sanchis et al., 2014; Shen et al., 2013). It has also been 
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demonstrated that the PAH content associated with the emitted PM is greater 

without pre-drying of biomass fuels during direct combustion (Shen et al., 2013). 

Both these hazardous pollutant species are generally formed through incomplete 

combustion of the fuel (Nielsen et al., 2017; Zhang et al., 2018), the formation rate of 

which can be increased by the presence of moisture (Shen et al., 2013). In addition, 

elevated PM toxicity generated from the open burning of rice paddy wastes has been 

observed without prior drying of the biomass (Sanchis et al., 2014).  

Despite the potential for pyrolysis-combustion processes to contribute to the 

global production of biochar and bioenergy, the emission characteristics of 

hazardous pollutants resulting from utilization of agricultural by-products with and 

without drying has not yet been established. This is of significant concern, as the 

potential for increased PM and PM-bound PAH emissions must be examined to 

allow for effective and sustainable land and waste management practices to be 

developed. There is currently no available information relating to the potential 

change in PM toxicity without prior drying. Assessment of PAH-related toxicity of the 

PM can be estimated through the application of a BaP - TEF to PAH concentrations 

(Jung et al., 2010). In order to investigate the influence of feedstock drying on the 

characteristics of the PM emissions, rice husk was chosen as a representative 

agricultural by-product. Rice husk is a widely available by-product that has 

traditionally presented challenges when attempting to increase utilization rates due 

to its poor fuel qualities and wide-spread availability (Fernandes et al., 2016). 

The objectives of this study are therefore to determine the influence of rice 

husk drying on 1) the yields of primary pyrolysis products and raw pyrolysis volatiles 

HHV, 2) the energy-based yields of PM resulting from combustion of the raw 
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pyrolysis volatiles, and 3) the energy-based yields of PM-bound PAHs and their 

associated toxicity. 

5.2. Materials and Methods 

5.2.1. Feedstock Proximate and Ultimate Analysis 

The agricultural by-product used in this study was rice husk, which was 

provided by Beerbelly Brewing Equipment (Pooraka, South Australia). In order to 

examine the influence of rice husk drying both the AR and dried rice husk was used 

in the study. Drying was achieved following the oven-drying method (D4442), which 

was carried out at 105 °C for a minimum of 15 hours. Both the AR and dried rice 

husk were then ground in a rotary mill and sieved to 420 – 500 µm. The proximate 

and ultimate analysis of the rice husk used in this study was previously presented in 

Chapter 2. The moisture content of the AR rice husk was found to be 9.2 %. 

5.2.2. Lab-Scale Pyrolysis-Combustion Process 

A schematic diagram of the pyrolysis-combustion process is shown in Fig. 

2.1. Briefly, N2 carrier gas was first supplied at 0.25 l/min through the hopper. The 

rice husk was fed at 1.3 g/min from the hopper into the main screw reactor where the 

Tp was maintained at 400, 500, 600, 700, or 800 °C by two cylindrical electrical 

heaters. The residence time for the pyrolysis reaction was approximately 16 min. 

After pyrolysis the solid biochar was collected in a char pot by gravity at the end of 

the main screw reactor. The recovered yield of biochar was calculated using the 

mass ratio of biochar collected and the mass of feed. N2 was also supplied above 

the char pot (0.1 l/min) in order to prevent stagnation of the combustible volatiles. 

The raw pyrolysis volatiles were then directed into a burner situated inside an 

enclosed quartz tube (1.5 m height x 45 mm I.D.) within a vertical 3-zone tube 
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furnace (Carbolite®, GVC 12/1050). Auto-ignition of the volatile/air mixture was 

achieved by maintaining the furnace at 850 °C and supplying HEPA filtered air into 

the mixing chamber of the burner. The Tc of 850 °C was used as it represents the 

typical combustion temperature found in small-scale combustion systems (Miles et 

al., 1996; Obernberger, 1998).  

5.2.3. Sampling of the Raw Pyrolysis Volatiles 

The pyrogas fraction of the raw pyrolysis volatiles was collected by attaching a 

Teflon sampling bag directly to the burner outlet. Once full, the gaseous sample was 

drawn through a GC - TCD (Agilent, 490 Micro GC). The first channel of the GC was 

used to detect H₂, N₂, CH₄, and CO with a Molecular Sieve 5A column and the 

second channel to detect CO2 with a Poraplot U column. The HHV of the pyrogas 

was calculated as a mass-weighted average. The mass of pyrogas produced was 

calculated by subtracting the combined mass of bio-oil and biochar from the mass of 

rice husk fed. It should be noted that there was negligible accumulation of any 

material along the length of the main pyrolysis screw reactor. 

The bio-oil fraction of the raw pyrolysis volatiles was collected in a 

condensation train consisting of eight 50 ml test tubes connected by insulated piping 

and immersed in an ice/water mixture (≈ 0 °C). The condensation apparatus was 

connected to the burner outlet through a heated pipe (≈ 350 °C) to prevent 

condensation prior to the sampling tubes. After sampling was complete the collected 

bio-oil was weighed in order to determine the yield. The HHV of the raw pyrolysis 

volatiles was calculated using an energy balance around the pyrolysis reactor with 

the yields of each of the products and the HHV values of the biochar and pyrogas. 

The yields and HHV of the primary pyrolysis products from the dried rice husk have 

previously been reported in Chapter 2. 
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5.2.4. Sampling of the PM 

 The PM generated from combustion at 850 °C of the raw pyrolysis volatiles 

produced between 400 and 800 °C was collected after diluting the flue gas in an 

ADT with HEPA filtered air (dilution ratio ≈ 8). This dilution ratio allowed the specific 

volumetric flowrate of 28.3 l/min to be maintained and supplied to the stainless steel 

CI (Copley Scientific, 8-stage Anderson cascade impactor) for the collection of the 

particles with size fractions of 9 – 10 µm, 5.8 – 9 µm, 4.7 – 5.8 µm, 3.3 – 4.7 µm, 2.1 

– 3.3 µm, 1.1 – 2.1 µm, 0.65 – 1.1 µm, 0.43 – 0.65 µm, 0.1 – 0.43 µm. The back-up 

stage of the CI used a PTFE filter with a 0.1 µm pore size, while all other stages 

used quartz fiber filter papers. The mass-based yields of PM0.1-10, PM0.1-2.1, and 

PM0.1-1.1 were obtained by summing the yields of PM collected in all the stages 

smaller than 10 µm, 2.1 µm, and 1.1 µm respectively. Ultrafine particles were 

considered to represent a negligible portion of the mass of PM1.1 collected in the CI. 

The back-up stage of the CI used a PTFE filter with a 0.1 µm pore size, while all 

other stages used quartz fiber filter papers. The mass-based yields of PM0.1-10, PM0.1-

2.1, and PM0.1-1.1 were obtained by summing the yields of PM collected in all the 

stages smaller than 10 µm, 2.1 µm, and 1.1 µm respectively. All filters were prepared 

following an adapted methodology outlined in the USEPA Method 5 (USEPA, 2000) 

and the State of California Air Resources Board: Method 501 (CARB, 1990). 

Constant excess combustion air was maintained by continuous flue gas monitoring. 

The CO2 analysis of the flue gas was carried out using a portable non-dispersive 

infrared analyser (CO2meter.com, CM-0017) with a resolution of 0.5 vol %. A 

portable CO/O2 analyser (Bacharach, Fyrite® INSIGHT® Plus) was used to analyse 

the CO level in the flue gas with a resolution of 20 ppmv and O2 level with a 

resolution of 0.3 %. For each of the combustion experiments, the O2 and CO2 levels 
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were maintained at 3.5 % and 13 %, respectively. The energy-based yield of PM was 

calculated by dividing the mass-based yield (mgPM/gvolatiles) by the HHV of the 

volatiles (MJ/gvolatiles). The error for the energy-based yield was calculated as the 

standard error of the mean for a triplicate set of runs. For each experiment the PM 

sampling time was 18 minutes. 

5.2.5. PAH Analysis of the PM 

PAH analysis of the PM collected in the CI was achieved using a GC-MS 

(Perkin Elmer Clarus 680 & iQT). PM smaller than 2.1 µm was not analysed as it was 

embedded in the filter paper and could not therefore be removed. The PM-bound 

PAHs analysed therefore fall within the PM2.1-10 size range. The 16 PAHs examined 

in this study have been described in detail in Chapter 3. 15 of these PAHs are 

identified in the list of USEPA 16 priority PAHs list of known concerns to human 

health (Nisbet and LaGoy, 1992).  

Approximately 1 mg of PM was weighed on a balance accurate to 6 decimal 

points (A&D, BM-22) and placed into a thermally cleaned 4 mm ID injection liner. 

Anthracene-d10 internal standard (10 ng) (Sigma-Aldrich) was dissolved in DCM and 

added to the sample. This was then placed with the injection liner into the injection 

port of the GC-MS. Thermal desorption of the samples from 40 °C to 300 °C was 

then carried out in the injection port with He carrier gas. A capillary column (Perkin 

Elmer Elite, 5MS) (30 m x 0.25 mm ID) separated the analytes with a constant flow 

rate of 2 ml/min at 50 °C. This temperature was held for 1 min and then ramped at 8 

°C/min to 300 °C for 7 mins. Time-of-flight (TOF) mode was used to detect the 

compounds over a range of 45 to 400 atomic mass units (AMU). eCipher 3 data 

processing software was used for quantification. A calibration curve was generated 
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by adding known quantities of PAH standard (Sigma-Aldrich, QTM PAH Mix) diluted 

in DCM and following the same thermal desorption methodology that was used for 

the PM. The BaP – TEQ of the PM was calculated using the concentrations of 

individual PAH species and their respective TEF (Jung et al., 2010). Uncertainties for 

the PM-bound PAH concentration were calculated as the standard error of the mean 

for a triplicate set of runs. The energy-based yields of PM-bound PAHs were 

assumed to propagate from the errors in the PM-bound PAH concentration and the 

energy-based yield of PM. The PM-bound PAH concentration of the dried rice husk 

was presented in Chapter 3. 

5.3. Results and Discussion 

5.3.1. Influence of Feedstock Drying on Pyrolysis Products 

Table 5.1 compares the yields of pyrolysis products and HHV of the raw 

pyrolysis volatiles from both the AR and dried rice husk at each pyrolysis 

temperature. For both cases it was observed that the yield of biochar and bio-oil 

decreased at elevated pyrolysis temperatures. The yield of pyrogas exhibited the 

opposite trend due to the increased devolatilization and thermal cracking of rice husk 

at higher pyrolysis temperatures. This resulted in the formation of condensable 

products (which contain both oxygenated species and more complex PAHs) at the 

expense of biochar (Naqvi et al., 2014). At higher pyrolysis temperatures these 

condensable hydrocarbons are believed to undergo further cracking to form the 

constituents of the pyrogas (such as CO, CH4, and H2) (Tsai et al., 2007). As a 

result, the yield of pyrogas generated at increasing pyrolysis temperatures increased 

from 20 to 46 % and from 19 to 46 % for the AR and dried rice husk, respectively. 

