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Abstract 

Energy is very important in meeting our basic needs. It is also one of the fundamental requirements in 

the industrial, transportation and agricultural sectors which determine the overall economic 

development of nations. In this work pyrolysis of different types of wastes, mainly chicken litter and 

rice husk, was performed at different heating rates and ranges of temperature obtained from a 

concentrated solar radiation. 

Review of solar based technologies and their applications to solar-assisted biomass utilization and 

conversion technologies were performed to identify the gaps and study the type of bio-fuels that can be 

produced from solar driven biomass pyrolysis. Prospective solar concentrators were assessed for their 

efficiency, maximum temperature and applications. Based on the information obtained from the 

literature and the gaps identified in the review, parabolic dish was selected as a prospective solar 

concentrator that can achieve higher temperatures at relatively better concentration ratio. Thus a 

parabolic dish of 1.8 m aperture diameter and a focal length at 0.655 m was designed and manufactured 

at Macquarie University. The dish was laminated with an 88% reflective aluminium polyethylene 

terephthalate (PET) and mounted on a rotating structure for adjusting the height and azimuth angles of 

the sun. Experiments were conducted to measure the maximum achievable temperature and select 

reactors from different types of materials which should be placed at the focal region. Quartz glass and 

stainless steel tubes were the best performing reactors, achieving maximum temperature of 1100°C at 

900 to 1000 W/m2.   

The feedstock (chicken litter and rice husk) were collected from Carlingford, Sydney then dried and 

crushed to a sieve size of 280 µm and then packed separately in the quartz glass reactor for the solar 

pyrolysis experiments which were conducted at different solar temperatures (500 to 900°C).  

Gases were the main products obtained from the pyrolysis of the chicken-litter waste, generated in the 

range of 45–59 wt% followed by bio-char (16–40 wt%) and bio-oils (14–36 wt%). The pyrolysis gas 

was composed of CO2, CO, CH4, H2 and other light weight hydrocarbons, while the bio-oils which 

contained phenols, acids and N-containing compounds can be applied to produce solvents, cleaning 

agents, paint removers, detergents as well as in the synthesis of dyes, aspirin and plastics. Bio-oil and 

bio-char were the dominant yields in solar pyrolysis, reaching up to 44 wt.% and 43 wt.%, respectively. 

The bio-char had large glass-like cylindrical holes with many porous and loose structures which are the 

required properties for the bio-char to be a candidate material for contaminant adsorbent in waste water 

treatment. 

The quality of the solar pyrolysis products was further upgraded using CaO and char catalysts. The 

catalysts were separately applied in different proportions in an in-situ and ex-situ modes with the 

chicken litter, and subjected to the solar pyrolysis at 500 to 800°C. In all cases there was substantial 
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decrease in CO2 accompanied by an increase in the formation of CO from 10 to 63 wt% and H2 from 1 

to 15 wt%. Similarly, addition of CaO exhibited considerable deoxygenation performance of the fatty 

acids up to 3%.  

Solar pyrolysis experiments performed on the chicken litter and rice husk biomass at higher 

temperatures (800 to 1600°C) and heating rates (10 to 500°C/min) produced highly combustible gases 

with higher heating values of 7255 ± 566 kJ/kg.  

Overall, the obtained results revealed that solar-assisted pyrolysis of biomass could be a promising 

technology for fuel and chemical production. 
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  Introduction  

Energy is considered as one of the significant factors for economic development and its demand is 

increasing due to the rapid population growth and improved living standards. It has been projected that 

world energy consumption will grow by 124% at the end of this millennia (Deign, 2018) which is 

approximately equivalent to 343 petawatt-hours of energy. Currently, fossil fuels are the main sources of 

energy and they will still remain the dominant source through 2030 and well beyond (Bajwa et al., 2018). 

Keeping the current laws, regulations and policies of energy consumption, the fossil fuel reserve will be 

depleted after 70 years (Weldekidan et al., 2018). Moreover, in 2040 energy related greenhouse gas 

(GHG) emissions are estimated to increase by 46%, reaching 45 billion metric tons. The heavy reliance 

on fossil fuel will bring significant climate change and seriously damage the environment (Lim et al., 

2012).  

To address these concerns, producton of fuels and chemicals with renewable energy is receiving intensive 

attention. Biomass is considred as one promising source of renewble energy due to its availability and 

carbon neautrality. Biomass can be converted to different types of bio-fuels through a thermochemical 

treatment process, called pyrolysis. Pyrolysis is a process of heating biomass without oxygen at 

temperature ranges of 300 to 700°C. Gases, liquid bio-oil and bio-chars are the main products obtained 

from biomass pyrolysis which can offer different advantages including supply reliablity, fuel diversity, 

carbon sequestration and many more. Pyrolysis is an endothermic process during which the heat requied 

to perform pyrolysis is generally supplied either from fossil based fuels or by combusting part of the 

biomass which compromises the quality and quantity of the pyrolysis products.    

On the other side, we have solar energy which can be captured and become available for biomass 

pyrolysis. Integrating these two sources can therefore, bring substantial benefits by making the whole 

energy generation process emission free and renewable.   

1.1 Thesis Outline 

This thesis describes an experimental study aimed at producing different types of fuels and 

chemicals from organic wastes using solar assisted thermochemical conversion processes. 

Solar energy has been concentrated to supply process heat to perform pyrolysis of different 

agricultural wastes, chicken-litter waste and rice husk at different operating conditions. 

Pyrolysis gases, bio-oil and bio-chars were sufficiently produced and characterized to pinpoint 

possible areas of applications. It was found that solar assisted pyrolysis can generate fast 

heating rates and high temperatures which favour production of significant amount of pyrolytic 
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gases with higher energy values which can be used as a substitute for fossil fuels in many 

applications.  

This thesis is presented in 9 chapters. The general introduction, thesis structure and outlines 

are presented in Chapter one. In the second chapter, solar based technologies and their 

applications to solar assisted biomass utilization and conversion are thoroughly reviewed. 

Chapter 3 includes design and manufacturing of the solar system used in this study. Different 

types of absorber reactors were evaluated for their performance to produce solar fuels from 

biomass pyrolysis under the concentrated solar radiation. The fourth chapter comprises studies 

that examined fast pyrolysis of chicken-litter waste at different temperatures achieved with the 

solar concentrator. Production and analysis of fuels and chemical from the pyrolysis of rice 

husk, and the properties of pyrolysis gases, bio-oils and chars at different temperatures are 

discussed in Chapter 5. Chapters 4 and 5 were conducted at moderate pyrolysis temperatures 

which produced pyrolysis gases highly dominated with CO2. It is known that CO2 is one of the 

unwanted gas which should be removed from the gas mix to increase the energy content of the 

pyrolytic gases. Moreover, the bio-oils produced in the previous experiments were highly 

oxygenated and unstable. The sixth chapter was therefore aimed at upgrading quality of the 

pyrolysis products with the application of catalysts. Different types of catalysts have been 

utilized in different modes to improve the quality of the pyrolysis gases and bio-oil compounds. 

Solar pyrolysis experiments performed at higher temperatures and fast heating rates are 

discussed in Chapter 7. The influence of process parameters on the yield and composition of 

solar pyrolysis products are also assessed in Chapter 7. Chapter 8 presents the energy 

conversion efficiency of the pyrolysis of chicken litter and rice husk feedstocks. These 8 

chapters provide an all-encompassing study of the interlinking aspects of biomass pyrolysis 

under the concentrated solar radiation. The last chapter (Chapter 9) provides the general 

conclusion and recommendations. 

The thesis is formatted as a thesis by publications containing the following publications that 

resulted from the work: 

1.2 List of publications  

The following publications resulted from this thesis: 

Weldekidan, H., Strezov, V., & Town, G. (2018). Review of solar energy for biofuel 

extraction. Renewable and Sustainable Energy Reviews, 88, 184-192. 
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Weldekidan, H., Strezov, V., & Town, G., (2018). Solar energy for biofuel extraction, in 

Renewable Energy Systems from Biomass: Efficiency, Innovation, and Sustainability 

ed. by V. Strezov and H.M. Anawar, CRC Press, Boca Raton, USA, pp 191-208, ISBN 

978-1-4987-6790-3.  

Weldekidan, H., Strezov, V., & Town, G. (2017). Performance evaluation of absorber reactors 

for solar fuel production. Chemical Engineering Transaction, 61, 1111-1116. 

Weldekidan, H., Strezov, V., Kan, T., & Town, G. (2018). Waste to energy conversion of 

chicken litter through a solar-driven pyrolysis process. Energy & Fuels, 32(4), 4341-

4349. 

Weldekidan, H., Strezov, V., Town, G., & Kan, T. (2018). Production and analysis of fuels 

and chemicals obtained from rice husk pyrolysis with concentrated solar radiation. 

Fuel, 233, 396-403. 

Weldekidan, H, Strezov, V., Kan, T., Kumar, R., He, J., and Town,. G., (2019). Solar assisted 

catalytic pyrolysis of chicken-litter waste with in-situ and ex-situ loading of CaO and 

char. Fuel, 246, 408-416. 

Weldekidan, H, Strezov, V., Li, R., Kan, T., Town, G., Kumar, R., He, J., Flamant, G., (2018). 

Distribution of solar pyrolysis products and product gas composition produced from 

agricultural residues at different operating parameters. Submitted to Renewable Energy.  

Weldekidan, H, Strezov, V., He, J., Kumar, R., Asumadu-Sarkodie, S., Doyi, I., Jahan, S., 

Kan, T., Town, G., (2018). Energy conversion efficiency of pyrolysis of chicken litter 

and rice husk biomass. Energy & Fuels, 

http://dx.doi.org/10.1021/acs.energyfuels.9b01264. 

List of peer reviewed conferences  

Weldekidan, H., Strezov, V., Kan, T., and Town, G., Comparison of chicken-litter waste and 

rice husk pyrolysis under concentrated solar radiation. The 256th American Chemical Society 

(ACS) National Meeting, 19–23 August 2018, Boston, USA. 

Weldekidan, H., Strezov, V., Kan, T., Kumar, R., He, J., and Town, G., Catalytic pyrolysis of 

chicken-litter biomass using calcium oxide and bio-char catalysts assisted by solar energy, 6th 

International Conference on Biomass Energy, 16–19 October 2018, Wuhan, China. 

https://protect-au.mimecast.com/s/GRXnClx1OYUXxypEiyv9vp?domain=dx.doi.org
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Weldekidan, H., Strezov, V., Kan, T., and Town, G., Waste to energy valorization of chicken 

litter through solar-driven pyrolysis process. 6th Sino-Australian Symposium on advanced coal 

and biomass utilization technologies, 4–8 December 2017, Perth, Western Australia.   

Weldekidan, H., Strezov, V., Town, G., Kan, T., Ray tracing characterization of solar-assisted 

biomass pyrolysis reactors. Chemeca 2017 – Innovation through science and engineering, 23–

26 July 2017, Melbourne, Australia. 

Weldekidan, H., Strezov, V., Town, G., Performance evaluation of absorber reactors for solar 

fuel production. 20th conference process integration, modeling and optimization for energy 

saving and pollution reduction, 21–24 August 2017, Tianjin, P. R. China. 
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 Review of solar energy for biofuel extraction 

In this chapter, review of solar-assisted pyrolysis of organic feedstock for converting solar 

energy into different types of solar fuels and chemicals is presented. Different types of solar 

concentrating technologies with potential to capture the solar heat to drive pyrolysis of different 

types of organic materials are studied. Review of solar assisted gasification and distillation 

process performed to date are further presented in this chapter. Additionally, a comprehensive 

study of the different products obtained from the pyrolysis and gasification of different types 

of feedstock under the concentrated solar radiation are performed. Contemporary 

developments on solar-assisted thermochemical conversion technologies and their products as 

well as the advantages of pyrolysis with respect to other thermochemical conversion processes 

are given in Appendix 1. In addition, discussion on solar towers is incorporated in Appendix 

2.  

The idea of this work was initiated by my supervisor Prof. Vladimir and developed and written 

by myself. Major editing and reviewing were performed by Prof. Vladimir and Prof. Graham, 

and published as a review paper in Renewable and Sustainable Energy Reviews.  

Publication: 

Weldekidan, H. (65%) Strezov, V. (25%) & Town, G. (10%). Review of solar energy for 

biofuel extraction, Renewable and Sustainable Energy Reviews (2018), 88: 184-192.  

Adopted for this thesis with the exclusive rights from Elsevier.  

The paper was republished with permission from Elsevier as: 

Weldekidan, H. (65%) Strezov, V. (25%) & Town, G. (10%) (2018). Solar Energy for Biofuel 

Extraction, in Renewable Energy Systems from Biomass: Efficiency, Innovation, and 

Sustainability ed. by V. Strezov and H.M. Anawar, CRC Press, Boca Raton, USA, pp 191-208, 

ISBN 978-1-4987-6790-3. 
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Abstract 

One of the most complex challenges of today is managing greenhouse gas emissions produced 

by excessive use of fossil fuels as energy source. With fossil fuels dominating the energy 

production, the sustainable and environmental problems will continue unless alternative 

sources of energy are put in place. Biomass is considered as a promising sustainable energy 

source which can be introduced to our energy mix. One way of converting raw biomass to 

higher value biofuels is following the thermochemical conversion processes, which include 

pyrolysis, gasification, torrefaction, combustion and distillation. However, these processes 

typically require heat energy to treat the biomass, which is often supplied from non-renewable 

energy sources. This greatly reduces the conversion efficiency and causes environmental 

problems. Utilization of solar energy for assisting the biomass conversion through 

thermochemical conversion process significantly improves the overall sustainability and 

process performance. This work reviews the solar based technologies and their application to 

solar assisted biomass utilization and conversion technologies. The review then discusses 

outcomes of different solar assisted biomass pyrolysis and gasification processes performed to 

date. It also presents the status of solar assisted distillation for improving ethanol concentration.  

Keywords: solar thermal, biomass, biofuel, thermochemical conversion, pyrolysis, 

gasification 

mailto:*vladimir.strezov@mq.edu.au
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2.1 Introduction  

Due to the rapid global population growth and rising living standards, there has been a 

significant increase in energy demand and consumption over the last several decades (Chen et 

al., 2015). By 2040, the total energy use is expected to grow by about 40% of the current use. 

Even though the share of fossil fuels in the entire energy mix is expected to fall, it will still 

remain the dominant source of energy with oil, coal and gas each expected to account to over 

25% of the global energy needs (Cronshaw, 2015). It is also estimated that the world population 

will reach 9.3 billion by 2050 (Morales et al., 2014). This rapid population growth will increase 

the energy demand while fossil fuels, being dominant energy sources, are estimated to 

significantly deplete after 70 years (Metzger & Hüttermann, 2009). It is inevitable that 

sustainability and environmental challenges will continue, unless an alternative source of 

energy is put in place ahead of time. The existing pattern of energy supply cannot be sustained 

in the near future because of the depletion of fossil fuel reserves and also environmental 

impacts from their use (Rahman et al., 2014). According to Morales et al. (2014) one of the 

most complex challenges faced today is managing and halting climate changes produced by 

the over-exploitation of natural resources.  

Biomass is seen as the most promising energy source to mitigate greenhouse gas emissions. 

Substantial adoption of this ubiquitous energy source could alleviate the environmental, social, 

and economic problems faced by the modern society (Khan et al., 2009). Many researchers 

have shown the possibility of a substantial contribution of biomass to our energy demand for 

the years to come. Until 2012, global biomass use was 8-14% of the world final energy 

consumption. The annual availability of biomass is estimated to reach as high as 108 Gtoe, 

which is almost ten times the world’s current energy requirement (Demirbas, 2007; Hoogwijk 

et al., 2005; Kan et al., 2016; Williams et al., 2012). 

There should be efficient utilization of biomass through the adoption of improved energy 

technologies. There are many existing processes that convert raw biomass to usable forms of 

energy and chemicals. These include combustion, pyrolysis, gasification, torrefaction, 

liquefaction, esterification and fermentation (Elliott et al., 1991; Strezov & Evans, 2015). 

These processes are considered as critical biomass utilization alternatives, offering economic 

benefits through the production of high value fuel gasses and liquids, char and chemicals 

(Bulushev & Ross, 2011; Han & Kim, 2008; Rapagnà et al., 1998; Zhang et al., 2016). These 

processes are highly endothermic requiring large heat input, generally supplied from non-
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renewable sources of energy (Morales et al., 2014). Solar energy can be captured and stored in 

chemicals or fuels, also known as solar fuels, for later use and easy transportation. Utilization 

of solar energy for assisting the biomass conversion through distillation or thermochemical 

processing is expected to significantly improve the overall biofuel life cycle performance. 

Recently biofuel extraction technologies using concentrated solar energy have been tested in 

solar reactors with real sun (Zeng et al., 2017). Current technologies consist concentrating part 

with polished aluminium or glass mirror as reflecting surface, biomass reactors mostly made 

of quartz or borosilicate glasses and different types of metals such as copper and steel, and 

controllers for temperatures, heating rates, pressure and tracking units (Weldekidan et al., 

2017).  

The objective of this work is to review solar based technologies and their applications for solar 

assisted biomass utilization and conversion technologies. The first part of the paper describes 

the fundamental conversion mechanisms of biomass to biofuels, with emphasis on the 

thermochemical conversion mechanisms. Different types of solar concentrating technologies 

with potential to capture the solar heat to drive the thermochemical conversion process are 

further discussed. Integration of the prospective solar collectors with biomass reactors are 

additionally elaborated. Finally, review of the solar assisted pyrolysis, gasification and status 

of solar assisted distillation process, together with characterization of the different product 

fractions obtained from the processes, are presented.   

2.2 Overview of biomass to biofuel conversion mechanisms  

Biofuel is a type of energy derived from biomass such as plants, agricultural, animal, domestic, 

and industrial wastes. Biomass can be converted into higher value biofuels either through 

biochemical, thermochemical or physico-chemical processes.  

Biochemical conversion process involves fermentation of the sugars into alcohols, such as 

ethanol. This includes biomass pre-treatment followed by fermentation of the sugars to ethanol 

then separation and purification to produce pure ethanol (Ullah et al., 2015). Fig. 1.1 shows the 

recent trends for the second generation of biofuel production through biochemical process from 

lignocellulosic biomass. The efficiency of the biochemical conversion process is between 35 

and 50%wt (Singh et al., 2010). This process can also be used to transform biomass into any 

type of petrochemical product compounds, such as olefins and aromatics which are made from 

petroleum or fossil fuels. 
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Distillation is typically used to produce, separate and distil ethanol into usable fuels. The 

energy is typically supplied through either an external heat source, such as gas or electricity 

from grid. In both cases, this practice reduces the environmental benefits of the biomass 

conversion processes on a full life cycle basis.  

Thermochemical processes of converting biomass into biofuels involve application of heat 

energy to treat the biomass in the conversion process with conversion efficiencies in the range 

between 41–77%wt (Singh et al., 2010). The treatment processes include combustion, 

gasification and pyrolysis.  

Combustion is the direct burning of biomass in the air for the purpose of heating and power 

generation, initially practiced for long time since mankind has started using fire. Gasification 

is a process that converts organic or fossil fuel based carbonaceous materials into carbon 

monoxide, carbon dioxide and hydrogen known as syngas. 

The syngas can be processed to produce different types of gaseous biofuels and liquids. 

Gasification is achieved by reacting the material at high temperatures (>700 °C), without 

combustion, but with a controlled amount of oxygen and/or steam. Fisher-Tropsch process with 

chemical catalytic conversion are advanced engineering processes developed to optimize the 

production of syngas for biofuel production. Gasification is highly endothermic process. 

 

 

 

 

 

 

 

 

 
Figure 2-1 Biochemical process of biofuel production 
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The heat required to maintain this process is supplied from non-renewable sources of energy 

by burning significant portion (at least 35%) of the feedstock or using the electric grid which 

lowers the final efficiency of the process (Kenarsari & Zheng, 2014; Piatkowski & Steinfeld, 

2008; Pozzobon et al., 2016). 

Pyrolysis is another thermochemical process that uses heat in the near absence of oxygen to 

destruct and distil biomass to produce biofuels, bio-oils (bio-crude), biogas and char. Pyrolysis 

has high flexibility in that it can be used to produce heavy fuel oil for heat and power 

applications, upgraded for conventional refinery operations, or it can be gasified for syngas 

which can be converted to hydrogen. Pyrolysis can convert over 60 wt% of the biomass into 

liquid bio-oil (Hertwich & Zhang, 2009). Pyrolysis requires moderate temperature in the range 

of 400 to 600°C to depolymerize biomass to a mixture of oxygenates (or ‘bio-oil’) that are 

liquid at room temperature (Mettler et al., 2012). This external heat energy generally comes 

from burning part of the biomass or fossil fuels or using grid electricity (Morales et al., 2014).  

2.3 Energy from the sun  

About 885 million terawatt hours reach the earth’s surface in a year which is 4,200 times the 

energy that mankind would consume in 2035 according to the IEA’s Current Policies Scenario 

(Philibert, 2011). In just three hours the Earth collects enough solar radiation to meet world’s 

energy needs for one year. If one-tenth of one percent of the solar energy is captured and 

distributed, then the energy supply problem disappears (Philibert, 2011).   

Biomass captures and converts solar radiation into energy (CxH2xOx) through photosynthesis 

(Agrawal & Singh, 2010). Agrawal and Singh (2010) provided a review on the fraction of solar 

energy which can be recovered as biofuels, mainly liquid fuels for transportation purpose, via 

the cultivation and then conversion of the biomass using different methods (pyrolysis, 

gasification, fermentation, H2bioil B and H2CAR processes). The highest sunlight conversion 

efficiency for a full season growing biomass can be achieved up to 3.7% (Zhu et al., 2008). 

Fast pyrolysis of biomass collected from 1 m2/year can generate 524–627 litres of liquid fuel 

per year which corresponds to recovery of 65–77% of the absorbed solar energy by the biomass. 

Estimates of the solar energy recovery as liquid fuels from fermentation, gasification, H2bioil-

B and H2CAR processing of biomass were found to be 41–50, 35–50, 59–69% and 58% 

respectively (Agrawal & Singh, 2010). Using supplementary energy such as H2 or electricity 
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that is recovered from solar energy at higher efficiencies than the biomass can increase the fuel 

yield by a factor of 1.5–3 (Agrawal & Singh, 2010). 

These estimates can be considerably improved if the heat energy for biomass conversion can 

be supplied from the sun using solar concentrating technologies. The following section 

describes the solar concentrating technologies available to integrate with biomass conversion 

for production of biofuels from biomass. 

2.3.1 Solar concentrating technologies 

Solar concentrators are devices which focus the solar energy incident over a large surface onto 

a smaller surface. There are several types of solar concentrating technologies that can capture 

the energy from the sun and make it available for application in the biomass to biofuel 

conversion processes. These are parabolic troughs (Hotz et al., 2010), heliostat fields, linear 

Fresnel reflectors, parabolic dishes, compound parabolic concentrators, flat plates (Kraemer et 

al., 2011), box type and linear Fresnel lenses (Baral et al., 2015; Bernardo et al., 2012; Hotz et 

al., 2010; Kraemer et al., 2011; Lee et al., 2010). Each of these technologies differs in their 

temperature achievable, focal type, reflective material, operation characteristics, design and 

application, and therefore each has their own advantages and drawbacks for use in biofuel 

production. It is important to make appropriate technology choice for use in converting biomass 

to higher value biofuels.  

Flat plate solar collectors are suitable to produce hot water up to 80°C, but flat plate solar 

collectors integrated with evacuated tubes can reach a temperature of 125°C. The ability to boil 

water under ambient sunlight without optical concentration was demonstrated by Ni et al., 

(2016). Ni et al. (2016) used graphite as absorber material. To reduce heat losses, bottom of 

the absorber was insulated using thermal foam and sheet of transparent bubble wrap was placed 

on top of it. The arrangement was able to generate saturated steam at 100oC at efficiency as 

high as 64%.  

Higher temperatures can be obtained with solar parabolic trough collectors which achieve 

temperatures greater than 400oC (Morales et al., 2014). This type of arrangement is used to 

produce steam in industrial operations whereby thermal energy collected in the receiver part is 

transported by a heat transfer medium to the intended place. Higher temperature can be 

achieved with central receiver systems or dish concentrators which can achieve temperatures 

of up to 2000oC. 
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2.3.2 Parabolic trough concentrator 

A parabolic trough is a type of solar thermal device which is straight in one dimension and 

curved as a parabola (two-dimensional U-shaped symmetrical curve) in the other two. The side 

that faces the sun is lined with a highly reflective material thus solar radiation is reflected onto 

a linear receiver placed at the focal line of the parabola (Abid et al., 2016; Blanco et al., 1986; 

Duffie & Beckman, 2013; Feuermann & Gordon, 1991; Kaygusuz, 2001; Lovejoy et al., 1993; 

Nixon et al., 2010). The reactor can be placed at this linear focal point of the parabolic trough 

concentrator. Typically, a reactor made from metal of high thermal conductivity or evacuated 

glass tube can reach working temperatures of over 400°C and concentration ratio (ratio between 

the concentrator opening area and the aperture area that receives) of 30-100 (Duffie & 

Beckman, 2013). Copper or bimetallic copper-steel are good options for this purpose but 

stratification is unavoidable (Flores & Almanza, 2004). An optical efficiency of 80% has been 

recorded in California providing 354 W/m2 and a stagnation temperature of 600°C (Lovejoy et 

al., 1993). Biomass reactor system, if used with parabolic troughs, can be either heated directly 

(Alonso & Romero, 2015) in the focal line or use heat transferring medium to heat the reactor 

placed out of the focal line. There are technical challenges that should be taken into 

consideration while using parabolic trough for biomass processing including the risk of 

overheating tubes and instability of the bioreactor. Also, complex control mechanisms are 

required if an indirect heating system of the bioreactor is to be employed (Nixon et al., 2010). 

2.3.3 Linear compound parabolic collector 

A linear compound parabolic collector reflector is used as a non-tracking system to concentrate 

solar energy to a double-sided flat receiver/reactor which is normal to the compound parabolic 

collector axis (Gu et al., 2014). The common configuration has bottom section resembling a 

circle while the upper section is a parabola, thus the focus is a line stretching from edge to edge. 

This is a non-imaging linear concentrator which can also work as a stationary collector without 

tracking system (Blanco et al., 1986). Maximum achievable temperature is only 200°C for 

concentration ratio of 3. Thus, unless augmented by additional heat source the compound 

parabolic collector alone cannot be used for the purpose of biomass thermal processing.  

2.3.4 Linear Fresnel reflectors  

Linear Fresnel reflectors use long and thin segments of mirrors to focus sunlight onto a fixed 

absorber/reactor located at a common focal point of the reflectors. The reflectors are made from 
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cheap flat mirrors and can concentrate sun’s rays 30 times. The operation temperature at the 

focal line is 150°C but, with the use of secondary concentrator, temperatures of up to 300°C 

can be reached. Additionally, if compound parabolic collector is integrated with linear Fresnels 

the optical and capture efficiencies can be improved to 60% and 76% respectively (Feuermann 

& Gordon, 1991; Nixon et al., 2010). The reactor used with linear Fresnel is separated from 

the reflector field and is stationary. The capital and maintenance cost are much lower than the 

other types of solar collectors (Feuermann & Gordon, 1991; Nixon et al., 2010). 

2.3.5 Parabolic dish reflector 

A parabolic dish is a surface generated by a parabola revolving around its axis. It can be used 

to concentrate the solar rays and achieve reactor temperatures as high as 2000°C. Depending 

on the size, a solar parabolic dish can have concentration ratio in the range of 500 to 2000 

(Tesfay et al., 2014). The parabolic dish is mainly used to concentrate solar radiation for low, 

medium and high-temperature applications (Abu Bakar et al., 2015; Tsoutsos et al., 2003) but 

requires two dimensional continuous tracking as the concentrated solar rays should be focused 

onto a single focal point (Nixon et al., 2010). Parabolic dish has the highest capture of solar 

energy achieving optical efficiency (ratio of energy reaching the absorber to the irradiance 

falling on the collector surface) of up to 94%.  

With the correct reflective filming of the collector and black reactor coating, a reactor or 

receiver placed at the focal point can reach a temperature well over 1000°C (Kaygusuz, 2001). 

For solar thermochemical processes, particularly with solar parabolic dish the best candidate 

reflective coatings are silver coated glass and silvered polymer films. Polymer reflectors are 

lighter in weight, offer greater system design flexibility and have the potential for a lower cost 

than glass reflectors (Kennedy & Terwilliger, 2005; Schissel et al., 1995). The current research 

trends in the assessment of efficient solar reflective materials for long-term outdoor application 

range from various silvered glass mirrors, silvered polymer films and anodized sheet aluminum 

with additional protective polymer coating (Auti et al., 2015; DiGrazia et al., 2009,; Fend et 

al., 2000). Plain aluminum, with reflectivity of 85%, is the other reflector coating which is of 

interest for its low cost (Kumar et al., 2015; Nostell et al., 1997). 

A number of studies are available on black coatings for solar thermal applications. Black 

coating materials should be low-cost, easy to manufacture, chemically stable and able to 

withstand high temperatures (Kennedy, 2002). Moon et al. (2015) performed several 
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experiments on black oxide nanoparticles as solar absorbing material for a high-temperature 

concentrating solar system. Accordingly, cobalt oxide (Co3O4) black coated layer exhibited 

high-temperature durability and hardly degraded in structure after long working hours. The 

light absorbing performance of Co3O4 was found to be 88.2% making it promising candidate 

for solar absorption in the next-generation high-temperature solar concentrating systems.  

Higher temperature can also be achieved if the receiver or reactor is enveloped in a glass tube. 

This gives the parabolic dishes the potential to eventually become one of the important devices 

for solar thermochemical conversion processes. Moreover, parabolic dish systems are typically 

designed for small-to-moderate capacity applications of the order of ten kilowatts which are 

suitable for remote power needs in rural areas and the places far away from the national 

electricity grid. Another advantage of the parabolic dish is unlike other solar thermal systems 

such as parabolic trough, Fresnel mirrors and compound parabolic, levelled ground is not a 

requirement for its installation or operation (Nixon et al., 2010). Despite all these benefits, the 

drawback with the parabolic dish is its high cost and manufacturing difficulties. The reflector, 

in many cases the mirror, is the major contributor to the high cost although there are alternatives 

such as stretched aluminium silvered polymer which considerably reduces the cost from $80–

150/m2 to $40–80/m2 and have longer life span than reflective materials used to make mirrors 

(Nixon et al., 2010). Table 2-1 summarizes potential solar collectors for biomass 

thermochemical conversion process.  

