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THESIS ABSTRACT 

 
Lignocellulosic biomass is known as a second-generation biomass which means 

it is non-food competing. It is the most abundant renewable resource existing, and 
presently it is considered as a promising feedstock for the synthesis of green chemicals 
and biofuels for reducing transportation emissions and dependence on fossil fuels. Steel 
slag are by products of the steel industry, which are composed of various metal oxides 
promoting a catalytic effect on pyrolysis products improving their quality. It is a cheap 
and sustainable alternative to replace zeolites, the most common cracking catalysts. 
 In this research, a TCR (Thermo-Catalytic Reforming) reactor and steel slag are 
used to transform lignocellulosic biomass into high quality bio-oils. TCR is a combination 
of intermediate pyrolysis followed by a second post reforming step. Intermediate 
pyrolysis heats biomass to moderate temperatures between 400–500°C in the absence of 
oxygen, with a short vapour residence time (seconds) and moderate solid residence time 
(minutes). Post reforming is achieved at temperatures between 500-800°C with extended 
vapour and char residence times. One characteristic of the process is that the final 
products (bio-oil, syngas and biochar) contains a higher energy density than the original 
feedstock (superior than other pyrolysis technologies) having the advantage to be easily 
transported and stored. 
 Oat hulls and sugarcane bagasse were processed in the TCR working with 
temperatures between 400-500 ºC in the intermediate pyrolysis reactor and 500-700 ºC in 
the reforming unit. Steel slag were applied in the system in two different ways: 1) mixed 
with the biochar in the reforming unit at different mass ratios (30, 70 and 100 wt% of 
steel slag); 2) mixed with the feed and introduced in the intermediate pyrolysis reactor at 
different mass ratios (10, 20 and 30 wt% of steel slag). 
 The introduction of steel slag in the TCR reactor increased the H2 yield by 80.0% 
and consequently the HHV by 12.3% for the syngas. The steel slag also upgraded the bio-
oil by reducing the viscosity, water content and acid number by 46.6, 55.1 and 65.7% 
respectively. Moreover, the HHV of the same bio-oil raised 22.0%. All these 
improvements make the pyrolysis oil more attractive and suitable to be used as a biofuel. 
 In terms of furfural and furans, the best results (2.8 and 9.8%, respectively) were 
achieved by introducing 100 wt% of steel slag in the reformer and using sugarcane 
bagasse as a feedstock. 
 
Key words: Thermo-Catalytic Reforming, Pyrolysis, Bio-oil, Sugarcane Bagasse, Oat 
Hulls, Steel Slag. 
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1. INTRODUCTION 

 

 This chapter has the goal of exposing the main ideas for the current project, 

presenting the relevant information of this research work in terms of aims, fundamental 

concepts and vital strategies for the present and future context.  The impact of biomass 

and biofuels as an alternative source of energy is contextualised according to the 

environmental and economic dynamics inside of the European reality. 

 Biofuels are considered one of the most efficient routes for reducing transportation 

emissions and dependence on fossil fuels. Among many possibilities of biofuel 

production and supply, fuels from biomass are very interesting because they do not 

contribute to extra CO2 emissions and additionally this option reduces the amount of 

biogenic wastes and residues entering landfill and incinerators. Additionally, the use of 

agricultural waste such as oat hulls and sugarcane bagasse is advantageous for the biofuels 

sector because it does not compete with food production and land use to grow energy 

crops (Rathmann et al., 2010). Lignocellulosic biomass is the most abundant renewable 

resource existing and is the only source of renewable fixed carbon. Presently it is 

considered a promising feedstock for the production of sustainable fuels for the future 

(Lichtenthaler and Peters, 2004).  

 Sugars obtained from cellulose and hemicellulose can be converted to bioethanol 

via fermentation, but this process is not economic or efficient, as it is very energy 

intensive (Börjesson, 2009). In addition, 1st generation biomass for energy production 

competes with its use to grow food crops making less land available for agricultural 

purposes (Stefanidis et al., 2014). For that reason, furan series have started to receive 

increasing attention as a novel fuel candidate. Converting sugars from cellulose and 
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hemicellulose into furans through hydrolysis and acid-catalysed dehydration is also 

possible. However, the process is not profitable or efficient due to the energy intensity of 

the process and also because concentrated sulphuric acid is used as a catalyst, which is 

particularly corrosive and extremely toxic increasing the cost for equipment maintenance 

and requires expensive construction materials (Dias et al., 2005). In addition, the synthetic 

process requires the use of externally sourced hydrogen and many solvents and catalysts 

which further increase operational costs. For industrial scale-up, the process must take 

many steps to achieve the final product for mass production. All these facts can encourage 

furans production using the Thermo-Catalytic Reforming (TCR) process, which may be 

a more economically viable process and thus have started to attract more attention as an 

alternative process route (Huber, Iborra et al. 2006, Lange, van der Heide et al. 2012). 