The yield of bio-oil was observed to decrease from 41 to 25 % and 37 to 16 % for the 
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AR and dried rice husk respectively over the same temperature range. The yield of 

bio-oil collected from the AR rice husk was higher than the dried rice husk over the 

entire pyrolysis temperature range. This was due to the increased moisture content 

of the AR rice husk, which was volatilized during the pyrolysis reaction and then 

condensed during bio-oil sampling. It was also observed that the increased moisture 

content of the AR rice husk strongly influenced the HHV of the raw pyrolysis 

volatiles. In the case of AR rice husk, the HHV of the raw pyrolysis volatiles ranged 

from 12.1 to 13.2 MJ/kg at increasing pyrolysis temperatures. The HHV of the dried 

rice husk volatiles ranged from 14.2 to 15.1 MJ/kg over the same pyrolysis 

temperature range. The decrease in the HHV was due to the dilution of the raw 

pyrolysis volatiles with moisture. 

5.3.2. Influence of Feedstock Drying on the Energy-Based Yields of PM 

Fig. 5.1 shows the energy-based yield of PM in different size fractions from 

combustion (Tc = 850 °C) of the raw pyrolysis volatiles produced from the a) dried 

and b) AR rice husk at various volatile production temperatures (Tv = 400 – 800 °C). 

The total energy-based yield of PM0.1-10 was greater for the AR rice husk at every 

volatile production temperature. At Tv = 400 - 800 °C the energy-based yields of 

PM0.1-10 were in the 243 – 456 mg/MJ and 154 – 370 mg/MJ ranges for the AR and 

dried rice husk, respectively. From Fig. 5.1, it was also observed that utilization of 

the AR rice husk resulted in significantly higher energy-based yields of PM of the 

PM2.1-10 size fraction than the dried rice husk. For each volatile production 

temperature, the yields of PM in the PM9-10, PM5.8-9, and PM4.7-5.8 size fractions were 

much higher for the AR rice husk. At lower volatile production temperatures (Tv = 

400, 500, and 600 °C), there were also elevated yields in the PM1.1-2.1 size fraction. 
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At 700 and 800 °C, however, the energy-based yield in this size fraction was higher 

for the dried rice husk. In addition, it was also observed that the energy-based yields 

of sub-micron particulates (PM0.1-1.1) were higher for the dried rice husk at every 

volatile production temperature. However, the difference in the energy-based yield of 

the sub-micron particulates between the dried and AR rice husk was less 

pronounced at elevated temperatures. 

Table 5.2 summarised the percentage contribution of various PM size 

fractions (PM0.1-10, PM0.1-2.1 and PM0.1-1.1) to the total PM emissions at different 

volatile production temperatures. It is clear that the majority of the increased energy-

based yield of PM for the AR rice husk was contributed by the super-micron PM2.1-10 

fraction, rather than the PM0.1-2.1 or PM0.1-1.1 fraction. For the dried rice husk, the 

PM2.1-10 fraction contributed in the 68 – 86 % range of the total energy-based yield of 

PM0.1-10 over the entire volatile production temperature range, while for the AR rice 

husk this figure increased to 73 – 94 %. For the dried rice husk, 14 – 32 % and 11 – 

23 % of the energy-based yield of PM0.1-10 was contributed by PM0.1-2.1 and PM0.1-1.1, 

respectively. The contribution of PM0.1-2.1 and PM0.1-1.1 reduced to 6 – 27 % and 5 – 8 

% respectively for the AR rice husk. It can therefore be concluded that the utilization 

of the rice husk with pre-drying favors sub-micron PM formation. It is believed that 

increased fuel moisture content results in a significant amount of the heat that is 

developed during combustion being transferred to the latent heat of vaporization of 

moisture (Chao et al., 2008; Shen et al., 2013). This results in decreased combustion 

temperatures with increased unburnt carbon fractions in the PM. This agrees with 

the conclusion of Linak et al. (2000) who suggested that total super-micron PM 

fractions increase when incomplete carbon burnout is the dominating PM formation 
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mechanism, while sub-micron PM fractions increase when ash vaporization and 

complete carbon burnout dominate.  

Nevertheless, the HHV of the raw pyrolysis volatiles generated from the AR 

rice husk was only from 13 to 15 % lower than the dried rice husk, yet the increase in 

energy-based yield of PM0.1-10 was 23 – 85 %. It is clearly suggested that the 

increase in PM yields from the AR feedstock is due to the detrimental role of the 

increased moisture content in the combustion region. From Fig. 5.2, it was observed 

that the energy-based yield of another product of incomplete combustion, CO, 

increased for the AR rice husk. The energy-based yield of CO was observed to have 

a strong linear correlation with the energy-based yield of PM0.1-10 for both the AR and 

dried material. This agrees with Bignal et al. (2008), who observed a similar 

relationship between CO and other products of incomplete combustion. The increase 

in PM yields from the AR feedstock over the dried feedstock is comparable to that 

reported in previous studies that investigated the effect of feedstock moisture content 

on PM emissions during the direct combustion of solid biomass fuels (Chao et al., 

2008; Chen et al., 2010; Shen et al., 2013). 

5.3.3. Influence of Feedstock Drying on PM-Bound PAH Concentrations  

 Tables 5.3 and 5.4 present the concentration PM-bound PAH species 

resulting from combustion (Tc = 850 °C) of the raw pyrolysis volatiles produced from 

the dried and AR rice husk, respectively, at various volatile production temperatures 

(Tv = 400 – 800 °C). It was observed that the increased moisture content of the AR 

feedstock resulted in increased PM-bound PAH concentrations in the collected PM 

size range (2.1 – 10 µm). The range of PM-bound PAH concentrations reported 

during AR rice husk utilization was 1139 – 1853 µg/g. For the dried rice husk, this 



106 
  

was reduced to 403 – 882 µg/g. This was due to the presence of moisture in the 

combustion region, which decreased the flame temperature for the vaporization of 

moisture (Chao et al., 2008). Moisture content has previously been reported to have 

a positive effect on the yields of PAHs during direct combustion, since PAHs are 

products of incomplete combustion (Conde et al., 2005). The reduction in flame 

temperature associated with the presence of moisture, and the resulting decrease in 

carbon burnout, is expected to increase the presence of the radical precursors 

involved in the formation of additional PAHs in the combustion region (Richter and 

Howard, 2000). These precursors are expected to lead to additional formation 

following the established hydrogen-abstraction C2H2-addition (HACA) mechanism 

that has been reported to be the main pyrogenic route for PAH formation during 

combustion reactions (Richter and Howard, 2000). For both moisture contents there 

were significant increases in the concentration of heavy PAH species (5 and 6 ring) 

such as benzo(k)fluoranthene, indeno(1,2,3-cd)pyrene, benzo(g,h,i)perylene, and 

dibenz(a,h)anthracene at 700 and 800 °C. The increase in the total PM-bound PAH 

concentration with increasing volatile production temperatures, for both the AR and 

dried rice husk, was due to the higher PAH concentration of the bio-oil fraction of the 

raw pyrolysis volatiles. The influence of bio-oil PAH content on the PM-bound PAH 

concentration during pyrolysis-combustion has been discussed in Chapter 3.  

5.3.4. Influence of Feedstock Drying on PM-Bound PAH Energy-Based Yields 

 Fig. 5.3 shows the percentage change in the energy-based yield of individual 

PM-bound PAH species between the AR and dried rice husk. It is clear that the 

presence of moisture in the feedstock resulted in a significant increase in the energy-

based yield of PM-bound PAHs. The majority of the increase in energy-based yields 
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of individual PM-bound PAHs for the AR rice husk was of 2, 3, and 4 ring PAHs 

(including naphthalene, acenaphthylene, acenaphthene, and fluorene). At elevated 

volatile production temperatures there were also significantly higher concentrations 

of pyrene, fluoranthene, and phenanthrene compared to the dried rice husk. It was 

also observed in Fig. 5.3 that the energy-based yield of heavy 5 and 6 ring PAHs 

was generally higher for the dried rice husk. In particular, the concentrations of 

benzo(g,h,i)perylene and dibenz(a,h)anthracene were typically higher after drying of 

the feedstock. Between 400 and 800 °C the energy-based yield of 

dibenz(a,h)anthracene on the PM generated from the dried rice husk was 57 – 96 % 

higher than when the AR rice husk was utilized. At 400 °C there was a significant 

increase in the energy-based yield of benzo(b)fluoranthene without prior drying of 

the rice husk.  

Fig. 5.4 compares the ratios of the PM-bound PAH energy-based yields and 

PAH BaP – TEQ during combustion (Tc = 850 °C) of the raw pyrolysis volatiles 

produced from the dried and AR rice husk at various volatile production 

temperatures (Tv = 400 – 800 °C). These results indicated that utilization of the AR 

rice husk in the pyrolysis-combustion process for the co-generation of biochar and 

bioenergy resulted in significantly greater energy-based yields of PM-bound PAHs 

than the dried rice husk (Dried-AR ratio < 1). The energy-based yields of PM-bound 

PAHs for the AR rice husk were from 2.2 to 3.8 times greater than when the dried 

rice husk was utilized, despite the total concentration of PM-bound PAHs being from 

1.4 to 2.8 times higher (Tables 5.3 and 5.4). The significant increase in the energy-

based yield of PM-bound PAHs for the AR rice husk is due to the elevated energy-

based yields of PM2.1-10. The increase in the PM-bound PAH concentration at 

elevated volatile production temperatures, for both moisture contents, is offset by the 
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reduction in the energy-based yield of PM (mgPM2.1-10/MJ) resulting from combustion 

of the raw pyrolysis volatiles. As a result, the highest energy-based yield of PM-

bound PAHs occurred at 500 and 600 °C for the dried rice husk and 400 and 800 °C 

for the AR husk.  

It is also observed in Fig. 5.4 that utilization of the dried rice husk resulted in 

increased PM BaP-TEQ yield ratios (dried-AR) for the majority of volatile production 

temperatures (with the exception of 400 °C). Although the total PM-bound PAH 

concentration was higher when the AR rice husk is used, the greater contribution of 

5 and 6 ring PAHs during utilization of the dried rice husk resulted in greater BaP – 

TEQ values for the PM at these temperatures. In particular, the concentration of 

dibenzo(a,h)anthracene, indeno(1,2,3-cd)pyrene, and benzo(a)pyrene were all 

significantly greater for the PM resulting from utilization of the dried rice husk. Each 

of these species have significant BaP – TEF’s (Jung et al., 2010), which resulted in 

greater BaP – TEQ’s for the PM generated for the dried rice husk. The majority of 

the total PM-bound PAH concentration for the AR rice husk was contributed by 2, 3, 

and 4 ring PAHs such as naphthalene, acenaphthylene, acenaphthene, and pyrene. 