Table 2-1 Solar collectors, focal type, and achievable temperature levels 

Type of concentrator  Focus type  Temperature (°C) Reference 

Parabolic dish reflector Focal point  >1500 (Abu Bakar et al., 2015; 

Kaygusuz, 2001; Nixon et al., 

2010; Tsoutsos et al., 2003) 

Parabolic trough  Focal line  400 (Duffie & Beckman, 2013; 

Lovejoy et al., 1993) 

Linear compound parabolic Focal line  200 (Blanco et al., 1986) 

Linear Fresnel Focal line  300 (Feuermann & Gordon, 1991; 

Nixon et al., 2010) 
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2.4 Solar assisted thermochemical conversions  

2.4.1 Solar assisted thermochemical reactors 

In the solar thermochemical production of biofuels, the feedstock is placed in a reactor and 

heated by the solar collector either directly or indirectly. In a directly heated reactor, Fig. 2.2 

(a), the substrate is exposed to the concentrated solar radiation through a transparent container, 

made of borosilicate glass or fused quartz providing efficient energy transfer to the reaction 

site by direct radiation. In the directly heated reactor (Alonso & Romero, 2015), the solar 

reactor walls should be clean at all times not to hinder the passage of the concentrated rays to 

the feedstock (Kodama et al., 2010; Melchior et al., 2009; Piatkowski & Steinfeld, 2011). The 

challenge to keep reactor windows clean can be overcome by using indirectly irradiated 

reactors but at the expense of heat transfer efficiency. In indirect reactors, Fig. 2.2 (b), the solar 

energy is first absorbed by opaque wall reactor then transferred to the biomass by conduction 

(Tesfay et al., 2014) or convection with heat transferring fluid (Asmelash et al., 2014a; 

Asmelash et al., 2014b). Heat transmission may be limited depending on the absorber and 

conductive material used. Maximum operating temperature, thermal conductivity, inertness to 

chemical reaction, resistance to thermal shocks and radiative absorbance are few of the 

drawbacks (Piatkowski & Steinfeld, 2011). Moreover, packing density of the biomass, ability 

to move through the reactor, the size of the particles and physical properties of the reactants 

can affect the heat transfer conditions (Adinberg et al., 2004). Adinberg et al. (2004) suggested 

use of intermediate fluids such as gasses, liquid metals or molten salts to improve the heat 

transfer conditions from the reactor to the feedstock. Indirect reactors can be made from metals 

with high thermal conductivity. Assuming thermal conductivity, cost, manufacturing ability, 

durability and weight of the metals the candidate reactor materials are commercial copper (K 

= 423 W/m.K), aluminium (K = 215 W/m.K), pure silver (K = 418 W/m.K). Enveloping the 

reactor by evacuated tube prevents the radiative heat loss and hence improves reactor 

performance. 

2.4.2 Solar assisted pyrolysis  

Application of solar energy for biomass thermochemical conversion dates back to the 1980s, 

starting with solar simulators, called furnace images, as sources of radiation, and parabolic or 

elliptic mirrors as concentrators (Zeng et al., 2017). Solar simulators were produced from 

powerful light sources, such as carbon arcs, xenon lamp and mercury-xenon arc lamps. Some 

of the pioneering works which use solar simulators for biomass pyrolysis were (Authier et al., 
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2009; Boutin et al., 1998; Olivier Boutin et al., 2002; Hopkins et al., 1984a; Hopkins et al., 

1984b; Hunjan et al., 1989; Tabatabaie-Raissi & Antal, 1986).  

Solar assisted pyrolysis is currently an emerging technology (Authier et al., 2009; Zeng et al., 

2015a) for biomass conversion to biofuels and biochar which is attracting a considerable 

research interest at present. Table 2-2 summarizes the performance parameters of the solar 

assisted pyrolysis performed for production of bio-gas, liquid biofuels and bio-char. 

Zeng et al. (2015a) conducted laboratory scale solar pyrolysis experiment on pellets of wood 

and investigated the influence of temperature using different flow rates of argon as a sweep 

gas. The experiments were conducted using down ward facing 1.5 kW parabolic solar dish 

concentrator focusing the solar rays into a pellet placed at the focus of the parabolic dish inside 

a transparent and insulated graphite crucible. Series of heliostat mirrors were used to reflect 

the solar rays and continuously re-direct them to the parabolic dish for exact concentration at 

the focal point. The temperature and heating rate of the sample were controlled by a shutter 

which applies a Proportional-Integral-Derivative Controller that modulates the incident 

radiation. The reactor was made to accommodate gas inlets and outlets to permit entrance and 

exit of argon gas and reaction products respectively. It was demonstrated that the temperature 

greatly affects products of pyrolysis compared to the sweep gas. The gas yields (mainly CO 

and CH4) were found to increase from 15.3%wt to 37.7%wt when the temperature increased 

from 600 to 2,000°C at 50°C/s heating rate. The higher the temperature the higher was the gas 

yield but the liquid yield decreased from 70.7%wt to 51.6%wt with temperature showing most 

of the tar was decomposed at lower temperature ranges.  

Zeng et al. (2015b) further performed pyrolysis of wood using solar energy. The solar 

concentrator was made from downward facing parabolic mirror 2 meters in diameter and 0.85m 

focal length. It was equipped with a sensor which detects the sun and adjusts the system for 

maximum concentration at the focal point where the substrate was placed and directly heated 

by the solar radiation. The maximum power was 1.5 kW and 15000 W/m2 flux density. A 

sweeping argon gas was used to wash walls of the transparent Pyrex reactor wall so as to be 

clean and pass the radiation. The main objective of the experiment was to determine the optimal 

parameters to maximize lower heating values of wood gas products of pyrolysis during solar 

pyrolysis processes. Heating rates (5 to 450°C/s) and pressure (0.44 to 1.14 bar) were the 

investigated parameters in a temperature ranging of 600°C to 2,000°C. 62% of the products 

were gases (H2, CH4, CO and CO2) and remaining 28 and 10% were liquid bio-oil and char 
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respectively. The effect of temperature was found to be the most significant parameter in 

determining the characteristics of solar pyrolysis products and gas composition. More 

hydrogen and carbon monoxide were obtained at 1200°C, 50°C/s heating rate and atmospheric 

pressure. The Lower Heating Value (LHV) increased five times when the temperature 

increased from 600°C to 1,200°C and heating rate increased from 5°C/s to 50oC/s. Moreover, 

the heating rate had substantial influence but the effect of pressure was not significant on the 

product distribution of the solar pyrolysis process. The highest lower heating value (LHV), 

which was 10376 kJ/kg, was found at 1200°C, heating rate 50°C/s and 0.85 bar. Zeng et al. 

(2015c) performed solar pyrolysis experiment to identify the effects of process parameters 

(temperature and heating rate) to optimize the solar pyrolysis process to produce combustible 

gasses from sawdust using solar dish which can generate flux intensity of 15000 kW/m2 for 

1000 W/m2 of direct normal irradiance. The setup was equipped with solar “blind optical” 

pyrometer, for measuring the sample temperature and solar tracker for adjusting the system to 

achieve maximum solar radiation during the day. Sample of wood (diameter 10 mm and height 

5 mm) placed in a 6L transparent Pyrex balloon reactor was directly heated from a solar dish 

with a 1.5 kW power. Temperature 800°C to 2000°C, heating rate 50-450°C/s were the 

operating variables. Box-Behnken design experiments were performed to optimize the process. 

It was shown that temperature and heating rate were the most influencing factors for the lower 

heating value, gas composition and product distributions but the effect of argon flow rate was 

found to be minimal. The lower heating value of the produced gas (H2, CO, CO2, CH4, and 

C2H6) increased with temperature and heating rates. Particularly, the lower heating value 

increased four times (from 3527 to 14589 kJ/kg) using solar pyrolysis of the wood. 
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Similar experimental set up was used by Zeng et al. (2015d) who conducted solar pyrolysis in 

a laboratory scale reactor producing char from wood. The biomass samples were prepared into 

cylinders of size 10 mm in diameter and 5 mm thickness. The char produced increased its 

surface area and pore volume until the temperature reached 1200°C then decreased significantly 

at 2000°C. In a similar way, the pore volume and surface area increased with the heating rate 

until 150°C/s but slightly decreased afterward.  
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Heat transferring substance  
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Pyrolysis  

Bio-oil  

Bio-gas  
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Figure 2-2 Schematic diagram of directly (a) and indirectly (b) irradiated solar reactors 
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Theoretical and experimental studies of oak wood fast pyrolysis were conducted under 

controlled heat flux densities (0.3–0.8 MW/m2) and temperature range of 907–487°C generated 

from xenon lamp in an elliptical solar mirrors (Authier et al., 2009). The study was conducted 

to investigate the effect of heat flux density on the pyrolysis zone thickness of the wood. It was 

shown that the pyrolysis zone thickness of the wood decreased with the increasing flux density 

and influenced the char yields and gas composition for the lower flux density, the thickness 

varied from 180×10-6 to 750 ×10-6 m but for higher heat flux it was significantly smaller and 

varied from 100 × 10-6 to 225 × 10-6 m. 

Morales et al. (2014) investigated orange-peel pyrolysis using solar energy from parabolic 

trough solar concentrator. The trough was able to generate 27088 W/m2 which is equivalent to 

31 times of the available solar energy in the location. The solar pyrolysis reactor, placed at the 

focal line of the parabola, reached a peak temperature of 465°C and a total weight loss of 79% 

was achieved on the orange peel at an average irradiance of 12.55 kW/m2. In this study it was 

possible to pyrolyse the orange peel to a liquid (77.64 wt%) and a non-condensable gas 

(1.43 wt%), leaving 20.93 wt% biochar in the reactor. Furthermore, the work demonstrated the 

possibility for obtaining valuable chemical and pharmaceutical products such as diisooctyl 

phthalate, squalene, D-limonene, (Z)-0-octadecenamide and phenol, in addition to the 

production of combustible gasses such as hydrogen and carbon monoxide, generated through 

solar radiation augmented by conventional heating sources, including microwave and plasma.  

Li et al. (2016) conducted solar pyrolysis in a laboratory scale solar reactor to produce fuel gas 

from pine sawdust, peach pit, grape stalk and grape marc. The solar energy was concentrated 

to a temperature of 800 to 2000°C using solar dish. The samples were prepared to a cylinder of 

size 10 mm in diameter by 5 mm height with approximate weight of 0.3 g. For each type of 

biomass, the influences of final temperature, heating rate and lignocellulose composition were 

analysed. The results showed increased gas yield and tar decomposition with temperature and 

heating rates, whereas the liquid yield progressed oppositely. The highest gas yield of 63.5wt% 

was obtained from pine sawdust at 1200°C and 50°C/s. The remaining 37%wt were tar and 

char. Higher lignin content promoted char production whereas higher cellulose and 

hemicellulose contents increased the gas yields. The H2/CO ratio was always greater than one 

for both grape by-products, grape marc and grape stalk. 

Joardder et al. (2014) designed a laboratory scale solar assisted fast pyrolysis reactor where 

part of the reaction heat came from a solar concentrator. Dried date seeds ground to sizes of 
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0.2 to 0.6cm3 in size were used as feedstock. It was found that 50%wt of the liquids were 

produced at 500°C with a running time of 120 min. It was also found that solar energy would 

contribute to the reduction of both CO2 emissions and fuel cost by 32.4%. 

A semi-static parabolic solar concentrator with a surface area of 1.37m2 was tested by Ramos 

and Perez-Marquez (Ramos & Pérez-Márquez, 2014). During the experiment the temperature 

in the receiver was above 2700C. The prototype was able to produce 70 g of biochar out of 180 

g of wood in five hours in a sunny day, which implies a conversion efficiency of 38%.  

In a separate work, solar radiation was concentrated by a Fresnel lens to a maximum 

temperature of 850°C in a simulated solar radiation intensity of 1500 W/m2 (Zeaiter et al., 

2015). This solar system, integrated with an automated solar tracking electronic system, was 

able to pyrolyze scrap tyres at a temperature of 550°C. The experiment was carried out in the 

presence of H-beta, HUSY and TiO2 catalysts. Pyrolysis with the H-beta catalyst gives high oil 

and high gas yield of 32.8%. The TiO2 and non-catalyzed pyrolysis results in gas-like product 

(isopropane) with a quantity of 76.4 and 88.4wt% respectively. Previous studies on tyre 

pyrolysis revealed that oil and gas yield increase considerably with temperature but the effect 

of temperature reduces in a temperature range over 500°C (Laresgoiti et al., 2004; Murillo et 

al., 2006). 

Solar energy, concentrated by Linear Mirrors, was used to drive the pyrolysis of agricultural 

wastes such as wheat straw (Hans et al., 2015). The system consists of sets of linear mirrors 

and a rectangular hollow section steel as a reactor placed at 5 m from the mirrors. A maximum 

temperature of 500°C was reached in about 90 minutes in the reactor which contains the wheat 

straw. In eight hours of sunshine per day, the system produces solar carbon (charcoal) with an 

energy density of 24–28 MJ/kg from a biomass of 16.9 MJ/kg. More discussion on the design, 

construction and concentration principles of solar linear mirrors are presented in Hans et al. 

(2015).  

Soria et al. (2017) studied beech wood pellet degradation under fast solar pyrolysis with CFD 

modelling. Simulation results were compared to experimental tests carried out using Zeng et 

al. (2016) solar facility at temperatures ranging from 600 to 2000°C, and heating rates of 10 

and 50°C/s. Results indicated that increasing the heating rate improved both uniformity of the 

char profile and intra-particle tar decomposition, thus producing more volatiles. Moreover, the 

higher the temperature and heating rate the higher was the gas yield, improving the intra-

particle tar decomposition (Zeng et al., 2016). Solar driven pyrolysis and gasification of algae, 
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wheat straw and sewage sludge were analysed with high flux solar simulator (Arribas et al., 

2017). The facility consisted of 7 kW xenon short-arc lamp, flat mirror, tow ellipsoidal mirrors 

and stainless steel reactor. The arc discharge was located in one of the ellipsoid loci, then 

emitted radiation was reflected by the flat mirror and concentrated on the second ellipsoid 

mirror to give maximum flux of 5800 kW/m2 at the focal plane. Released gases contained 

syngas in the range of 63–74 vol% for pyrolysis (highest for sludge) and 82–90 vol% for 

gasification (highest for algae).  

2.4.3 Solar assisted gasification processes  

There is a limited number of studies with various degrees of success on the integration of 

concentrated solar radiations with biomass gasification, summarised in Table 2-3. Pozzobon et 

al. (2016) developed a gasification reactor system comprising of artificial sun, xenon arc lamp 

capable of producing heat fluxes higher than 1000 suns, and new reaction chamber. This system 

allowed investigation of thermal gasification behavior of thick beech wood when exposed to 

radiative heat. The impact of moisture content and wood fiber orientation relative to solar flux 

were tested and showed that increasing sample’s moisture content led to direct drying steam 

gasification of the char. With 50%wt moisture content of the beach wood, the gasification 

products were H2 38%vol, 31%vol CO and 13%vol CH4; while CO2 was 8.5%vol. Up to 72% 

of the incident solar power was captured in the chemical form in this work. The wood fibre 

orientation was found to have no major impact on the production rates and gas composition.  
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Table 2-2 Summary of solar assisted biomass pyrolysis 

Reference Heat source  Power 

(KW) 

Range of 

temperature (°C) 

Heating rates 

(°C/s) 

Samples studied  Yield summary 

Zeng et al. (2015a) Solar simulator  1.5 600–2000 50 Pellet wood  Gases (CO, CH4) 15.3 – 37.1% and 

liquids 70.7– 51.6% 

Zeng et al. (2015b) Solar dish  1.5 600–2000 5–450 Beech wood  28.% liquid bio oil, 10% char and 62% 

gas (H2, CH4, CO, CO2 and C2H6) 

Zeng et al. (2015c) Solar dish  1.5 800–2000 50–450 Beech wood  Gases (H2, CO, CO2, CH4, and C2H6) 

heating value increased about five 

times (3527 to 14, 589 kJ/kg) 

Zeng et al. (2015d) solar simulator   1.5  600–2000 5–450  Wood   Char yield decreased with temperature 

and heating rate in the temperature 

range 

Authier et al. (2009) Xenon lamp   907–487  Oak wood  Gas and char 

Morales et al. (2014) Parabolic trough   465  Orange peel  Liquid (77.64 wt.%), a non-

condensable gas (1.43 wt.%) and char 

20.93 wt.% 

Li et al. (2016) Sun simulator    800–2000 50 Sawdust, peach pit, grape 

stalk and grape marc   

Gas (63%wt), tar and char (37%wt) 

Joardder et al. (2014)  

 

500 5 Date seed  Liquid (50%wt), solid char and gas 

(50%) 

Ramos and Pérez-

Márquez (2014) 

Parabolic trough   >270 0.5 Wood  Charcoal (39%) 

Zeaiter et al. (2015) Fresnel lens   850  Scrap tyres Oil and gas 

Hans et al. (2015) Linear mirror   500  Agricultural wastes  Charcoal 

Soria et al. (2017) Solar dish  1.5–2 600–2000 10 and 50 Beech wood Char, tar and gases 

Arribas et al. (2017) 7 Kw xenon short-

arc lamp 

5800 

kW/m2 

  Algae, wheat straw and 

sludge 

63–90 vol% Syngas 

*Note that empty cells are due to the absence of data. 
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Ravaghi-Ardebili and Manenti (2015) re-designed gasifier coupled with a low-temperature 

solar driven steam and investigated the impact of residence time of solid fuel and gas phase, as 

well as the amount of injected oxygen and steam on the gasification performance. Flavio 

Manenti and Ravaghi-Ardebili (2013) performed dynamic simulation and control of 

concentrating solar plants with the aim to define a reasonably simplified layout as well as 

highlight the main issues for characterization of the process dynamics of these energy systems 

and their related energy storage capabilities. When operating parameters such as feedstock size, 

ratio of steam to biomass, type of biomass, geometry of reactors, air and temperature effects 

are optimized then heat energy collected from a solar concentrator can be stored on a working 

fluid and therefore generate power for biomass gasification activities. 

Bai et al., (2015) proposed solar driven biomass gasification system with the generation of 

methanol and electricity. The system consisted of three main parts, power generation 

subsystem (laboratory scale heliostat concentrator), methanol production and gasification 

subsystems. The endothermic reactions of the fossil fuel gasification were driven by the 

concentrated solar thermal energy of the heliostat in a range of 1000–1500K, where a syngas 

from the biomass gasification was used to produce methanol through a synthesis reactor. 

Results indicated the syngas produced by the solar driven gasification has higher H2/CO (1.43–

1.89) molar ratio which satisfies the requirement for methanol synthesis. Moreover, the 

produced syngas has better chemical energy quality than the conventional gasification 

technologies. The energy efficiency of the system was found to be 56.9% which makes it a 

promising approach for the efficient utilization of the abundant solar and biomass resources. 

A novel tri-generation system coupled with biomass gasification and solar thermal system was 

investigated by Li et al. (2016). It comprised of biomass gasification, a steam generation 

subsystem made of parabolic trough solar collector and an internal combustion engine 

subsystem. Ground biomass was preheated at 200°C then fed into the gasifier. Steam at 3500C, 

generated from the solar collector was fed into the gasifier with biomass. After removing the 

ash, char and certain purification processes the gas was fed to internal combustion engine for 

electricity generation. In this study, the efficiency of this system was determined to be 19.2%, 

but introduction of the solar collector reduced the excess consumption of the biomass and 

improved the efficiency to 29%. 

Feasibility of solar steam supplied biomass gasification was demonstrated by Ravaghi-Ardebili 

and Manenti (2015) and Manenti et al. (2014). The study was aimed at storing concentrated 



24 

 

solar energy generated from parabolic troughs for the purpose of steam production to 

accomplish biomass gasification. The parabolic trough was modelled and simulated to generate 

steam (approximately 400–410°C) and supplied to produce syngas consisting of H2 (24.1%), 

CO (34.2%), CO2 (33.8%) and CH4 (7.7%). The syngas was further converted to 

methanol/dimethyl ether by means of one-step synthesis process.   

Solar energy can be stored in chemicals. Hydrogen production driven by solar chemical 

reaction is one of the ways to store solar energy. Liao and Guo (2015) developed solar receiver 

integrated with dish concentrator for gasification of ethylene glycol, ethanol, glycerin and 

glucose in supercritical water. Series of outdoor experiments were conducted at 500–600°C 

(supercritical water state) and solar power input ranging from 3.1 to 7.2 kW. At 600°C H2, CH4 

and CO2; at 41.2%, 15.1% and 34.7% were the generated gases respectively. The gasification 

efficiency was observed to increase from 48.5 to 105.8% following the radiation increase from 

3.1 to 7.2 kW. 

Maag and Steinfeld (2010) and Yadav and Banerjee (2016) investigated solar to chemical 

conversion efficiencies of carbonaceous feedstock. For an optimized reactor geometry and a 

desired outlet temperature of 1500K, the solar to chemical conversion efficiency was 37% for 

1500 suns solar concentration.  

Pilot scale solar biomass gasification was demonstrated at the University of Colorado Boulder 

and Sundrop Fuels (Service, 2009). The demonstration was conducted in tubular solar reactors 

which can operate at 1 MW and 1473 to 1573K and presented sunlight into hydrogen 

conversion efficiencies of wood waste at more than 13% efficiency.   

Production of synthetic fuels through biomass gasification was studied by Nzihou et al. (2012). 

It was demonstrated that the efficiency of the process can be improved by supplying process 

heat from concentrated solar systems. Beech-wood cylinders 40 mm in diameter were 

irradiated using concentrated solar radiation. The production of char fell from 45 to 20% when 

the irradiation level was increased from 25 to 80 kW/m2, while the liquid yield increased to 

55% and the gas yield increased slowly from 10 to 25%.     

Gasification of cellulose particles heated in a molten sodium carbonate and potassium 

carbonate medium at 800–915°C was investigated in a laboratory scale electrically heated 

reactor (Adinberg et al., 2004). About 94%wt of the biomass was converted to syngas primarily 

composed of H2, CO2, CH4 and CO with 26 vol% hydrogen. It was reported that the same 
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gasification process can be operated using concentrated solar energy supplied from solar 

collectors. The preliminary assessments of the processes performed for a commercial prototype 

demonstrated that gasification of biomass particles, dispersed in a molten salt phase and heated 

by a solar energy is a feasible and promising option for clean production of synthesis gas.  

2.4.4 Solar assisted distillation 

The initial concentration of ethanol achieved by fermentation is approximately 7–10% v/v 

(volume/volume), whereas the initial concentration required for use as fuel should be higher 

than 99.5% v/v (Jareanjit et al., 2014). For this reason, solar distillation can be applied to 

achieve the ethanol concentration required for achieving the standards. Solar distillation is 

relatively matured technology used to increase ethanol concentrations to appreciable level. 

Vorayos et al. (2006) performed analysis of solar ethanol distillation using flat plate and 

evacuated heat pipe solar collectors to generate sufficient heat for ethanol distillation. 

Accordingly, 4 m2 evacuated pipe solar collector was able to concentrate solar heat to enhance 

the ethanol concentration from 10% to 80% (v/v) using solar distillation process. Similarly 

Jareanjit et al. (2015) performed solar distillation experiment to manage ethanol waste from 

solar distillation process. The system consisted of three solar distillation stages operated in a 

batch, each contributing to reduce the amount of feed materials (cassava broth) in the system 

and increase the ethanol concentration from 8% to 80% (v/v). 
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Table 2-3 Summary of solar-assisted gasification 

Reference  Heat source  Power  Range of 

temperature (°C) 

Samples studied  Yield summary  

Pozzobon et al. (2016) Artificial radiation 

from Xenon arc 

lamp  

1000 

suns 

 Beech wood H2 (38% vol), CO (31% vol), CH4 

(13% vol) and CO2 (8.5% vol) 

Bai et al. (2015) Laboratory scale 

Heliostat 

concentrator  

 727–1227 Fossil fuel  Syngas and methanol; system 

efficiency was 56.9%  

Liu et al. (2016) Parabolic trough  350 Biomass  Char; system efficiency was 19.2%  

F. Manenti et al. (2014); 

Ravaghi-Ardebili and 

Manenti (2015) 

Parabolic trough   400–410  Biomass  H2 (24.1%), CO (34.2%), CO2 

(33.8%) and CH4 (7.7%) 

Liao and Guo (2015) Dish concentrator 3.7–7.2 

kW 

500–600 ethylene glycol, ethanol, 

glycerine and glucose 

H2 (10–26 mol/kg); gasification 

efficiency ranges 48.5–105.8% 

Maag and Steinfeld 

(2010); Yadav and 

Banerjee (2016) 

 1500 

suns 

1,227 carbonaceous feedstock 37% (solar to chemical conversion 

efficiency)  

Service (2009)  1MW 1200–1300 Wood waste  Hydrogen at 13% conversion 

efficiency  

Nzihou et al. (2012) Concentrate solar 

system 

25–80 

kW/m2 

 Beechwood  Char (45–20%), liquid (55%) and 

gas (10–25%)  

Adinberg et al. (2004) Electrically heated 

reactor  

 800–915 Cellulose  Syngas with 94% conversion 

efficiency  
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2.5 Conclusion  

Biomass thermochemical processing requires heat which is typically supplied either by 

combusting part of the biomass or heat from non-renewable energy sources, such as 

combustion of fossil fuels or using electricity from the grid. This, in turn, decreases the 

efficiency of the conversion process by about 35% and challenges the sustainability of the 

biofuel production. Thus, it is important to develop an alternative, clean and environmentally 

friendly source of energy for production of biofuels. This paper reviewed the current state of 

research for the use of solar technologies for biomass processing and conversion to biofuels. 

Parabolic dish has the highest capture of solar energy with optical efficiency reaching 94% 

followed by parabolic trough. The solar parabolic dish, if integrated with the appropriate 

receiver/reactor systems selective coatings and reflective structures, can supply the required 

heat for thermochemical processing of biomass. The paper also reviews the solar assisted 

pyrolysis, gasification and distillation researches performed to date. Solar assisted pyrolysis 

was applied to different types of biomass fuels to produce 1.43–63% of bio-gas, 28–77.64% of 

bio-oils and 21–62% of biochar. The heating rate and the final temperature were identified as 

the most important parameters which defined the distribution of the biofuel fractions. The solar 

assisted biomass gasification process has been used to produce several high value fuels, such 

as hydrogen rich fuel gas and methane at concentrations ranging from 24–38% and 7–13% 

respectively. The status of solar assisted distillation process is relatively matured technology 

used to increase the concentration of ethanol to achieve the required level for use as fuel. The 

solar assisted biofuel extraction is an emerging technology which needs technical breakthrough 

to overcome the challenges of the process. This implies developing stand-alone solar 

technologies with efficient concentration and storage capacity for extracting the biofuels. As 

biomass is low energy density, building small systems which can easily move to biomass 

available sites can remove transporting bulk biomass and hence maximize the usability and 

distribution of the solar technologies. After resolving these challenges in the future, the solar 

extraction of biofuels has the potential to produce high grade energy products that can fully 

substitute fossil derived fuels and also generate valuable chemicals. This review revealed that 

solar assisted thermochemical conversion of biomass is a new area of research attracting 

significant interest for its potential. Especially, most of the research studies on the solar assisted 

pyrolysis processes were performed in a laboratory environment using artificial sun, which 

needs to be validated with outdoor research using natural sun to realize possible contribution 

of solar energy in the process of biofuel extractions. Efficient technologies for extracting 
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biofuels from biomass using solar energy as process heat need to be further developed and 

examined.  
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  Performance evaluation of absorber reactors for solar fuel production 

This chapter deals with the design and manufacture of the solar concentrator. Design 

parameters, such as the average solar irradiance, wind speed and ambient temperature at 

Macquarie University were considered to design a parabolic dish of 1.8 m aperture diameter 

and 0.655 m focal length. With this design, it was possible to achieve temperatures as high as 

1100°C which is sufficient to pyrolyse organic materials. The design improves limitations of 

previous solar systems and enables to perform biomass pyrolysis outdoors, using natural sun. 

Performance evaluation of different types of absorber reactors are presented in this chapter. 

Additional information on the design parameters, schematic drawing of the reactor and some 

experimental methods applied for this chapter are given in Appendix 3.   

The concept of this paper was developed by myself and my supervisors, Vlad and Graham. I 

designed the equipment and Macquarie University Technical Services (METS) manufactured 

with our supervision. Experiments were conducted and first draft outlined by myself while 

editing and reviewing the manuscript for publication were done by Vlad and Graham. 
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Abstract  

Waste to energy conversion through thermochemical processing offers a potential option for 

valorisation of waste biomass, however, it requires external heat supply to process the waste. 

Solar energy is a promising solution to convert the waste and produce alternative fuels that can 

replace coal, oil and natural gas for heat and electricity generation. To realize this, the radiation 

from the sun should be concentrated and converted to thermal energy. Among the solar 

concentrators, parabolic dish gives the highest concentration ratio per area in converting the 

solar energy to heat energy and electricity. The absorber is the main part of the dish which is 

placed at the focal point and converts the concentrated radiation to thermal energy. In this work, 

experiments were conducted on stainless steel, copper, ceramic and glass reactors as absorber 

materials of parabolic dish with aperture diameter 1.8 m coated with aluminium pet as 

reflective material. The objective of this research was to evaluate solar radiation-absorbing 

performance of the reactor materials and design efficient reactor for solar fuel production. Two 

sets of experiments were conducted. First, each of the reactors was placed at the focal point 

then the heating rate and maximum temperatures inside the reactors were recorded as a function 

of radiation intensity using K-type thermocouples. Secondly, each reactor was coated using 

carbon soot and then the experiment was repeated. Results showed that the coated glass reactor 

has the best performance in all the absorbers. Of the uncoated reactors, the stainless steel gave 

best results with stable and uniform temperature distribution inside the reactor. The results can 

be used as benchmarks for future design and application of the solar thermal technology. 
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3.1 Introduction  

Fossil fuels as sources of energy have immense social and environmental impacts. The 

extraction processes generate water and air pollution, and harm local communities. 

Transporting fuels from the mine site causes air pollution and lead to severe accidents and 

leaks. Combustion of fossil fuels contributes to toxic and global warming emissions, such as 

sulphur dioxide, nitrous oxides (NOx), particles and greenhouse gas emissions. Moreover, 

fossil fuels have limited reserves and once used these resources will deplete. In fact, with the 

current production pattern of the crude oil, reserves will come to an end at around 2060s 

(Metzger & Huttermann, 2009). With all these formidable challenges, innovative, 

environmentally acceptable and feasible alternative energy sources will need to be developed 

before the fossil fuels are consumed faster than demand.  

It is known that biomass is one of the primary sources of renewable energy. Biomass is carbon-

dioxide neutral as the amount of carbon dioxide emitted during combustion is equivalent to 

that consumed during photosynthesis (Han & Kim, 2008). In the last few decades there has 

been significant increase in the quantity of organic wastes, which is the main source of biomass, 

mainly due to increased human population and urbanization (Gouda et al., 2017). The annual 

capacity of biomass can reach 108 Gtoe (Kan et al., 2016). Thus provided this source is 

sustainably introduced to our energy mix it can contribute 10 to 14 % of the world’s energy 

supply which can reduce global environmental impacts and provide commercially attractive 

opportunities to meet our energy needs and services (Werle, 2015). Waste to energy conversion 

through thermochemical processing offers a potential option for valorisation of waste biomass, 

however, it requires external heat supply to process the waste. Solar energy is a promising 

solution to extract important fuels and chemicals from organic wastes. In just a year, the earth 

receives about 885 million terawatt hours (TWh) of energy from the sun. This is equivalent to 

4,200 times the energy that mankind would consume in 2035 following the International 

Energy Agency’s Current Policies Scenario (Solar energy perspective, 2011). However, the 

solar energy is diffused and bounded by time and place so it has to be concentrated and stored 

in the form of chemicals.    

This research deals with design, manufacturing and experimental testing of solar concentrator 

with the aim of producing solar fuels from organic wastes through thermochemical conversion 

processes. Different sets of tests were conducted to evaluate best performing type of material 

reactor among stainless steel, copper, glass, aluminium and alumina ceramics. 