 Furans have been used as gasoline additive blending components for many 

decades and indeed the properties of 2-Methylfuran (2-MF) are recognised for one of the 

most promising fuels to be used in engines (Roman-Leshkov et al., 2007). 2-MF boiling 

point (64 ºC) is lower than ethanol (78 ºC) and consequently closer to gasoline (32.8 ºC). 

Its lower flash point (-22 ºC) is a clear advantage to avoid the cold engine start issues 

normally linked to bio-ethanol. Moreover, ethanol energy density (21.3 MJ/L) is 

approximately 25% lower than 2-MF (28.5 MJ/L), implying lower mileage (Zhang et al., 

2013). It is stable in storage and cannot become contaminated by absorbing water from 

the atmosphere, as is the case with ethanol. The double bonds of furans molecules indicate 

their higher resistance to auto-ignition and therefore to engine knocking. 2-MF is also 

expected to have some beneficial effect on the reduction of particulate emissions because 

of the presence of oxygen in the molecule (Zhao et al., 2007). 
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 In this research, TCR process is proposed to combine intermediate pyrolysis with 

post catalytic reforming in the complete absence of oxygen converting lignocellulosic 

biomass into bio-oil, which may contain furfural, furfural alcohols, and a range of other 

oxygenated aromatic compounds as intermediate liquid products. The novelty of TCR 

technology is the utilisation of char as the catalyst for upgrading pyrolysis liquids. 

Furthermore, the internal hydrogen synthetized can be used for the hydro treatment 

upgrading step to achieve the desirable 2-MF production, without the need for externally 

sourced hydrogen. 

 

1.1 EPSRC Project Scope 

 This project was funded by the Engineering and Physical Science Research 

Council (EPSRC) leading to a collaboration between the University of Birmingham 

(School of Biosciences, Environmental Health Sciences group, Chemical and Mechanical 

Engineering) and Fraunhofer UMSICHT Germany. It was an important part of the 

development initiatives of biomass conversion using TCR technology, with the focus on 

making furan fuels. The research programme consists of 3 main Work Packages (WP): 

• WP1 - Modelling and experimental study of furan bio-oils as engine fuels. The 

products made from the TCR are complex and a reasonable yield of furans is 

desired, given its attractive properties. When biomass-derived furan products are 

used in engines as fuels, there will be some uncertainties. No one has tested furans 

produced via the TCR process as mixtures with other compounds for combustion 

engine use. This will be the first time to examine combustion characteristics and 

emissions of a furan bio-oil (different from the pyrolysis product) in automotive 

engines. 
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• WP2 - Production, characterisation and catalytic optimisation of furans from 

biomass (described in the section 1.2).  

• WP3 - Study of impact on human health and the environment. The assessment of 

toxicological effect and impact on human health and environment by biofuels 

containing furans will also be the first time to answer questions in the relevant 

concerns from the public. It is expected that the toxicity of furans will be 

acceptable for use as fuels, but the answer can only become available after the 

research.  
  

 This project revealed the perspective of a novel pathway for novel biofuels from 

biomass catalytic conversion. 

 

1.2 PhD Project Aims and Objectives 

 The project aim is to investigate an entire technological route for the use and 

production of 2-Methylfuran (2-MF) and other furans precursors to 2-MF (furfural and 

furfuryl alcohol) within a mixture of bio-oil produced from a TCR process, as a novel 

engine fuel through biomass thermal conversion.  

 This research is part of the WP2 of the EPSRC project and it aims to achieve the 

following goals:  

a) To improve the understanding of concepts for production of bio-oils with 2-MF 

and other furans as a component within the oil starting with lignocellulosic 

biomass. 

b) To develop practical technology methods for the efficient production of biofuels 

containing 2-MF and other furans.  
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c) To optimise the yield of 2-MF through catalytic upgrading of bio-oils. 

 In this research, TCR technology is used to transform lignocellulosic biomass into 

bio-oil. It is crucial to define the ideal biomass type and understand its thermal 

degradation behaviour and also the chemical compounds produced during the pyrolysis 

of the feedstock. This will establish the optimal parameters for experiments using the 

TCR process.  