All of these species have low BaP – TEF’s, which contributed to the reduced BaP – 

TEQ of the PM resulting from utilization of the AR rice husk. At 400 °C the 

contribution of 4 and 5 ring PAHs to the total PM-bound PAH concentration are 

similar for the AR and dried rice husk, resulting in similar BaP – TEQ’s. The greatest 

increase in the relative toxicity of the PM generated from the dried and AR rice husk 

was observed at 600 °C. At this temperature, 5 and 6 ring PAHs contributed to 35.5 

% and 3.3 % of the total PM-bound PAH concentration for the dried and AR rice 

husk, respectively, which were greater proportions than at any other temperature. 

This corresponded to a 298 % increase in the BaP – TEQ of the PM generated 
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during the use of dried rice husk in the pyrolysis-combustion system at Tv = 600 °C, 

in comparison to the AR rice husk.  

This study established the influence of feedstock moisture level and volatile 

production temperature on the PM and associated PAH emissions from the coarse 

mode particles (2.1 – 10 µm) during biochar and bioenergy generation using a 

pyrolysis-combustion system. Previous fuel combustion studies investigating the size 

distribution of particle-bound PAHs have observed both comparable concentrations 

on the fine and coarse mode particles (Shen et al., 2014; Tsai et al., 2015), while 

another study observed increased PAH emissions from fine mode particles (Shen et 

al., 1994). Therefore, further work is required to understand the PAH emission 

characteristics and the toxicity levels from the individual particle size ranges, 

especially the contributions from the fine mode particles for future biomass utilization 

practices using pyrolysis-combustion.  

5.4. Conclusion 

The influence of feedstock drying on the PM and PM-bound PAH emissions 

during the co-generation of biochar and bioenergy from rice husk using pyrolysis-

combustion was investigated. It was observed that utilization of the AR rice husk 

resulted in greater energy-based yields of PM10 than the dried rice husk. The 

elevated yield of PM2.1-10 was the major contributor to the increase in the overall 

PM10. This increase in PM emissions for the AR rice husk was due to a decrease in 

combustion temperature for the vaporization of additional moisture content. It was 

also observed that higher total PM-bound PAH concentrations were associated with 

the AR rice husk due to the decreased carbon burnout. The energy-based yields of 

PM-bound PAHs for the AR rice husk from 2.2 to 3.8 times greater than the dried 
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rice husk over the volatile production temperatures (Tv = 400 - 800 °C). 

Nevertheless, the BaP – TEQ of the PM generated from the dried rice husk was 

higher than the PM generated from the AR husk. This was due to increased 

concentrations of toxic PAH species, such as dibenzo(a,h)anthracene, indeno(1,2,3-

cd)pyrene, and benzo(a)pyrene. 
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Chapter 6: Contributions and Recommendations 

This Chapter summarises the key contributions and recommendations of this 

thesis for the development of pyrolysis-combustion systems for global biochar and 

bioenergy production.  

6.1. Research Findings 

6.1.1. Justification for Research 

The work presented in this thesis investigated the potential for a pyrolysis-

combustion process to co-generate biochar and bioenergy from agricultural by-

products. Agricultural by-products are abundant materials produced in several major 

industries (including horticulture and viticulture). Despite their abundance, and the 

vast potential for them to be utilized in ways that generate substantial additional 

revenue streams for producers, increasing their uptake rate has hitherto been 

fraught with difficulties. This issue has also been compounded by the severe 

emissions problems associated with conventional methods of by-product disposal 

(including open burning and cook stoves). Effective utilization of agricultural by-

products has traditionally been hampered by significant variations in fuel moisture 

and ash contents, which can decrease the available heat and increase the energy 

requirements of the process. Issues related to the difficulty of accessing the 

feedstock and high transportation costs (due to low bulk density) have also been 

problematic. 

The advantages of the pyrolysis-combustion process for problematic biomass 

feedstocks are clear. Firstly, the initial low-temperature pyrolysis step (400 – 800 °C) 

retains the majority of the fuel-bound ash content in the biochar. This effectively 
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separates the ash from the raw pyrolysis volatiles prior to combustion, minimising 

potential fouling/slagging issues. Direct combustion of biomass with high alkali metal 

contents (including potassium and sodium) is particularly difficult due to their 

reduced volatilization temperatures, which can in some cases lead to numerous 

problems. This includes reduced heat transfer performance, disturbance of flows, 

physical damage to process parts, and corrosion and erosion of internal surfaces 

(Fatehi et al., 2017). In addition, the high silica content of the primary feedstock used 

in this thesis, rice husk, may potentially lead to the emissions of crystalline silica 

during combustion, which can cause major health impacts (Gilbe et al., 2008). 

Secondly, the in-situ drying of AR feedstocks during the pyrolysis reaction means 

that costly and energy-intensive drying processes can be avoided. This may help 

minimize the capital requirements of the process and facilitate the utilization of 

agricultural by-products on-site rather in centralized facilities. These factors help 

reduce the costs associated with transportation and improve the economic viability of 

by-product utilization. 

Despite the advantages of the pyrolysis-combustion process for such value-

adding purposes, there had previously been no studies investigating the influence of 

operating conditions (including Tv, fuel ash, moisture, VM content, and elemental 

composition) on the emissions from the process. Given the negative impacts of the 

emissions from conventional agricultural by-product disposal methods (Smith et al., 

2000), the importance of examining the environmental impact of the process 

resulting from variable emission characteristics (which depend on operating 

conditions), was evident. 
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6.1.2. Influence of Bio-Oil Content of Pyrolysis Volatiles on PM Emissions  

By utilizing rice husk in a lab-scale pyrolysis-combustion facility, it was 

observed that the bio-oil fraction of the raw pyrolysis volatiles (which varied with Tv) 

strongly influenced the PM emissions from the process. Lower temperatures resulted 

in elevated bio-oil fractions in the raw pyrolysis volatiles which increased the 

tendency to soot during combustion (Chapter 2). This was due to the increase in the 

strength of the intermolecular bonding compared to the constituents of the pyrogas, 

which increased the unburned C content of the combustion products. Between Tv of 

400 and 800 °C the energy-based yield of PM10 and PM2.1 increased by 58 % and 82 

% respectively. It was also observed that the coarse mode dominated the PM mass-

size distribution, with no distinctive sub-micron peak observed. This demonstrated 

that incomplete burnout of the bio-oil fraction of the volatiles was the predominant 

route for PM formation, while there was minimal ash vaporization due to its 

retainment in the biochar prior to combustion. 

6.1.3. PM and Char-Bound PAH Concentrations at Differing Volatile Production 

Temperatures 

It was also observed that operation of the pyrolysis-combustion process at 

elevated Tv resulted in increased PM and char-bound PAH concentrations (Chapter 

3). While the increase in the biochar PAH content was likely due to a complex 

pyrosynthetic formation route that was favored at higher temperatures, the higher 

PM-bound PAH concentration was due to the elevated PAH content of the bio-oil. 

The results demonstrated that the PAHs and oxy-aromatics present in the bio-oil in 

higher quantities at elevated Tv contributed to the presence of additional PAHs on 

the PM surface. It was suggested that the PAHs present in the bio-oil that were not 
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oxidized underwent adsorption/condensation reactions on the surface of the PM in 

the cooler regions of the flue gas. It was also demonstrated that the BaP – 

equivalent toxicity of the PM and biochar was greater when the process was 

operated at higher Tv. This was due to elevated concentrations of heavier 4, 5, and 6 

ring PAHs on the biochar and PM at these temperatures. 

6.1.4. Influence of Biomass Ash and VM content on the PM Emissions 

The influence of agricultural by-product properties (ash and VM content) and 

composition (S and N) on the emissions from the pyrolysis-combustion process was 

also investigated (Chapter 4). This was achieved by comparing the PM and gaseous 

pollutant emissions from two feedstocks with substantially different fuel 

characteristics. Rice husk is considered less typical of the majority of biomass types, 

with high ash and low VM contents. Grape pruning, in contrast, is considered more 

typical, with low ash and high VM contents. It was found that the elevated VM 

content of the grape pruning resulted in elevated energy-based yields of PM10 over 

the majority of Tv. This increase primarily originated from the greater pyrogas content 

of the raw pyrolysis volatiles (due to the higher VM content), which favored the 

formation of sub-micron (PM1.1) emissions. It was also observed that the energy-

based yields of PM did not increase for the higher ash content feedstock, in contrast 

to direct combustion (Johansson et al., 2004).  

6.1.5. Influence of Feedstock Sulfur/Nitrogen Content and Volatile Production 

Temperature on Gaseous Emissions 

Utilization of the rice husk and grape pruning also allowed for an effective 

comparison of the influence of biomass S and N content on the emissions of H2S, 

SO2, NO, and NO2 from the pyrolysis-combustion process (Chapter 4). The results 
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demonstrated that the higher S content of the rice husk resulted in elevated energy-

based yields of H2S and SO2. The higher N content of the grape pruning resulted in 

elevated energy-based yields of NO and NO2. The choice of Tv also strongly 

influenced the emissions of gaseous pollutants. Higher Tv were found to result in 

greater volatilization of biomass-bound S and N. This resulted in elevated S and N 

contents in the raw pyrolysis volatiles, which lead to increased yields of H2S, SO2, 

NO, and NO2 for both feedstocks.  

6.1.6. PM and PM-bound PAH Emissions during Utilization of Dried and AR 

Feedstocks 

The economic challenges inflicted by expensive and energy-intensive drying 

equipment during the distributed utilization of agricultural by-products suggests that it 

may be required to utilize AR feedstocks. The influence of drying on the PM and PM-

bound PAH emissions was investigated by utilizing both dried and AR rice husk 

(Chapter 5). Elevated energy-based yields of PM10 were associated with utilization of 

the AR husk. The majority of the increase in the PM yield was due to higher yields of 

PM2.1-10. This was caused by the additional energy requirements for vaporization of 

the water, which decreased the C burnout due to lower combustion temperatures. 