40 

 

3.2 Design and construction of the solar concentrator  

3.2.1 Dish design and environmental factors  

The design of paraboloid concentrator requires the quantity of heat and the maximum solar 

irradiation level of the experiment. Assuming Macquarie University (33.7738° S, 151.1126° 

E) as the experimental site, the solar irradiance level can be taken as Ib=1000 W/m2, though the 

peak value is 1260 W/m2. Average ambient temperature and wind speed are 23oC and 8 to 14 

kph m/s respectively (Geoscience Australia, 2010). 

The heat of reaction was determined to be 80–280 J/g for cellulose and increase with 

conversion ratios up to 2500–4000 J/g for the forestry and agricultural residues (Chen et al., 

2014). These results were used in the design as fundamental data for solving heat energy 

requirements to pyrolyse 3 g of biomass in a unit time.  

The effective energy intercepted by the paraboloid reflector and transmitted to the reactor can 

be expressed by Eq(1) (Pavlovic & Stefanovic, 2015). 

𝑄 = 𝐼𝑏𝐴𝑐𝜌𝛾𝛼 (1)                                                                                                                                     

Where Q is input heat to the receiver in kW; Ib is irradiance in kW/m2; Ac is collector (aperture) 

area in m2, ρ is reflectance; γ intercepting factor; α is absorptivity (Abid et al., 2016).   

3.2.2 Material Property  

Dish surface was coated with aluminium polyethylene terephthalate (Al pet) with reflectivity 

of 0.88 (manufacturers’ data), and the absorptivity α of the reactor is assumed as 0.95. 

3.2.3 Parameter design  

The intercepting factor γ generally depends on the accuracy and precision of the manufacturing 

processes of the dish and is taken in the range of 0.9 - 0.98. 

Substituting 1000 W/m2 for Ib and values of all the respective constants in Eq(1), the total area 

of the parabolic dish that can generate the heat of reaction is estimated to be 2.65 m2. A dish 

with an aperture diameter of 1.8m and focal length to dimeter ratio (f/d) 0.3788 gives the 

required area. Focal length located slightly above the centre of gravity reduces the heat losses 

that may be caused by wind forces (Hijazi et al., 2016). Therefore f/d ratio of around 0.3 is 

selected for the dish used in this study. 
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The surface of the solar dish is generated by entering x and y coordinates for selected points. 

Software Parabola Calculator 2.0, as shown in Figure 3.1 was used to determine the necessary 

locus points that define the parabola. A circular paraboloid, like the one shown in Figure 3.1, 

is obtained by rotating the parabola segment around its axis. The rim angle, defined by Eq(2) 

also defines the shape of the paraboloid. 

𝑓

𝐷
=

1

4tan(
𝜓𝑟𝑖𝑚

2⁄ )
  (2)                                                                                                                                             

Since the f/d ratio is 0.3788, the rim angle ψrim becomes 1130.  

Usually paraboloids with large rim angles are most appropriate for external volumetric 

receivers (Pavlovic & Stefanovic, 2015). Since this design accommodates cylindrical reactor 

at its focus, the rim angle obtained, in this case, is assumed appropriate.  

With the above assumptions the total heat generated from the solar dish is estimated at: 

Q=ΙbAcργα = 1000 W/m2 x 2.65 m2 x 0.95 x 0.95 x 0.95 = 2,272 W = 2.27 kW 

The geometric concentration ratio is defined as the ratio of the area of the optical system 

(aperture area) to the energy absorbing area of the receiver Eq(3), in this case the reactor.  

The geometric concentration ratio is defined as the ratio of the area of the optical system 

(aperture area) to the energy absorbing area of the receiver Eq(3), in this case the reactor. Thus, 

the concentration ratio C of this design is: 

𝐶 =
𝐴𝐶

𝐴𝑟
= 346.15  (3)                                                                                                                                                  

In this work a solar dish with 1.8 m aperture diameter covered with aluminium pet was designed 

taking into consideration the design parameters from Table 3-1. The aluminium pet was found 

to be appropriate option as a reflective coating due to its cost, weight, efficiency, it is easy to 

clean and is resistant to severe weather conditions. Manual tracking system was used for 

rotation of the disc to ensure the dish always faces the sun for maximum radiation.  

Reactor-absorber was placed at the focal region where reflected radiation is concentrated –

direct heating. The key point to achieve better performance with the reactor-absorber is to 

determine the flux distribution at the focal region. To reduce heat losses and cost of the whole 

system, the absorbing material was made as small as possible (Pavlovic & Stefanovic, 2015); 

but it should also be large enough to capture as much of the reflected rays as possible 

(Weldekidan et al., 2014). 
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In this work SolTrace was used to determine the heat flux distribution around the focal region 

of the dish through which the optimum size and exact location of the reactor around the focal 

region were determined. 

 

 

Table 3-1 Design parameters of solar parabolic dish 

 

 

Parameters  Numerical value  Unit  

Aperture diameter 1.8 [m] 

diameter of smaller (bottom) hole 20 [cm] 

Gross collector area 2.65 [m2] 

Gross collector volume  ~0.65 [m3] 

Cross sectional area of the opening parabola  2.5446 [m2] 

Reactor shape  Directly irradiated - 

Reactor diameters  7-14 [mm] 

Reactor height  20 [cm] 

Reactor volume  26.546 [cm3] 

Base ring area  3.623*102 [cm2] 

Effective area of the concentrator  2.61 [m2] 

Reflective material  Al pet  

Concentration ratio 346.15 - 

Depth of concentrator 296.99 [mm] 

Focal length  682 [mm] 

f/d ratio 0.3788 - 

Rim angle 𝛙 of paraboloid  113° - 

Figure 3-1 Parametric design and locus of points of the solar dish 
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A theoretical calculation of stagnation temperature based on maximum heat flux value is given 

by Eq.(4) (Ekman et al., 2015). Stagnation temperature is the highest temperature a receiver 

would achieve when the energy being absorbed is as fast as it is re-radiated. 

𝑄 = 𝜎𝑇4 (4)  

Where Q is the radiated flux per square meter equal to 69,087 W/m2 (found from SolTrace 

simulations) and 𝛔 is the Stefan-Boltzmann constant. The thermal flux in this case would result 

in a corresponding stagnation temperature of 1,079oC. 

3.3 Experiment with the ractor- absrober materials 

The experiment was conducted using glass, copper, stainless steel, aluminium and ceramic 

reactors. The diameter of the reactors ranges from 7 mm to 14 mm but their heights were 35 

cm. Table 3-2 shows the dimensions and thermal conductivity of each reactor. 

3.3.1 Uncoated reactor-absorber temperature performance 

Temperatures in the unloaded (empty) reactors and global net radiations were recorded using 

K-type thermocouple and pyrometer with Campbell Scientific data logger respectively. The 

experiments were also repeated using the same reactors coated using carbon soot to create 

blackbody receiver. All procedures were run in more than three times to obtain the reported 

results and at all times the tests were run until the stagnation temperatures were reached. 

Table 3-3 shows temperature performance of the uncoated reactors and radiation intensity. 

While running the experiment, the radiation was increasing continuously from 280 to 860 

W/m2. In all the experiments the temperature of the reactors increased with the radiation until 

the stagnation temperatures were achieved. For most of the tests the rate of temperature 

increment was fast at the beginning for all reactors and remained constant after some time 

indicating the thermal energy being absorbed by the reactor is as fast as the energy being 

dissipated. Maximum temperature of 900oC was recorded with the stainless steel reactor at 744 

W/m2 with an average heating rate of 500oC/min. The effect of radiation on the reactor 

temperature can be linearly expressed as in Eq.(5).  

T = 25.274I – 17743; [R² = 0.9308]                                    (5)                                                                                                                   

where T stands for the temperature in oC and I is radiation in W/m2.  
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The second best performing reactor in terms of attaining maximum stagnation temperature was 

glass reactor. Maximum stagnation temperature of 845oC was recorded for a corresponding 

radiation of 860 W/m2. The response in temperature as a result of the changes in radiation was 

almost similar with the other reactors. Heating rate of the glass at 169oC/min, was lower than 

stainless steel and copper at the beginning but surpassed the copper reactor after few seconds. 

The maximum stagnation temperature in the copper reactor was 749oC, achieved after 6 

minutes of the start of the experiment. Corresponding radiation level was 530 W/m2 and the 

heating rate was 125oC/min. As with the other reactors the temperature was affected by the 

radiation which can be expressed using Eq.(6). 

T = -0.0086I2 + 9.3821I - 1820.5; [R² = 0.906]                               (6)                                                                                               

Copper had lower heating rate, response time and took longer time to reach its maximum stable 

temperature than the stainless steel. The stagnation temperature for the alumina ceramic reactor 

was 520oC which started after 6 min of the set-up, when the radiation reached 775 W/m2. 

Unlike all other reactors the rise in temperature was not sharp at the beginning. Heating rate of 

87oC/min was recorded with the ceramic reactor. The temperature is linearly related to the 

radiation, as in Eq.(7). The low performance with the ceramic reactor was due to the white 

colour of the alumina ceramics and its low thermal conductivity relative to the other materials.  

T = 12.639I – 9268; [R² = 0.8278]                                            (7)                                                                                                                     

Table 3-2 Dimensions and thermal property of the reactors 

Reactor material  Diameter [mm] Thermal conductivity 

[W/m.K] at 298K 

Wall thickness [mm] 

glass 12 ~1 0.8 

copper 13 401 0.8 

stainless steel 10 16 0.6 

aluminium 10 205 1 

alumina ceramic 7 16 1 

Table 3-3 Temperature performance of the uncoated reactors 

Reactor material Stagnation 

temperature [oC] 

Radiation [W/m2] at 

maximum temperature 

Heating rate 

[oC/min] 

glass 845±25 860±6 169±5.6 

copper 749±15 530±4 125±-5 

stainless steel 900±8 744±3 500±3 

aluminium 340±10 722±4 57±6.3 

alumina ceramic  520±10 775±5 87±3 
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The stagnation temperature and heating rate with the aluminium reactor were 340oC and 

57oC/min respectively with the corresponding heat flux of 722 W/m2. The aluminium reactor 

was the least performing reactor, mainly because it is a reflective material.  The temperature is 

directly related to the radiation as in Eq.(8).  

T = 1.8236I - 977.03; [R² = 0.8146]                                           (8)                                                                                                                

It is known that production of solar fuels from pyrolysis of biomass, termed biofuels, requires 

a temperature as high as 400 to 800°C (Jahirul et al., 2012). Thus, the stainless steel reactor at 

the focal region of the solar dish can generate enough temperature for the thermal treatment of 

the biomass in the conversion process. 

Copper reactor can also generate temperatures that can reach as high as 500 to 700oC which 

can be used for pyrolysis of biomass. The ceramic reactor can also be used for pyrolysis at 

lower temperatures, up to 500oC, torrefaction and pre-treatment of the biomass which requires 

relatively low temperature in the range of 200 to 300oC (Kuzmina et al., 2016). Similarly 

aluminium reactor can be used for torrefaction and pre-treatment of biomass at temperatures 

lower than 340oC. 

3.3.2 Coated reactor-absorber performances 

Table 3-4 shows the temperature performance, heating rate and radiations at which the 

maximum temperature has occurred for the reactors coated with carbon soot produced from 

combusted acetylene and using the designed solar parabolic dish. As in the previous tests, the 

temperatures generally increased with the radiation until the stagnation values were reached. 

The heating rates of all reactors changed considerably comparing to the uncoated reactors. The 

achieved heating rate using stainless steel tube reduced from 500 to 187oC/min; glass from 169 

to 80oC/min; copper from 125 to 83oC/min; but the ceramic and aluminum tube increased the 

heating rate from 87 to 315oC/min and 57 to 132oC/min, respectively. The concentrated heat 

oxidized the carbon soot before it reached the walls of the reactors, thus taking longer time than 

the uncoated reactors. With the aluminum and ceramic reactors the temperature and heating 

rate showed significant increase with the carbon soot because the reflective property of both 

reactors was minimized. Except for the glass reactor, the stagnation temperature did not show 

significant change with the copper and stainless steel reactors. This was because the carbon 

combusted few seconds after the reactors were placed at the focal point; hence the coating 

effect on the stainless and copper was minimal. However, with the glass reactor, the carbon 



46 

 

soot combustion increased the temperature reaching and maintaining maximum stagnant 

temperature of 1040oC. 

This experiment has also proved that the carbon coated stainless steel, glass, copper, aluminum 

and ceramic reactors, if integrated with the solar dish can increase the maximum temperatures 

to drive the pyrolysis, torrefaction and pre-treatment of the biomass in the course of extracting 

the bio-fuels, such as bio-oil, char and gases. 

Table 3-4 Temperature performance of carbon soot coated reactor-absorbers 

 

3.4 Conclusion  

In this work solar parabolic dish with 1.8 m aperture diameter was designed and manufactured 

with the aim of producing solar fuels from organic wastes through thermochemical conversion 

processes. The dish was covered with 88% reflective aluminium pet and integrated manual 

tracking system to ensure maximum concentrations. Two sets of experiments, 1) carbon soot 

coated and 2) uncoated, glass, copper, stainless-steel, aluminium and ceramic reactors were 

conducted to evaluate best performing reactor-absorber material to design solar assisted 

biomass pyrolyser to extract biofuel chemicals. Maximum temperature of 1040oC was recorded 

with the coated glass reactor at a radiation of 964 W/m2. Whereas of all the uncoated reactors, 

900oC was the maximum temperature recorded with the stainless steel at a radiation of 744 

W/m2. In most of the experiments the temperature was directly related with the radiations. 

Considering biofuel extraction from biomass through pyrolysis processing requires 

temperatures in the range of 400 to 800oC, all the coated reactors can generate sufficient 

temperatures to carry out the pyrolysis with the solar dish, while of all the uncoated reactors 

glass, copper, steel and aluminium can achieve the pyrolysis temperatures. The aluminium 

reactor can only be used for torrefaction and pre-treatment processes. 

Type of reactor Stagnation temperature 

[oC] 

Radiation [W/m2] at 

maximum temperature 

Heating rate 

[oC/min] 

glass 1040±28 964±5 80±6 

copper 748±15 885±4 83±4.5 

stainless steel 936±12 1003±4 187±5 

aluminium >660±8 936±5 132±5 

alumina ceramic  630±8 950±4 315±5 
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 Waste to energy conversion of chicken litter through solar-driven pyrolysis 

process 

The study in Chapter 4 characterizes pyrolysis products obtained from chicken-litter waste at 

different temperatures using the solar concentrator designed in Chapter 3. The feedstock was 

collected from Sydney then dried in a vacuum oven and pulverized to a size that can fit in the 

solar reactor. Yields and composition of the pyrolysis gases, bio-oil and char were intensively 

studied. A wide range of instruments such as gas chromatograph mass spectrometry, scanning 

electron microscope and others have been applied to investigate the property of the solar 

pyrolysis products. Possible areas of applications of each product are briefly discussed. 

The concept of this paper was developed by Vlad. I together with Tao designed the experiment, 

prepared the sample and analysed the data. The manuscript was written by myself, then Vlad, 

Tao and Graham have edited and made it for publication. 
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Abstract  

Application of solar energy for biomass pyrolysis is a promising technology for converting 

biomass to energy, fuels and other chemical substances with neutral CO2 emissions. Compared 

to the conventional pyrolysis process, the biomass conversion efficiency can be greatly 

improved if the pyrolysis heat is supplied from a concentrated solar system which can be 

achieved at reasonably moderate solar radiations. This paper discusses fast pyrolysis of chicken 

litter at different temperatures (560, 760, 860 and 900°C) supplied from a solar dish of 

maximum flux-density 69,087 W/m2 under 1000 W/m2 of net (all wave) solar radiation. Yields 

of the different product fractions (gas, liquid bio-oil and solid bio-char) were assessed using 

different techniques. The gas yield increased with temperature from 45.3 wt% at 560°C to its 

maximum value of 58.6 wt% at 860°C. Gas chromatograph results showed CO2, CO and CH4 

as the dominant gases with contents of 30.2, 22.4 and 2.4 wt% respectively. When the 

temperature increased to 900°C lower gas yields of 48 wt% were produced. The gas 

chromatography–mass spectrometry analysis showed that the generated bio-oils (14–36 wt%) 

mainly contained fatty acids, phenols, sterols and nitrogen containing compounds. Scanning 

electron microscopic images of evolved bio-chars showed increasing porous structure with 

temperature, while the Fourier transform infrared spectroscopy of the bio-chars showed 

presence of –OH, aliphatic C-H and other functional groups in the bio-char which gradually 

disappeared with temperature. The obtained results revealed the potential use of solar energy 

in the waste to energy valorization of organic chicken litter waste.  

Key words: Solar pyrolysis, chicken litter, bio-oil, gas yield, solar radiation, waste       
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4.1 Introduction  

The growing demand for alternative energy sources is driving not only investigation of new 

and renewable alternative feedstocks but also clean production mechanisms. Biomass 

resources, such as municipal wastes, forest residues, agricultural waste, aquatic plants, energy 

crops and animal manures are recognized as the major sources of renewable energy (Sawin et 

al., 2016). Chicken litter is a potential biomass fuel of animal origin produced in poultry 

farming. It consists manure, feathers, spilled food, chip woods and straw. Chicken farming is 

one of the largest industries and continuously growing due to the population increase (Bolan et 

al., 2010). From 2013 to 2014, the world production of broiler and poultry meat increased to 

95.8 million tonnes (Benchmark Holdings Ltd, 2014) resulting in more production of chicken 

manure and litter. In the US about 35 million tonnes of dry chicken litter is generated per annum 

(Ma & Agblevor, 2014) and Brazil, the second largest producer of broiler chickens in the world, 

generates around 8-10 million tonnes of litter per year (Dalolio et al., 2017).Total chicken litter 

production in Australia is estimated to be over 1 million tonnes (1.6 million m3) per annum 

(Wiedemann, 2015). 

Traditionally, chicken litter has been applied as a fertiliser and soil conditioner which still 

remains the most important and largest end use of poultry litter. However, land application 

only is not a sufficient solution to the growing volume of chicken litter waste, as its excessive 

land use adversely impacts surface and ground water (Lori et al., 2009) degrades water quality 

(Moore & Edwards, 2007) and contributes to toxic concentrations of ammonia nitrates 

(Edwards & Daniel, 1992). Chicken litter as ruminant feed supplement is also under pressure 

because of cattle health threats (Putun et al., 2002). Alternative mechanisms are increasingly 

required to address the disposal challenges of chicken litter. One potential means is to use more 

efficient energy conversion methods to generate energy-dense alternative fuels. Pyrolysis is 

one of the most attractive alternative options to obtain fuels and value added products from 

organic wastes, such as chicken litter.  

Pyrolysis is a thermochemical process which applies heat in the partial or total absence of an 

oxidizing agent to convert biomass and other organic materials to more stable, high-energy-

density solid material called bio-char, high-energy-density liquid product termed bio-oil, and 

relatively low energy density biogas (Azargohar et al., 2013). Gas products can be used for 

power generation, heating applications and production of chemicals (Zeng et al., 2017). The 

bio-oils can be used in boilers and engines for energy and heat generation whereas the bio-char 
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may be used as solid fuels or as soil conditioners, such as soil stabilization and for retention of 

nutrients and water (Bruun et al., 2012; Wang & Li, 2017; Zhang et al., 2015). 

Yields of 60.1% bio-char with 38% organic carbon, 41.7g/kg nitrogen and 36.3 cmolc/kg 

maximum cation exchange capacity was found at 300°C (Song & Guo, 2012). Chicken litter 

pyrolysis at 450 to 550°C produced 40% of bio-char with high ash content (24-54 wt%) and 

rich in potassium and phosphorus components. The process was also observed to generate bio-

oils (36-25 wt%) with relatively high nitrogen content (4 to 8 wt%), very low sulfur (<1%), 

and gases such as CO2, CO and low weight hydrocarbon in the range of 13 to 24 wt% (Agblevor 

et al., 2010). Lima et al. (2009) pyrolysed chicken litter at 700 to 800°C and produced 33.5% 

of bio-char (maximum yield). Gas production was found to decrease with temperature from 40 

to 31%. Another chicken litter pyrolysis performed by Baniasadi et al. (2016) from 400 to 

800°C at heating rates of 0.5 to 2°C/s, generated 48 wt% of gases (CO2, CO and CH4) and 

condensable compounds such as palmitic and oleic (18.8–35%), nitrogen containing 

compounds (6.3–10.2%), phenols (5.8–13.2%) and sterols (0.9–2.3%). Four fraction of bio-

oils, namely hexane (46 g), Toluene (29 g), chloroform (48g) and methanol (14 g) were 

achieved from the pyrolysis of 140 g of chicken litter at 450°C, fed to the reactor at 50 kg per 

hour (Ma & Agblevor, 2014). 

The effect of wood-shaving on the pyrolysis products of chicken litter was studied at 450°C by 

Mante and Agblevor Mante and Agblevor (2010). It was found that increasing the wood 

proportion increased bio-oil yields from 43.3 to 53.5 wt% when the mixture had 75 wt % wood 

and the char yield had decreased from 43.1 to 29.5 wt%.   

Although pyrolysis is prominent candidate for processing of biomass materials for renewable 

energy production, it has limitations as the driving heat is supplied from either external non-

renewable sources or through consumption of the produced biofuel products, pyrolysis gas or 

bio-oils. Extensive heat energy is consumed to heat the biomass in the reactor from external 

biomass or electrical heater. These reduce the available biomass for pyrolysis and in the same 

time generate greenhouse gases. One way to overcome these problems is by using solar energy 

to drive the biomass pyrolysis process. There are different types of solar collectors that can 

easily achieve pyrolysis temperatures. Operating temperatures as high as 1,050°C was achieved 

with solar dish on carbon-soot coated stainless-steel reactor at 964 W/m2 (Weldekidan et al., 

2017). Parabolic trough can also be used for biomass pyrolysis at lower temperatures ranging 

up to 300°C (Morales et al., 2014). Low pyrolysis temperature, <400°C, favors conversion of 
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char whereas syngas and bi-oil are favorably generated at high pyrolysis temperatures 

(>600°C) (Hanif et al., 2016). 

While solar energy has been used for cooking, space heating and power generation 

applications, its application to drive the thermochemical processing of organic wastes is at a 

very early technology readiness level. Integration of solar energy with biomass pyrolysis would 

not only solve the waste disposal and environmental challenges of the pyrolysis process, but 

also convert the waste to valuable products such as biofuels, pharmaceutical commodities, 

cosmetics and dehydrants more efficiently with improved environmental performance.  

The objective of the present study is to develop and perform a study on a solar driven pyrolysis 

process for extraction of biofuels from chicken-litter waste and investigate the effects of solar 

insolation on the pyrolysis temperatures as well as pyrolysis gases, bio-oil and bio-char 

pyrolysis products. 

4.2 Experimental section  

4.2.1 Feedstock preparation and analysis  

The sample material used in this study was chicken litter collected from a local chicken farm 

(Carlingford Produce, Sydney, Australia). Prior to the experiments, the biomass was dried in a 

vacuum oven for 2 hours at 70°C and 80 KPa then ground and sieved by 0.28 mm sieve.  

The proximate and ultimate analyses of the chicken litter used in this study, reported in Table 

4-1, show higher contents of ash (27.1%) and nitrogen (5.36%) compared to the other biomass 

materials, such as forest residue (0.4–1.2 wt% ash and 0.9–1.2 wt% nitrogen) (Amutio et al., 

2013), sawdust (0.4–0.7 wt% ash and 0.6–0.65 wt% nitrogen), demolition wood (1.7 wt% ash 

and 0.9 wt% nitrogen) and olive cake pellets (8.2 wt% ash and 1.3 wt% nitrogen) (Mahmoudi 

et al., 2010). The source of nitrogen is mainly due to the protein content of the chicken litter.  

Table 4-1 Proximate and ultimate analysis of chicken-litter waste 

 

Proximate analysis       Ultimate analysis 

Ash Volatile matter Fixed carbon 
 

Moisture 
 

 C H O  N S 

%mass, dry basis 
 

%mass 
 

%mass, dry and ash free 

27.1       62.6     10.3   9.9 
 

46.9 5.4 42 5.36 0.32 
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The large amount of ash, relatively high volatile matter (62.6%) and fixed carbon contents 

(10.3%) indicate that chicken litter is not suitable for production of porous value-added 

products, such as activated carbon and carbon sorbents (Azargohar et al., 2013). The higher 

heating value (HHV) was calculated to be 17.85 MJ/kg according to the following formula: 

HHV = 349.1 ×C + 1178.3×H + 100.5×S − 103.4×O −15.1×N −21.1×Ash (kJ/kg) 

(Channiwala & Parikh, 2002)  

4.2.2 Solar experimental setup  

A solar dish (1.8 m aperture diameter, 0.655 m focal length) with integrated biomass reactor 

system at its focal place was designed and constructed. It was laminated using aluminum 

polyethylene terephthalate (Al pet) with 88% reflective material. Various reactor tubes were 

tested for their temperature performances and applications (Weldekidan et al., 2017). 

Accordingly, stainless steel and silica glass tube reactors with 35 cm length by 13 mm diameter 

were found to give the best performance, hence the silica glass reactor was employed in this 

pyrolysis experiment. Repetitive experiments on the performance of the reactors indicated that 

there was not significant temperature difference across 25mm spot size in the reactors which 

was thus considered as constant temperature zone.  

One end of the reactor tube was attached to a two-inlet pipe with one inlet used to direct an 

argon carrier gas at flow rates of 100 mL/min while the other adjacent inlet was used to insert 

a K-type thermocouple to measure the pyrolysis temperature of the sample. TC-08 type of data 

logger with USB serial interface and PicoLog data logging software were applied to log and 

display the recorded temperatures in a computer. Shadow of a stick attached to the periphery 

of the dish was calibrated (marked) with the temperature in the reactor. Each time the 

experiment was conducted, the shadow of the stick had to be tracked to lay on the correct mark 

as per the final temperature requirement.  

The pyrolysis experiments were carried out in a batch. In each run maximum of 100 mg sample 

was loaded at the center of the reactor tube. The remaining part of the reactor was filled with 

quartz wool, which was used to trap heavy organics (tars) generated during the pyrolysis 

process, and at the same time the wool was used to hold the sample in place as in Fig. 4.1. The 

reactor’s outlet side was connected to coiled copper pipe immersed in an ice cooling chamber 

to condense heavy tars of the pyrolysis gases. The pyrolysis gases were then collected in a 

Tedlar bag for analysis by a micro-GC. 
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The reactor tube was purged with argon gas at 100 mL/min for about 15 min. Finally, the 

reactor was tuned to the maximum irradiance and continuously tracked to face the sun such 

that its reflected beam illuminated the reactor to achieve the required pyrolysis temperatures.  

To analyze heat flux distribution of the reflected rays around the focal spot, ray tracing 

calculations were performed using SolTrace software (Wendelin, 2013) at different aim points. 

Assumed parameters for SolTrace were insolation (1,000 W/m2 equal to 1 sun), aperture 

diameter (1.8 m), surface reflectivity (88%), glass reactor diameter (25mm), range of focal 

lengths (0.6–0.75 m) and specularity standard deviation of 0.5 mrad. With these assumptions, 

the maximum heat flux generated by the solar dish at 0.655 m focal length and over a size of 

25 mm diameter spot was 69,087 W/m2, which represents a concentration of 70 times the 

available solar energy. Fig. 4.2 (a) shows the flux distributions of the solar dish at different 

focal lengths. A theoretical calculation of temperature based on the maximum heat flux value 

gave an equivalent temperature of 1,051°C. To validate this, experiment was conducted to 

measure temperature performance of different reactors at 0.655 m focal length. Fig. 4.2 (b) is 

the average temperature performance of glass tube reactor at different irradiance levels for 3 

runs. The temperature sharply increased up to 745°C at 3°C/(W/m2); followed by slow raise up 

to its maximum value of 1,060°C at 1,020 W/m2, which agreed well with the SolTrace results. 

  

1. Argon gas 

2. Flowmeter  

3. Glass reactor  

4. Sample  

5. Fiber glass 

6. Outlet pipe 

7. Ice trap  

8. Gas sampling bag 

9. Micro GC 

10. Dish concentrator  

11. K-type 

thermocouple  

Figure 4-1 Schematic of the experimental set-up  
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4.2.3 Pyrolysis product recovery 

4.2.3.1 Pyrolysis gases 

The sample loaded reactor was heated by the reflected solar radiations up to the maximum 

temperatures of 560, 760, 860 and 900°C respectively. These temperatures were selected based 

on the tracking simplicity of the solar device. Tracking the device to these range of 

temperatures could be done with relatively better accuracy than other ranges of temperatures. 

Fig. 4. 3 shows variation of temperature with time during the experiments. Based on this graph 

the average heating rate achieved was calculated to be 190 + 6°C/min. Produced gases, 

collected in the Tedlar gas bags, were subjected to M200 micro-gas chromatograph (micro-

GC) with ultra-high purity helium (at 50 mL/min) as the carrier gas. A U column polymer 

Paraplot, 8 m long and 0.32 mm in diameter kept at 40°C was employed to determine CO2, 

CH4, C2H4 and C2H6 while H2 and CO were analyzed by a 5A molecular sieve (10 m long and 

0.32 mm in diameter) at 60°C. Chromatograms were obtained every 100 s using thermal 

conductivity detector (TCD). More details on the apparatus and calibration procedures 

employed in this experiment were discussed by Kan, et al. (2014a); Opatokun et al. (2016) and 

Strezov et al. (2012). 

 

 

Figure 4-2 Solar assisted pyrolyser performance, (a) heat flux distribution at different focal 

lengths; (b) reactor temperature performance at 0.655 m focal length (note 5% error in each 

graph) 
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4.2.3.2 Liquid bio-oils 

The bio-oils trapped by the glass wool and cooled by ambient air at room temperature were 

collected for each experiment (560, 760, 860 and 900°C) and then dissolved in a 

dichloromethane (DCM) solvent. N, O-bis(trimethylsilyl) trifluoroacetamide and 1% 

trimethylchlorosilane (BSTFA + 1% TMCS) was added to the solution, to improve separation 

and thermal stability of the compounds in the GC-MS analysis (Kan et al., 2014b) The bio-oil 

solution was then analysed by Agilent 7890B gas chromatography coupled with 5977A mass 

spectrometry (GC-MS) equipped with an HP-5MS capillary column (60 mx 0.25 µm). The gas 

flow rate through the column was 1.2324 ml/min. The GC oven was firstly heated to 40°C and 

kept for 2 min, then increased to 310°C at 2°C/min and kept for 30 min. The injector and Mass 

Spectrometer Detector (MSD) transfer line temperatures were 310°C, while quadrupole mass 

spectrometer (MS Quad) temperature was set at 150°C. Compounds were analysed using the 

MassHunter software. The match factor with the NIST database was set over 80. The product 

yield of the bio-oils was calculated from the mass difference between the total sample weight 

and the mass sum of the produced chars and evolved pyrolysis gas.  

4.2.3.3 Solid bio-chars 

In each experiment, the solid residue (bio-char) was analysed using Fourier Transform Infrared 

Spectroscopy (FT-IR) and Scanning Electron Microscopy (SEM). FT-IR spectra of raw 

chicken litter and produced bio-chars at different temperatures were recorded by Nicolet 6700 

Figure 4-3 Temperature variation of the reactor as a function of time 
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FTIR spectrometer using an attenuated total reflectance method with a crystal diamond. The 

experiments were accomplished through 32 total number of scans with 4 cm-1 spectral 

resolution. 