 The bio-oils obtained will be tested to determine their fuel physical and chemical 

compositions. The idea is to verify if the TCR process produced sufficient yields of bio-

oil containing reasonable furfural and intermediate compounds for a further upgrading 

step to 2-MF. 

 Once optimal yields of furfural and furfuryl alcohols in the TCR bio-oil are 

obtained, the intermediate liquid will be submitted to a consequent hydro deoxygenation 

(HDO) step for upgrading to 2-MF.  

 

1.3 Thesis Layout 

The thesis is organized mainly into 4 Chapters: background (literature review), 

experimental methodology, experimental results (with the respective discussion) and 

conclusions. Numerous and different points are discussed between the different chapters, 

which are broken down further into sub sections: 

a) Background (Chapter 2) – a general literature review is performed to emphasize 

the main topics related to this project. This chapter looks into the three main 

groups of pyrolysis (slow, intermediate and fast), the features and advantages of 

the TCR technology, the current process to produce furans and 2-MF, the use of 



6 
 

biochar and steel slag (SS) as a catalyst in pyrolysis processes and the HDO 

treatment to convert furans in 2-MF.  

b) Experimental Methodology (Chapter 3) – the practical methodology is described 

and explained in terms of chemical and physical characterisation of the 

feedstocks and TCR products (bio-oil, biochar and syngas). The TCR and HDO 

experimental procedures are also covered in this chapter. 

c) Results and Discussion (Chapter 4) – this chapter shows all the results and 

practical work developed. The TCR reactor processed sugarcane bagasse (SB) 

and oat hulls (OH) with temperatures between 400-500 °C in a first stage (auger 

pyrolysis reactor) and then a maximum of 700 °C in a second stage post-

reforming reactor. SS are also tested as a catalyst in two different scenarios: 

mixing with the feedstock and mixing with biochar inside of the post-reforming 

reactor. Bio-oil upgrading through HDO using Cu based catalyst is also 

investigated in this chapter. 

d) Conclusions and Future Work (Chapter 5) – overall conclusions and 

recommendations. 

e) References  

f) Appendix 
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2. BACKGROUND 

 

 The present chapter starts with an overview of the fundamentals of slow, 

intermediate and fast pyrolysis, followed by the properties and applicability of the 

pyrolysis products and the thermal composition of the biomass. This chapter also 

identifies the features and advantages of the TCR process, the current pathways for furans 

and 2-MF formation and the selection of the ideal biomass according to the objectives of 

this work. The use of SS, biochar and other catalyst to improve the pyrolysis products are 

also explored. Lastly, a general description of HDO treatment to produce 2-MF from 

furans is discussed. 

 

2.1 Pyrolysis 

 Pyrolysis is the thermal degradation of biomass and it involves a group of 

chemical mechanisms producing radical elements. This process is endothermic requiring 

a heat input and it works with lower temperatures (300-800 ºC) when compared to 

gasification (800-1200 ºC) (Mahmood, Brammer et al. 2013). After moisture removal, 

pyrolysis is the first stage of gasification and combustion technologies and it is generally 

characterised into three main groups: slow, intermediate, fast and flash (Collard and Blin 

2014). Each applies different heating rates, temperatures and vapour/solid residence times 

to the feedstock, however a common parameter is that heating of the feedstock always 

occurs in the absence of oxygen (Wang, Dai et al. 2017). Every type of pyrolysis process 

produces the same products (bio-oil, biochar and syngas) which are highly variable 

depending on the pyrolysis technique applied. The different applications of the pyrolysis 

products can be found in Figure 1.  
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Figure 1 – Pyrolysis products applicability (Dhyani and Bhaskar 2018) 

 

Low temperatures and extended solids residence time optimise the biochar formation, 

mild temperatures and moderate solids residence time favour liquids production (but with 

lower yields than fast and flash pyrolysis), and high temperatures with very short 

residence times enhance the conversion of feedstock to bio-oil (Bridgwater 2012). The 

three pyrolysis groups are specified in Table 1. 