The greater degree of incomplete combustion for the AR rice husk also resulted in 

significantly elevated yields of PM-bound PAHs. However, the predominant PAH 

species bound to the PM resulting from the AR rice husk were lighter 2 and 3 ring 

PAHs, while for the dried husk there was greater contributions from heavier 5 and 6 

ring PAHs. This resulted in elevated BaP – TEQ’s for the PM generated from the 

dried rice husk compared to the AR husk. 
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6.1.7. Emissions Associated with Optimized Biochar and Bioenergy Production 

One of the key findings presented in this thesis is the relationship between the 

emissions of harmful pollutants (PM, PAHs, and gaseous pollutants) and the choice 

of Tv. This operating temperature, however, also significantly influences the balance 

between biochar and bioenergy production. It was previously observed in Fig. 2.2a 

and b that the pyrolysis-combustion process was optimized for biochar production at 

lower temperatures (400 °C), while energy production was optimized at higher 

temperatures (800 °C). Table 6.1 presents a summary of these key findings and 

outlines the benefits/drawbacks associated with operation of the pyrolysis-

combustion process for either optimized biochar or bioenergy production. 

6.2. Implications of the Research Findings 

6.2.1. Emission Reduction Potential 

 To be considered a viable alternative to conventional disposal methods 

(including open burning and cook stoves); the yield of harmful emissions from the 

pyrolysis-combustion must be less. The detrimental role of these conventional 

processes on the health of local populations demonstrates the need for effective 

comparisons to be made in order to develop beneficial and sustainable land 

management practices (Barron and Torero, 2017). However, the lack of available 

literature providing the emission factors for PM10, PM2.5, PM-bound PAHs, SO2, and 

NOx from rice husk utilization in open burning and cook stoves enhances the 

difficulty of making such comparisons.  

 In order to discuss the emissions reduction potential of the pyrolysis-

combustion process, the results presented in this thesis were compared to those in 
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Table 1.3. Christian et al. (2003) presented a PM2.5 emission factor of 4200 mg/kg for 

rice straw (which has similar fuel properties and composition to rice husk) utilization 

during open burning. This was significantly higher than the PM2.1 emissions reported 

in this study for the dried (201 – 931 mg/kg) and AR rice husk (157 – 899 mg/kg). 

TSP emission factors of 5000 mg/kg (Kim Oanh et al., 2005) and 1187 mg/MJ (Smith 

et al., 2000) for rice husk and rice straw utilization in cook stoves respectively have 

also been reported. It is difficult to compare PM10 and TSP emissions, however, 

demonstrating the problematic nature of ascertaining the PM emission reduction 

potential of the pyrolysis-combustion process. The PM emissions reported here were 

also generally much more favourable than those reported for open burning for a 

variety of biomass wastes. Akagi et al. (2011) compiled PM emission factors for the 

simulated burning of a variety of crop wastes. It was reported that the PM10 emission 

factors for the open burning of tropical forest and pasture were 18500 and 28900 

mg/kg respectively. The results from this study compare favourably, with PM10 

emission factors of 1500 – 2900 mg/kg and 2300 – 3400 mg/kg for the dried and AR 

rice husk respectively.  

 The PAH emission factors presented in this thesis are less than the majority 

of those reported for both cook stoves and open burning. The values calculated here 

range from 0.80 – 1.20 mg/kg of feed and 0.10 – 0.14 mg/MJ for the dried rice husk, 

and 2.31 – 3.92 mg/kg of feed and 0.32 – 0.42 mg/MJ for the AR rice husk. Values 

reported for cook stoves include 43 mg/kg for rice straw (Shen et al., 2011), 1.64 

mg/kg for rice straw (Zhang et al., 2011), and 140 mg/kg for rice husk (Kim Oanh et 

al., 2005). The results presented in the latter study also included gas-phase PAHs, 

which may partly explain the significantly greater PAH emissions reported. The PAH 

emissions from the pyrolysis-combustion process were also lower than those from 
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the open burning of rice residues. Jenkins et al. (1996) reported a PAH emission 

factor of 26.1 mg/kg for the open burning of rice straw. The elevated PAH emissions 

during the utilization of rice straw and husks is to be expected, as PAHs are 

generally formed as products of incomplete combustion, the rate of which is 

expected to be greater for the cook stoves and open burning due to the inefficient 

fuel-air mixing observed for these devices. 

 The NOx emission factors for the pyrolysis-combustion process also compare 

favourably to those from open burning and cook stoves. The results presented in this 

thesis ranged from 823 – 1162 mg/kg and 105 – 124 mg/MJ. By comparison, it is 

observed in Table 1.3 that the emission factors for NOx during the utilization of rice 

straw in a cook stove was 3430 mg/kg (Cao et al., 2008). It can also be seen that the 

NOx emission factors from the utilization of various wood types (94 – 131 mg/MJ) in 

cook stoves are similar to the pyrolysis-combustion process, despite the N content 

being higher than for rice husk (Mitchell et al., 2016). The NOx emissions presented 

in this thesis are also significantly lower than those from open burning. Christian et 

al. (2003) presented an emission factor of 3110 mg/kg for the burning of rice straw, 

which is greater than those presented in this study. This reduction in NOx yields for 

the pyrolysis-combustion process is due to the retention of a significant amount of 

fuel-bound N within the biochar. As a result, only 20 – 53 % of the N content of the 

rice husk was volatilized during the initial pyrolysis step, resulting in reduced N 

content within the pyrolysis volatiles (Chapter 4). 

The SOx emission factors presented in this thesis (49.5 – 536 mg/kg and 6.31 

– 56.8 mg/MJ) demonstrated the influence of the Tv on the emissions reduction 

potential of the pyrolysis-combustion process. Operation at reduced temperatures for 
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optimized biochar production resulted in a lower SOx emission factor compared to 

cook stoves (180 mg/kg), while operation for optimized energy production at higher 

temperatures resulted in a higher emission factor. This was also the case when 

compared to the SOx emission factors from open burning of various biomass wastes 

(400 – 480 mg/kg). It was therefore concluded that, due to the greater degree of 

volatilization of fuel-bound S at higher Tv (Chapter 4), the pyrolysis-combustion 

process does not offer a viable alternative for reducing SOx emissions from 

agricultural by-product utilization when optimized for bioenergy generation.  

6.2.2. Carbon Sequestration Potential 

 The production of biochar from agricultural by-products is considered a C-

negative process (Roberts et al., 2010). As such, it is considered a viable means to 

reduce atmospheric CO2 emissions while at the same time providing added-value to 

current wastes through soil enhancement. It has been suggested that the majority of 

the C content of biochar produced via slow pyrolysis (as is done in this thesis) is 

highly stable, with a mean residence time of 1000 years or longer at 10 °C mean 

annual temperature (Roberts et al., 2010). Chemical analysis of the composition of 

slow pyrolysis biochar demonstrated that approximately 80 % of the C content is 

considered stable, while the remaining 20 % is labile (Baldock and Smernik, 2002; 

Lehmann et al., 2009). Labile C refers to C that is released into the atmosphere as 

biogenic CO2 within the first few years of applying it to the soil (Roberts et al., 2010). 

Using the results presented in this thesis (Chapter 2), an estimate of the stable and 

labile C addition to the soil following application of the biochar produced from 1 kg of 

rice husk in the lab-scale pyrolysis-combustion facility when operated for either 
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optimized biochar (Tp = 400 °C) or bioenergy (Tp = 800 °C) production is shown in 

Fig. 6.1. 

It was observed in Fig. 6.1 that the greatest mass of C added to the soil 

occurred when the process was operated for optimized biochar production. At this 

reduced temperature both the yield and C content of the biochar was higher. The 

difference in the mass of stable C sequestered between the two operating 

temperatures was significant (36 % greater when optimized for biochar production). 

This corresponded to 575 g and 422 g of CO2 equivalent reductions when optimized 

for biochar and bioenergy production, respectively, for 1 kg of rice husk utilization. It 

was therefore concluded that, for the purposes of C sequestration and improving soil 

organic content, operation of the pyrolysis-combustion process for biochar 

production at lower Tp is beneficial. The potential for C sequestration through the co-

generation of biochar and bioenergy is also clearly vast. Using the global availability 

of rice husk (822 million tonnes) (Naqvi et al., 2014), this corresponds to 4.73 x 108 

and 3.47 x 108 tonnes of CO2 sequestration potential for the pyrolysis-combustion 

process when optimized for biochar and bioenergy production respectively. This 

calculation does not, however, consider the CO2 emissions from either the flue gas 

or from other sources during the biomass life-cycle. 

6.3. Recommendations 

6.3.1. The Benefits of Pyrolysis-Combustion Systems: Looking into the Future 

 Agricultural by-products have traditionally been considered wastes that 

require disposal by laborious, inefficient, and often harmful methods. The harm 

imposed by utilization in open burning practices (Section 1.3.2) and cook stoves 

(Section 1.3.3) have previously been discussed. One of the other common methods 
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of utilization, by mulching in the soil (31.3 % of by-products in Fig. 1.2), also suffers 

from numerous drawbacks that raise questions over its suitability for future land-

management practices. The co-generation of biochar and bioenergy in a pyrolysis-

combustion process, however, potentially offers an economically viable method for 

utilizing abundant yet distributed by-products. There is a strong possibility that the 

increased energy-efficiency (through recycling of the heat generated from the co-

combustion of the pyrogas and bio-oil fractions) and low capital costs associated will 

provide a viable means to increase the global production rate of biochar (Roberts et 

al., 2010). If this is the case, the impact on global GHG emission mitigation may be 

substantial (Gaunt and Lehmann, 2008; Lehmann, 2007).  

There is a significant amount of literature which indicates that biochar 

application to the soil has an effect on the volatilization (in the form of N2O) of N 

present therein (Cayuela et al., 2014; Wang et al., 2013). While the production of 

N2O from other water soluble nitrogenous species (i.e. NO3
-, NO2

-, NH4
+) via biotic 

decomposition is relatively well understood (Bremner, 1997), studies into the effect 

of biochar on these systems has yielded a multitude of differing conclusions as to 

whether the addition of biochar to soils increases or decreases N2O production. 

Although it appears that heterocyclic nitrogenous compounds contained within the 

biochar are a factor in the formation of N2O (i.e. through abiotic decomposition of 

cyclic heterogenous species) (Cayuela et al., 2014), there are significant difficulties 

in studying the effect of N2O production from biochar amended soils due to biotic 

decomposition resulting from a multitude of factors effecting microbial populations 

(surface area, pH, liming ability, catalytic metal content, different pyrolysis conditions, 

different feedstocks, etc.). It is believed that the determining factors dictating the 

effect of biochar on soil N2O are the C/N ratio and biochar application rate. Cayuela 
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et al. (2014) provided one of the more comprehensive meta-analyses on the effect of 

biochar on soil N2O emissions in recent years. An average reduction of 54 % was 

attained by the addition of biochar to soil which, given that the GWP of N2O is 310 

times that of CO2, outlines the potential for GHG mitigation through large-scale 

biochar application. 