The variable pressure SEM system (JEOL JSM- 6480 LA) equipped with Energy Dispersive 

Spectroscopy (EDS) was employed to observe the morphological differences of the raw 

chicken litter and produced bio-chars at different temperatures. Images of the different samples 

ranging in size from 0.28 to 0.1 mm were produced at a maximum resolutions of 4 nm. In this 

experiment, an accelerating voltage of 15 KV with energy dispersion ranges between 0-20 KeV 

was applied at the working distance of 10  2 mm. 

4.3 Result  

4.3.1 Product distribution 

Bio-char, bio-oil and pyrolysis gas yields obtained from the solar pyrolysis of chicken litter at 

the final temperatures of 560, 760, 860 and 900°C are shown in Fig. 4.4. The values reported 

in the figure are obtained as the average value of at least three experiments with relative errors 

less than 5%. The gas and liquid yields increased with the pyrolysis temperature, whereas the 

bio-char yield decreased. At 560°C, 40.4 wt% bio-char and 45.3 wt% pyrolysis gas yields were 

produced. When the temperature raised to 760°C, the bio-char yield decreased to 24.5 wt%, 

whereas the pyrolysis gas yield slightly increased to 48.9 wt%. This was primarily due to the 

char decomposition mechanism at this temperature range, which was also reported previously 

(Uzun et al., 2006; Yang et al., 2014). The liquid yield was found to increase from 14.4 wt% 

at 560°C to 24.5 wt% at 760°C. The maximum gas yield of 58.6 wt% was obtained at 860°C 

indicating most of the tar decomposition occurred at this temperature range which can be 

confirmed by the decrease in the liquid and bio-char contents at 15.3 and 26.1 wt% respectively. 

As the pyrolysis temperature further increased to 900°C, the pyrolysis gas and bio-char yields 

reduced substantially to 47.8 and 16.1 wt% respectively, while the liquid yield increased to 

35.9 wt%. The decrease in the pyrolysis gas and increase in bio-oil yield at 900°C could be due 

to hydrocarbon polymerization in the high-temperature zone and at high heating rate, resulting 

in increased liquid yields. Similar yield patterns were observed with Zeng et al. (2015) and 

Septien et al. (2012) at higher temperatures. This result could also come due to inconsistencies 

such as packing density of the biomass and errors in the manual tracking of the solar device 

which causes variations in the heating rate. 
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The relatively high content of inorganic compounds present in the sample in the form of ash 

(Table 4-1) can hinder further formation of gases (Pattiya, 2011) resulting for the gas yield to 

be almost the same throughout the process.   

 

 

4.3.2 Pyrolysis gases 

The non-condensable gases were composed of lower molecular weight gas products as shown 

in Fig. 4.5. The main gas products were CO2, CO, CH4, C2H4, C2H6 and H2, where CO2, CO 

and CH4 were the dominant gas products. The yields of CO2 and CO significantly increased 

from 21 to 30.2 wt% and 19 to 22.4 wt%, respectively, as the temperature increased from 560 

to 860°C. The rapid increase in CO2 production at this temperature interval could be due to 

protein and fat decomposition which favors formation of CO2 and CO. As discussed by Kim et 

al. (2009), the raise in CO production may also be associated with secondary tar reactions at 

higher temperatures. 

Figure 4-4 Solar pyrolysis product distribution of chicken-litter waste as function of the 

temperature (the relative standard deviation for the experiments was 5%). 
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Figure 4-5 Solar pyrolysis Chicken-litter waste gas composition at different temperatures 

(Note: relative error was 5%) 

However, when the temperature further increased to 900°C, CO2 and CO yields were reduced 

to 28.6 and 17 wt% respectively. There were no significant differences with temperature with 

the rest of the gases species. CH4 and C2H4 yields first slightly raised from 2.25 and 1.42 wt% 

at 560°C to 2.27 and 1.7 wt% at 860°C then decreased to 1.2 for CH4 and 0.53 for C2H4 at 

900°C. Hydrogen was the gas with the lowest yield achieving maximum of 0.5 wt% at 860°C.  

4.3.3 GC-MS characterization of bio-oil 

Fig. 4.6 shows the GC-MS spectra of the bio-oils produced at 560, 760, 860 and 900°C by solar 

pyrolysis of chicken litter. The area percentage of each identified compound was based on the 

proportion of each gas chromatograph peak area to the total peak area, as suggested by Tsai et 

al. (2009) and Cao et al. (2015). Generated bio-oils were found to be oxygen-rich components 

due to the high content of oxygen (42%, Table 4-1) with small traces of nitrogen, as shown in 

Table 4-2. Nitrogen containing bio-oils, such as C2H5NO (maximum 3.16%), C4H9NO2 

(1.25%), C5H5NO (3.67%), C7H4N2S (2.82%), C4H6N2O2 (1.7%), C14H27NO2 (4.18%) etc were 

attributed to the nitrogen/protein in the chicken litter.  

The liquid products obtained at each pyrolysis temperature were analyzed to compare the trend 

of the compounds. Despite the difference in the pyrolysis temperature, Phenols (3-Ethylphenol; 

o-Cresol; m-Cresol; p-Cresol), fatty acids (palmitic acid; stearic acid; Octanoic acid; 9-
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Octadecenoic acid; 9,12-Octadecadienoic acid, Butyric Acid, etc), sterols, such as cholesterol, 

N-compounds (acetamide, 3-Pyridinol; 6-Isopropyl-benzothiazol-2-ylamine, 2-[3,4-hydroxyl-

phenyl] ethanamine, etc) and other compounds were identified with varying concentrations. 

The prominent compounds at 560°C were triethylene glycol (6.18%), palmitic acid (5.19%), 

phenol (4.7%), 9-Octadecenoic acid, (E)- (3.8%) and acetamide (3.16%). Except for palmitic 

acid and 9-Octadecenoic acid, (E)-, their concentration decreased with temperature at 760°C, 

indicating they were decomposed to gas and other products. Triethylene glycol is used by the 

oil and gas industry to dehydrate natural gas and other oxygenated gases, such as CO2 and H2S. 

It is also a mild disinfectant used to target a variety of bacteria and the influenza virus. Palmitic 

acid, on the other hand, is mainly used to produce soaps, cosmetic and release agents. Phenol 

is one of the main ingredients in the synthesis of dyes, aspirin, and plastics. 

Two of the dominant compounds produced at 860°C were palmitic acid (5.27%) and 9-

Octadecenoic acid, (E)- (3.93), while at 900°C butyric acid (4.52%), 4-Pyridinol (3.67%), 2-

[3,4-hydroxyl-phenyl] ethanamine (4.18%), pentadecanoic acid (5.65%) and 9,12-

Octadecadienoic acid (Z,Z)-(3.82%) are the dominant compounds. 

Overall, the produced bio-oil has acidic and unstable properties hence it needs further 

treatment, such as hydrothermal upgrading for use as liquid fuels (Strezov & Evans, 2009) or 

direct combustion in engines may provide alternative application of the pyrolysis oils as a fuel 

(Strezov et al., 2012). 

The hydrogen to carbon (H/C) and oxygen to carbon (O/C) ration are the simple and overall 

characterisation parameters for hydrocarbon fuels. For the solar generated bio-oils the H/C 

ratio was found to be 1.61 which is quite comparable with kerosene based hydrocarbon fuels 

(H/C = 1.6–2.3) (Yue et al., 2016). But the O/C ratio was 0.78 which is higher than the 

conventional heavy oil of around 0.18 (Bridgwater & Peacocke, 2000; Hassan et al., 2016). 
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Figure 4-6 GC-MS spectra of bio-oils from chicken litter solar pyrolysis at (a) 560°C, (b) 

760°C, (c) 860°C, and (d) 900°C 
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Table 4-2 GC-MS identification of compounds from solar pyrolysis of chicken litter waste 

Peak 

no 

RT 

(min) 

Formula Compound Name Area Percent, % 

560°C 760°C 860°C 900°C 

1 8.58 C6H10O4 Ethyl hydrogen succinate   0.76     

2 9.86 C4H10O Isobutanol 0.87     
 

3 10.09 C4H8O2 Butyric Acid       4.52 

4 12.33 C2H5NO Acetamide 3.16 1.33 1.17   

5 13.02 C5H10O2 3-Methylbutanoic acid     0.47 0.73 

6 16.37 C4H9NO2 2-Aminobutanoic acid       1.25 

7 16.6 C2H6O2 Ethylene glycol   1.45 0.83 2.09 

8 17.04 C5H6O2 Furfuryl alcohoe 2.05 2 2.2 0.87 

9 19.5 C5H5NO 4-Pyridinol 1.27   0.78 3.67 

10 20.72 C6H6O Phenol  4.7 3.49 2.81 0.98 

11 26.17 C7H8O o-Cresol  1.39 0.92 0.82 1.66 

12 26.65 C5H5NO 3-Pyridinol 1.73 1.82 1.69 1.37 

13 27.13 C7H8O m-Cresol 1.74 1.33 1.13 2.11 

14 27.84 C7H8O p-Cresol  2.5 2.16 1.8   

15 29.66 C4H10O2 Isobutylene glycol   0.47   1.27 

16 31.47 C10H18O exo-Norborneol   1.78 1.04   

17 33.04 C8H10O 3,5-Dimethylphenol  1.29 0.9   1.51 

18 33.39 C7H8O2 Guaiacol  1.3 1.1 1.41 0.71 

19 34.08 C8H10O 3-Ethylphenol  0.97 0.83 0.76   

20 36.32 C8H16O2 Octanoic acid    0.58     

21 36.78 C7H4N2S 6-Isopropyl-benzothiazol-2-

ylamine 

0.51 0.57   2.82 

22 39.86 C6H6O2 Catechol  2.1 3.07 2.62 1.03 

23 44.89 C7H8O2 4-Methylcatechol  0.57 1.09 0.9 1.02 

24 45.75 C6H6O2 Hydroquinone   1.01 0.84   

25 46.03 C4H6N2O2 Dihydrouracil  1.19     1.7 

26 46.51 C17H42O5 A-Arabinofuranose   2.63 1.78 1.31 

27 47.27 C12H15NO 3-Buten-2-one, 4-[4-

(dimethylamino)phenyl]- 

        

28 47.33 C12H15NO 2,3-2H-Quinolin-2-one, 

3,3,4,7-tetramethyl- 

2.51   0.94   

29 47.75 C12H17NO2 (+)-Salsolidine 0.98     1.65 
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4.3.4 FT-IR spectra and SEM analysis of bio-chars 

The Fourier Transform Infrared spectroscopy of the chicken litter chars evolved at the different 

temperatures are shown in Fig. 4.7. Raw chicken litter exhibited broad banding at 3300 cm-1 

related to the OH vibration of the hydroxyl groups (Robert et al., 2005). Smaller bands at 2930 

and 2850 cm-1 of raw chicken litter, assigned as aliphatic C–H stretching of CH3 and CH2 groups 

respectively indicating aliphatic chains in the lipids (Cao et al., 2016). The peaks shown at 1630 

cm-1 for the raw chicken litter retained C=O stretch of CO2H and C=O of primary amides 

revealing the presence of proteins, while the peaks at 1550 cm-1 was related to N–H bending 

vibrations in secondary amides (Robert et al., 2005). The weak bands at around 1420 cm-1 

observed in the raw chicken litter and the evolved bio-chars at 560, 760 and slightly at 860°C 

were related to saturated fatty acids and cellulose (CH2 deformation) (Robert et al., 2005). The 

peak at 1030 cm-1, observed in all samples, was due to C–O stretching of carbohydrates, while 

the peaks observed between 500 and 900 cm-1 were most likely associated with inorganic 

fractions of the samples such as sulfate leachates (Smidt & Meissl, 2007). The strong peak at 

30 47.85 C20H25NO4 Reticuline, 6'-methyl   1.76 1.51   

31 49.52 C13H26 1,3-Butadiene, (Z,E)-2,3-

dipropyl- 

0.51     0.77 

32 49.56 C14H27NO2 2-{3,4-hydroxyl-

phenyl}ethanamine 

  1.01 0.68 4.18 

33 52.9 C6H14O4 Triethylene glycol  6.18 4.76 2.92   

34 53.56 C11H26O4 1-butoxypropan-2-ol;1,2-

dimethoxyethane 

    0.95 0.83 

35 55.91 C10H12O2 Eugenol  0.54 0.87 0.87 0.58 

36 60.93 C12H24O2 Dodecanoic acid 0.66 0.63     

37 71.61 C14H28O2 Myristic acid 0.53 0.57   1.55 

38 75.22 C15H30O2 Pentadecanoic acid  1.39 1.63 1.59 5.65 

39 81.62 C16H32O2 Palmitic Acid  5.19 6.33 5.27 1.51 

40 88.96 C18H32O2 9,12-Octadecadienoic acid 

(Z,Z)-  

1.41 1.65 1.59 3.82 

41 89.34 C18H34O2 9-Octadecenoic acid, (E)-  3.8 4.65 3.93 1.1 

42 89.58 C18H34O2 11-Octadecenoic acid, (E)-  1.19 1.34 1.24 2.74 

43 90.57 C18H36O2 Stearic acid  2.71 3.21 2.78 0.74 

44 123.76 C27H46O Cholesterol  0.82 0.94 0.8   
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876 cm-1 for the char sample evolved at 560°C was assigned to the C–O carbonate groups, while 

733 cm-1 showed formation of aromatic C–H structure during the process. 

Chars samples produced at 560°C showed slight peak at 3640 cm-1 which continued growing 

with temperature, maximum at 900°C, in all char samples which was assigned to O–H stretching 

of non-bonded hydroxyl groups (Kan et al., 2017). 

The spectra of each solid product diminished with temperature confirming dissolution of the 

carbohydrates. The band at 3300 cm-1 decreased significantly at 560°C and completely 

disappeared at 860°C indicating that the carboxyl acid dissolved as the temperature increased. 

The aliphatic C–H stretching of CH3 and CH2 observed at 2930 and 2850 cm-1 also disappeared 

due to the hydrolysis and dissolution of the aliphatic chain. All C=O groups assigned to the 

primary amides and stretches of CO2H observed at 1630 cm-1 vanished in all char samples when 

the temperature was increased to 560°C.  

A study by Cao et al. (2016) reported that most of the main components (proteins, lipids and 

carbohydrates) in the raw chicken litter are almost fully dissolved at temperatures greater than 

500°C, and new C–O stretching and aromatic structure is formed due to polymerization and 

Diels-Alder reactions.  

The SEM images of the surface morphologies of raw chicken litter and its evolved chars at 

different temperatures are demonstrated in Fig. 4.8. Compared to the raw chicken litter, the 

morphology of the char at 560°C was modified with obvious porous structures being observed. 

The bio-chars’ structure consisted of complex network of small pores and long channels. 

Distinct morphologies of increasing porous structure with irregular surfaces can be seen in each 

evolved bio-chars. When increasing the temperature from 560 to 760°C, larger pores in the 

substrate could be identified. Further increase in temperature did not result in obvious 

morphological change of chars; especially, the SEM images did not show significant difference 

between the bio-chars produced at 860 and 900°C.   
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Figure 4-8 SEM images of surface morphologies of raw chicken litter and bio-chars produced 

at different temperatures (A) raw chicken litter, (B) 560°C, (C) 760°C, (D) 860°C, and (E) 

900°C 

Figure 4-7 FT-IR spectra of raw chicken litter and bio-chars obtained at different temperatures 

A B 

C D 

E 
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4.4 Conclusion  

Solar energy from solar-dish concentrator was employed to pyrolyse chicken litter waste at 

four different temperatures. Maximum solar flux density of 69,087 W/m2, equivalent to 70 

times of the available solar energy, was achieved to concentrate at the focal spot. Pyrolysis of 

chicken litter under the concentrated solar radiation generated bio-char, bio-oil and pyrolysis 

gases of different chemical composition at each pyrolysis temperature. The highest gas yield 

of 58.6 wt% was obtained at 860°C with CO2, CO, and CH4 as the main gas products. The char 

yield continuously decreased with temperature from 40.4 wt% at 560°C to 16.1 wt% at 900°C. 

Identified components of the liquid fraction were acids, phenols, nitrogen containing 

compounds and sterols. The FT-IR spectra of the produced bio-chars diminished with 

temperature indicating dissolution of carboxylic acids and long aliphatic chains. Char 

morphology was significantly modified at 760°C with large pores and long channel structures. 

The product characterization showed that solar driven pyrolysis fractions are not any different 

from traditional pyrolysis processes, hence solar energy can become viable potential for 

converting organic waste into fuels and important chemicals such as dehydrants, cosmetics and 

pharmaceutical commodities.  
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  Production and analysis of fuels and chemicals obtained from rice husk 

pyrolysis with concentrated solar radiation 

In Chapter 4 the pyrolysis products of chicken litter, which is protein and lipids based feedstock 

are investigated, whereas in this chapter the pyrolysis of rice husk, which is lignin and 

carbohydrate containing biomass is dealt. With these investigations we can have complete 

understanding of pyrolytic product behaviour of range of feedstocks under the solar pyrolysis 

conditions. 
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Abstract  

Solar energy is the greatest source of renewable energy which can be applied for biomass 

thermochemical conversion processes. In this study, pyrolysis of rice husk was performed at 

different temperatures obtained from concentrated solar radiation. The solar pyrolysis of rice 

husk mainly produced bio-oils (20.6–43.13 wt. %), followed by bio-char and pyrolysis gases. 

The pyrolysis gas was observed to increase with temperature from 14 wt.% at 500°C to its 

maximum yield of 25.48 wt. % at 800°C. The highest bio-char yield was found to be 43 wt.% 

at 500°C. As observed by the FTIR spectrometer, functional groups of the raw rice husk 

changed with pyrolysis temperature. SEM images showed large glass-like holes in the chars 

produced at 500°C while EDS analysis revealed highest silica concentrations of 12.3% at 

700°C. Acids, alcohols and phenols as well as trace amounts of ester and aldehydes were the 

GC-MS identified bio-oil compounds. Solar pyrolysis of rice husk could be a promising and 

energy-saving technology for fuel and chemical production 

Key words: Solar fuels, pyrolysis gases, bio-char, product yields, GC-MS analysis, biomass   

5.1 Introduction 

Fossil derived fuels have become a limited resource and emissions of greenhouse gases are 

impacting the environment and climate (Ciampi et al., 2018; Li et al., 2017; Zhao et al., 2015). 

Considerable research has been performed to look for alternative fuels and energy sources 

which can reduce dependency on fossil fuels and CO2 emissions (Kumar & Kumar, 2017; 

Kumar et al., 2016; Martinopoulos & Tsalikis, 2018). Biomass, being a renewable and carbon 

mailto:tao.kan@mq.edu.au
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neutral source of energy, is widely and readily available in almost all parts of the world. It is a 

natural resource which can be converted into gaseous, liquid and solid fuels the properties and 

yields of which depend on the thermal, biological or physical conversion mechanisms (Ahmad 

et al., 2016; Kirkels, 2012; Pottmaier et al., 2013).  

The large quantities of residue and leftovers from maize, wheat and rice, which constitute 

world’s top three agricultural by-products, can be sought as a strategic source of renewable 

energy (Pottmaier et al., 2013). After the harvest season, open field burning or decaying of the 

residues in the field is the common disposal practice in many countries, creating health and 

environmental concerns (Lim et al., 2012). 

Rice husk, which accounts for 20-25% of the total paddy weight, has an annual global capacity 

of 700.7 million tonnes (Liu et al., 2016). It is produced in the first step of milling when the 

husk is separated from the grain and ends up as a leftover in the open air in most countries 

(Suzana Y. et al., 2016). Rice husk contains lignin (up to 10%), cellulose (20-35%), 

hemicellulose (15-30%) and some other materials. Generally, it is characterized by high ash 

content and low bulk density (Naqvi et al., 2014).  

Rice husk can be converted to different types of fuels using thermochemical processes. Direct 

combustion, pyrolysis, gasification and liquefaction are among the available thermochemical 

conversion mechanisms which are considered as critical biomass utilization alternatives, 

offering economic benefits through the production of high value fuel gasses, liquids and chars 

(Zhang et al., 2016a). Pyrolysis of biomass is one of the most efficient technologies for bio-

char, bio-oil and bio-gas production (Zhou et al., 2013). It involves moisture evaporation at 

around 100°C, followed by biomass cracking and devolatilization when the temperature 

reaches around 300oC, releasing pyrolysis gases such as CO2, CO, H2, light weight 

hydrocarbons and tars (Zhang et al., 2016b). 

Many studies have investigated rice husk pyrolysis in reactors heated by products of pyrolysis. 

Some of the recent studies on traditional rice husk pyrolysis can be seen in the literatures 

(Dunnigan et al., 2018; Qiyuan Li et al., 2016; Li et al., 2017; Tsai et al., 2007; Yue et al., 

2016).  Li et al. (2017) used rice husk pyrolysis products, mainly bio-oil, as raw material to 

produce synthesis gas (H2 and CO). The rice husk fed to quartz tube reactor at a rate of 0.29 

g/min, was pyrolysed at temperatures ranging from 500 to 800°C. H2 and CO produced from 

the pyrolysis of the bio-oil were found to reach 56 and 18%, respectively, 37% and 36% from 
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the volatiles, respectively. Pyrolysis temperatures ranging from 400 to 800°C and feeding rate 

of 1.3 g/min were used to generate raw pyrolysis volatiles with different bio-oil to syngas ratios 

(Dunnigan et al., 2018). Maximum gas, bio-oil and bio-char yields were found to be 45%, 38% 

and 43% recepectively. The maximum uncondensable pyrolysis gases, containing mainly CO, 

H2, CO2 and CH4 were obtained at 800°C. Bio-oil and bio-char yeilds were investigated from 

fast pyrolysis experiments of rice husk conducted in a fix-bed induction heating system at 400 

to 800°C and 200°C /min (Tsai et al., 2007). The oil yield was observed to increase from 10 to 

37% over the entire range of the pyrolysis temperatures while the bio-char was found to 

decrease with temperature from 84.22 to 30.7%. Characterization of bio-char, bio-oil and gas 

produced from the pyrolysis of rice husk at various temperatures (350 to 600°C ) and feeding 

rate of 2 g/min were performed by Yu et al. (2016). Maximum gas yield (78 wt.%) was obtained 

at 600°C while the maximum yields of char (45 wt.%) and liquids (47 wt%) were obtained at 

350 and 500°C, respectively.   

The above conventional pyrolysis processes require partial combustion and use of the pyrolysis 

products to maintain the pyrolysis temperature, which compromises the quality and amount of 

the pyrolysis products. Solar energy if coupled with pyrolysis has vast potential to overcome 

these shortcoming, as it can provide the required heat to carry out the pyrolysis and enable full 

recovery of the pyrolysis products (Bait & Si-Ameur, 2017; Weldekidan et al., 2018a). 

Australia receives an average of 58x1021 Joules of solar energy in a year which positions the 

country as one of the best solar energy receivers in the world (Lohmann et al., 2006). 

Integrating solar technology for biomass pyrolysis in Australia has substantial advantages and 

can bring significant contribution for the future development of the solar energy technology. 

Rice husk as well as other lignocellulosic biomass materials can be processed using integrated 

solar pyrolysis method, however its behaviors under the solar pyrolysis conditions has never 

been investigated to this date. In this study, rice husk as an abundant agricultural waste was 

selected as the feedstock. In addition, the higher ash content of rick husk than most of the other 

lignocellulosic materials, was an additional important parameter for selection of this feedstock 

for solar pyrolysis. Although high ash content biomass was studied previously by Weldekidan 

et al. (2018b), however, the biomass used was chicken litter, which is primarly lipid anc protein 

based biomass feedstock. In the current work, the high ash lignocellulosic feedstock was 

selected with a focus to pyrolyse rice husk at different temperatures and evaluate the different 

pyrolysis products obtained from the solar pyrolysis. The aim of this work was to investigate 
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properties of pyrolysis gases, bio-char (including the contained ash) and bio-oils through rice 

husk pyrolysis induced by concentrated solar radiation at different temperatures.  

5.2 Materials and methods 

5.2.1 Materials  

Sample rice husk from Carlingford Produce, Sydney, Australia was dried in a vacuum oven for 

2 hours at 70°C and 80 kPa then ground and sieved by a 280 µm sieve. ASTM D7582 test 

method was applied to determine the proximate analysis of the sample while the ultimate 

analysis was determined with CHNS analyser using Vario MICRO cube elemental analyser 

(Elementar Analysensysteme GmbH, Germany) with PC based data system WindowsTM and 

electronic micro balance).  

It contained 25.32% ash, 14.14% fixed carbon, 54.51% volatile matters and the moisture 

content was found to be 6.03%.  

The elemental analysis of the rice husk shows 34.33 % C, 4.98 % H, 0.38 % N, 0.19 % S and 

on ash free basis the O (by difference) was 60.12 %.  

5.2.2 Solar pyrolysis reactor  

The solar pyrolysis system, with design reported in a previous study (Weldekidan et al., 2017), 

was employed to pyrolyze the sample. The system contains 1.8 m aperture diameter parabolic 

dish coated with an 88% reflective aluminum material. The reactor, which was silica glass tube 

with 13 mm in diameter and 35 cm length was loaded with 100 mg of sample and placed at the 

focal region of the dish which is at 0.655 m from the bottom edge of the dish. Samples were 

positioned in the middle of the reactor and held in place by glass wool. The parabolic dish has 

maximum heat flux concentrating capacity of 70 kW/m2 for one sun (1000 W/m2), which 

generates the pyrolysis temperatures. Table 5-1 is the optical characteristics of the parabolic 

dish obtained from SolTrace (Wendelin, 2013) simulations. 

Based on the heat flux distribution, theoretical calculation of the highest temperature (T) on a 

blackbody is given by equation (1) (Ekman et al., 2015; Weldekidan et al., 2017):  

 

𝑸 = 𝝈𝑻𝟒  (1) 
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Where Q is the radiated flux per square meter (70 kW/m2) and σ is the Stefan-Boltzmann 

constant. Accordingly, the concentrated radiation in this case would result in a corresponding 

highest temperature of 1,060°C.  

The parabolic dish was calibrated for its maximum temperature using K-type thermocouple 

with USB serial interface, PicoLog software and stick-road which was bolted to the surface of 

the dish. The dish was first set to its maximum performance position, then corresponding length 

and position of the shadow of the stick-road, which lie on the dish surface, was marked for 

reference. To control the temperature during the pyrolysis process, the dish was tracked for the 

shadow of the stick-road to lie on the reference mark always. When the target temperature was 

reached, for instance 500°C, the dish could be rotated to its offset position easily then sample 

temperature instantly started to drop to ambient value. To maintain constant heating rate, all 

the experiments were conducted at the same radiation levels, 700 to 720 W/m2. Fig. 5.1 shows 

variation of the temperature with time during the pyrolysis experiment.  

Table 5-1 Optical characteristics of dish 

Parameters Dimensions 

Aperture diameter 1.8 m 

Surface reflectivity 88 % 

Focal length 0.655 m 

Reactor tube diameter 13 mm 

Power per ray 0.25641 W 

Generated heat per area 70 kW/m2 

Sun ray count 12,636 

Highest temperature 1,060°C 



78 

 

Semi rigid nylon tube (1/4” outer diameter) was connected to the reactor inlet to pass argon gas 

(at a flow rate of 85 mL/min) to purge the reactor and as a carrier gas for the pyrolysis gases. 

Another nylon tube was connected to the reactor outlet to collect the gases in a Tdlar® gas bag 

for further analysis by the GC machine. Fig. 5. 2 shows schematic of the experimental set-up. 

Samples were heated up to the maximum temperatures of 500, 600, 700 and 800°C at a heating 

rate of 160 ± 6°C/min. These temperatures have been selected as most of the pyrolysis products 

can sufficiently be produced in the range of temperatures (Li et al., 2017). However, the heating 

rate depend on the available solar radiation in the area during the solar pyrolysis process. A 

TC-08 type of data logger from PICO TECHNOLOGY with USB serial interface and PicoLog 

data logging software was applied to log and display the recorded temperatures in a computer. 

Each experiment was repeated for at least 3 times until the average error was less than 5%. 
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Figure 5-1 Temperature variation of the reactor as a function of time (relative error was 5%) 
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5.2.3 Product recovery  

5.2.3.1 Pyrolysis gases  

Pyrolysis gases collected in the gas bag at each targeted temperature were analyzed with M200 

micro-gas chromatograph. CO2, CH4, C2H4 and C2H6 were analyzed by a polymer Paraplot U 

column kept at 40°C while another column with molecular sieve 5A maintained at 60°C was 

selected to separate and analyze H2 and CO. Chromatograms were recorded every 100 s using 

thermal conductivity detector (TCD). More details on the apparatus and calibration procedures 

can be obtained from the previous works (Kan et al., 2017; Strezov et al., 2012; Weldekidan 

et al., 2018b). 

Volumes of each pyrolysis gases were quantified from standard mix gases with known 

concentrations, then the weight percentages of each gases were calculated based on the ideal 

gas equation.  

The higher heating values (HHVs) of the gas products were calculated based on the heating 

values and molar yields of the combustible gas components using equations (2) (Yu et al., 

2016).  

Figure 5-2 Experimental set-up (Weldekidan., et al., 2018b) 
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𝐻𝐻𝑉𝑔𝑎𝑠 = 𝑥𝑐𝑜𝐻𝐻𝑉𝐶𝑂 + 𝑥𝐶𝐻4𝐻𝐻𝑉𝐶𝐻4 + 𝑥𝐻2𝐻𝐻𝑉𝐻2 +⋯∑(𝑥𝐶𝑛𝐻𝑛𝐻𝐻𝑉𝐶𝑛𝐻𝑚)    (2) 

Where HHVx (x=CO, CH4, H2 and other gases) are the higher heating constants of individual 

gases obtained from Lars and Nilsson (2001) and Xs (s= CO, CH4, H2 and other gases) are the 

molar fractions of each gases.  

5.2.3.2  Liquids  

Solar pyrolysis oils condensed on the glass wool at each temperature were extracted using 

dichloromethane (DCM) solvent then derivatized by N,O-bis(trimethylsilyl) 

trifluoroacetamide with 1% trimethylchlorosilane (BSTFA + 1% TMCS) which improved 

separation and thermal stability of the compounds in the gas chromatography-mass 

spectrometry (GC-MS) analysis. The difference between the mass of the original rice husk and, 

gas and char yields was assumed as the liquid yield. Agilent 7890B gas chromatography 

coupled with 5977A mass spectrometry system equipped with an HP-5MS column (60 m x 

0.25 µm) was employed to analyze components of the solar pyrolysis oils. The GC oven 

temperature was maintained at 40°C for 2 min then increased to 310°C at 2°C/min. The injector 

and mass spectrometer detector (MSD) line temperatures were set to 310°C, while the 

quadruple mass spectrometer (MS Quad) temperature was at 150°C. MassHunter software was 

applied to analyze the compounds with the match factor database set over 80.  

5.2.3.3 Bio-char 

The solid residue left in the reactor after each pyrolysis procedure was considered as bio-char. 

Functional groups of the raw rice husk and bio-chars produced at each targeted temperature 

were acquired by a Fourier transform-infrared spectrometer (Nicolet 6700 maFT-IR) which 

applies attenuation of total reflectance method with crystal diamond. Total number of scans 

with 4 cm-1 spectral resolution were 32.  

Desktop PhenomWorld SEM linked with Energy-Dispersive Spectroscopy (EDS) was used to 

study the morphology and quantitatively analyze the elemental composition of the raw rice 

husk and bio-chars evolved at each pyrolysis temperature. Samples were mounted on aluminum 

film and positioned at 2.5 mm below the holder surface for both SEM images and EDS analysis. 

Images of different samples with magnitudes ranging from 280 µm to 100 µm were produced. 

Morphologies of high resolution SEM images were produced at 10 kV imaging-mode and the 
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elemental concentrations were analyzed with EDS-Mode of 15 kV using point for point 

analysis method.  

5.3  Result and discussion  

5.3.1 Product yields 

The product yields from the solar pyrolysis of rice husk at various temperatures are presented 

in Fig. 5.3. It can be observed that the gas yield substantially increased with temperature from 

13.9 wt.% at 500°C to its maximum value of 25.5 wt.% at 800°C. Generally, higher temperature 

favors production of gas due to secondary tar cracking (Yu et al., 2016). The liquid yield 

showed peak value of 43.1 wt.% at 700°C and decreased to its minimum value of 38.7 wt.% at 

800°C, while the bio-char yield was maximum (43 wt.%) at 500°C and minimum (35.8 wt.%) 

at 800°C. The high bio-char yield is largely due to the high ash content and low volatile matter 

of the feedstock. The inherent high lignin content of rice husk could also contribute to the 

relatively higher char yields (Gani & Naruse, 2007). The high heating rate, which was achieved 

at moderate solar radiation in this experiment, was observed to produce relatively higher liquid 

yields than conventional rice husk pyrolysis with lower heating rates (Williams & Nugranad, 

2000).  Solar is inherently better for providing high temperature and fast heating rates in the 

solar pyrolysis process (Zeng et al., 2015, 2017). The Solar pyrolysis products are similar to 

the conventional pyrolysis processes. The main difference is that the high bio-oil yields from 

the solar pyrolysis could be more easily achieved than conventional electricity or heat driven 

pyrolysis processes due to the utilization of renewable solar energy. In addition, the solar beams 

can heat the biomass particle through direct radiation on biomass surface as well as in an 

indirect way by heating up surrounding atmosphere and then convection. 

5.3.2 Pyrolysis gas products  

Fig. 5.4 shows the gas yields for the different pyrolysis temperatures. Pyrolysis gases produced 

during the solar pyrolysis process were CO2, CO, CH4, C2H4, C2H6 and H2, of which CO2, CO, 

CH4 and, at higher temperatures H2, were the dominantly evolved gases. CO2 and CO had the 

highest yields at 500°C (5 wt.% and 3.5 wt.% respectively) and substantially decreased with 

temperature which was due to the primary decomposition of the biomass, significantly 

producing CO2 and CO at lower temperatures. CO content increased from 2.13 wt% at 700 to 

2.7 wt% at 800°C. On the contrary the CO2 yield continuously decreased over the entire range 

of the pyrolysis temperatures. CO2 reduction by carbon to CO at higher temperatures was the 
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main reason for increasing the CO yield. At higher pyrolysis temperatures carbonylation to CO 

is favoured over decarboxylation to CO2. CH4 yield was observed to slightly increase from 1.1 

wt.% at 500°C to 1.53 wt.% at 600°C mainly due to depolymerization (Opatokun et al., 2016) 

then decreased with temperature. It is known that CH4 is unstable at higher temperatures (Khan 

& Crynes, 1970). H2 showed its highest yield (1.54 wt.%) at 800°C. The increase in H2 was 

due to secondary tar and light hydrocarbons cracking (Kan et al., 2014). As can be seen in Fig. 

5.4, CH4 and H2 have inverse yield patterns. As observed from Fig. 5.5, the total heating value 

of the pyrolysis gases increased with temperature, particularly sharp increase was observed 

from 700 to 800°C (197 kJ/kg) which is almost twice the heating value obtained at 700°C (107 

kJ/kg). This was mainly due to the highest H2 production at 800°C which contributed largely 

to the HHV of the gas mixture. Therefore the optimum operating temperature to produce 

valuable combustible pyrolysis gases in this range of pyrolysis temperature was at 800°C. 

These higher heating values of the pyrolysis gases can make it suitable candidate for heat and 

power generation in gas turbines.   

Figure 5-3 Mass yield of pyrolysis gas, bio-liquid and bio-char from solar pyrolysis of rice 

husk (relative error 5%) 
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Figure 5-4 Yields of pyrolysis gas species from solar pyrolysis of rice husk (relative error 

5%) 

 

  

 

5.3.3 Pyrolysis liquids 

GC-MS spectra of the bio-oils obtained from the solar pyrolysis of rice husk at 500, 600, 700 

and 800°C are shown in Fig. 5.6, while Table 5-2 represents the major 30 compounds identified 
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in the pyrolysis liquids with the GC-MS. The compounds were listed based on the area 

percentage, starting from the largest % down to the lowest %. The detected products could be 

classified into acids (sorbic, hexanoic, palmitic, dodecanoic etc), alcohols (isobutanol, 2-

Methyl-1-butanol, furfuryl, guaiacol etc), phenols (3-ethylphenol, 4-methylcatechol, catechol, 

cresols etc) and small amounts of esters, ketones as well as aldehydes such as 1-

dimethylvinylsilyloxy-3-methylbenzene and vanillin. Despite the difference in temperature, 

most of the bio-oils produced at all pyrolysis temperatures were similar but the area percentages 

of most compounds decreased with temperature which was attributed to the decomposition of 

the compounds to gaseous products. Oxygen rich bio-oils were formed due to the high oxygen 

content of cellulose and hemicellulose in the rice husk. The bio-oil compounds have also acidic 

property hence they cannot be directly used as transportation fuels. Further hydrothermal or 

catalytic upgrading can transform them into more stable compounds (Weldekidan et al., 

2018b). Isobutanol (7.2%), 1-dimethylvinylsilyloxy-3-methylbenzene (6.42%) and 

heptaethylene glycol (5.66%) were the prominent compounds produced at 500°C. As the 

temperature increased to 600°C, isobutanol decreased to 5.4%. Pentaethylene glycol (6.8%) 

was the other dominant compound at 600°C. High concentrations of isobutanol (5.73%), 1-

dimethylvinylsilyloxy-3-methylbenzene (5.45%) and heptaethylene glycol (5.04%) were 

detected at 700°C. As the temperature further increased to 800°C, the ketone compound 1-

dimethylvinylsilyloxy-3-methylbenzene (6.18%) was found to be the highest bio-oil yield.  

The bio-oils obtained at 500 and 700°C can be excellent precursors for solvent production. 

Isobutanol with its highest concentrations of 7.2% and 5.73% at 500 and 700°C respectively, 

is an important industrial solvent and found in many domestic cleaning agents and paint 

removers. Pentaethylene glycol (6.8%) produced at 600°C can be used for detergent production 

while bio-oils obtained at 800°C are used by the oil and gas industry to dehydrate natural gas. 

As the temperature increased from 600 to 800°C lighter and less oxygenated bio-oil compounds 

were produced in large quantities, due to oil cracking at a higher temperature. Compounds such 

as triethylene glycol (6.01%) produced in large quantity at 800°C were less oxygenated than 

those produced at 600°C and are commonly used to dehydrate natural gas (Zeng et al., 2017) 

and other oxygenated compounds which need less oxygenated bio-oil compounds. For 

example, triethylene glycol (6.01%) produced in large quantity at 800°C is used to dehydrate 

gases including CO2, H2S and other oxygenated gases. 
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Figure 5-6 GC-MS spectra of the bio-oils from the solar pyrolysis of rice husk at (a) 500°C, (b) 600°C, (c) 700°C and (d) 800°C 
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Table 5-2 Major bio-oil compounds 

500°C 600°C 700°C 800°C 

compound name Formula area% compound name Formula area% compound name formula area% Compound name  Formula area % 

Isobutanol C4H10O 7.2 Pentaethylene glycol C10H22O6 6.8 Isobutanol C4H10O 5.73 1-

Dimethylvinylsilyloxy-

3-methylbenzene 

C8H8O 6.18 

1-

Dimethylvinylsilyloxy-

3-methylbenzene 

C8H8O 6.42 Heptaethylene glycol C14H30O8 5.64 1-

Dimethylvinylsilyloxy-

3-methylbenzene 

C8H8O 5.45 Triethylene glycol C6H14O4 6.01 

Heptaethylene glycol C14H30O8 5.66 1-Dimethylvinylsilyloxy-

3-methylbenzene 

C8H8O 5.45 Heptaethylene glycol C14H30O8 5.04 Catechol C6H6O2 5.15 

Catechol C6H6O2 5.42 Isobutanol C4H10O 5.4 Triethylene glycol C6H14O4 4.92 Phenol C6H6O 4.13 

Pentaethylene glycol C10H22O6 5.29 Triethylene glycol C6H14O4 4.66 Pentaethylene glycol C10H22O6 4.69 Heptaethylene glycol C10H22O6 3.13 

Guaiacol C7H8O2 2.85 Phenol C6H6O 2.99 Catechol C6H6O2 4.64 Isobutanol C4H10O 3.01 

Triethylene glycol C6H14O4 2.8 Guaiacol C7H8O2 2.5 Phenol C6H6O 4.61 Syringol C8H10O3 2.39 

Furfuryl alcohol C5H6O2 2.45 Sorbic acid C6H14O2 1.99 Guaiacol C7H8O2 2.75 Guaiacol C7H8O2 2.14 

Phenol C6H6O 2.38 Ethylene glycol C2H6O2 1.5 Sorbic acid C6H14O2 2.04 Sorbic acid C6H14O2 1.96 

Levoglucosan C15H18O5 2.32 Hydroquinone C6H6O2 1.48 Syringol C8H10O3 1.93 Hydroquinone C6H6O2 1.8 

Sorbic acid C6H14O2 2.28 Vanillin C8H8O3 1.38 Hydroquinone C6H6O2 1.59 Dodecanoic acid C12H24O2 1.51 

p-Cresol C7H8O 2.11 2-Methyl-1-butanol C5H12O 1.32 Ethylene glycol C2H6O2 1.37 Palmitic Acid C16H33O2 1.47 

Syringol C8H10O3 1.84 Furfuryl alcohol C5H6O2 1.26 Levoglucosan C15H18O5 1.32 (2,3-Dimethylbutan-2-

yloxy) trimethylsilane 

C6H14O 1.4 

Hydroquinone C6H6O2 1.75 Hexanoic acid C6H12O2 1.13 2-Methyl-1-butanol C5H12O 1.28 Ethylene glycol C2H6O2 1.39 

2-Methyl-1-butano C5H12O 1.73 p-Cresol C7H8O 1.12 p-Cresol C7H8O 1.24 p-Cresol C7H8O 1.23 

Ethylene glycol C2H6O2 1.69 Levoglucosan C15H18O5 1.1 Eugenol C10H12O 1.08 4-Methylcatechol C7H8O2 1.14 
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(2,3-Dimethylbutan-2-

yloxy) trimethylsilane 

C6H14O 1.13 Palmitic Acid C16H33O2 1.09 Palmitic Acid C16H33O2 1.07 Eugenol C10H12O 1.06 

Palmitic Acid C16H33O2 1.09 Eugenol C10H12O 0.97 Furfuryl alcohol C5H6O2 1.06 3-Ethylphenol C8H10O 1.04 

Eugenol C10H12O 1.06 3-Ethylphenol C8H10O 0.92 o-Cresol C7H8O 1.03 o-Cresol C7H8O 1.03 

4-Hydroxybutanoic 

acid 

C4H8O3 1.03 4-Methylcatechol C7H8O2 0.89 4-Methylcatechol C7H8O2 0.96 2-Methylresorcinol C7H8O2 1.01 

o-Cresol C7H8O 0.98 2-Methylresorcinol C7H8O2 0.85 (2,3-Dimethylbutan-2-

yloxy) trimethylsilane 

C6H14O 0.93 Levoglucosan C15H18O5 0.89 

2-Methylresorcinol C7H8O2 0.96 Dodecanoic acid C12H24O2 0.85 3-Ethylphenol C8H10O 0.93 Octaethylene glycol C14H30O8 0.84 

Dodecanoic acid,  C12H24O2 0.94 o-Cresol C7H8O 0.74 2-Methylresorcinol C7H8O2 0.8 Maltol C6H6O3 0.72 

4-Methylcatechol C7H8O2 0.93 D-(-)-Lactic acid C3H6O3 0.71 Dodecanoic acid C12H24O2 0.79 D-(-)-Lactic acid C3H6O3 0.67 

Hexanoic acid C6H12O2 0.92 Syringol C8H10O3 0.7 Hexanoic acid C6H12O2 0.77 2-Methyl-1-butanol C5H12O 0.56 

3-Ethylphenol C8H10O 0.83 Glycolic acid C2H4O3 0.62 Octaethylene glycol C14H34O9 0.72     

Octaethylene glycol C14H34O9 0.8     D-(-)-Lactic acid C3H6O3 0.55     

Maltol C6H6O3 0.71             

Vanillin C8H8O3 0.65             

D-(-)-Lactic acid C3H6O3 0.57             
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5.3.4 Bio-char 

5.3.4.1 SEM analysis 

Fig. 5.7 Shows comparison of the SEM images of the raw husk and its bio-chars produced at 

different pyrolysis temperatures. As can be seen from Fig. 5.7, SEM image of the parent 

material (Fig. 5.7a) is composed of solid cells in a manner of plates with no visible pores, 

resulting in low surface area but pores of varying size and structure were generated with 

temperature. Large glass-like cylindrical holes were produced at 500°C (Fig. 5.7b), which 

indicated a large amount of organic compounds might be driven off in some particles at this 

temperature. For the biochar at 600°C (Fig. 5.7c) many fine pores arranged in an orderly 

fashion were formed. The char structure at 700°C (Fig. 5.7d) had loose and porous shape. Fine 

materials around the outer surface of the pores could be observed falling down and closing the 

pores. These materials were mainly silicon, potassium and calcium minerals as evidenced with 

sharp peaks in the EDS spectrum shown in Fig. 5.7. The pore structures produced at 800°C 

(Fig. 5.7e) were almost fused and destroyed with the minerals (silicon, potassium and calcium) 

which started to massively emerge at 700°C.  

a) b) c) 

d) e) 

Figure 5-7 SEM images of (a) raw rice husk, (b) bio-char at 500°C,  (c) bio-char at 600°C, (d) 

bio-char at 700°C and (e) bio-char at 800°C 
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5.3.4.2 EDS analysis  

The EDS spectra of each bio-char are shown in Fig. 5.8. Next to carbon and oxygen, silicon 

was the major element in all the bio-chars with small amounts of potassium, calcium and 

magnesium. The highest Si concentration (12.32%) was obtained in the bio-char produced at 

700°C, then with increasing the temperature spectra of metals (potassium, magnesium, calcium 

etc.) were observed to emerge showing enrichment of inorganic constituents in the biochar 

with temperature. Maximum calcium concentration (1.98%) was recorded in the 800°C bio-

char, while the highest potassium concentration (2.51%) was obtained at 600°C. Overall, 

presence of alkali metals in the bio-chars can confirm high salt intake capacity of rice husk as 

compared to plant biomass which typically contains negligible amount of siliceous compounds 

(Muradov et al., 2012). 

 

5.3.4.3 FTIR analysis  

The FTIR spectra of rice husk and its bio-chars generated at different pyrolysis temperature are 

shown in Fig. 5.9. Pyrolysis at 500°C changed many functional groups of the raw rice husk. 

For example, the broad band at 3324 cm-1 of the raw rice husk assigned to the stretching of 

hydrogen-bonded hydroxyl groups which indicate presence of phenols and alcohols (Claoston 

et al., 2014) was observed to diminish with temperature and completely disappear after 600°C. 

Figure 5-8 EDS analysis of bio-chars produced at (a) 500°C, (b) 600°C, (c) 700°C and (d) 800°C 
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Two of the small peaks identified at 2900 and 2845 cm-1 of the rice husk spectra were related 

to weak aliphatic C-H stretching of CH3 and CH2 groups respectively (Biswas et al., 2017; 

Chintala et al., 2017). Also the weak band at 1727 cm-1 was due to symmetric vibration of C=O 

from –COOH group (Umair et al., 2016). The peaks shown at 1629 cm-1 for the raw rice husk 

retained C=O stretch of CO2H and C=O primary amides (Robert et al., 2005). All these peaks 

were removed during pyrolysis in all the bio-chars. A very sharp peak at 1051 cm-1 was 

observed in all samples. This corresponds to the stretching vibration of Si-O-Si bridges in SiOx 

and the relatively weak band at 784 cm-1 observed in all samples is related to inorganic species 

and silica (Muradov et al., 2012; Vasquez-A et al., 2007). The results observed with the FTIR 

analysis are consistent with the results from the EDS analysis. As observed from the FTIR 

spectra, the bio-chars produced at 600, 700 and 800°C have the same functional groups. 

5.4 Conclusion  

A parabolic dish with maximum heat flux concentrating capacity of 70 kW/m2, was used to 

generate pyrolysis temperatures of 500, 600, 700 and 800°C on biomass loaded reactor. The 

highest gas, bio-oil and bio-char yields were found to be 25.48 wt.% at 800°C, 43.13 wt. % at 

700°C and 43 wt.% at 500°C, respectively. CO2, CO, CH4 and H2 were the dominant gas 

species evolved at higher contents at each pyrolysis temperature. HHV of the evolved pyrolysis 

gas was above 197 kJ/kg which makes it suitable candidate for heat and power generation in 

gas turbines while generated bio-oils were found to be excellent precursors for solvent and 

Figure 5-9 FTIR spectra of raw rice husk and bio-chars produced at different temperatures 
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detergent productions. Presence of calcium (1.98 %, maximum) and potassium (2.51 %, 

maximum) metals in the bio-chars confirm high salt intake capacity of rice husk.  
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  Solar assisted catalytic pyrolysis of chicken-litter waste with in-situ and ex-

situ loading of CaO and char 

It was observed that biomass pyrolysis with concentrated solar radiation produces pyrolytic gas 

highly concentrated with CO2. The bio-oil compounds were also oxygenated and were acidic 

property hence they cannot be directly used as transportation fuels. This chapter presents ways 

of improving quality of pyrolysis gas and bio-oil compounds achieved from the solar pyrolysis 

of chicken-litter waste. Experiments were designed and conduct to assess the effects of char 

and CaO catalysts on the yield and composition of pyrolysis products. The catalysts are loaded 

with the biomass in the solar reactor in different ratio and modes.  

This project has been primarily initiated by myself. I together with Vlad designed the 

experiments. All experiments and data collection were performed by myself. My colleague 

Ravi has participated in analysing the bio-oil data and Vlad, Tao, Graham and Jing reviewed 

and edited the manuscript for publication.  
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Abstract 

Utilisation of solar energy for thermochemical conversion of biomass can facilitate sustainable 

development of society by reducing greenhouse gas (GHG) emissions which originate from 

excessive use of conventional sources of energy. In this work, gas and liquid fuels obtained 

from solar assisted pyrolysis of chicken-litter waste were upgraded using CaO and char 

catalysts. The catalysts were loaded in the solar reactor in an in-situ and ex-situ modes at 

different catalyst to biomass ratios. In both cases there was substantial decrease in CO2 

accompanied by an increase in the formation of CO and H2 with temperature and catalyst to 

biomass ratio. The in-situ pyrolysis with 50% CaO loading exhibited maximum CO (63 wt. %) 

and H2 (15 wt. %) yields at 800°C. Similarly, the in-situ pyrolysis with 50% char catalyst 

produced 60 wt. % CO and 5 wt. % H2. The addition of CaO exhibited considerable 

deoxygenation performance for the fatty acids. Minimum concentration of fatty acids in the 

liquid product achieved with 50% CaO in the in-situ and ex-situ pyrolysis were 8% and 3%, 

respectively. On the other hand, the addition of char did not show significant deoxygenation 

difference for either the alcohols or fatty acids of the bio-oil compounds. 

Keywords: solar fuels, deoxygenation, catalytic pyrolysis, CO2 capture, solar radiation 
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6.1 Introduction  

Biomass has been recognized as one of the most suitable substitutes of fossil fuels for its carbon 

neutrality, low cost, high availability and renewability. Every year significant amounts of 

biomass are produced from agricultural, municipal and forest residues, most of which are only 

burned or left over in an open field. Valorisation of biomass through energy recovery processes 

provides advanced solutions by generating useful energy, while sustainably solving the 

disposal and environmental management challenges (Weldekidan et al., 2018a). 

Pyrolysis, a process where the biomass is exposed to temperatures generally ranging from 300 

to 900°C in an inert gas, has been considered as one of the most economical pathways to 

produce chemicals and fuels (Hallenbeck et al., 2016; Wan et al., 2013). Depending on the 

operating conditions and source of heat supply, the pyrolysis process can generally be 

categorised into conventional pyrolysis and solar assisted pyrolysis. In the conventional 

pyrolysis, the heat is supplied from fossil derived sources or from combusting the biomass 

itself, whereas in the solar assisted pyrolysis the heat is supplied from concentrated solar 

radiation which reduces pollution discharge to the environment (Bai et al., 2017). Besides, 

compared with conventional pyrolysis, the solar assisted pyrolysis can provide several other 

benefits. Products obtained from solar pyrolysis are not contaminated with pyrolysis by-

products (Nzihou et al., 2012). High temperatures and fast heating rates are typically achieved 

with solar pyrolysis, which enable production of pyrolysis gas products with higher caloric 

value than from conventional pyrolysis (Tanaka et al., 2015; Zeng et al., 2017).  

Bio-gas is one of the important products of solar pyrolysis of chicken litter which can be further 

utilised for heat supply and power generation (Weldekidan et al., 2018b). However, the process 

was found to generate significant CO2 yields and contributes to formation of oxygenated liquid 

bio-fuels. Catalytic pyrolysis can improve the quality of pyrolysis products and the overall 

energy efficiency of the solar pyrolysis system (Udomsirichakorn et al., 2014). Catalysts and/or 

absorbents can be directly added to biomass (in-situ) in the solar reactor, or downstream of the 

biomass (ex-situ) to minimise the CO2 production and also deoxygenate the bio-oils, eventually 

upgrading the quality of pyrolysis products (Liu et al., 2014). Loading catalyst with the biomass 

can catalyze the pyrolysis oil vapors and gas shortly after their generation from the biomass. 

In addition, catalyst loading with biomass offers solution to upgrade pyrolysis products by 

reducing the oxygen content during pyrolysis, which contributes to lower cost during 

subsequent bio-oil improvement (Zhang et al., 2016). In-situ catalytic pyrolysis can generate 
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more aromatic hydrocarbons than ex-situ, producing higher olefin content, which is a preferred 

product (Kaige Wang et al., 2014). High oxygen content leads to decreased energy density and 

catalytic deoxygenation is the most effective way to reduce oxygen content of the pyrolysis 

products (Muley et al., 2016). 

Application of CaO as a catalyst or CO2 sorbent has currently gained significant attention for 

its abundance and low cost (Udomsirichakorn et al., 2014). CaO can be extracted from 

naturally occurring substances, such as dolomite, limestone and calcium hydroxide at low cost. 

CaO has the capacity to scavenge CO2 to very low concentrations at moderate pyrolysis 

temperatures (450–750°C) (Florin & Harris, 2008). Evolved CO2 from biomass pyrolysis could 

be captured with CaO to form stable solid species of CaCO3 following the carbonation reaction 

equation (1) (Florin & Harris, 2008). 

CaO (s) + CO2 → CaCO3 (s),   ∆𝐻923
° = -170.5 kJ          (exothermic)     (1) 

Equation (1) is a reversible reaction hence when CaO reaches its ultimate conversion capacity, 

it can be regenerated by heating CaCO3 at 700-950°C. The reverse reaction, called calcination, 

is an endothermic reaction but the carbonation is exothermic reaction which can compensate 

the heat energy consumed in the calcination of CaCO3 (Florin & Harris, 2008). CaO can play 

vital role of not only producing the CO2 sorbent, but also acting as a tar reforming catalyst 

which enhances total gas and hydrogen yields (Han et al., 2011). The main function of CaO is 

to deoxygenate the bio-oil by extracting or fixing the active compounds similar to CO2 or also 

termed as active quasi-CO2 intermediates by liquid-solid contact during pyrolysis of biomass, 

rather than gas-solid reaction and promote dehydration reactions during the pyrolysis 

process. Previous studies have successfully shown decreased cumulative amount of CO2  in the 

presence of CaO (Wang et al., 2010). These studies also reported significant decrease in the 

content of carboxylic acids, which was attributed to the reaction of the acid compounds or their 

precursors with CaO (Lin et al., 2010).  

Another important material considered as an alternative to remove tar and also CO2 from 

pyrolysis gases is bio-char. Bio-chars are derived from biomass pyrolysis at selected 

temperatures and can act as a catalyst or support structure due to their highly porous structure. 

They can be applied for tar conversion and CO2 reduction in biomass pyrolysis (Shen, 2015). 

Besides, bio-chars typically contain metals, such as calcium, potassium, iron, magnesium and 
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other, which may increase the rate of deoxygenation reactions of biomass degradation during 

pyrolysis (Shen, 2015).  

The use of char as catalyst in biomass pyrolysis has been investigated by different authors. Pine 

wood sample pyrolysed with its own char at 700°C was found to improve the yields of H2 by 

3.9 and CO by 1.2 times as high as those obtained without the char (Sun et al., 2011). Al-Rahbi 

et al. (2016) applied tyre derived char catalyst in the pyrolysis of waste wood at 600–800°C 

and increasing the percentage of the char from 50 to 75 % increased the content of CO from 

27 to 35 vol. % while decreased the CO2 yield from 27 to 22 vol. %. Another study conducted 

on the gasification of different types of biomass at 600 to 900°C using cotton char as a catalyst 

produced 81.9 wt. % H2 and it was suggested that the highest catalytic effect of the char was 

due to the presence of alkali and alkaline earth metals in the char (Yao et al., 2016).   

The effects of different types of catalysts on the conventional pyrolysis have been extensively 

investigated in the past. However, only limited studies investigated the adsorption and catalytic 

behavior of CaO and bio-chars in the solar assisted pyrolysis processes (Hu et al., 2015). Solar 

energy is used to heat the sample in the pyrolysis process and its photocatalytic role in pyrolysis 

is yet to be testified, but CaO based catalysts have visible light driven photocatalytic activity 

and property for degradation and reduction of dyes and organic compounds (Kornprobst & 

Plank, 2012; Song & Zhang, 2010). CaO was found to be more effective than NiO-CaO in 

degrading organic materials when exposed to light (Song et al., 2009). Similarly, studies are 

indicating that bio-chars can promote photocatalytic activity of elements found in biomass 

during pyrolysis. A recent study by Mian and Liu (2018) reviewed progress of bio-char 

supported photocatalysts and revealed that incorporation of bio-chars in biomass pyrolysis is 

an effective way to produce high grade products. Overall, the mechanisms of CaO and bio-char 

as catalysts and the application of their photocatalytic attributes in the complex system of 

biomass pyrolysis are under investigation. However, the combination of biomass pyrolysis in 

the presence of CaO and bio-char with concentrated light irradiation could bring about strong 

research interests.  

In this work chicken-litter waste was pyrolysed in a reactor heated by solar radiation to 

temperatures between 500 and 800°C. The paper aims to enhance the quality of pyrolysis gases 

by removing produced CO2 during the process using CaO and bio-char respectively as in-situ 

and ex-situ catalysts. The bio-char used in this research was residual char from pyrolysis of 

chicken-litter waste where the char properties were determined by the pyrolysis conditions. 
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The effect of biomass to catalyst ratio on the pyrolysis gas composition and bio-oil products 

are studied to understand the performance of the catalysts under concentrated solar radiation. 

Pyrolysis of chicken-litter waste and rice husk were studied without any catalyst previously by 

the same authors; while the current paper aimed at reducing concentration of CO2 from the 

pyrolysis gases and deoxygenation of the bio-oil compounds, applied different types of catalyst 

in different arrangements. Moreover, performance the catalysts under the solar conditions was 

thoroughly investigated in this paper.   

6.2 Materials and methods  

6.2.1 Sample preparation 

Chicken-litter waste was collected from Sydney, Australia, dried in a vacuum oven for 2 hours 

at 70°C, 80 kPa, then pulverized and sieved with 280 µm sieve. Proximate and ultimate 

analyses of the chicken-litter waste, determined according to Weldekidan et al., (2018c), are 

shown in Table 6-1. 

6.2.2 Catalyst preparation and characterization  

Pure CaO powder with particle size less than 160 nm and average density 3.3 g/mL was 

purchased from Sigma-Aldrich and used as received while the bio-char was prepared by 

pyrolysis of chicken-litter at 80°C/min to the maximum temperature of 500°C.  

 X-ray diffraction (XRD) (PANalytical X’Pert Pro MPD X-ray diffractometer, Netherlands) 

analysis was employed to study the fresh and used CaO and char. The radiation source used 

was CuKα with X-ray generator tube operating at 45 kV and 40 mA. Samples were scanned in 

the Bragg angle (2θ) range of 10 to 90° with a scanning rate of 25 s per step. The char catalyst 

and its parental feedstock (chicken litter) were further studied for their metallic concentration 

using a handheld X-ray fluorescence (XRF) analyser (Olympus Delta Pro, Japan) with 

tantalum anode X-ray tube and results are presented in Table 6-2.  

Table 6-1 Proximate and ultimate analysis of chicken-litter waste. 

* By difference  

Proximate analysis       Ultimate analysis 

Ash Volatile matter Fixed carbon 
 

Moisture 
 

 C H   O* N S 

% mass, dry basis 
 

%mass 
 

% mass, ash free 

27.1          62.6 10.3   9.9   46.9 5.4 42.02 5.36 0.32 
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Table 6-2 Concentrations of elements in the raw biomass and char measured with XRF 

 

For the in-situ pyrolysis, samples were prepared by mechanically mixing each catalyst with the 

chicken-litter at 15%, 25% and 50 wt.% ratios. In the ex-situ pyrolysis the same catalyst and 

ratios were used. The catalyst to biomass ratios were selected to understand the catalytic 

performance of the catalysts at these three ranges of catalyst to biomass ratio. Selection of 

catalyst to biomass ratio was based on previous literatures. For example Balasundram et al. 

(2018); Hernando et al. (2016); Imran et al. (2016); and Paasikallio et al. (2017) applied 

catalyst to biomass ratios greater than 50% and found significant improvements in the quality 

of their pyrolysis products. Hence, the experiments at 50% catalyst loading, were conducted to 

investigate the effect of high catalyst to biomass ratio to the products of biomass pyrolysis 

under the solar conditions. 

Although char and CaO catalyst are known to improve the formation of CO and different 

hydrocarbons through decarbonylation reaction, the optimum ratio by which these catalysts 

perform under the solar pyrolysis process has not been investigated in the past. The optimum 

catalytic activity of the two catalysts between these three ratios has not been studied yet in the 

solar assisted pyrolysis process. The catalyst was positioned downstream of the biomass and 

was separated from the biomass by a thin layer of quartz wool. The produced volatiles passed 

through the catalyst to reduce the oxygenated compounds.   

6.2.3  Solar setup and analytical instruments 

6.2.3.1 Solar setup  

Parabolic dish with aperture diameter and focal length at 1.8 m and 0.655 m respectively was 

used to concentrate the solar radiation. The dish was laminated with 88% reflective aluminum 

polyethylene terephthalate. A silica glass reactor tube with 35 cm in length and 13 mm in 

diameter was loaded with around 100 mg of sample and placed at the focal region of the dish. 