The utilization of rice by-products as a feedstock for the pyrolysis-combustion 

process also prevents it from being left in the field to decompose which, due to the 

anaerobic conditions rice is grown under, leads to significant CH4 emissions from the 

biotic decomposition of labile C contained within the feedstock. Leaving the 

unwanted parts of the rice plant in the field, and the application of rice by-products 

back to the fields is a long utilized agricultural practice that continues to this day 

(Jiang et al, 2012). In fact, the utilization of rice husk/straw as an organic fertilizer in 

rice fields accounts of 14.8 % of rice residue disposal (Fig. 1.2). The use of waste 

rice product as a fertilizer, however, yields a significant increase in CH4 emissions, 

with in situ studies indicating an increase of two to nine times depending on 

application rate (Sass et al., 1990; Yagi and Minami, 1989; Wang et al., 1992). In 

addition, inadequate fuel-air mixing observed in both open burning and cook stoves 

typically leads to significant emissions of CH4 (Zhang and Chen, 2010; Wang et al., 

2009). Given that CH4 is a potent GHG (21 times that of CO2), reducing its emissions 

on a large-scale will have a significantly positive effect on mitigating anthropogenic 

climate change.  

 Combined pyrolysis-combustion processes may also provide additional 

income streams for agricultural producers (i.e. revenue from biochar and bioenergy 

generation). This is of fundamental importance for future biochar production 
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strategies, as it cannot be considered viable otherwise. This is primarily due to the 

simplicity of conventional methods of disposal, which despite providing little added-

value for producers, remains prevalent in many countries. A LCA of combined 

pyrolysis-combustion systems by Roberts et al. (2010) demonstrated that economic 

viability of the process is largely dependent on the costs of feedstock production, 

pyrolysis, and the value of C offsets. By examining biochar production from various 

biomass wastes, they demonstrated that a minimum CO2,eq price for C offsets to 

facilitate breakeven would be $ 40/teCO2,eq for late stover, $ 62/teCO2,eq for 

switchgrass, and $ 2/teCO2,eq for yard waste. Late stover was identified as having 

moderate potential for economic viability (+$ 35/tefeed), while biochar production from 

switchgrass was generally not considered profitable. The significant potential for by-

product stream feedstocks to contribute towards global biochar production in an 

economically viable manner was highlighted, especially when there are disposal 

costs associated with the materials. They concluded by remarking that some other 

biomass by-product resources that may be promising for biochar production are 

livestock manures, although challenges may arise due to high feedstock moisture 

content. 

 It is therefore the author’s opinion that the wide-scale adoption of pyrolysis-

combustion systems for the co-generation of biochar and bioenergy from agricultural 

by-products can be characterised by three primary outcomes: 1) Reduced emissions 

of harmful pollutants (especially PM, PAHs, and NOx) compared to conventional 

disposal methods, 2) The mitigation of global GHG emissions through the 

sequestering of C and avoidance of soil/feedstock N2O and CH4 emissions, and 3) 

The creation of additional revenue streams for agricultural producers from both 

biochar and bioenergy production. 
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6.3.2. Future Challenges for Agricultural By-Product Utilization  

 It is clear from the available literature that a great deal of work has been 

carried out to develop novel utilization methods for biomass feedstocks. Examples 

include fixed-bed combustion (Mantananont and Patumsawad, 2016), co-combustion 

of coal and biomass in a pulverized fuel combustor (Chao et al., 2008), downdraft 

gasifiers for biomass gasification (Susastriawan et al., 2017), and fluidized-bed 

combustion (Khan et al., 2009). This desire to increase the utilization rate of biomass 

for bioenergy generation purposes (which is primarily being driven by the C-neutral 

nature of the fuel), has also seen the development of a 9.8 MW demonstration facility 

for rice husk combustion in Thailand (Chungsangunsit et al., 2004). This abundance 

of research is to be expected, however, as the diverse nature of agricultural by-

product properties and compositions will ultimately require a diverse range of 

applicable technologies to effectively utilize a broad range of feedstocks.  

 It should be noted that, although pyrolysis-combustion processes may be the 

most suitable approach for high ash content feedstocks (such as rice husk), it is 

clear that the future of low ash content by-product utilization will involve, to some 

degree, direct combustion for energy-generation purposes. Governmental desire to 

meet international GHG emission reduction targets is seeing direct combustion 

processes directly incentivised. Taking China as an example, extremely generous 

economic incentives (via feed-in tariffs) have been introduced in an effort to 

encourage increased investment in biomass-based power generation. Initial 

government led tariffs (2005) were 0.25 RMB/kWh ($ 0.04 USD/kWh) for the fifteen 

years of a facilities life-span. In July 2010, the National Development and Reform 

Commission (NDRC) proposed the “Notice on Improving the Pricing Policy for 
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Biomass Power Prices” (Yan et al., 2016). This notice provided a unified price of 

0.75 RMB/kWh ($ 0.11 USD/kWh) for biomass power projects. China’s renewable 

energy goals have stated that 2012 levels of biomass power capacity (8 GW) should 

increase to 30 GW by 2020 (Yan et al., 2016). This substantial economic incentive 

indicates that the generation of energy from agricultural by-products will continue to 

grow as its viability increases. This will ultimately lead to an increase in the utilization 

rate of certain agricultural by-products in direct combustion processes.  

 This drive to utilize agricultural by-products for bioenergy generation purposes 

will not, however, result in a significant reduction in the availability of low-quality 

feedstocks with broad fuel ash and moisture contents that are troublesome for direct 

combustion (see Section 1.4.3). These by-products are eminently suitable for the co-

generation of biochar and bioenergy in pyrolysis-combustion processes. Alternative 

pyrolysis technologies, such as bio-oil production, can also potentially be used for 

these low-quality biomass feedstocks. In fact, bio-oil production with fast pyrolysis is 

30 % more favourable for energy generation than slow pyrolysis for biochar 

production (Gaunt and Lehmann, 2008). There are, however, numerous technical 

challenges that have hindered the production of bio-oil on a large-scale hitherto. 

These include low pH, high oxygen content, deterioration during storage, and 

expensive/unstable catalyst requirements for upgrading to higher quality fuel 

(Mortensen et al., 2011; Lehto et al., 2014). It is therefore apparent that pyrolysis-

combustion processes are a prime candidate for increasing the utilization rate of high 

ash content agricultural by-products going into the future.  

 The co-generation of biochar and bioenergy is not, however, without its 

challenges. The LCA conducted by Roberts et al. (2010) that analysed the economic 
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viability of pyrolysis-combustion systems assigned a monetary value per te of CO2,eq 

emission reduction. This is not yet a reality for many parts of the world, which 

reduces the potential income for pyrolysis-combustion processes in these locations. 

In addition, many producers who adopt pyrolysis-combustion techniques for 

utilization of their by-product streams will be reliant on selling the biochar they 

produce, rather than utilizing it on-site for soil enhancement/C sequestration 

purposes. However, the depth of the market demand for biochar is currently unclear, 

and concerns over consistency in quality have hindered its uptake on a larger scale. 

Many potential customers are also currently unsure of the benefits of biochar 

adoption, and are therefore hesitant to purchase it and apply it to their soil. This is 

being partly caused by inconsistencies in the outcomes of biochar trial studies, with 

Spokas et al. (2012) reporting that 50 % of publications demonstrated a short-term 

positive effect of biochar addition, 30 % showed negligible improvements, and 20 % 

reported negative impacts on yields. These barriers to market entry need to be 

overcome before biochar can be treated as a commodity and traded freely in the 

marketplace. This is clearly not an insurmountable problem and can be addressed 

by a coordinated and unified approach between biochar researchers and the wider 

agricultural community. 

 It can therefore be concluded that, for the case of high ash content agricultural 

by-products, pyrolysis-combustion systems for the co-generation of biochar and 

bioenergy is the most attractive option for value-adding purposes. Doubts 

surrounding the market demand for biochar still currently exist, however, and these 

need to be addressed before the large-scale production of biochar can become a 

reality. In the case of high quality by-products, it appears that direct combustion 

processes for bioenergy production are generally more favourable. This is primarily a 
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result of substantial economic incentives being put in place by governments in order 

to help meet GHG reduction targets through increasing the rate of biomass-derived 

power generation. 

6.3.3. Future Work  

Despite the potential for pyrolysis-combustion systems to substantially 

contribute to global biochar and bioenergy production, there is still much work that is 

required to develop a more complete picture of the advantages/disadvantages 

associated with this approach. 

There are currently no available LCA studies that have investigated the 

environmental and energetic impact of adoption of the pyrolysis-combustion process 

using published experimental results. Effective pollution mitigation strategies require 

an analysis of the potential life-cycle impacts using existing experimental data 

(Roberts et al. 2010). Not only should there be a reduction in the yields of harmful 

pollutants (including PM, PAHs, SOx, and NOx), but the net GHG emissions from the 

utilization of agricultural by-products should also be less than those from 

conventional disposal methods (including mulching) in order to be considered a 

viable long-term strategy for sustainable agricultural practices. The main outcomes 

of this work would be to balance between the “positive” adoption outcomes (excess 

power output, recycling of macro agro-nutrients back into the soil, C sequestration, 

and GHG mitigation) against the “negative” outcomes (PM and gaseous emissions, 

biochar and PM-bound PAH release).  

In addition, any future LCA should consider the techno-economic feasibility of 

large-scale pyrolysis-combustion processes for agricultural by-product utilization. 

This should include an analysis of the costs and potential for value-adding with large 
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throughputs, as such work has not been undertaken previously. As a significant 

portion of the feedstock energy content is retained in the biochar, pyrolysis-

combustion may not be the most attractive approach for future utilization strategies 

that primarily focus on energy production from agricultural by-products with low ash 

and moisture contents. It is therefore appropriate that future LCA studies investigate 

the most appropriate utilization strategy for different agricultural by-products. 

It is also recommended that further analysis of the composition of the PM be 

carried out in order to get a better understanding of the toxicity of the emissions. In 

particular, the concentration of polychlorinated dibenzodioxins and furans is of great 

interest given their potential to cause significant harm. This is of greater concern 

when utilizing biomass feedstocks with higher chlorine contents, such as switchgrass 

(Bjorkman and Stromberg, 1997). Due to the expected low concentration of these 

species on the PM, such an analysis will only be possible in larger-scale pyrolysis-

combustion systems that are capable of producing greater quantities of PM. The use 

of specialist fractionation equipment with solvent extraction and analysis using high 

resolution magnetic sector MS will also be required. It is also of interest to 

investigate the degree of crystallinity in the PM collected in the CI as a function of 

temperature. This will allow the relevant environmental authorities and potential 

manufacturers to understand the risks involved and choose the appropriate PM 

emission control device. 

It is also of great interest to develop a deeper understanding of the formation 

routes of the SOx, NOx, and VOC emissions from the pyrolysis-combustion process. 

This will involve a detailed analysis of the constituents of the raw pyrolysis volatiles 

that are combusted for the purposes of energy generation. By doing so it will be 

possible to understand what the precursors to the formation of these harmful 
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pollutants are, and the conditions that favor their production will be clearer. This will 

provide a pathway for agricultural producers to operate their process in such a way 

that minimizes the formation of these species in the pyrolysis-combustion process. 

The role of the abundant oxy-aromatics present in the raw pyrolysis volatiles in the 

formation of both PM and PM-bound PAHs is also unclear. The oxygen containing 

groups present in these aromatic compounds makes them more susceptible to 

polymerization reactions through the HACA mechanism than the PAHs present in 

the volatiles, although the extent of this pathway in PM and multiple ring PAH 

formation during combustion of the pyrolysis volatiles is not currently well 

understood. In addition, the fate of the remainder of the PAHs present in the bio-oil 

fraction of the raw pyrolysis volatiles that is combusted for bioenergy generation 

purposes is of great interest, as the results presented in Chapter 3 outline that a 

significant portion do not end up on the PM surface and remain in the gas-phase. 

It is also suggested that further investigation into the utilization of alternative 

agricultural by-product feedstocks is carried out. By building up a database of 

emission factors for the pyrolysis-combustion process, as has been done for cook 

stoves (Smith et al., 2000), a more complete understanding of the relationship 

between feedstock properties and composition on the environmental outcomes for 

the co-generation of biochar and bioenergy will be formed. This information, 

combined with further research into the quality and impact of the biochar produced 

from each feedstock on soil performance, will allow for effective decision making in 

future policies for sustainable land-management practices. 
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Tables 

Table 1.1 - Proximate and ultimate analysis of various agricultural by-products. Data 

adapted from Vassilev et al. (2010). 

Ultimate 

Analysis 

Units Wheat 

Straw 

Almond 

Shell 

Olive 

Husk 

Coconut 

Shell 

Rice 

Husk 

Pine 

Sawdust 

C* wt. % 49.4 50.3 50.0 51.1 49.3 51.0 

H* wt. % 6.1 6.2 6.2 5.6 6.1 6.0 

N* wt. % 0.7 1.0 1.6 0.1 0.8 0.1 

S* wt. % 0.2 0.05 0.05 0.1 0.1 0.01 

O** wt. % 43.6 42.5 42.1 43.1 43.7 42.9 

Proximate 

Analysis 

       

Moisture wt. % 10.1 7.2 6.8 3.1 10.6 15.3 

VM wt. % 67.2 69.5 73.7 70.5 56.1 70.4 

Ash wt. % 6.4 3.1 2.1 4.4 16.1 0.1 

FC wt. % 16.3 20.2 17.4 22.0 17.2 14.2 

* d.a.f, ** Calculated by difference; 
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Table 1.2 - Annual estimate of straw residues in China in 2009. Data adapted from 

Jiang et al. (2012). 

Crop Yield (Mte) 
By-Product 

Yields (Mte) 

Rice 195.1 195.1 

Wheat 115.1 126.6 

Maize 163.7 327.5 

Beans 19.3 30.0 

Tubers 30.0 30.0 

Oil-Bearing Crops 31.5 63.1 

Cotton 6.4 19.1 

Fiber Crops 0.4 0.6 

Sugar Crops 121.7 12.2 

Total 530.8 806.9 
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Table 1.3 - Emission factors for emitted pollutants from the utilization of various 

agricultural by-products in direct combustion (DC), cook stoves (CS), and open 

burning (OB). 

Study Feedstock Units PM10 PM2.5 PAH NOx SOx CO 

DC         

[1] 
Coal/Rice Husk 

(50:50) 
mg/MJ 1080 90a 0.06 - - - 

[1] Rice Husk mg/MJ 1125 106a - - - - 

[1] Bamboo mg/MJ - - 3    

[2] 
Coal/Rice Husk 

(50:50) 
mg/MJ - - - 41 306 86 

[2] 
Coal/Bamboo 

(50:50) 
mg/MJ - - - 42 286 92 

[3] Rice Husk mg/MJ - - 0.003 - - - 

[4] Rice Husk mg/MJ 22b   694 89 197 

[5] 
Coal/Olive Pips 

(76:24) 
mg/MJ - - - 90 - - 

[6] 
Coal/Wheat Straw 

(70:30) 
mg/MJ - - - 15 - - 

[6] 
Coal/Corn Straw 

(70:30) 
mg/MJ - - - 78 - - 

CS         

[7] Rice Straw mg/MJ 1187b - - - - 7751 

[8] Wood mg/MJ 95 91 - 110 - 9845 

[9] Wood mg/MJ - - 0.7 - - - 

[10] Rice Straw mg/kg - - 43 - - - 

[10] Wheat Straw mg/kg - - 66 - - - 

[11] Wood mg/MJ 21 - - 94 - 118 

[11] Sessile Oak mg/MJ 222 - - 131 - 3681 

[12] Rice Husk mg/kg 5000b - 140 - - - 

[13] Rice Straw mg/kg - - 1.64 - - - 

[13] Corn Straw mg/kg - - 0.93 - - - 

[13] Wheat Straw mg/kg - - 0.72 - - - 

[14] Rice Straw mg/kg - - - 3430 180  

OB         

[15] Rice Straw mg/kg - 4200 - 3110 - 102000 

[16] Savanna mg/kg - 7170 - 3900 480 63000 

[16] Tropical Forest mg/kg 18500 9100 - 2550 400 93000 

[16] Temperate Forest mg/kg - 12700 - 2510 - 89000 

[17] Rice Straw mg/kg - - 26.1 - - - 

a – refers to PM2.1; b – refers to TSP; [1] (Chao et al., 2008); [2] (Kwong et al., 2007); [3] 
(Janvijitsakul and Kuprianov, 2008); [4] (Chungsangunsit et al., 2004); [5] (Fahlstedt et al., 
1997); [6] (Wang et al., 2017); [7] (Smith et al., 2000); [8] (Mitchell et al., 2016); [9] (Shen et 
al., 2017); [10] (Shen et al., 2011); [11] (Kistler et al., 2012); [12] (Kim Oanh et al., 2005); 
[13] (Zhang et al., 2011); [14] (Cao et al., 2008); [15] (Christian et al., 2003); [16] (Akagi et 
al., 2011); [17] (Jenkins et al, 1996). 
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Table 1.4 - Typical pyrolysis product yields (wt. %) from different modes of pyrolysis 

(IEA, 2006). 

Mode Conditions Biochar Bio-oil Pyrogas 

Fast Pyrolysis Moderate temperature (≈ 500 °C) 

and short residence times (≈ 1 s). 

12 % 75 % 13 % 

Intermediate 

Pyrolysis 

Moderate temperature (≈ 500 °C) 

and moderate vapor residence 

times (≈ 10 – 20 s) 

20 % 50 % 30 % 

Slow 

Pyrolysis 

Low temperatures (≈ 400 °C) and 

long residence times (> 10 mins) 

35 % 30 % 35 % 
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Table 2.1 - Proximate and ultimate analysis of rice husk and biochar each pyrolysis 

temperature (Tp). 

 Rice Husk Rice Husk Derived Biochar 

Tp (°C) - 400 500 600 700 800 

Proximate Analysis (wt 
%) 

      

   Moisture 9.2 - - - - - 

   Volatiles 51.3 - - - - - 

   Fixed C 18.4 - - - - - 

Ultimate Analysis (wt % 
d.a.f) 

      

   C 38.1 43.0 43.5 43.4 41.6 41.7 

   H 5.00 2.21 1.92 1.58 1.19 1.19 

   N 0.26 0.47 0.30 0.30 0.35 0.37 

   S 0.52 0.41 0.13 0.09 0.01 0.00 

   O# 56.1 53.9 54.2 54.6 56.9 56.7 

HHV (MJ/kg) 15.4 17.0 17.1 17.0 15.7 15.9 

Yield (%) - 44.5 41.1 40.0 39.1 37.6 

Ash (%) 21.5 47.3 50.3 53.8 54.0 55.7 
# Calculated by difference. 
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Table 2.2 - Contribution of smallest and largest PM size fractions to total PM2.1 yield 

with varying contributions of bio-oil to pyrolysis volatiles HHV at each volatile 

production temperature (Tv). 

Tv (°C) Bio-oil Contribution 

to Pyrolysis 

Volatiles HHV (%) 

Wt. % of PM2.1 Yield 

Contributed by Different Particle Sizes 

  0.1 – 0.43 µm 

(Sub-micron) 

1.1 – 2.1 µm 

(Super-micron) 

400 90.3 40.8 28.4 

500 74.0 48.6 24.5 

600 63.9 50.3 25.8 

700 53.0 52.7 21.9 

800 43.6 52.0 21.8 
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Table 3.1 - Some properties of the PAH species detected in this work. 

PAH Structure (# of 

rings) 

Molecular weight 

(g/mole) 

Vapor pressure 

(mm Hg) 

TEF* 

Naphthalene 2 128.17 8.89E−02 0.001 

2-Bromonapthalene 2 207.07 5.70E-03 - 

Acenaphthylene 3 152.20 2.90E−02 0.001 

Acenaphthene 3 154.21 3.75E−03 0.001 

Fluorene 3 166.22 3.24E−03 0.001 

Phenanthrene 3 178.23 6.80E−04 0.001 

Anthracene 3 178.23 2.55E−05 0.01 

Pyrene 4 202.26 4.25E−06 0.001 

Fluoranthene 4 202.26 8.13E−06 0.001 

Chrysene 4 228.29 7.80E−09 0.01 

Benzo(a)anthracene 4 228.29 1.54E−07 0.1 

Benzo(b)fluoranthene 5 252.32 9.59E−11 0.1 

Benzo(a)pyrene 5 252.32 4.89E−09 1 

Indeno(1,2,3-

cd)pyrene 

6 276.34 1.40E−10 0.1 

Benzo(g,h,i)perylene 6 276.34 1.00E−10 0.01 

Dibenz(a,h)anthracene 6 278.35 2.10E−11 1 

* TEF refers to the carcinogenic toxicity of each PAH species relative to BaP (Nisbet and 
LaGoy, 1992). 
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Table 3.2 - Biochar-bound PAH concentrations and BaP - TEQ at each pyrolysis 

temperature (Tp). 

 PAH Concentration (µgPAH/gbiochar) 
 

Tp (°C) 400 500 600 700 800 

Naphthalene 

 
0.402 ± 0.082 

 
2.226 ± 0.433 

 
1.253 ± 0.397 

 
3.603 ± 0.813 

 
3.692 ± 0.820 

2-Bromonapthalene n.d. n.d. n.d. n.d. n.d. 