The sample was packed in the center of the reactor and positioned with quartz wool at both 

Feedstock 
Element concentrations (mg/kg)  

P S K Ca Cr Mn Fe Cu Zn Pb 

Raw chicken 

litter 
17185 1155 24033 83045 8 430 2345 49 361 7 

Catalytic char 73289 1496 62642 197425 20 813 5176 217 765 16 
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ends. One end of the reactor was connected to an argon carrier gas, flowing at 85 mL/min, 

while the other end to an ice chamber which was used to trap the water, tar and other heavy 

organics. The ice chamber was attached to Tedlar® gas bag where the pyrolysis gases were 

collected, and the bio-oils were captured by glass wool and then collected by washing with 

dichloromethane (DCM) solvent. Sample temperature was measured with K-type 

thermocouple attached to TC-08 data logger with USB serial interface and PicoLog logging 

software installed in a computer. Fig. 6.1 shows schematic presentation of the solar 

experimental setup. 

6.2.3.2 Temperature control 

The dish was mounted on a rotating structure used for adjusting the height and azimuth angles 

of the sun. A thin stick-road was welded to the dish to make a shadow falling on the dish 

surface, which was used to control the temperature. The collector was first calibrated for its 

maximum performing position with length and direction of the stick shadow marked for 

reference. To control the temperature during the pyrolysis process, the dish was adjusted so 

that the shadow of the stick could always fall at the marked reference. When the sample 

temperature reached the target value, the dish could be rotated to offset the sun, which instantly 

dropped sample temperature to the ambient. To maintain constant heating rate, all experiments 

were conducted at the same radiation (700–720 W/m2) levels. Fig. 6.2 shows variation of the 

temperature with time during the experiments. Samples were heated to final temperatures of 

500, 600, 700 and 800°C with an average heating rate of 160 + 6°C/min and kept at each final 

temperature for a maximum of 4 min to complete the reaction.  
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Figure 6-1 Schematic of the experimental setup (Weldekidan et al., 2018c) 
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Figure 6-2 Temperature variation of the reactor as a function of time 

6.2.3.3 Gas analysis 

Pyrolysis gases from different pyrolysis temperatures were analysed by M200 micro-gas 

chromatograph. The micro-GC has two channels: Channel A, a polymer paraplot U column 

maintained at 40°C to analyse CO2, CH4, C2H4 and C2H6, and Channel B, column molecular 

sieve of 5A kept at 60°C, to separate H2 and CO products. Chromatograms were recorded every 

100 s using thermal conductivity detector (TCD). Volumes of each pyrolysis gases were 

quantified from standard mix gases of known concentrations and then converted to weight 

percent of the initial sample mass based on the ideal gas low. More details on the gas analysis 

can be found in a previous work at (Strezov et al., 2012). 

6.2.3.4 Bio-oil analysis  

Bio-oils produced from the in-situ and ex-situ catalytic pyrolysis at 800°C were washed with 

dichloromethane (DCM) solvent, filtered with glass wool for removal of impurities and 

dehydrated with Na2SO4. To improve separation and thermal stability during analysis, the 

solution was derivatised by N,O-bis(trimethylsilyl) trifluoroacetamide with 1% 

trimethylchlorosilane (BSTFA + 1% TMCS) before injecting into the GC-MS. Agilent 7890B 

gas chromatography equipped with HP-5MS column (60 m × 0.25 µm) connected to 5977A 

mass spectrometry system was employed to analyse the bio-oil compounds. Oven temperature 
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of the GC stayed initially at 40°C for 2 min then increased to 310°C at 2°C/min. The quadruple 

mass spectrometer temperature was kept at 150°C while temperatures of the transfer line and 

mass spectrometer detector were set to 310°C. MassHunter software was applied to analyse the 

compounds with match factor for the database set to over 80. The peak area of each identified 

compound was calculated and presented in the results. 

6.3 Result and discussion  

6.3.1  Catalyst properties  

The XRD analysis of spent and fresh catalysts of CaO and char are shown in Fig. 6.3. No 

significant changes were observed in the XRD patterns of the fresh and spent catalysts, 

revealing retention of framework structure throughout the reaction. The XRD results of the 

fresh and used CaO showed peaks at 32.1°, 37.6°, 59.9°, 64.2° and 674° with lattice parameters 

agreeing well with the corresponding standard values given in JCPDS PDF# 82-121690 (CaO). 

All spent CaO catalysts have small diffraction peaks around 29° due to the leftover CaCO3 

compounds produced during the endothermic forward reactions. Similarly, the XRD patterns 

of the fresh and used char catalysts were similar to each other. It can be seen that the intensive 

peak at 2θ = 29.62° indicated presence of calcite/limestone (CaCO3, ASTM 46-1045). Calcium 

was the highest detected element in the chicken litter derived bio-char, hence the presence of 

CaCO3 in the XRD result is consistent with the XRF result shown in Table 6-2. The spent and 

fresh char catalysts have a number of peaks at 26.6° and from 32 to 62° which belong to 

potassium chloride and calcium magnesium iron hydrogen phosphate, respectively.  

Figure 6-3 XRD pattern of (a) fresh and spent CaO catalyst and (b) fresh and spent char 

catalyst 
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6.3.2  Analysis of pyrolysis gases  

6.3.2.1 Effect of in-situ and ex-situ catalyst loading to the product yields  

The influence of the char and CaO catalysts on the yields of pyrolysis products at 800°C was 

further investigated. The gas, bio-oil and char yields of the non-catalytic pyrolysis were 46, 24 

and 30 wt.%, respectively. In this work, the yields of the pyrolysis products (gas, liquid and 

char) and composition of the volatiles are reported in wt. %, expressed based on the feedstock 

mass.  

As shown in Fig. 6.4, there is a noticeable effect of the catalyst mass loading on the yields of 

the pyrolysis products. A higher bio-oil yield was observed with the 15% char and CaO catalyst 

(both in-situ and ex-situ) than non-catalytic pyrolysis (Fig. 6.4 a and b). Addition of the alkaline 

based metal catalyst (Ca) could greatly enhance the production of bio-oil compounds in the 

process. Similarly, the presence of potassium, phosphorous, calcium, copper and iron metals 

in the char catalyst can improve the bio-oil yield. Menendez et al., (2007) reported that metal 

catalysts and their supports can strongly promote acid-catalysis of the biomass components 

into a higher yield of pyrolysis oil. Bio-oil yields with the use of CaO and char catalysts first 

increased, followed by significant decrease to a range of 9–11 wt.% with the CaO and 7–11 

wt.% with the char, respectively, at 50% catalyst loading, for both in-situ and ex-situ modes. 

On the other hand the gas yield was observed to increase up to 68 wt.%. These could be due to 

the higher catalyst mass loading that attributed to the secondary cracking of the bio-oil 

compounds into gas products over the specified catalysts ratio (Paasikallio et al., 2017).  

6.3.2.2 Gas composition without catalyst  

Produced gases without catalyst were composed of CO2, CO, CH4, C2H4, C2H6 and H2. CO2 

was the dominant product throughout the pyrolysis process with a maximum yield of 32 wt. % 

at 500oC which decreased to 23 wt. % when the temperature further increased to 700°C. The 

CO yield was generally observed to increase from 10 wt. % at 500°C to its highest yield (12 

wt. %) at 800°C. The changes could be explained by the primary stages of pyrolysis which 

produce more CO2, which can be converted to CO with temperature through a gasification 

reaction with produced char (Menéndez et al., 2007; Palumbo et al., 2015). Similar to previous 

study (Weldekidan et al., 2018a), an increase in temperature from 700 to 800°C, favored 

formation of CO2 and slightly increased its yield from 23 to 29 wt. %. It can be observed in 
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Fig. 6.5 that for the experiment without any catalyst the amount of H2, CH4 and the other light 

gases were low with a maximum yield of 1 wt. % for H2 and 2 wt. % for CH4 at 700°C. 

Similar to previous study (Weldekidan et al., 2018a), an increase in temperature from 700 to 

800°C, favored formation of CO2 and slightly increased its yield from 23 to 29 wt. %. It can 

be observed in Fig. 6.5 that for the experiment without any catalyst the amount of H2, CH4 and 

the other light gases were low with a maximum yield of 1 wt. % for H2 and 2 wt. % for CH4 at 

700°C. 

 

Figure 6-4 Pyrolysis product distribution of CaO loading during (a) in-situ, ex-situ 

(b); and char loading during in-situ (c), ex-situ (d) 
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6.3.2.3 Effect of in-situ CaO loading to the gas composition 

Pyrolysis gas composition of chicken litter for different in-stu CaO loadings are summarised 

in Fig. 6 6 (a–c). For all the pyrolysis temperatures, the CO2 content was observed to sharply 

decrease with increasing the catalyst loading. The highest CO2 yield (23 wt. %) was obtained 

at 500°C with 15% CaO and continuously decreased with temperature to 4 wt. % at 800°C. 

The highest CO yield for the 15% CaO loading was 8 wt. % at 800°C. There was no significant 

difference in the CO2 and other gas species with increasing the CaO loading to 25%, except for 

the CO which substantially increased from 6 wt. % at 500°C to 18 wt. % at 800°C.  The 50% 

CaO loading showed the highest reduction in CO2 from the produced syngas. The CO2 yield 

decreased to 13 wt. % at 500°C and seriously decreased with temperature to ca 2 wt. % at 

800°C. The highest CO yield (63 wt. %) was also obtained with 50% catalyst loading at 800°C.  

6.3.2.4 Effect of ex-situ CaO loading  

Gas composition of the chicken-litter waste pyrolysis at different temperatures in the presence 

of ex-situ CaO loaded at different ratios are illustrated in Fig. 6.7 (a–c). The plots for the ex-

situ pyrolysis have similar patterns as those of in-situ pyrolysis. Dominant gas products were 

CO, CO2 and H2 with traces of CH4, C2H4 and C2H6. For all the pyrolysis processes increasing 

the CaO % generally decreased the CO2 yield and improved production of CO and H2.  

Figure 6-5 Gas composition without catalyst (relative error 5%) 
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The 50% CaO loading at 800°C reduced the CO2 yield from 21 wt. % (at 500°C and 15% CaO) 

to its minimum value of 2 wt. % and increasing the yield of CO to its highest yield of 59 wt% 

(Fig. 6.7, c). Typically, CaO carbonation reaction which captures most of the produced CO2 

occurs at 800°C (Wei et al., 2008). As shown in Fig. 6.7, the CO content decreased up to 550–

600°C and then showed sharp raise up to 800°C in all experiments. This was due to the 

secondary cracking of volatiles and CO2 reduction which normally occurred at higher 

temperatures contributing to the raise of CO yield (Heidari et al., 2014). These results are 

consistent with the previous study on catalytic pyrolysis of biomass under similar reaction 

conditions (Wang et al., 2017).  

H2 content was observed to increase with temperature up to 700°C (maximum 9 wt. % at 50% 

CaO) and decreased when the temperature further increased to 800°C. Higher temperatures do 

not facilitate CaO carbonation reaction with the produced CO2 and consequently increase the 

percentage concentration of hydrogen but favors the decomposition of CaCO3 into CaO (Wei 

et al., 2008). The amounts of other pyrolysis gas species were small and did not change when 

increasing the catalyst ratio and temperature. Overall, in-situ catalytic pyrolysis generated more 

CO, H2 and significantly reduced CO2 than the ex-situ pyrolysis. 

Figure 6-6 Effect of 15% (a), 25% (b) and 50% (c) in-situ CaO loadings on the gas 

composition (relative error 5%) 
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6.3.2.5 Effect of in-situ char loading  

Previous studies demonstrated that char can catalyse tar cracking and CH4 reforming (Ren et 

al., 2014; Shen, 2015). One of the main benefits of using char instead of commercial catalysts 

is that the char catalyst can be replaced by fresh char after it has been deactivated. Three 

chicken-litter waste samples mixed with 15, 25 and 50 wt. % char were pyrolysed at 

temperatures ranging from 500 to 800°C. The gas composition after in-situ pyrolysis in 

presence of char catalyst is shown in Fig. 6.8 (a–c). Similar to the CaO loading experiments, 

CO2 was the main product at 500°C and continuously decreased with temperature and char 

ratio, whereas CO was observed to dominate at higher temperature ranges and char ratios. H2 

was the other gas which increased with the percentage of char loading and temperature, 

reaching the highest concentration at 700°C. The concentration of CH4 in all char to biomass 

ratios were observed to peak at 600°C and decrease afterwards, which may be attributed to 

methane cracking reactions at higher temperatures (Song et al., 2008).  

The highest CO2 yield (55 wt. %) was obtained for the 15% char (Fig. 6.8-a) and sharply 

decreased with temperature to 13 wt. % at 800°C for this sample. The CO, on the other hand, 

started to increase after 600°C and reached its maximum yield of 14 wt. % at 700°C. This was 

due to CO2 reduction to CO which commonly occurs at higher biomass pyrolysis temperatures 

even without any catalyst (Menendez et al., 2007). H2 and CH4 were the other products 

observed in minor yields for this sample at higher temperatures, owing to the tar cracking 

Figure 6-7 Effect of 15% (a), 25% (b) and 50% (c) ex-situ CaO loadings on the gas 

composition (relative error 5%) 
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reactions. Increasing the ratio of char to 25% in the sample slightly improved the CO to 21 wt. 

% at 800°C but did not bring significant difference to the rest of the products.  

CO (60 wt. %) was the prominent product obtained at 800°C for the in-situ 50% char loaded 

sample and CO2 sufficiently decreased from 42 wt. % to 7 wt. % at 800°C for this sample. With 

a higher char amount, the pyrolysis vapour has a high chance of interaction with the char, 

resulting in cracking of the tar compounds to gaseous species, particularly in case of CO and 

H2 (Al-Rahbi et al., 2016). In addition, at higher temperatures, the Boudouard reaction (C + 

CO2 → 2CO) was suggested to be enhanced, where the char acts as expendable reactant to 

promote further increase of CO production (Yao et al., 2016). The increase in the CO could 

also be due to the alkali, alkaline earth and transition metal species (Na, Ca, K, Fe, Cu) present 

in the char (Table 6-2) which improved the catalytic performance of the char in reducing the 

CO2 concentration (Hanaoka & Okumura, 2014). Methane reforming reaction, which is 

responsible for increasing the CO and H2 content, was also improved by the catalytic activity 

of the char (Ren et al., 2014). The observed reduction in methane with the increase in catalyst 

ratio in this study confirmed the occurrence of CH4 reforming. The highest H2 (5 wt. %) and 

CH4 (5 wt. %) were produced with the in-situ 50% char loading, due to the enhanced catalytic 

conversion of the tar at higher temperatures (El-rub et al., 2008). 

Figure 6-8 Effect of 15% (a), 25% (b) and 50% (c) in-situ char loading on the gas 

composition (relative error 5%) 
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6.3.2.6 Effect of ex-situ char loading  

The gas composition profiles for the pyrolysis with ex-situ char loadings (15, 25 and 50 %) are 

shown in Fig. 6.9 (a–c). Overall, the profiles are similar to the pyrolysis experiments shown in 

Fig. 6.8. In general, as the temperature increased, there was a substantial decrease in CO2 

accompanied by an increase in formation of CO and H2. The CO2 yield was high at 500°C and 

continuously decreased throughout with ex-situ char loading. The highest CO2 yield of 52 wt. 

% and CO yield of 46 wt. % were obtained with 15% char (T = 500°C) and 50% char (T = 

800°C), respectively. As discussed previously the reason for this was the Boudouard reaction 

which was dominant at higher temperatures and char ratio, resulting in more CO generation. 

The highest yields for H2 (10 wt. %) at 800°C and CH4 (5 wt. %) were achieved for the 50% 

catalyst loading.  

6.3.3 Bio-oil analysis 

6.3.3.1 Effect of CaO on bio-oil composition 

Fig. 6.10 shows GC-MS results of bio-oil composition after in-situ and ex-situ pyrolysis of 

chicken litter at 800°C with different CaO loadings. Approximately forty compounds with the 

highest peak area percentages were selected from each spectrum for further analysis. The 

detected compounds were further classified according to their functional groups i.e. alcohols, 

acids, hydrocarbons and nitrogenous compounds while the remaining compounds were named 

as others.  

Figure 6-9 Effect of 15% (a), 25% (b) and 50% (c) ex-situ char loading on the gas 

composition (relative error 5%) 
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Fractional compositions of each of these compounds were determined based on the peak area 

percentage of their GC-MS spectrum. The results revealed that all the bio-oil samples mainly 

contained oxygenated compounds, dominantly alcohols, e.g. cresol, triethylene glycerol etc., 

and acids, such as palmitic acid, sorbic acid and dodecanoic acid. Besides, some nitrogenous 

compounds, such as acetamide, 3-pyridinol, and reticuline were also present in the bio-oils. 

These results were well consistent with the previous studies, which also showed nearly similar 

bio-oil composition after pyrolysis of chicken litter (Weldekidan et al., 2018b). The results 

showed that different compositions of bio-oils were obtained between the in-situ and ex-situ 

pyrolysis. Evidently, the in-situ pyrolysis resulted in alcohols with a GC-MS spectrum of peak 

area percentges in the range of (20-84%), acids (8-11%), while the nitrogen containing 

compounds were in the range of (2-7%). 

The results showed that different compositions of bio-oils were obtained between the in-situ 

and ex-situ pyrolysis. Evidently, the in-situ pyrolysis resulted in alcohols with a GC-MS 

spectrum of peak area percentges in the range of (20-84%), acids (8-11%), while the nitrogen 

containing compounds were in the range of (2-7%). On the other hand, ex-situ pyrolysis 

resulted in bio-oil enriched with (40-44%) alcohols, (2-8%) acids and (8-14%) nitrogen 

containing compounds. The addition of CaO did not show effective deoxygenation 

performance to produce bio-oils containing more hydrocarbon compounds either during in-situ 

or ex-situ pyrolysis. For example, pyrolysis with no catalyst produced bio-oils with a GC-MS 

spectrum of peak area percentage for alcohols (29%) and fatty acids (3 to 29%) but the 

introduction of CaO at 15% increased the alcohol content to 58% in the in-situ and 53% in ex-

situ experiments, respectively. The alcohols are believed to be formed by the dehydration 

reactions of proteins and lipids present in the feedstock. Previous studies have demonstrated 

that CaO greatly promotes the dehydration reactions during pyrolysis (Ding et al., 2018; Lin et 

al., 2010). Therefore, it can be suggested that CaO contributed to the dehydration of proteins 

and lipids during the pyrolysis of chicken-litter waste, and resulted in increased production of 

alcohol compounds. These results also support the findings of Lin et al. (2010) that 

demonstrated an increase in alcohol content during catalytic pyrolysis of biomass with CaO. 

However, CaO showed a substantial decrease in fatty acids in the bio-oil during the ex-situ 

pyrolysis. The minimum concentration of fatty acids achieved with 50% CaO in the in-situ and 

ex-situ pyrolysis was 8 and 3% (GC-MS peak area percentage) respectively. This obeservation 

can be further supported with the gas analysis results where higher concentration of CO gas 

was achieved with increased CaO addtion. Moreover, it has also been suggested that CaO 
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particles can deoxygenate the bio-oil by directly reacting with acid compounds or their 

precursors to form organic or inorganic calcium salts (Lin et al., 2010). It could be suggested 

that CaO deoxygenated the fatty acids mainly through decarboxylation (removal of oxygen as 

CO2) and decarbonylation reaction (removal of oxygen as CO) (Ranganathan & Gu, 2018). 

6.3.3.2 Effect of char on bio-oil composition  

Fig. 6.11 shows GC-MS results of bio-oil composition after in-situ and ex-situ pyrolysis of 

chicken litter at 800°C under different char loadings. Noticeably, the addition of char regardless 

of its concentration or type of pyrolysis (in-situ or ex-situ) did not change the bio-oil 

composition effectively as approximately similar compounds were detected in all samples. 

However, a significant variation in concentration of these compounds was observed in the bio-

oil. For example, in-situ pyrolysis with char-15% produced ca. 19%  triethylene glycerol, which 

decreased to 16% with char-50%. The overall GC-MS spectrum peak area percentage of 

alcohols, acids and nitrogenous compounds were (30-41%), (18-31%), (4-8%), respectively in 

the bio-oil samples obtained with different concentrations of char, either from in-situ or ex-situ 

pyrolysis. On the other hand, one aliphatic hydrocarbon i.e. propane was detected in pyrolytic 

oil with char-15% and char-50% (in-situ) at a concentration of 0.6% and 0.7% (peak area 

percentages), respectively, but it was not observed in the ex-situ pyrolytic oils. Overall, it can 

be concluded that bio-oil samples obtained in this study were highly oxygenated and further 

downstream treatment is required to upgrade the bio-oil. Noticeably, the addition of char did 

not show deoxygenation activity for either alcohols or fatty acids to as nearly similar 

composition of compounds was obtained in all the bio-oil samples. This could probably be due 

to the depletion of the CaO present in the char to reduce the CO2 in the pyrolysis gases to CO. 

This converts all the CaO to CaCO3 which is a stable compound and cannot deoxygenate the 

bio-oil compounds. On the other hand, addtion of 50% CaO achieved a considerable 

deoxygenation activity of the fatty acids.  
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Figure 6-10 GC-MS results for bio-oil composition with different ratio of CaO loading 

during (a) in-situ and (b) ex-situ pyrolysis of chicken litter at 800°C (relative error 5%). 
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Figure 6-11  GC-MS results for bio-oil composition with different compositions of char 

during (a) in-situ and (b) ex-situ pyrolysis of chicken litter at 800°C (relative error 5 %). 
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6.4 Conclusion  

The effects of CaO and char catalysts on the pyrolysis products of chicken-litter waste were 

studied in in-situ and ex-situ modes under concentrated solar radiation. In both cases the highest 

catalytic performance on reduction of CO2 and improving CO and H2 yields in the pyrolytic 

gas was achieved with 50% catalyst loading at 800°C. The highest CO and H2 yields were 63 

wt. % and 15 wt. %, respectively, obtained with the 50% CaO in-situ loading at 800°C. Both 

catalysts were efficient in reducing the CO2 concentrations at higher temperatures. CO2 content 

was substantially reduced ca 2 % with 50% CaO loading at 800°C while the minimum CO2 

yield with the char catalyst was around 7 wt. % for both in-situ and ex-situ pyrolysis. Pyrolysis 

of chicken litter with addition of CaO also produced bio-oil compounds having more alcohols 

with peak area percentages of up to 84% and substantially reduced the fatty acids to 3%, 

whereas pyrolysis with addition of char did not show significant deoxygenation activities for 

the bio-oils, but was comparable with CaO in absorbing the CO2 and producing CO, H2 and 

CH4 in the pyrolysis gases. 
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 Distribution of solar pyrolysis products and product gas composition 

produced from agricultural residues at different operating parameters 

In this chapter the influence of process parameters on the pyrolysis of agricultural residues with 

concentrated solar radiation is presented. Experimental results of pyrolysis of chicken litter and 

rice husk are investigated at different temperatures, heating rate and particle sizes. The 

experiments were performed in PROMES-CNRS, which is one of the biggest solar energy 

laboratories in the world. High heating rate and relatively higher pyrolysis temperatures have 

been considered. Energy content of the combustible pyrolysis gases produced at different 

operating conditions are determined in this chapter.  

I together with Prof G. Flamant and Rui developed the concept and designed the experiments. 

Rui and Prof Gilles Flamant gave me the induction training to the solar laboratories in 

PROMES-CNRS; then Rui and I conducted the experiments. Data analysis and write-ups were 

done by myself while Gilles Flamant, Vlad, Rui, Ravinder, Jing, Tao and Prof. Graham were 

involved in editing and reviewing the manuscript. 
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Abstract  

Solar energy and biomass are the two major sources of renewable energy, which can be 

integrated to produce heat, power and transportation fuels, chemicals and biomaterials using 

pyrolysis. In this work, separate samples of chicken-litter waste and rice husk of different 

particle sizes (280 and 500 µm) were pyrolysed with a concentrated solar radiation to produce 

pyrolysis gases of high calorific value. Different operating parameters were investigated under 

the solar pyrolysis conditions. Heating rates from 10 to 500°/s and temperatures in the range 

of 800 to 1600°C, generated from a lab-scale solar furnace with maximum power capacity of 

1.5 kW, were applied. Temperature was found to have the highest effect, changing the gas yield 

from 10 to 39 wt.%; decreasing the bio-oil and char yields from 48 to 41 wt. % and 42 to 18 

wt.%, respectively as the temperature increased from 800 to 1600°C. The highest higher 

heating value (HHV) of the gas (7255 ± 566 kJ/kg) was obtained with the 280 µm particle size 

chicken litter at 1600°C. Overall, gases produced from solar assisted biomass pyrolysis have a 

high concentration of combustible products that can be directly used as fuels in engines or 

power plants.    

Key words: solar pyrolysis, combustible gases, renewable energy, biomass, solar fuels 
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7.1 Introduction  

Due to the depletion of fossil fuels and high concern for environmental protection from the 

conventional sources of energy, the alternative and renewable energy sources are attracting 

increased attention.  Biomass is one of the renewable energy sources that can directly replace 

fossil fuels in many applications, such as the production of heat, chemicals and biomaterials, 

power and transportation fuels through the pyrolysis process (Arribas et al., 2017). Biomass 

pyrolysis involves extremely complex chemical and physical processes, such as heat transfer, 

mass transfer, thermal dynamics and their interactions influenced by temperature, heating rate, 

biomass particle size and density, physical and chemical pretreatments of the process and 

others (Gómez et al., 2018; Zhai et al., 2015). Numerous studies have investigated the effects 

of different process parameters on the yield and composition of the pyrolysis products. 

Recently, Guedes et al. (2018) reviewed the pyrolysis parameters and their effects on the 

properties and yields of pyrolysis products and Zeng et al. (2017a) reviewed solar pyrolysis of 

carbonaceous feedstock. In the former paper, temperatures in the range of 400 to 650°C at 

different heating rates (5 to 700°C/min) were investigated for different types of biomass. Bio-

oil yields from rice husk and waste palms were found to increase with temperature and reached 

maximum values of 70 % at 450 °C and 72.4% at 500°C respectively. However, as shown in 

the latter paper, a further increase in the temperature and the heating rate favors formation of 

gas. According to Morf et al. (2002) lower ranges of pyrolysis temperatures (>500°C) for 

processing of wood chip produces CO2, CO and small amount of CH4 from primary 

decomposition, and at temperatures higher than 650°C the CO, CH4 and H2 concentrations 

increase due to secondary tar cracking.   

The heating rate is another important parameter in biomass pyrolysis. Heating rates up to 

100°C/s can create heat and mass transfer limitations in samples during pyrolysis, hence 

bringing substantial variations to the yield and composition of pyrolysis gases, possibly due to 

non-homogenous heating of the samples. An increase in the heating rate from 100 to 300°C/min 

in the pyrolysis of rapeseed at 500°C increased the bio-oil yield to 58 % (Ateş et al., 2004). 

Yields of CO, H2, CH4 and C2H6 were observed to increase with increasing the heating rate 

from 5 to 50°C/s in the solar pyrolysis of beech wood (Zeng et al., 2015).  

Biomass feedstock differ considerably in their lignin, cellulose and hemicellulose contents. The 

volatile matter, ash and moisture contents are also some of the typical variations in biomass, 
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which can affect the distribution of pyrolysis products (Guedes et al., 2018). Biomass with a 

higher lignin content tends to produce more char than cellulose and hemicellulose, which favor 

production of tar and non-condensable volatiles (Akhtar & Saidina Amin, 2012). The amount 

of volatile matter in feedstock also has a significant role in determining the quantity of each 

pyrolysis product. A higher tar yield can be obtained from feedstock with higher content of 

volatile matter due to improved volatility and reactivity advantages (Omar et al., 2011).  

Particle size is another factor that affects the yield and composition of the pyrolysis products 

(Luo et al., 2010). Shen et al. (2009) investigated the effects of different particle sizes (0.18 to 

5.6 mm) of mallee wood on pyrolysis at 500°C and found the liquid yield to decrease by 12 to 

14 %, while the gas and char yields increased by around 14 and 4 % when the particle size 

increased from 0.3 to 1.5 mm, respectively. However, a further increase in size up to 5.6 mm 

could not bring any significant variations to the results. Small particle sizes enhance the 

formation of H2 and CO contents. The increments of 18.3 and 17 % were recorded in the H2 

and CO yields, respectively as the particle sizes changed from 10 to 5 mm in the pyrolysis of 

municipal solid waste at 900°C. As biomass has low thermal conductivity, very large particle 

size can limit heat transfer to adjacent particles, resulting in an inefficient pyrolysis process.  

As discussed, biomass is one of the most important sources of renewable energy that can be 

converted to various gaseous, liquid and solid fuels (variable in product distribution and 

composition) using thermochemical conversion processes. This process, however, requires 

heat to carry out the pyrolysis, which can be supplied by partially combusting some of the 

evolved volatiles, thereby reducing the overall amount of produced pyrolysis products, or 

through external solar heat, which can significantly improve the efficiency of the pyrolysis 

process, and the cleaning and separation of the gas produced. Integration of solar energy to 

drive the thermochemical processing of biomass offers opportunities for developing new and 

sustainable biomass-solar technologies and storage of solar energy in the products (Bashir et 

al., 2017; Chintala, 2018; Wu et al., 2018; Zeng et al., 2017b).  

There have been intensive research studies that have investigated the effects of different 

operating parameters on the pyrolysis product distribution in the traditional/conventional 

pyrolysis, which is commonly held below 1000°C at relatively lower heating rates. Solar 

assisted biomass pyrolysis is currently an emerging technology attracting considerable research 

interest at present (Weldekidan et al., 2018b; Yadav & Banerjee, 2016; Zeng et al., 2017a). 

Fuels with higher calorific values and chemicals of different quality and quantity can be 
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produced from the solar pyrolysis of biomass by varying the operating parameters. Solar 

pyrolysis is different from conventional pyrolysis by providing fast heating rate and achieving 

flexible temperatures that can range up to 2000°C. With only limited studies investigating solar 

assisted biomass pyrolysis, the distribution of solar pyrolysis products as a function of biomass 

composition and origin, at different solar conditions are still not sufficiently investigated. 

This work investigates the effects of different heating rates (10 to 500°C/s), temperature in the 

rages of 800 to 1600°C, biomass (agriculture residues) type and particle size to the pyrolysis 

product distribution and gas composition in the solar pyrolysis process. Product yields, gas 

composition and the higher heating values (HHVs) of the product gases are studied thoroughly 

with respect to each pyrolysis parameter.    

7.2 Experimental 

7.2.1 Sample  

The biomass materials used in this study were chicken-litter waste and rice husk separately. 

Samples of chicken-litter waste had mean particle sizes of 280 µm while the rice husk had two 

different samples prepared from 280 µm and 500 µm particle sizes, separately. The results of 

proximate and ultimate analysis of the two biomass samples are summarized in Table 7-1. 

Table 7-1 Proximate and ultimate analysis of chicken-litter and rice husk. 

*By difference 

7.2.2 Solar experimental setup   

Solar experiments were carried out with one of the PROMES-CNRS small solar furnaces 

(vertical axis, beam down type). The setup applied in this research is shown in Fig 7.1. The 

solar concentrating system was composed of a 25 m2 flat heliostat and a downward facing 

parabolic mirror (2 m in diameter and 0.85 m focal length). The heliostat tracked the sun 

continuously and reflected vertical and parallel rays to the optical axis of the parabolic dish 

that in turn concentrated the parallel rays onto the focus situated 0.85 m below the vertex of 

Biomass  

Proximate analysis       Ultimate analysis 

Ash    Volatile matter Fixed carbon 
 

Moisture 
 

C H O* N S 

%mass, dry basis 
 

%mass 
 

%mass, ash free 

Chicken-litter 27.1   62.6         10.3   9.9   46.9 5.4 42 5.38 0.32 

Rice husk     28 58         15  6.03  34.3 5 60.1 0.38 0.19 
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the dish. The maximum power and flux density of this configuration was 1.5 kW and 12,000 

kW/m2, respectively. A shutter placed in the optical path between the heliostat and the parabola 

allowed control the solar power with time (heating rate) and the plateau temperature. The 

shutter was monitored with a PID controller. Compressed pellets of the biomass were placed 

in a graphite crucible (10 mm i.d) located at the focus of the parabola. The reactor is composed 

of a metallic base, a water-cooled moving sample holder and a transparent Pyrex dome that 

closes the vessel.  