Acenaphthylene 

 
0.123 ± 0.011 

 
0.336 ± 0.013 

 
0.362 ± 0.133 

 
1.208 ± 0.397 

 
1.648 ± 0.149 

Acenaphthene 

 
0.048 ± 0.012 

 
0.120 ± 0.033 

 
0.217 ± 0.097 

 
0.027 ± 0.004 

 
0.063 ± 0.008 

Fluorene 

 
0.110 ± 0.022 

 
0.151 ± 0.029 

 
0.598 ± 0.239 

 
0.026 ± 0.005 

 
0.145 ±0.056 

Phenanthrene 

 
0.175 ± 0.022 

 
0.309 ± 0.133 

 
0.890 ± 0.244 

 
0.445 ± 0.171 

 
1.101 ± 0.290 

Anthracene 

 
0.057 ± 0.057 

 
0.038 ± 0.006 

 
0.625 ± 0.088 

 
0.058 ± 0.025 

 
0.913 ± 0.196 

Pyrene 

 
0.038 ± 0.019 

 
0.021 ± 0.021 

 
0.494 ± 0.161 

 
0.406 ± 0.167 

 
1.052 ± 0.261 

Fluoranthene 

 
0.031 ± 0.013 

 
0.023 ± 0.023 

 
0.548 ± 0.168 

 
0.378 ± 0.158 

 
1.138 ± 0.349 

Chrysene 

 
0.016 ± 0.016 

 
0.006 ± 0.006 

 
0.491 ± 0.145 

 
0.025 ± 0.014 

 
0.448 ± 0.207 

Benzo(a)anthracene 

 
0.006 ± 0.006 

 
0.006 ± 0.006 

 
0.477 ± 0.138 

 
0.003 ± 0.003 

 
0.315 ± 0.141 

Benzo(b)fluoranthene 

 
0.005 ± 0.005 

 
0.005 ± 0.005 

 
0.532 ± 0.142 

 
0.002 ± 0.002 

 
0.312 ± 0.142 

Benzo(a)pyrene 

 
0.003 ± 0.003 

 
0.004 ±  0.002 

 
0.431 ± 0.138 

 
0.003 ± 0.003 

 
0.253 ± 0.112 

Indeno(1,2,3-cd)pyrene 

 
0.002 ± 0.002 

 
0.002 ± 0.002 

 
0.294 ± 0.100 

 
0.001 ± 0.001 

 
0.087 ± 0.038 

Benzo(g,h,i)perylene 

 
0.003 ± 0.003 

 
0.001 ± 0.001 

 
0.498 ± 0.179 

 
0.000 ± 0.000 

 
0.096 ± 0.046 

Dibenz(a,h)anthracene 

 
0.002 ± 0.002 

 
0.001 ± 0.001 

 
0.118 ± 0.048 

 
0.000 ± 0.000 

 
0.024 ± 0.012 

Total PAH 1.022 ± 0.212 3.250 ± 0.499 7.829 ± 2.380 6.185 ± 1.664 

11.284 ± 

0.877 

BaP-TEQ 

(µgPAH/gbiochar) 0.008 ± 0.002 0.010 ± 0.001 0.700 ± 0.213 0.011 ± 0.003 0.372 ± 0.029 

 (n.d. = not detected) 
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Table 3.3 - Bio-oil PAH concentrations at each pyrolysis temperature (Tp). 

 PAH Concentration (µgPAH/mlbio-oil) 

Tp (°C) 400 500 600 700 800 

Naphthalene 0.07 ± 0 0.85 ± 0.04 0.60 ± 0.08 33.90 ± 12.61 204.67 ± 3.84 

2-Bromonapthalene n.d. n.d. n.d. n.d. n.d. 

Acenaphthylene 0.42 ± 0.01 0.42 ± 0.10 1.00 ± 0.13 20.20 ± 8.64 277.12 ± 4.34 

Acenaphthene 0.23 ± 0.01 0.25 ± 0.03 0.67 ± 0.08 3.20 ± 1.38 26.38 ± 2.36 

Fluorene 0.10 ± 0.02 0.18 ± 0 0.36 ± 0.01 8.00 ± 3.35 163.37 ± 10.67 

Phenanthrene 0.06 ± 0.01 0.10 ± 0.01 0.52 ± 0.07 9.17 ± 3.82 183.27 ± 4.86 

Anthracene 0.03 ± 0 0.09 ± 0.01 0.15 ± 0.02 2.86 ± 1.25 102.19 ± 9.35 

Pyrene n.d. n.d. 0.07 ± 0.01 1.49 ± 0.67 44.00 ± 3.99 

Fluoranthene n.d. n.d. 0.09 ± 0.01 1.59 ± 0.70 47.95 ± 4.59 

Chrysene n.d. n.d. 0.03 ± 0.03 0.75 ± 0.33 18.58 ± 1.73 

Benzo(a)anthracene n.d. n.d. 0.02 ± 0.02 0.61 ± 0.29 20.23 ± 2.37 

Benzo(b)fluoranthene n.d. n.d. n.d. 0.71 ± 0.35 7.52 ± 0.65 

Benzo(a)pyrene n.d. n.d. n.d. 0.38 ± 0.10 9.99 ± 1.38 

Indeno(1,2,3-cd)pyrene n.d. n.d. 0.04 ± 0.02 0.15 ± 0.05 2.94 ± 0.38 

Benzo(g,h,i)perylene n.d. n.d. 0.02 ± 0.02 0.06 ± 0.06 1.07 ± 0.13 

Dibenz(a,h)anthracene n.d. n.d. n.d. 0.16 ± 0.06 3.45 ± 0.40 

2 - 3 Ring % 100 ± 0 100 ± 0 92.94 ± 1.57 92.94 ± 0.32 86.01 ± 0.76 

4 Ring % n.d. n.d. 5.51 ± 1.27 5.32 ± 0.29 11.75 ± 0.60 

5 - 6 Ring % n.d. n.d. 1.55 ± 0.30 1.73 ± 0.03 2.24 ± 0.16 

Total PAH  

(µgPAH/mlbio-oil) 0.91 ± 0.35 1.87 ± 0.03 3.54 ± 0.17 83.17 ± 33.60 1112.68 ± 50.99 

(n.d. = not detected) 
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Table 3.4 - Concentration of the 10 most predominant aromatic species present in 

the bio-oil produced at each pyrolysis temperature (Tp). 

Compound Concentration (µg/mlbio-oil) 

400 °C Bio-Oil 
phenol 384.19 

2-methoxy-4-methylphenol 273.07 
4-methylphenol 251.33 

5-methyl-2-furancarboxaldehyde/3-methyl-2- 
cyclopenten-1-one 

228.79 

2-methoxyphenol 199.56 
3-methyl-1,2-cyclopentanedione 190.43 

4-ethylphenol 164.08 
butyrolacetone 143.55 
2-methylphenol 128.31 

4-ethyl-2-methoxyphenol 117.84 

500 °C Bio-Oil 
phenol 715.13 

4-methylphenol 455.21 
2-methoxy-4-methylphenol 329.50 

2-methylphenol 212.22 
5-methyl-2-furancarboxaldehyde/3-methyl-2- 

cyclopenten-1-one 
193.94 

4-ethylphenol 190.77 
4-ethyl-2-methoxyphenol 188.82 

butyrolacetone 188.30 
3-methyl-1,2-cyclopentanedione 167.26 

4-ethyl-1,3-benzenediol 134.33 

600 °C Bio-Oil 
2-methoxyphenol 630.05 

phenol 346.82 
2-methoxy-4-methylphenol 253.71 

butyrolacetone 247.05 
5-methyl-2-furancarboxaldehyde/3-methyl-2- 

cyclopenten-1-one 
186.23 

2,6-dimethoxyphenol 184.25 
vanillin 151.45 

4-methylphenol 142.59 
4-ethylphenol 104.33 

4-ethyl-2-methoxyphenol 102.75 

700 °C Bio-Oil 
phenol 798.51 

4-methylphenol 495.58 
2-methylphenol 242.96 
4-ethylphenol 111.73 

3,5-dimethylphenol 65.23 
2-methylnaphthalene 42.31 

2,3-dihydrobenzofuran 40.84 
1-methylnapthalene 37.82 
(ethenyloxy)benzene 35.40 

800 °C Bio-Oil 
phenol 1248.67 

4-methylphenol 440.22 
acenaphthylene 277.12 

1-methylnapthalene 247.68 
naphthalene 204.67 

2-methylnapthalene 197.09 
phenanthrene 183.27 

fluorine 163.37 
biphenyl 157.89 

dibenzofuran 124.20 
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Table 4.1 - Proximate analysis of the as received grape pruning (GP) and rice husk 

(RH). Ultimate analysis of the GP, RH, and biochar derived between 400 – 800 °C. 

The results presented for the rice husk are adapted from Chapter 2. 

 Moisture VM Fixed 
C 

Ash C H N S Oa 

Rice Husk  

RH 9.20 51.3 18.4 21.5 38.1 5.00 0.26 0.52 56.1 

RH400 - - - 47.3 43.0 2.21 0.47 0.41 53.9 

RH500 - - - 50.3 43.5 1.92 0.30 0.13 54.2 

RH600 - - - 53.8 43.4 1.58 0.30 0.09 54.6 

RH700 - - - 54.0 41.6 1.19 0.35 0.01 56.9 

RH800 - - - 55.7 41.7 1.19 0.37 0.00 56.7 

Grape 
Pruning 

 

GP 6.79 65.4 21.0 6.67 49.2 6.69 1.00 0.27 42.9 

GP400 - - - 18.5 68.6 4.56 1.50 0.18 25.2 

GP500 - - - 20.3 72.9 3.64 1.46 0.14 21.9 

GP600 - - - 23.8 79.2 2.68 1.43 0.10 16.6 

GP700 - - - 24.9 77.4 1.76 1.26 0.06 19.5 

GP800 - - - 29.9 81.1 1.16 1.44 0.03 16.3 
a d.a.f, calculated by difference. 
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Table 4.2 - Composition of the pyrogas fraction of raw pyrolysis volatiles produced 

from the grape pruning (GP) and rice husk (RH) between 400 and 800 °C. The 

results presented for the rice husk are adapted from Chapter 2. 

Species 400 °C 500 °C 600 °C 700 °C 800 °C 

GP (vol %)  

H2 0.4 3.4 10.3 14.6 14.4 

CO 14.5 11.6 10.0 10.2 14.8 

CO2 33.1 29.0 21.5 15.8 11.2 

CH4 2.0 6.0 8.3 9.3 9.6 

HHV (MJ/kg) 1.8 3.1 4.7 6.0 6.8 

RH (vol %)  

H2 0.6 2.1 5.4 9.3 9.6 

CO 20.4 20.4 24.3 25.2 21.9 

CO2 26.8 17.7 12.3 9.4 9.0 

CH4 1.5 3.7 3.8 3.1 5.9 

HHV (MJ/kg) 2.3 3.2 4.2 4.7 5.4 
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Table 5.1 – Yields of pyrolysis products and HHV of the raw pyrolysis volatiles 

produced from dried and AR rice husk at various pyrolysis temperatures (Tp = 400 – 

800 °C). The data for the dried rice husk is adapted from Chapter 2. 

 

Pyrolysis Product Yield (wt. %) Raw Pyrolysis 

Volatile HHV (MJ/kg) 

Tp Biochar Bio-oil Pyrogas 

 
400 °C (Dried) 44.5 36.6 18.8 14.2 

500 °C (Dried) 41.2 22.4 36.4 14.2 

600 °C (Dried) 40.1 22.3 37.6 14.4 

700 °C (Dried) 39.0 15.9 45.1 15.2 

800 °C (Dried) 37.6 16.0 46.4 15.1 

400 °C (AR) 38.4 41.8 19.9 12.1 

500 °C (AR) 33.1 35.8 31.2 12.5 

600 °C (AR) 33.2 32.4 34.4 12.5 

700 °C (AR) 29.6 28.6 41.7 13.3 

800 °C (AR) 29.4 25.0 45.6 13.2 
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Table 5.2 – Contribution by weight (%) of PM0.1-1.1, PM0.1-2.1 and PM2.1-10 to the total 

PM10 yield for combustion (Tc = 850 °C) of the raw pyrolysis volatiles produced at 

each volatile production temperature (Tv) for the dried and AR rice husk.  

 
Dried AR 

 % Cont. to PM10 Yield 

Tv 

(°C) 
PM0.1-1.1 PM0.1-2.1 PM2.1-10 PM0.1-1.1 PM0.1-2.1 PM2.1-10 

400 22.9 32.0 68.0 7.8 27.4 72.6 

500 18.3 24.2 75.8 7.9 20.2 79.8 

600 18.4 24.7 75.3 7.9 18.5 81.5 

700 11.5 14.7 85.3 5.6 7.2 92.8 

800 10.8 13.8 86.2 5.7 5.7 94.3 
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Table 5.3 – PM-bound PAH concentrations generated from combustion (Tc = 850 

°C) of the raw pyrolysis volatiles at each volatile production temperature (Tv) for the 

dried rice husk. 

 PM-Bound PAH Concentration (µgPAH/gPM) 

Tv (°C) 400 500 600 700 800 

Dried      

Naphthalene 37.48 91.86 47.28 27.26 22.00 

Acenaphthylene 30.21 57.40 34.70 51.46 44.95 

Acenaphthene 34.14 90.38 45.79 27.26 22.00 

Fluorene 10.05 14.71 6.60 15.67 13.52 

Phenanthrene 59.34 128.46 92.33 97.40 89.23 

Anthracene 38.76 44.15 52.07 51.41 48.46 

Pyrene 51.74 63.79 48.75 60.17 56.94 

Fluoranthene 63.48 115.22 68.04 75.99 71.09 

Chrysene 23.51 48.01 58.86 76.99 71.95 

Benzo(a)anthracene 16.49 25.96 43.50 59.48 54.30 

Benzo(b)fluoranthene 3.99 36.51 80.38 85.28 91.75 

Benzo(a)pyrene 12.78 25.98 62.33 70.78 77.15 

Indeno(1,2,3-cd)pyrene 6.67 11.68 52.05 57.69 62.97 

Benzo(g,h,i)perylene 11.50 14.58 69.39 124.46 106.92 

Bibenz(a,h)anthracene 2.51 1.68 10.03 62.89 48.38 

Total PAH Conc. 402.7 ± 208.9 770.4 ± 143.3 772.1 ± 173.0 944.2 ± 91.3 881.6 ± 108.2 

% 2 - 3 Ring 52.1 ± 9.6 55.4 ± 14.3 36.1 ± 21.2 28.6 ± 8.9 27.2 ± 3.2 

% 4 Ring 38.5 ± 1.3 32.8 ± 3.5 28.4 ± 3.1 28.9 ± 1.1 28.8 ± 5.1 

% 5 - 6 Ring 9.3 ± 7.1 11.7 ± 8.7 35.5 ± 19.0 42.5 ± 7.3 43.9 ± 7.9 
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Table 5.4 – PM-bound PAH concentrations generated from combustion (Tc = 850 

°C) of the raw pyrolysis volatiles at each volatile production temperature (Tv) for the 

AR rice husk. 

 PM-Bound PAH Concentration (µgPAH/gPM) 

Tv (°C) 400 500 600 700 800 

AR      

Naphthalene 179.68 182.38 193.76 154.91 171.53 

Acenaphthylene 105.66 138.95 152.42 118.72 165.56 

Acenaphthene 173.32 161.01 190.31 71.44 94.36 

Fluorene 30.02 44.84 57.22 11.39 24.64 

Phenanthrene 182.09 147.39 185.13 278.35 281.19 

Anthracene 55.45 60.48 77.28 103.77 128.22 

Pyrene 88.61 100.29 147.86 139.94 219.61 

Fluoranthene 179.61 123.36 174.25 173.75 253.41 

Chrysene 56.21 36.07 46.18 76.34 102.87 

Benzo(a)anthracene 27.43 19.98 25.20 42.89 77.27 

Benzo(b)fluoranthene 31.12 19.31 23.43 49.12 110.50 

Benzo(a)pyrene 23.10 13.84 14.99 40.31 73.62 

Indeno(1,2,3-cd)pyrene 3.21 3.08 2.02 33.36 58.16 

Benzo(g,h,i)perylene 3.35 3.23 2.19 31.33 79.85 

Dibenz(a,h)anthracene 0.30 0.28 0.24 1.45 12.06 

Total PAH Conc. 
1139.1 ± 94.0 1054.5 ± 125.0 1292.6 ± 203.1 1327.2 ± 166.5 1853.0 ± 140.2 

% 2 - 3 Ring 
63.8 ± 9.8 69.7 ± 1.8 66.2 ± 3.9 55.6 ± 3.7 46.7 ± 15.5 

% 4 Ring 
30.9 ± 6.8 26.5 ± 2.5 30.4 ± 4.1 32.6 ± 4.0 35.2 ± 2.4 

% 5 - 6 Ring 
5.4 ± 3.0 3.8 ± 0.7 3.3 ± 0.6 11.7 ± 7.0 18.0 ± 13.7 
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Table 6.1 - Summary of key benefits/drawbacks relating to emissions from pyrolysis-

combustion process. Outcomes during operation for optimized biochar and energy 

production are presented. 

 Optimized Biochar Production 

(Tv = 400 °C)  

Optimized Energy Production 

(Tv = 800 °C) 

Benefits  Reduced PM-bound PAH 

toxicity. 

 Reduced char-bound PAH 

toxicity. 

 Reduced sulfurous gaseous 

pollutant yields. 

 Reduced nitrogeneous 

gaseous pollutant yields. 

 Reduced PM yields 

Drawbacks  Increased PM yields  Increased PM-bound PAH 

toxicity. 

 Increased char-bound PAH 

toxicity. 

 Increased sulfurous gaseous 

pollutant yields. 

 Increased nitrogeneous 

gaseous pollutant yields. 
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Figures 

 

Fig. 1.1 - Illustration of the change in colour associated with the application of 

biochar to soils (Lehmann, 2007). 
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Fig. 1.3 - Schematic showing the formation of PAHs and soot particles during 

combustion (Lima et al., 2005). 
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Fig. 1.4 - Van Krevelen diagram for untreated wood and torrefied wood in 

comparison to other common fuels (van der Stelt et al., 2011). 
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Fig. 1.5 - Energy flows (MJ/te dry feedstock) of a simulated pyrolysis-combustion 

system for biochar and bioenergy production using late stover (Roberts et al., 2010). 
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Fig. 1.6 - Schematic diagram of the continuous screw-kiln pyrolysis system (Efika et 

al., 2012). 
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Fig. 1.7 - Rotary kiln (quartz) reactor for the production of char by waste tyre 

pyrolysis (Antoniou and Zabaniotou, 2015). 
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Fig. 1.8 - a) Bubbling fluidized bed reactor schematic and b) Circulating fluidized bed 

reactor schematic (Brown, 2009). 
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Fig. 2.1 - Schematic diagram of the pyrolysis-combustion and sampling systems 

(components: 1. Hopper; 2. Motor; 3. Feeding screw; 4. Nitrogen cylinder; 5. Main 

screw reactor; 6. Electric heaters; 7. Char collection vessel; 8. In-line HEPA filter for 

combustion air; 9. Burner; 10; Bio-oil collection vessel; 11. Ice/water mixture; 12. 

Gas collection bag; 13. Coalescing filter; 14. Gas chromatography/thermal 

conductivity detector (GC-TCD); 15. Combustion furnace; 16. Bio-oil/particulate filter; 

17. CO2 analyser; 18. CO/O2 analyser; 19. HEPA filter; 20. Air dilution tunnel; 21. 

Cascade impactor; 22. Vacuum pump; T. temperature control; F. flowmeter). 
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Fig. 2.6 - Relationship between ash content of feedstock and energy-based yield of 

PM10 (mg/MJ). The energy-based yields of PM10 for this process optimized for either 

biochar yield or energy generation are shown. *Refers to total suspended particles 

(TSP). 
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Fig. 3.3 - Influence of volatile production temperature (Tv) (400 – 800 °C) on the ratio 

of the mass of PM-bound PAHs to the mass of PAHs contained within the bio-oil. 

Combustion of the raw pyrolysis volatiles was carried out at 850 °C. 
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Fig. 4.1 - Schematic diagram of the pyrolysis-combustion and sampling systems 

(components: 1. Hopper; 2. Feeding screw; 3. Motor; 4. Nitrogen cylinder; 5. Main 

screw reactor; 6. Electric heaters; 7. Biochar collection vessel; 8. Burner; 9; 

Condensation train; 10. Gas collection bag; 11. Gas chromatograph/thermal 

conductivity detector (GC-TCD) with coalescing filter; 12. Combustion furnace; 13. 

CO2 analyser; 14. CO/O2 analyser; 15. HEPA filter; 16. H2S, SO2, NO, NO2 analyser; 

17. Air dilution tunnel; 18. Cascade impactor; 19. Vacuum pump). 
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Fig. 6.1 - Mass (g) of stable and labile C added to the soil for the utilization of 1 kg of 

pre-dried rice husk in the pyrolysis-combustion process. 
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