Sample temperature was measured with an optical pyrometer (KLEIBER monochromatic 

operating at 5.2 µm), and the pyrolysis gases mixed with argon (sweeping gas) were pumped 

out with a vacuum pump and passed through a condensation train for trapping bio-oil and other 

heavy organics. Finally, the volatiles were collected in a Tedlar bag and then injected to GC 

(SRA Instruments MicroGC 3000) for further analysis.  

 

Pyrometer 

PID controller 

Flux modulator 

Pressure 

gauge 

Flow meter 

Argon gas 

Needle valve  

Vacuum pump 

Gas washing unit 

Sampling bag 

Micro GC analyzer 

Heliostat 

Reactor 

Crucible 

Parabola  

Sample 

Figure 7-1 Schematic of the solar setup 
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7.2.3 Experimental procedures 

A range of experiments were conducted to assess the influence of process parameters on the 

gas products of the solar-assisted pyrolysis. In each experiment, 0.33 g of the sample was first 

compressed into cylinders of 10 mm diameter and 5 mm height and placed in a graphite 

crucible. Before each experiment, the argon gas was purged at 9 NL/min (controlled by 

Bronkhorst, EL-FLOW® flowmeter) into the reactor, and the oxygen concentration inside the 

reactor was completely pumped out with the vacuum pump. A 3100 SYNGAS analyzer was 

employed to on-line monitor the oxygen content in the reactor.  

The first set of experiments was performed to determine the effect of heating rate on the product 

yield and gas composition. For this, the chicken litter samples were pyrolyzed at heating rates 

of 10, 50, 100, 200 and 500°C/s to the final temperature of 1200°C. The next set of experiments 

was performed to investigate the effect of final pyrolysis temperatures in the ranges of 800 to 

1600°C, during which the heating rate was fixed at 50°C/s. To examine the effect of biomass 

particle size, experiments were conducted with two different sizes (280 and 500 µm) of rice 

husk at 800 to 1600°C and 50°C/s. In each experiment, reactions were held at the final 

temperatures for a maximum of 5 min. The yields and gas compositions obtained from the 

pyrolysis of chicken litter and rice husk at the same operating parameters were compared to 

assess the effect of biomass composition.  

The solid mass that remained in the crucible at the end of each experiment was assumed as the 

char yield, and the gas yield was calculated form the ideal gas equation using argon as a tracer 

while the bio-oil yield was calculated from the mass difference between the total sample mass 

and the mass sum of the chars and pyrolysis gases. Then the wt.% of each product was found 

by dividing these quantities by the original sample mass. 

Finally, the total higher heating value (HHV) of the pyrolysis gases was determined from the 

yield and heating value of individual combustible gas components (H2, CO, CH4 and C2H6) as 

reported in (Lars & Nilsson, 2001; Wang et al., 2016; Weldekidan et al., 2018c). 

7.3  Result and discussion 

7.3.1 Influence of heating rate on product distribution and gas composition  

Fig. 7.2 shows the product distribution obtained from the pyrolysis of chicken-litter waste (280 

µm particle size) at final temperature of 1200°C and heating rates of 10, 50, 200 and 500°C/s. 
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An increase of heating rate from 10 to 50°C/s resulted in slight decrease of the bio-oil yield 

from 53 to 47 wt. % whilst the gas yield was increased significantly from 18 to 25 wt. %. The 

possible reason is that increasing the heating rate enhanced the secondary cracking reactions 

and increased the rate of depolymerization of the bio-oil to primary volatiles (Chen et al., 

1997). Increasing the heating rate to 200°C/s slightly reduced the char and bio-oil yields to 45 

and 28 wt. %, respectively, whilst the gas yield increased to 27 wt. %. Further increase in the 

heating rate to 500°C/s slowly decreased the liquid yield to 40 wt. % and increased the gas 

yield to 34 wt. %. These changes could be attributed to the heat and mass transfer limitation 

caused by the fast heating rates (Soria et al., 2017; Uzun et al., 2010). The pyrolysis gas 

composition of the chicken-litter waste at the different heating rates are depicted in Fig. 7.3. 

The results demonstrated that CO, H2 and CH4 were the main gas components throughout the 

process. As shown in Fig. 7.3, CO and H2 substantially increased from 32 to 42 %, and from 

29 to 38 %, respectively, when the heating rate increased from 10 to 50°C/s. On the contrary, 

the CH4 production remarkably decreased from 24 to 9 %. At the same time C2H6 contents 

slightly decreased from 5 to 2 %. The substantial increase in CO and H2 with rise in the heating 

rate from 10 to 50°C/s suggested that a rapid heating during the pyrolysis process enhanced the 

secondary cracking of oxygenates and promoted the decarbonylation reactions to release CO 

gas. Higher concentration of CH4 at 10°C/s, which decreased to its minimum value of 6 % at 

500°C/s, was caused by the water shift and steam reforming reactions. 

Figure 7-2 Product yields of chicken-litter waste pyrolysis formed at different heating rates 

to plateau temperature of 1200°C (error bars indicate standard deviation of 3 repeated 

experiments) 
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As reported by Newalkar et al. (2014), these types of reactions reach equilibrium at 800 to 

1200°C pyrolysis temperatures if the heating rate is low or at longer residence time. A further 

increase in the heating rate to 200 and 500°C/s did not bring significant difference to the gas 

composition. These results agree with the reports by Li et al. (2016), who demonstrated that 

the most significant influence of heating rate on the gas composition occurs in heating rates 

between 10 and 50°C/s.  

Table 7-2 shows the higher heating values of the total and individual gas components. The 

HHVs of the individual gases revealed remarkable changes as the heating rate increased from 

10 to 50°C/s. Specifically, the HHVs of H2 and CO increased by more than two-fold, from 764 

± 31 kJ/kg to 1641 ± 166 kJ/kg and from 827 ± 26 to 1840 ± 188 kJ/kg, respectively. Whereas 

the HHVs of CH4 and C2H6 substantially decreased from 1948 ± 97 to 742 ± 212 kJ/kg and 

from 644 ± 26 to 361 ± 52 kJ/kg as the heating rate increased from 10 to 50°C/s. However, a 

further increase in the heating rate slightly increased the HHVs but was not significant. The 

highest total gas HHV (6402 ± 810 kJ/kg) was achieved at 500°C/s. The H2 to CO ratio, which 

was almost unity for all heating rates, confirms that the pyrolysis gases produced in this form 

can have better performance in engines but at the expense of higher NOx emissions (Sahoo et 

al., 2012). 

Figure 7-3 Gas composition of chicken-litter waste pyrolysis formed at different 

heating rates to plateau temperature of 1200°C (error bars indicate standard deviation 

of 3 repeated experiments) 
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Table 7-2 Higher heating values and H2 to CO ratio of the pyrolysis gases at 1200°C final 

pyrolysis temperature, expressed based on the biomass weight (the uncertainties represent 

standard deviation of the mean value of 3 repeated experiments) 

Heating rates 

(°C/s) 

HHV (kJ/kg) 
H2/CO 

(H2) (CH4) (CO) (C2H6) Total 

10 764 ± 31 1948 ± 97 827 ± 26 644 ± 161 4182 ± 315 0.92  

50 1641 ± 166 742 ± 212 1840 ± 188 361 ± 52 4585 ± 618 0.9  

200 1828 ± 52 953 ± 491 1885 ± 45 418 ± 104 5083 ± 692 0.97  

500 2328 ± 67 983 ± 218 2499 ± 58 592 ± 467 6402 ± 810 0.97 

  

7.3.2 Influence of plateau temperature on the product yield and gas composition  

Fig.  7.4 shows the measured product yields as a function of plateau pyrolysis temperature at 

50°C/s. Chicken-litter waste with 280 µm particles size, packed into cylindrical pellets of 10 

mm in diameter and 5 mm length was used as biomass feedstock. As shown in Fig.  7.4, 800°C 

produced a maximum bio-oil yield of 48 wt. %, which continuously decreased with further 

increase in temperature, producing a minimum yield of 41 wt. % at 1600°C. Similarly, the char 

yield was sharply reduced from 42 wt. % at 800°C to 18 wt. % at 1600°C. This is attributed to 

the greater primary decomposition of the biomass or secondary decomposition of the char 

residue with increasing temperatures. On the other hand, the gas yield was constantly increased 

from its minimum yield of 10 wt. % at 800°C to its maximum yield of 39 wt. % at 1600°C. 

The trend is consistent with the results obtained from the solar pyrolysis of beech wood pellets 

in the same range of temperatures (Zeng et al., 2015). Upon increasing the temperature, the 

reaction between the vapor and char phase was dominant. Moreover, secondary reactions of 

heavy molecular weight compounds were high which can cause the char and bio-oil yields to 

decrease, while increasing the gas yield (Salehi et al., 2011). Gas composition of the chicken 

litter waste pyrolysis at temperature ranges between 800 to 1600°C and heating rate of 50°C/s 

is shown in Fig.  7.5. The effect of temperature was mainly observed in the evolution of CO, 

H2 and CO2. CO and H2 were the dominant products with maximum molar yields of 46 and 48 

% at 1600°C, respectively. 
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The increase in H2 with temperatures can be associated to the cracking of all condensable and 

non-condensable products at higher temperatures (Zhao et al., 2010), while the increase in CO 

content was due to the reverse Boudouard reaction at higher temperatures (Becidan et al., 2007) 

which was also responsible for substantially depleting the CO2 content from 38 to 2 %, as 

shown in Fig. 7.5. There were no appreciable changes to the contents of CH4 and C2H6.    

Table 7-3 shows the higher heating values (HHVs), expressed based on the biomass weight, 

and H2 to CO ratio of the pyrolysis gases obtained from chicken litter at temperatures ranging 

from 800 to 1600°C and 50°C/s. The HHVs of most gases and hence the total gas heating 

values increased with rise in temperature. The higher heating values of H2 and CO at the lowest 

temperature (800°C) were 305 ± 11 and 262 ± 102 kJ/kg and continuously increased with 

temperature to the maximum values of 2798 ± 140 and 3066 ± 153 kJ/kg respectively at 

1600°C. Similarly, the highest HHV of the total gas increased linearly from 838 ± 48 at 800°C 

to 7255 ± 566 kJ/kg at 1600°C, due to the increased yield of H2 and CO with temperature. The 

highest HHV of CH4 (916 ± 458 kJ/kg) was obtained at 1400°C and decreased to 865 ± 247 

kJ/kg at 1600 °C which was attributed to the cracking of CH4 to H2. The H2/CO ratio was also 

affected by temperature. Except at 1200 and 1400°C, this ratio was either equal to one or greater 

than one (1.1).   

Figure 7-4 Product yield of chicken-litter waste pyrolysis formed at different final 

temperatures and 50°C/s heating rate (error bars indicate standard deviation of 3 repeated 

experiments) 
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Table 7-3 Higher heating values and H2 to CO ratio of the pyrolysis gases formed from 

chicken litter at different final temperatures and 50°C/s (the uncertainties represent standard 

deviation of the mean value of 3 repeated experiments) 

 

Temperature 

(°c)  

  H2 CH4 CO C2H6  total   
H2/CO  

 Higher heating value (kJ/kg)    

800   305 ± 11 271 ± 27 262 ± 10 0  838 ± 48   1.1  

1000   852 ± 95 698 ± 174 840 ± 49 0  2390 ± 318   1 

1200   1641 ± 149 742 ± 247 1841 ± 263 361 ± 5  4585 ± 665   0.9 

1400   2283 ± 126 916 ± 458 2561 ± 100 511 ± 26  6272 ± 611   0.9 

1600   2798 ± 140 865 ± 247 3066 ± 153 526 ± 26  7255 ± 566   1.1 

Figure 7-5 Gas composition of chicken-litter waste pyrolysis produced at different final 

temperatures and 50°C/s (error bars indicate standard deviation of 3 repeated experiments) 



135 

 

7.3.3 Influence of biomass type on the yield and gas composition 

Chicken-litter waste and rice husk samples with 280 µm particle sizes were pyrolysed in the 

temperature ranges 800–1600°C at 50°C/s to determine the influence of biomass type on the 

yield and composition of the evolved volatiles. The product yields of pyrolysis of these two 

biomass samples under the concentrated solar radiation are shown in Fig. 7.6. The results 

demonstrated that variations to the product yields with respect to biomass type were 

insignificant. It can be seen that the lowest gas yields, 12 wt. % for chicken litter and 10 wt. % 

for rice husk, were obtained at 800°C and increased to 39 and 39 wt. %, respectively at 1600°C. 

However, a remarkable difference was observed in the char and bio-oil yields, especially at 

high pyrolysis temperatures. It was further noticed that bio-oil yields produced from the 

chicken litter sample were higher than those of the rice husk at all pyrolysis temperatures 

(maximum difference being 5 wt. % at 1400°C). Contrary to the bio-oil, the char yields from 

the rice husk pyrolysis were higher than the chars from the chicken litter pyrolysis at almost 

all temperatures. The highest variation between the char yields produced from rice husk and 

chicken litter was 7 wt. %, recorded at 1400°C.  

Figure 7-6 Product distribution from the pyrolysis of chicken litter and rice husk (280 µm 

sizes) at 50°C/s and different temperatures (error bars indicate standard deviation of 3 repeated 

experiments) 
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The opposite trends of the bio-oil and char yields from the two samples can be related to the 

volatile content of the feedstock, which was 63 % in the chicken litter sample and 55 % in the 

rice husk (Table 7-1). Feedstock with high volatile contents have higher volatility and reactivity 

advantages which favor bio-oil production. The higher char yield produced from the rice husk 

pyrolysis is linked to the higher lignin content of the rice husk (Wang et al., 2016) compared 

to the chicken-litter waste. A high lignin content contributes to production of higher char yields 

(Guedes et al., 2018). Table 7-4 shows the composition of pyrolysis gases obtained with the 

280 µm particle size of rice husk and chicken litter. There were significant differences in H2, 

CO and CO2 production at the lower ranges of pyrolysis temperatures (800 and 1000°C) with 

differences decreasing as the temperature increased and there were almost the same molar 

yields at 1600°C for both biomass samples. The H2, CO and CO2 productions from the rice 

husk sample at 800°C were 13 ± 1.5 %, 49 ± 1.5 % and 25 ± 1.5 %, respectively. The H2 and 

CO2 productions from chicken litter sample were 29 ± 1 % and 38 ± 1, respectively, while the 

CO production (26 ± 1 wt. %) was smaller than the rice husk. As the temperature increased to 

1000°C, these differences were observed to reduce and with further increase in the pyrolysis 

temperature the gas compositions were almost the same for both biomass samples. The 

difference in the gas composition could arise from the proteins, fats and carbohydrates 

components of the biomasses. It is known that chicken litter has higher content of proteins and 

fats (Weldekidan et al., 2018a). Pyrolysis of these materials can produce significant amount of 

CO2 as compared to the pyrolysis of rice husk, which has higher lignin content than chicken 

litter (Azargohar et al., 2013). The higher H2 production with the rice husk at 800 and 1000°C 

could also be explained by the higher lignin content of the biomass; it is known that lignin 

produces more H2 (Li et al., 2016). 

Table 7-4 Gas composition from rice husk and chicken litter pyrolysis at 800 to 1600°C and 

50°/s heating rate (the uncertainties represent standard deviation of the mean value of 3 

repeated experiments) 

Temper

ature 

(°C) 

(H2) [ mol %] (CH4) [mol %] (CO) [mol %] (CO2) [mol %] (C2H6) [mol %] 

Rice 

husk 

Chicken 

litter 

Rice 

husk 

Chicken 

litter 

Rice 

husk 

Chicken 

litter 

Rice 

husk 

Chicken 

litter 

Rice 

husk 

Chicken 

litter 

800 13 ±1.5 29 ±1 12 ±1.5 9 ±1 49 ±1.5 26 ±1 25 ±1.5 38 ±1 0 0 

1000 24±1.5 34 ±4 10 ±1.5 8 ±2 44 ±1.5 35 ±2 15 ±1.5 23 ±3.7 0 0 

1200 33 ±1.5 38 ±3.5 8 ±1.5 6 ±1.5 44 ±1.5 42 ±3.5 8 ±2 11 ±3 1 ±1 2 ±1.5 

1400 42 ±2.5 42 ±2.7 6 ±1.5 5 ±2.2 46 ±1.5 46 ±1 6 ±1.6 4 ±0.5 1 ±1 2 ±1 

1600 50 ±2 46 ±2.3 5 ±1.5 4 ±1 49 ±1.5 48 ±2.1 4 ±1.5 2 ±2 2 ±0.5 2 ±1 
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Table 7-5 shows the higher heating value and H2 to CO ratio of the pyrolysis gases formed 

from the pyrolysis of rice husk at 800 to 1600°C and 50°C/s heating rates. Compared to the 

HHVs of the pyrolysis gases from chicken-litter waste under similar operating parameters 

(Table 7-3), the total gas HHVs slowly increased with temperature. For example, the total gas 

HHV from the rice husk at 800 °C was 1271 ± 140 kJ/kg and slightly increased to its highest 

value of 7198 ± 531 kJ/kg at 1600 °C; whereas the total gas HHV from the chicken litter at 800 

°C was 838 ± 48 kJ/kg and sharply increased to 7255 ± 566 kJ/kg at 1600 °C. The changes in 

CO production from rice husk at higher ranges of temperature were not considerable (Table 7-

4), hence the changes in the HHVs of the gas from rice husk were also not as significant as the 

HHVs of the gas obtained from the chicken litter. The H2 to CO ratio showed significant 

variation with temperature from 0.3 at 800°C to 1 at 1600°C. This was due to the higher rate 

of H2 production with temperature. 

Table 7-5 Higher heating values and H2 to CO ratio of the pyrolysis gases formed from rice 

husk at different final pyrolysis temperatures and 50°C/s heating rate (the uncertainties 

represent standard deviation of the mean value of 3 repeated experiments) 

 

7.3.4 Influence of particle size on the yield and composition of pyrolysis products  

Table 7-6 shows product yields for the pyrolysis of rice husk at the plateau temperatures of 

800, 1200 and 1600°C, respectively and at a heating rate of 50°C/s for the rice husk particle 

sizes of 280 and 500 µm. Smaller biomass particles exhibit higher surface to volume ratio, 

which favors the fast rate of heat transfer than the larger particles. Higher gas and bio-oil yields 

can be expected from the biomass with smaller particle sizes in fast pyrolysis processes (Sensoz 

et al., 2006). In this work, the bio-oil yield slightly increased from 44 to 46 wt. % with 

decreasing the particle size. In contrast, an increasing trend of gaseous yields from 12 to 20 wt. 

%, and a decreasing char yield from 41.6 to 36.59 wt. % was noticed as the particle size 

Tempera

ture (°c)  

  H2 CH4 CO C2H6   total   H2/CO 

ratio  Higher heating value (kJ/kg)    

800   166 ± 18 490 ± 54 615 ± 15 0   1271 ± 140   0.3 

1000   768 ± 38 927 ± 116 1109 ± 28 0   2805 ± 183   0.5 

1200   1628 ± 54 1065 ± 213 1797 ± 47 597 ± 52   5087 ± 366   0.8 

1400   2107 ± 105 1018 ± 255 2325 ± 58 298 ± 50   5748 ± 423   0.9 

1600   2602 ± 104 916 ± 305 3150 ± 75 531 ± 47   7198 ± 531   1 
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increased from 280 to 500 µm. These changes could be explained by the low bulk density and 

wider intra particle voids of the larger particles and associated heat transfer advantages which 

could facilitate the diffusion of gaseous products and thermal cracking of the chars into small 

molecule gases. Pyrolysis of both biomass samples at 1200 and 1600°C did not bring any 

significant difference to the gas, bio-oil and char yields. This observation is in broad agreement 

with the findings reported in literature (Kang et al., 2006; Kersten et al., 2005; Shen et al., 

2009). 

Table 7-7 presents the influence of rice husk particle size on the distribution of pyrolysis gases. 

The experiment was conducted at three temperatures (800, 1200 and 1600°C) at a heating rate 

of 50°C/s with 280 and 500 µm particle sizes. It is shown that the biomass particle size had 

little effect on the distribution of the pyrolysis gases. The highest effect was observed on the 

H2 content at 1600 °C. The 280 and 500 µm rice husk produced about 50 % and 41 % H2, 

respectively. Similarly, with increasing the particle size from 280 to 500 µm, the CO2 content 

decreased from 25 to 17 % but the H2 was observed to increase from 13 to 19 % at the 800°C.  

Table 7-6 Product yields from the pyrolysis of rice husk with 280 and 500 µm particle sizes 

at 800 to1600°C pyrolysis temperatures and 50°C/s heating rate (error was less than 5 %) 

 

Table 7-7 Influence of particle size on the pyrolysis gas composition (the uncertainties 

represent standard deviation of the mean value of 3 repeated experiments) 

Temperature 

(oC) 

Particle sizes (µm) 

280 500 280 500 280 500 280 500 280 500 

Gas composition [ mol %] 

(H2) (CH4) (CO) (CO2) (C2H6) 

800 13 ±1.5 19 ±1.5 12 ±1.5 14 ±1.5 50 ±1.5 50 ±1 25 ±1.5 17 ±1.5 0 0 

1200 33 ±1.5 28 ±1.5 8 ±1.5 12 ±1.5 44 ±1.5 43 ±0.5 8 ±2 14 ±1.5 1±0.5 4 ±1 

1600 50 ±2 41 ±1.5 5 ±1.5 4 ±1.5 49 ±1.5 46 ±1 4 ±1.5 6 ±1.5 2 ±0.5 1 ±1.5 

Temperature (°C) 

Particle size ( µm) 

280  500  280  500  280  500  

Pyrolysis gas (wt.%) Bio-oil (wt.%) Bio-char (wt.%) 

800 12 20 46 44 42 37 

1200 26 26 40 41 34 32 

1600 39 37 38 38 25 25 
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Table 7-8 shows the HHVs and H2 to CO ratio of the pyrolysis gases from the 280 and 500 µm 

rice husk sample. There was relatively sharp rise with temperature in the HHVs of individual 

and the total gases from the pyrolysis of the 280 µm size sample as compared to the HHVs of 

the gases from the rice husk with 500 µm size. The highest total gas heating value from the 280 

µm particles substantially increased from 1271 ± 140 kJ/kg at 800°C to 7198 ± 531 at 1600°C. 

Whereas the lowest and highest HHVs of total gas produced at the same pyrolysis conditions 

from the 500 µm sample were 2663 ± 141 and 6617 ± 656 kJ/kg, respectively. These 

differences were due to the combined effects of H2 and CO produced from the pyrolysis of the 

280 µm particle size which have higher production rate at each of the pyrolysis temperatures. 

The H2 to CO ratio of the gases from both particle sizes were almost same in all pyrolysis 

temperatures. Overall, the effect of the feedstock size difference could not affect the HHVs and 

H2 to CO ratio of the gas in this study. 

Table 7-8 Higher heating values and H2 to CO ratio of the pyrolysis gases formed from rice 

husk at different final pyrolysis temperatures and 50°C/s heating rate (the uncertainties 

represent standard deviation of the mean value of 3 repeated experiments) 

 

7.4  Conclusion  

Solar pyrolysis of chicken-litter waste and rice husk of different particel sizes was performed 

at different heating rates and temperatures. Temperature and lower ranges of heating rates (10 

to 50°C/s) were found to have significant influence on the yield and composition of pyrolysis 

products. The highest bio-oil yield of 53 wt. % was achieved from the pyrolysis of 280 µm 

particle size chicken-litter waste at 1200 °C and at a heating rate of 10 °C/s; whereas maximum 

yields of bio-oil (39 wt. %) and char (42 wt. %) were obtained at 1600°C and 800°C, 

respectively at a heating rate of 50°C/s. It was further noticed that the contents of CO and H2 

increased with rise in temperature for both biomass types and particle sizes. Similarly, the 

HHVs of the total gases increased with temperature in all pyrolysis conditions. Bio-oil yields 



140 

 

produced from chicken litter were greater than the bio-oils from the rice husk through out the 

pyrolysis temperature; whereas char yields obtained from rice husk were greater than the 

chicken litter by a maximum of 7 wt.%. Variations in gas yield and compositon with respect to 

particle sizes were insignficant in this study. The highest H2/CO ratio of mostly produced gases 

were around 1, which confirms that the pyrolysis gases produced in this work can be utilized 

to run engines or power plants. 
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  Energy conversion efficiency of pyrolysis of chicken litter and rice husk 

biomass 

In this chapter energy conversion potential of the pyrolysis of chicken-litter waste and rice husk 

using the conventional pyrolysis methods is assessed. The energy balance which is the 

difference between energy recovered in the pyrolysis products and the energy needed to run 

the pyrolysis process was determined. The obtained information was applied to determine the 

general efficiency of a solar-assisted pyrolysis process.  
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Abstract  

Pyrolysis is a well-established method of converting biomass to different types of value-added 

products, such as high energy density biofuels and chemicals. In this work, chicken-litter waste 

and rice husk were pyrolysed at different temperatures with the aim of investigating the thermal 

behaviour and energy recovery potential of the feedstocks. Computer-aided thermal analysis 

and thermogravimetric analysis were employed to study the pyrolysis properties of each 

biomass in a temperature-controlled regime. The specific heats of chicken litter and rice husk 

samples during their pyrolysis and the energy content of their pyrolysis products were 

investigated to determine the energy required to complete the pyrolysis of each sample and the 

energy recovery potential of each pyrolytic product. Most of the volatile products were evolved 

at 350 to 450°C with CO2, CO and CH4 being the dominant gas products from both samples 

throughout the pyrolysis process. At 500°C and at a heating rate of 10°C/min, the gas, bio-oil 

and char yields from chicken litter and rice husk were in the ranges of 18 to 19, 35 to 39 and 

42 to 47 wt %, respectively, with a total recoverable energy value of 12.7 MJ/kg from chicken 

litter and 13.9 MJ/kg from rice husk. The energy consumed to heat the samples to the final 

pyrolysis temperature of 500°C was also estimated to be 1.2 and 0.8 MJ per kilogram of 

chicken litter and rice husk, respectively. With the measured values, the efficiency of the 

pyrolysis of chicken litter and rice husk samples is estimated to be 84% and 89%, respectively, 

mailto:haftom.weldekidan@hdr.mq.edu.au
mailto:vladimir.strezov@hdr.mq.edu.au
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assuming the heat required to carry out the pyrolysis process is supplied by combustion of the 

evolved pyrolytic gas products. If the pyrolysis is instead driven by solar thermal energy, the 

overall efficiency will increase to 92% for the chicken litter and 94% for the rice husk pyrolysis.  

Keywords: biomass energy, pyrolysis products, biofuels, thermochemical conversion, specific 

heat 

8.1 Introduction  

Global climate change and associated environmental concerns have triggered ongoing research 

to produce clean and renewable sources of energy. Biomass is an attractive source of renewable 

energy which can be converted to bio-fuels (gas, bio-oil, and bio-char) through the 

thermochemical conversion process. Bio-fuels offer many advantages over fossil-based fuels, 

including reliability of supply, fuel diversity, greenhouse gas (GHG) reduction, carbon 

sequestration and increased investment in plant and equipment (Balat, 2011). Similarly, solar 

energy is another attractive and unlimited source of renewable energy with a potential net zero 

carbon footprint (Bashir et al., 2017; Weldekidan et al., 2019). Clearly, integration of these 

two most abundant and renewable sources of energy could bring significant solutions to the 

ongoing energy crisis and increasing concern over global warming (Chintala, 2018; 

Weldekidan et al., 2018b). One of the basic paths of technologies that can combine biomass 

with solar energy is the thermochemical conversion process, such as pyrolysis. Fuels of high 

heating values can be sufficiently produced from biomass pyrolysis (Kumar et al., 2016). 

Pyrolysis is one of the most developed technologies that can be applied to achieve the thermal 

decomposition of biomass without oxygen and produce pyrolysis gas, bio-oil, and bio-char of 

high energy value (Chen et al., 2019; Karaca et al., 2018; Li et al., 2014; Strezov et al., 2003b). 

Pyrolysis gases are valuable products for power and heat generation in engines and power 

plants and the bio-char can be used for the preparation of activated carbon and as a soil 

amendment due to its high surface area (Auta et al., 2014). Bio-char is also resistant to 

decomposition and mineralization and thus can lock carbon in a stable form (He et al., 2019; 

Kumar et al., 2019b; Vardon et al., 2013). The bio-oil is a dark brown liquid which is viscous, 

highly corrosive and oxygenated compound and can be used to produce energy by direct 

combustion or can be treated thermally to produce high calorific value synthetic fuels (Abu 

Bakar & Titiloye, 2013; Kumar et al., 2019a). With simple downstream treatments, the bio-oil 

can be used as an additive for refined petroleum feedstocks, gas turbines and can also be applied 

to produce useful chemicals (Abu Bakar et al., 2013).  



147 

 

Biomass can also be directly combusted in conventional stoves to generate heat and power, but 

the efficiency of these systems is very low. Depending on the type of feedstock and stoves 

used, the combustion efficiency can reach a maximum of 20% (Li et al., 2014). Similarly, the 

efficiency of electricity production from stationary power plants with direct combustion of 

biomass is only 30% (Viana et al., 2010). Energy generation from biomass with the 

conventional pyrolysis processes has limitations. For example, part of the biomass or its 

pyrolysis products should be combusted to generate process heat, thus reducing the available 

energy efficiency. Li et al., (2014) performed pyrolysis of spent coffee at 500°C and 10°C/min 

using an electric furnace and the maximum pyrolysis efficiency of 83.4% was found. The 

authors further reported that the increased heating rate to 60°C/min slightly increased the 

efficiency to 84.8%. However, the pyrolysis efficiency can be improved by integrating solar- 

assisted pyrolysis processes during which time the energy required to pyrolyse the biomass is 

supplied from a solar source (Weldekidan et al., 2018a; Werder & Steinfeld, 2000) 

It is evident from the previous studies that a conventional and solar-assisted pyrolysis process 

can be applied to generate different energy carrier products from various biomass feedstocks, 

which can be further used as fuels for potential applications. However, insufficient information 

is currently available for comparative assessments of the efficiency of conventional and solar-

assisted pyrolysis processes.  

Pyrolysis efficiency is the thermal efficiency obtained as the ratio of the difference between 

the total heating values of the pyrolytic products and the thermal energy required to heat the 

sample, to the energy contained in the feedstock material measured as higher heating values.     

In this work, chicken-litter waste and rice husk samples were pyrolysed at different pyrolysis 

temperatures using conventional pyrolysis methods and the energy required to heat and 

pyrolyse the biomass was quantified. The energy contents of the pyrolysis products of these 

two different types of biomasses were analysed to estimate the total energy generating potential 

of each feedstock at a specified pyrolysis conditions. The approach was applied to determine 

and compare efficiencies of conventional and solar-assisted pyrolysis processes under the 

assumption that solar pyrolysis products are not different to conventional pyrolysis products 

(Tuller, 2017; Weldekidan et al., 2018c) if the same operating conditions are maintained.  
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8.2 Material and methods 

8.2.1 Biomass properties 

Chicken litter and rice husk were selected biomass feedstocks for this study. These two 

feedstock were chosen because chicken litter is a protein and lipid containing waste which is 

continuously increasing as a result of population increase, while rice husk is a lignocellulosic 

or carbohydrate based biomass of agricultural byproducts with an annual global capacity of 

more than 800 million tonnes (Dunnigan et al., 2018a). Thus, studying the pyrolysis properties 

of the feedstocks, besides the energy recovery potentials, could be an interesting approach to 

waste valorisation and minimization techniques. Samples of these two different types of 

biomass were prepared by heating the feedstocks in a vacuum oven at 70°C for 2 h and then 

sieved with a 280 µm sieve size. The proximate analysis of each sample was determined 

according to the ASTM D7582 test methods whereas the ultimate analysis was performed with 

a CHNS analyser using Vario MICRO cube elemental analyser (Elementar Analysensysteme 

GmbH, Germany) with a Windows PC-based data system and an electronic micro balance. 

Table 8-1 shows the results of the proximate and ultimate analyses of the samples. The nitrogen 

content of the chicken litter (5.38%) was significantly high compared to the rice husk (0.38%). 

This was due to the amount of proteins in the chicken litter. The volatile and carbon contents 

of the chicken litter sample were also higher than in the rice husk sample.  

Table 8-1 Proximate and ultimate analysis of chicken-litter and rice husk samples 

Proximate analysis %  Chicken-litter waste Rice husk 

Moisture  9.9 6.03 

Fixed carbon 10.3 14.1 

Volatile matter 62.6 54.5 

Ash 27.1 25.3 

 

Ultimate analysis (%) (ash-free)   

Carbon  46.9 34.3 

Hydrogen  5.4 5 

Nitrogen  5.38 0.38 

Sulphur  0.32 0.19 

Oxygen (by difference) 

Calorific value (MJ/kg) 

42 

13.7 

60.1 

14.7 
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8.2.2 Computer Aided Thermal Analysis (CATA) 

Computer Aided Thermal Analysis (CATA) technique was used to determine the specific heat 

of the samples. The instrument consists of an infrared gold coated furnace and heating elements 

for heating a packed bed sample of 2.4 cm3 volume. The sample was placed at the centre of a 

silica glass tube and supported with glass wool on the sides. Two chromel-alumel (K-type) 

thermocouples, one at the centre (T1) and the other on the surface (T2) of the sample were used 

to measure the temperatures of the sample during the heating process. The whole assembly was 

then inserted into a graphite tube which acts as a heating element to the sample glass tube. 

Another thermocouple (T3) was embedded in the graphite tube which controlled the heating 

rate of the process. Figure 8-1 shows the CATA apparatus used for this technique. Heating 

from the graphite to the sample was predominantly achieved by radiation. To ensure uniform 

thermal emissivity to the sample, the surface of the glass tube was coated with carbon soot 

from combusted acetylene. The heating process was set to start from ambient temperature and 

raise to a maximum temperature of 700°C at a heating rate of 10°C/min. Produced volatiles in 

the glass tube were continuously removed with argon gas flowing at 5 mL/min. The graphite 

tube was protected and kept inert with argon gas flowing at 50 mL/min through the sealed 

section of the furnace. Temperature data obtained from the centre and surface of the sample 

were applied in an inverse numerical technique to determine the specific heat of the sample. 

For endothermic reactions, the specific heat had increasing values and in the case of exothermic 

reactions, the specific heat values decreased. A more detailed explanation on the methods and 

evaluation techniques of the process can be found in (Strezov et al., 2003a; Strezov et al., 

2003b, 2004).  

 

Figure 8-1 Schematic diagram of the CATA apparatus 
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8.2.3 Thermogravimetric analysis (TGA)     

A TGA/DSC 1 STARe instrument from Mettler Toledo, Ltd., USA, was employed to analyse 

the mass loss of the sample during the heating process. Approximately 10 mg of the sample 

was heated from ambient temperature to 1000°C at 10°C/min under nitrogen gas with a flow 

rate of 50 mL/min. Each experiment was purged for 20 min before starting the heating process. 

TGA data were differentiated with respect to temperature to calculate the differential 

thermogravimetric curves of the samples. 

8.2.4 Gas chromatographic (GC) analysis  

Pyrolysis gases mainly containing CO2, CO, H2, CH4 as well as other lightweight hydrocarbons 

were produced with the infrared furnace from 80 mg of sample packed in a similar manner as 

in the CATA experiment. Ultrahigh purity helium carrier gas flowing at 50 mL/min was passed 

through the sample bed while heating at 10°C/min to a final temperature of 700°C. Moisture 

and condensable materials were first removed from the gas using an ice trap, and then the gases 

were injected to an MTI Activon M200 model micro GC which was equipped with a thermal 

conductivity detector and two columns. H2 and CO were separated with a molecular sieve 5A 

column, heated to 60°C, while a Paraplot U-shaped column at 40°C was used to analyse the 

CO2, CH4, C2H4, and C2H6 gas components. GC spectra were collected every 1.5 min and 

converted into a gas evolution rate (in wt. %/min) following the Ideal Gas Law. The total gas 

yield and individual gas components were determined as a progressive integral of the measured 

gas evolution rates. 

8.2.5 Char and liquid recovery 

The char yield at each pyrolysis temperature was estimated from the TGA mass loss while the 

liquid fraction was obtained by subtracting the initial mass of the feedstock from total char and 

pyrolysis gas yields obtained at each temperature. The variation in the solid, liquid and gas 

yields is shown in Table 8-2. 

8.2.6 Energy recovery potentials of the pyrolysis products   

The energy that can be recovered from all pyrolysis products (solid, liquid and gas) produced 

at 500°C was further determined. The calorific values of the biomass and bio-char were 

determined with a IKA C 1 static jacket oxygen bomb calorimeter which operates according to 

DIN 51900 and ISO 1928 standards. The calorimeter was coupled with a IKA RC 2 
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recirculating chiller which was set to a working temperature of 21°C and targeted speed pump 

of 2000 rpm. Both the calorimeter and chiller were from Staufen, Germany. The equipment 

was first calibrated using benzoic acid with a gross calorific value of 26461 J/g and a 50 J 

ignition string in excess oxygen under 30 bar. Then around 300 mg of the sample was placed 

in a crucible in the decomposition vessel (bomb) and connected to the ignition electrode with 

the 50 J thread. Finally, the lid was screwed on, and the oxygen was injected into the bomb to 

combust the sample. The resulting amount of the heat, measured in the previously calibrated 

system, allows the determination of the calorific value of the samples. 

The heating value (HHV) of the liquid products produced at 500°C was determined as: 

𝐻𝐻𝑉𝑥 = 0.35 × 𝑢𝐶 + 1.18 × 𝑢𝐻 − 0.1𝑢𝑂 − 0.02𝑢𝑁 + 0.1 × 𝑢𝑆 − 0.02𝑢𝐴   (1)   

where us (s = C, H, N, S) are mass fractions (dry basis) of the individual elements obtained 

from the elemental analysis of the pyrolysis liquid and uA is the ash content of the samples at 

500°C. Equation (1) is a standard formula used to relate the heating values of biomass and 

pyrolysis products with their elemental analysis. It is a verified and widely applied equation to 

determine the energy contents of any type of organic material (Bychkov et al., 2017; Pérez-

Arévalo et al., 2015). The C, H, N and S contents of the liquid products were analysed with 

CHNS analyser as described in section 8.2.1. The bio-oil sample for the CHNS analysis was 

produced using the infrared furnace from 500 mg of sample packed in a similar manner as in 

the CATA experiment. When the biomass sample was heated at the specified temperature in 

the reactor, the bio-oil was produced. Produced bio-oil was then carried to the reactor outlet by 

the pressure of the argon gas and then collected with crucibles for the CHNS analysis. Around 

5 mg of the generated bio-oil was filled into a lightweight oxidisable metal container and 

dropped into a vertical quartz tube of the Vario MICRO cube analyser which was heated to 

970°C at a constant flow of pure oxygen. The sample was then passed over several oxidative 

reagents and catalyst producing CO2, H2O, N2 and sulfur from the elemental carbon, hydrogen, 

nitrogen, and sulfur of the sample. A standard sample of known elemental composition was 

used to analyse the CHNS contents of the bio-oil samples. 

Similarly, the heating value of the combustible gas was calculated as described by Zhang et al. 

(2011):  

𝐻𝐻𝑉𝑠 = ∑𝑛𝑖𝐻𝐻𝑉𝑖  (2)  
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Where ni is the yield in wt. % and HHVi is the higher heating values of the combustible gases 

at standard conditions. The heating value constants of the pyrolysis gases used in the 

calculation are shown in Table 8-2. 

Table 8-2 HHVs constants of pyrolysis gases (Zhang et al., 2011) 

Gas HHV (MJ/kg) 

H2 141 

CO 10 

CO2 - 

CH4 56 

C2H4 50 

C2H6 52 

 

The overall maximum efficiency of the pyrolysis process of each feedstock at 500°C was 

determined as: 

𝜂 =
𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑−𝑄𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠

𝑄𝑏𝑖𝑜𝑚𝑎𝑠𝑠
× 100%  (3) 

Where  

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = 𝐻𝐻𝑉𝑔𝑎𝑠 × 𝑚𝑎𝑠𝑠𝑔𝑎𝑠 +𝐻𝐻𝑉𝑙𝑖𝑞𝑢𝑖𝑑 × 𝑚𝑎𝑠𝑠𝑙𝑖𝑞𝑢𝑖𝑑 +𝐻𝐻𝑉𝑐ℎ𝑎𝑟 × 𝑚𝑎𝑠𝑠𝑐ℎ𝑎𝑟 (4) 

(Cong et al., 2018), (Piatkowski et al., 2011). 

8.3 Results and discussion  

8.3.1 Specific heat and pyrolysis gas analysis  

The apparent specific heat of the two samples as a function of temperature is represented in 

Figure 8-2. At room temperature, specific heats of the chicken-litter and rice husk samples were 

found to be 1.12 and 1 MJ/m3.K, respectively. Considering the packing densities of the 

samples, these initial specific heats are equivalent to 2.23 and 1.6 kJ/kg.K, respectively. Both 

samples have sharp endothermic peaks around 130°C associated with the release of strongly 

bonded water molecules which remained stable in the sample after drying (Strezov & Evans, 

2009). A small peak can be seen between 310 to 334°C followed by relatively sharp exothermic 

trough around 352°C for both samples. The peak in the chicken litter sample was attributed to 

the conversion of NH3 and other N-containing heterocycles to N2O during pyrolysis (Whitely 

et al., 2006) while the peak in the rice husk sample was due to the decomposition of 

hemicellulose and cellulose constituents of the sample. A similar observation was reported by 
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Strezov et al. (2003b) at 330 to 390°C. The specific heat for the rice husk sample was almost 

stable around 0.8 MJ/m3.K (1.2 kJ/kg.K) after 400°C, whereas the chicken litter sample showed 

fluctuations from 1.2 to 1.4 MJ/m3.K (2.2 to 2.6 kJ/kg.K) at 368 and 465°C but stabilised at ~ 

1.2 MJ/m3.K for higher temperatures. The main endothermic peak at ~ 360°C for the chicken 

litter sample was mainly due to the degradation of proteins (Chen et al., 2018) while the peaks 

shown at temperatures > 460°C were entirely from the decomposition of lipids (Bach & Chen, 

2017; Bui et al., 2016). 

Pyrolysis product yields and gas composition of the chicken litter and rice husk samples as a 

function of temperature are shown in Table 8-3 and Figure 8-3, respectively. The bio-char was 

continuously decomposed with temperature, generating gas and bio-oil products. The highest 

bio-oil yields, 39 wt.% from chicken litter and 35 wt.% from the rice husk were achieved at 

500°C. At 700°C, the total bio-char yields from the chicken-litter and rice husk samples were 

40 and 45 wt.%, and the gas contents were observed to increase with temperature and achieved 

maximum yields of 22 and 21 wt.%, respectively. This was due to the higher conversion rate 

of the organic fractions into gas at higher pyrolysis temperatures (Wu et al., 2018; Gopu et al., 

2018). A similar gas production pattern was observed by Dunnigan et al., (2018b) during the 

pyrolysis of agricultural waste at 400°C to 800°C. The dominant volatile species from both 

samples were CO2 followed by CO and CH4. The highest CO2 and CO evolutions from rice 

husk occurred at around 350°C which coincided with the exothermic trough of the CATA 

results. Similarly, CO2 from the chicken litter peaked at ~ 350°C but the evolution of CO was 

mostly dominant after 460°C which can be explained by the decomposition of lipids at this 

temperature range. Generation of hydrocarbons (CH4, H2, C2H4, and C2H6) started after 350°C. 

As corroborated by Grierson et al. (2009); Kan et al., (2014); Zhong et al., (2012) these 

compounds are results of secondary cracking of oxygenated compounds including phenolic 

and oxygenous heterocyclic compounds from the bio-oils.  
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Figure 8-2 Specific heats of chicken litter and rice husk as a function of temperature. 

 

Table 8-3 Solid, liquid and gas fractions with temperature 

Temperature 

(oC) 

Chicken litter (wt. %)   Rice husk (wt. %) 

Solid Liquid Gas   Solid Liquid Gas 

22 100 0 0   100 0 0 

100 97 3 0   98 2 0 

200 95 5 0   97 3 0 

300 76 22 2   84 15 1 

400 54 37 9   52 35 13 

500 42 39 19   47 35 18 

600 42 38 20   46 34 20 

700 40 38 22   45 34 21 
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Figure 8-3 Pyrolysis gas composition of the chicken-litter waste (a) and rice husk (b) at different 

pyrolysis temperatures. 
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8.3.2 TGA and DTG results 

Thermogravimetric (TG) and differential thermogravimetric (DTG) analysis, Figure 8-4, were 

applied to further investigate the thermal decomposition behaviour of the chicken litter and rice 

husk samples. The DTG curves of both samples have small peaks between 50 to 150°C, 

revealing the release of water from the samples (Jayaraman et al., 2018). Their largest peaks, 

corresponding to the main devolatilization process, occurred between 250 and 450°C. At this 

stage, the different constituents of the samples (carbohydrate, proteins, and lipids from the 

chicken litter; and cellulose and hemicellulose from the rice husk) were significantly degraded, 

contributing approximately to 60 wt.% of the sample mass loss. The chicken litter sample has 

another small peak at ~ 700°C which was due to the decomposition of lipids and other minor 

components of the sample (López-González et al., 2015).  

 

 

Figure 8-4 TGA and DTG curves of chicken-litter waste and rice husk. 
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8.3.3 Energy conversion potentials of chicken-litter waste and rice husk with conventional 

pyrolysis process  

Analysis of the measured specific heat of each feedstock and energy contents of their pyrolysis 

products at different temperatures were applied to determine the potential energy contribution 

of the pyrolysis process, assuming the energy required for pyrolysis can be carried out by 

combustion of the evolved pyrolytic gas product. For this purpose, the energy contents of the 

combustible pyrolysis gases were empirically calculated for each temperature region, while the 

energy required to carry out the pyrolysis process was determined by integrating the specific 

heat data shown in Figure 8-2. A positive difference between these values is the possible energy 

contribution of the pyrolysis gas. 

The energy balance for the chicken litter and the rice husk samples, represented in Figure 8-5, 

shows a positive difference between the recovered HHV in the pyrolysis gases and the energy 

required to heat the sample at temperatures greater than 490°C for the chicken litter and 400°C 

for the rice husk. This means at pyrolysis temperatures greater than 490°C, the heat of 

combustion of the evolved volatiles from the chicken litter is sufficient to carry out the 

pyrolysis process of the chicken litter (Strezov et al., 2009). As the pyrolysis temperature 

further increased to 700°C, the recoverable energy from the pyrolysis gases alone can 

compensate the process heat through internal combustion and contribute an additional 736 

kJ/kg of energy. Similarly, the energy value of the pyrolysis gases of the rice husk produced at 

temperatures > 400°C can compensate the pyrolysis heat of the rice husk.  

The ultimate analysis and recovered energy (𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦)in the pyrolysis products at 500°C are 

given in Tables 8-4 and 8-5, respectively. These ultimate analysis data were used to determine 

the energy content of the bio-oils. 

The total recoverable potential energy from the solid, liquid and gaseous pyrolysis products of 

the chicken litter and rice husk samples at 500°C was estimated as: 12.7 and 13.9 MJ/kg, 

respectively, while the amount of heat energy consumed to heat the samples to 500°C was 

estimated at 1.2 MJ/kg for the chicken litter and 0.8 MJ/kg for the rice husk. Therefore, the net 

energy balances that can be obtained from the pyrolysis of the chicken litter and rice husk 

biomass at the prescribed conditions were 11.5 MJ/kg and 13.1 MJ/kg. The heating values of 

the chicken litter and rice husk feedstocks determined with the IKA C 1 bomb calorimeter were 

13.7 MJ/kg and 14.7 MJ/kg, respectively (Table 8-1). Similarly, the heating value of the bio-
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chars generated at 500°C was determined to be 15 MJ/kg for the chicken litter and 16 MJ/kg 

for the rice husk.  

Table 8-4 Ultimate analysis of rice husk and chicken-litter waste pyrolysis products at 500°C 

Ultimate analysis  

(%) 

Chicken litter   Rice husk 

Bio-char        Bio-oil            Bio-char  Bio-oil  

C 46 56.3 
 

42 59.3 

H 3 6.6 
 

2.6 6.0 

N 4.4 1.3 
 

// // 

S 0.2 // 
 

// // 

O (by difference) 46.4 35.8   55.4 34.7 

 

Table 8-5 Energy recovery potentials of pyrolytic products of chicken litter and rice husk at 

500°C 

Product  

Chicken litter   Rice husk 

Mass 

(%) 

Heating 

value 

(MJ/kg) 

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 

(MJ/kg) 
  Mass (%) 

 Heating 

value 

(MJ/kg) 

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 

(MJ/kg) 

Solid 42 15 6.3 
 

47 16 7.52 

Liquid 39 16 6.24 
 

35 17 5.95 

Gas 19 1 0.19 
 

18 2.3 0.414 

Total 𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑  12.73    13.884 

 

Accordingly, the overall maximum efficiencies of the pyrolysis processes at 500°C and 

10°C/min were calculated to be 84.2% for the chicken litter and 89% for the rice husk. In case 

when the pyrolysis heat is supplied from solar energy, the(𝑄𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠)component of equation 

3 becomes zero as the heat energy needed to perform the pyrolysis is freely supplied from the 

sun; thus, the efficiency can further increase to 92% for the chicken litter and 94% for the rice 

husk in the case of solar-assisted pyrolysis. 

 

 



159 

 

 

 

Figure 8-5 Pyrolysis gas energy balance of the chicken-litter waste and rice husk; calculated 

as a difference between the calorific value of the volatiles and the energy required to heat the 

sample to each temperature. 

8.4 Conclusion  

Thermal analysis of chicken-litter waste and rice husk samples were studied with the objective 

of estimating heat energy required to perform the pyrolysis and quantify recoverable energy 

from the samples heated at different pyrolysis temperatures. Bio-char yields of the chicken 

litter and rice husk samples were observed to continuously decrease to 40 and 45 wt.%, 

respectively, with temperature, while the gas yields of both samples increased to around 21 

wt.% at 700°C. The highest bio-oil yield, which was in the range of 35 to 39 wt.%, was 

achieved at 500°C for both samples. The energy balance of the process was further studied and 

found a positive balance from the recovered energy of the chicken litter and rice husk pyrolysis 

gas after 490°C and 400°C, respectively. Under the prescribed pyrolysis conditions, a total net 

energy balance of 11.5 MJ/kg and 13.1 MJ/kg can be obtained from the pyrolysis of chicken-

litter waste and rice husk feedstock, respectively, corresponding to efficiencies of 84.2% and 

89%. These efficiencies can be further increased to 92% for the chicken litter and 94% for the 
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rice husk by integrating solar energy for pyrolysis of biomass and full recovery and utilisation 

of the evolved pyrolytic gas products. 
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 Conclusions and recommendations  

In this PhD thesis solar parabolic dish with 1.8 m aperture diameter and a focal length at 0.655 

m was designed and manufactured to concentrate solar radiation for the purpose of producing 

solar fuels from organic waste through a thermochemical conversion process. Temperatures as 

high as 1100°C were achieved using glass and stainless steel tube reactors placed at the focal 

zone.  Biomass pyrolysis requires temperatures in the range of 300 to 700°C, thus the generated 

temperature from the setup was sufficient to perform the pyrolysis process. 

Following this, different set of pyrolysis experiments were conducted to study the effects of 

various operating parameters and the products generated from the pyrolysis of chicken-litter 

waste and rice husk feedstocks under the solar conditions.    

Temperature was found to be the most important factor which drastically affected the yield and 

composition of the pyrolysis products. For example, the gas yield in the chicken litter pyrolysis 

was observed to increase with temperature from around 45 wt.% at 560°C to 59 wt. % at 860°C. 

Similarly, the gas yield from the pyrolysis of rice husk increased from 14 wt.% to 26 wt.% with 

temperature. CO2, CO and H2 were the dominant gas products obtained throughout all pyrolysis 

temperatures. Concentration of CO2 was significantly reduced to CO with the application of 

CaO and char catalysts at higher temperatures, moreover experiments performed at 1600°C 

and 500°C/s produced more combustible gases with higher heating values than at lower ranges 

of temperatures. It was further noticed that the contents of CO and H2 increased with rise in 

temperature for both biomass types and particle sizes. The addition of CaO and char in the solar 

pyrolysis of chicken litter also deoxygenated the fatty acid fractions of the bio-oil and increased 

the alcoholic and phenolic components. 

Bio-oil and bio-char were the other significant yields obtained from the pyrolysis of the rice 

husk which could be associated with the higher lignin and cellulose component of the 

feedstock. The bio-oils generated from both feedstocks were highly oxygenated and acidic 

which require further downstream thermal or catalytic treatment for direct application in 

engines as transportation fuels. The bio-oils can be applied to produce industrial solvents, 

cleaning agents, pharmaceutical commodities and to dehydrate natural gas. 

Morphology and functional groups of generated bio-chars were modified at each pyrolysis 

temperature with various pore size and structures evolved as the temperature increased. Bio-

chars produced from the pyrolysis of rice husk had large glass-like cylindrical wholes and 
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important elements, such as potassium, magnesium, calcium, carbon and silicon, with 

concentrations generally observed to increase with temperature. Similarly, in the solar 

pyrolysis of chicken-litter waste, the bio-char yield was observed to significantly decrease with 

temperate. 

Overall, it can be concluded that solar pyrolysis of biomass can become viable potential for 

converting organic waste into fuels and important chemicals with nearly zero GHGs emissions. 

Future research work is needed to upgrade the quality of the bio-oil through hydrothermal or 

catalytic treatments. Moreover, the pyrolytic gas is concentrated with CO2 which also requires 

further treatments to reduce it to other combustible gases. The high heating rate and 

temperature, which can only be obtained under the solar irradiation, can facilitate the secondary 

cracking reaction of tar and then improve the production of CO and H2. Biomass gasification 

is another process which should be tested under the concentrated solar radiation with different 

types of carbonaceous feedstocks. Testing the performance of the solar pyrolysis products as 

well as scaling up the solar-assisted pyrolysis system can be an interesting future work.  
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Appendix I 

Literature review on biomass thermochemical processes with concentrated solar 

radiation: Recent developments  

Detailed literature reviews on solar-assisted thermochemical conversion of biomass has been 

given in Chapter 2. This is a supplementary information which provides recent R&Ds on 

biomass pyrolysis with concentrated solar radiation. 

Depending on the oxygen and temperature requirements biomass thermochemical conversion 

routes can be broadly classified as combustion, gasification and pyrolysis. Among these, 

pyrolysis is attaining greater emphasis due to process simplification and production of different 

types of chemicals and fuels including pyrolytic gases, bio-oil and bio-char. It is possible to 

convert almost any type of organic material into the different products at relatively lower 

temperatures (300 to 700°C) via pyrolysis process. With this direction of progress, several solar 

pyrolysis technologies were developed at laboratory scale in recent years. 

The influence of temperature and heating rate of solar pyrolysis in the properties of chars 

produced from an agave biomass were studied by Ayala-Cortés et al., (2019). The solar reactor 

was spherically-shaped borosilicate glass of 25 L capacity and placed at the focal zone of IER-

UNAM solar furnace which can generate 25 kW power and peak concentrations of 18,000 

kW/m2. Results indicated that the structure, surface area and electrochemical response of the 

produced char were highly affected by the solar temperature and heating rates. Particularly 

temperatures above 650°C tend to destroy the macroporosity of the char which could be 

associated with plastic transformations.  

Experimental studies aimed at comparing the effect of different pellet sizes on the yield and 

composition of syngas and tar were performed during high temperature fast pyrolysis of 

sawdust (Soria et al., 2019). The experiments were conducted at PROMES-CNRS using the 

solar configuration described in Chapter 7 of this thesis. Temperatures and heating rates in the 

range of 800 to 1600°C and 10 to 50°C/s, respectively, were considered. It was found that an 

increase in pellet size improved syngas quality and chemical energy content at all operating 

conditions. The highest syngas yield (~ 59 wt%) was found for a 15 mm pellet height at 1600°C 

and 50°C/s. On the contrary tar yield (~ 60 wt%) was maximum at 800°C and 10°C/s for a 5 

mm pellet height.  
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The same experimental setup was also employed to drive steam gasification of different 

lignocellulosic biomass feedstocks continuously fed to the reactor at different rates ranging 

from 0.8 to 2.7 g/min (Chuayboon et al., 2019). The syngas yield was observed to increase 

with the feeding rate and reached a maximum value of 83.2 mmol/gbiomass at 2.7 g/min rate.  

Solar pyrolysis of scrap tire was performed at lower ranges of pyrolysis temperatures (300 to 

500°C) in a vertical solar furnace made from sun tracking heliostat and parabolic concentrator 

(Rahman & Aziz, 2018). A shutter and PID controller were used to monitor heating rate and 

final temperatures in the reactor. The highest pyrolysis gas (~19 wt%) was found at 500°C 

while the bio-char and bio-oil yields were maximum (49 wt% and 45 wt%, respectively) at 

300°C.    
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Appendix II 

Solar towers for large scale biomass pyrolysis 

Different types of solar technologies can be applied to concentrate the available solar radiation 

for biomass pyrolysis. Predominantly parabolic trough, parabolic dish or Scheffler dish, 

Fresnel lens and Heliostat have been extensively studied for solar pyrolysis technology. The 

main advantage of these types of concentrators is the provision of symmetrical solar beam 

distribution around the focal point (pyrolysis reactor) which ensure uniform heat flux 

distribution throughout the biomass sample and reduces temperature gradient in the biomass 

during pyrolysis. However, these solar concentrators could be employed for pilot scale 

demonstrations in the range of 10–1000 kW solar input.  

Central-receiver solar thermal technology is used to provide high temperature sources for large 

scale pyrolysis applications (Zheng & Xu, 2018). These types of technologies are called solar 

towers and are used for commercial scale operations. Solar towers, also known as central tower 

power plants, have receivers mounted on top of towers. Array of movable mirrors (heliostats) 

which track the sun at all times of the day are used to focus the sun’s rays to the receiver-rector 

affixed on the top of the tower. The arrangement can concentrate the available solar radiation 

up to 2000 kW/m2 and allow a commercial scale pyrolysis reactor to achieve and sustain 

extremely high temperatures of up to 1700 K (Koepf et al., 2017).     

The solar tower technology plant is growing rapidly and many demonstration and commercial 

plants have been built all over the world (Du et al., 2016). A 30 MW commercial plant was 

installed in Rehovot–Israel following the successful demonstration of a 5 MW solar tower plant 

(Wieckert et al., 2006). The system has 62, 000 m2 circular field that focus the sun’s rays onto 

a hyperbolical reflector located 120 m above the ground which re-direct the sunlight to a two-

cavity solar reactor situated on the ground level. The configuration was able to produce solar 

carbotherml Zn at a rate of 11.1 t/h by reducing ZnO with carbonaceous materials.  

Likewise, a solar tower with similar design and configuration but small scale, was installed at 

the Plataforma Solar de Almeria (PSA). A field of sun tracking heliostats focused the sunrays 

toward a solar reactor situated on a 46 m high tower and provided 150 kW power which 

produced high quality syngas from the gasification of various feedstock (Wieckert et al., 2013).  

Solar gasification of biomass was carried out in a large-scale solar pyrolysis reactor installed 

at the top of a central tower surrounded by circular array of heliostats that focused sunlight 
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onto the reactor (Adinberg et al., 2004). Temperatures of up to 1223 K were achieved to drive 

the gasification of cellulose particles which produced CO, CO2 and CH4 with a relatively higher 

fraction of hydrogen (26% vol%) than the other gas species. 
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Appendix III 

Reactors for solar pyrolysis  

Biomass pyrolysis technologies driven by concentrated solar radiation have two main parts; 

the concentrator and reactor. As thoroughly discussed in Chapter 2, solar concentrators could 

be parabolic dish, troughs, heliostat or Fresnel lens while solar reactors are designed based on 

the type of concentrator and the solar flux map created at the focal zone of the solar collector. 

Solar receivers when used for biomass pyrolysis are called pyrolysis rectors (Sánchez et al., 

2018). Different shape and sizes of solar reactors have been made and tested. For example 

Rony et al., (2018) designed a cylindrical, two layered, quartz glass reactor with inner and outer 

diameters of 29 mm and 58 mm respectively. It was used with solar simulator and dish 

concentrator for the production of fuels and chemicals from the pyrolysis of sawdust at 1000°C. 

Temperatures were measured with K-type thermocouples and the reactor could operate as both 

fixed and fluidized bed rector. Same system was employed for the pyrolysis of corn stover at 

different temperature ranging from 350 to 700°C (Rony et al., 2019). Analysed bio-oils have 

high contents of phenols and furans while the gas stream contained CO2, CH4 H2 and CO.   

Similar designs of different types of materials, listed in Table AIII-1, were adopted in this 

project as solar absorber-reactors and tested empty for their temperature performance at 

different radiation levels. K-type thermocouple tip was placed at the centre of the empty reactor 

where the biomass sample would be placed then the pipe was purged for about 20 min with 

argon gas, flowing at 100 mL/min to create inert environment inside the reactor. Finally, the 

reactor was set at the focal region of the concentrator and temperature and radiation data were 

recorded with TC-08 type of data logger and Campbell pyrometer, respectively. Except for 

aluminium all the reactors reached pyrolysis temperature with the highest temperatures being 

in the stainless steel and glass pipes. With parabolic dish as the solar concentrator, flux 

distribution around the focal region was symmetrical which ensures uniform temperatures and 

reduced gradient on the biomass during pyrolysis. Figure AII-1 depicts schematic drawing of 

the glass reactor applied in this project. 
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Table AIII-1 Dimensions and thermal property of the reactors 

Reactor material  Diameter 

[mm] 

Thermal 

conductivity 

[W/m.K] at 298 K 

Emissivity 

coefficient (ɛ) at 

298 K 

Wall thickens 

[mm] 

 

glass 12 ~1 0.9 0.8  

copper 13 401 0.6 0.8  

stainless steel 10 16 0.75 0.6  

aluminium 10 205 0.25 1  

alumina ceramic 7 16 0.8 1  
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