 

Table 1 - Conditions and product distribution of different types of pyrolysis 

(Bridgwater 2012) 

Type Conditions Char Bio-oil Gas 

Slow ~300 ºC, long solid residence time (hrs.-days) 35% 30% 35% 

Intermediate ~400 ºC, moderate solid residence time (min) 25% 50% 25% 

Fast ~500 ºC, short solid residence time (< 2s) 12% 75% 13% 

Flash ~600 ºC, short solid residence time (< 1s) 7% 83% 10% 
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 Intermediate pyrolysis also works with higher temperatures and the char yield can 

increase depending on the feedstock (Hornung 2013). Therefore, it is crucial to emphasize 

the role of the chemical nature of the feedstock in the pyrolysis products composition and 

distribution (Collard and Blin 2014).     

 

2.1.1 Fundamentals of Slow, Intermediate and Fast Pyrolysis 

 Typically, slow pyrolysis is a batch system despite of the existence of a few works 

using the continuous process (Crombie and Mašek 2014, Cong, Mašek et al. 2018).  It 

involves slow heating rates, low temperatures (normally below 300 ºC) long residence 

times and the main product is char (Park, Lee et al. 2014). The majority of the slow 

pyrolysis works are oriented for biochar formation and utilisation, however the liquids 

and gases produced can also be used as a fuel at the production site  (Stamatov, Honnery 

et al. 2006). In addition, the high content of acetic acid and other acids compounds in the 

oil make this pyrolysis liquid suitable for pesticide applications (Hagner, Tiilikkala et al. 

2018).  This process can tolerate water present in the biomass, which has a direct effect 

on the biochar properties promoting the formation of activated carbons (Carrier, Hugo et 

al. 2011). For biochar production moisture content between 15 and 20% is the usual range 

(Park, Lee et al. 2014). The feedstock particle size can differ from wood logs to pellets 

and although the wood is the most common biomass for slow pyrolysis, this process can 

also work with rice straw, palm, bamboo, sugarcane bagasse and nut shells (Aziz and 

Deraman 2013, Moreira, Orsini et al. 2017).  

 Carbonisation is the oldest method for biomass processing and consequent char 

production, where the solid residue is the wanted product (Carrier, Hugo et al. 2011). It 
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consists in slow pyrolysis without the condensation of the vapours, which can be used to 

provide heat to the system (Antal and Gronli 2003).  

 Torrefaction is another approach to apply slow pyrolysis, operating with mild 

temperatures (225-300 ºC) to improve the biomass fuel properties and the respective 

calorific value (Prins, Ptasinski et al. 2006). During torrefaction surplus volatiles and 

moisture are extracted from the biomass, while the main compounds (cellulose, 

hemicellulose and lignin) are partially degraded originating the organic volatiles (van der 

Stelt, Gerhauser et al. 2011). The final material is solid called “torrefied” biomass and it 

is easier to be stored and transported due to the reduction of volume and weight improving 

the energy density per unit volume (Batidzirai, Mignot et al. 2013). Torrefied feedstock 

needs less power to be grinded and its hydrophobic features make this solid residue more 

resistant in terms of water absorption (Prins, Ptasinski et al. 2006, van der Stelt, Gerhauser 

et al. 2011). Torrefaction is also considered as a biomass pre-treatment for pelletisation, 

combustion, pyrolysis and gasification originating a syngas with lower tars content and 

making these thermo-chemical processes more efficient and easier to operate (Batidzirai, 

Mignot et al. 2013). 

 

 Intermediate pyrolysis requires mild temperatures (around 400 °C), moderate 

heating rates (200-300 ºC/min), efficient cooling system for the organic vapours to 

minimise thermal post-degradation, solid residence times in minutes with a short vapour 

residence time (seconds) (Neumann, Meyer et al. 2016) and produces relatively equal 

yields of all products (solids, liquids and gas).  

 Depending on the feedstock and process parameters applied, intermediate 

pyrolysis can yield energy vectors with improved physical and chemical properties 
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(Neumann, Meyer et al. 2016). This process is capable of converting large materials 

(chips, pellets and briquettes) and also fine particles down to dust (from shredding, 

grinding and chopping) with higher moisture contents when compared to other pyrolysis 

technologies (Hornung 2013). Intermediate pyrolysis has the ability to process a varied 

range of materials, such as industrial residues, sewage sludge, organic waste, algae, 

digestate, forest residues, grass, de-inking sludge and agricultural waste (Mahmood, 

Brammer et al. 2013, Ouadi, Brammer et al. 2013).  

 The products from the intermediate process present different properties compared 

to the slow and fast pyrolysis. Slow and intermediate pyrolysis are the most suitable 

techniques to produce biochar, however intermediate pyrolysis offers shorter solid 

residence times (Hornung 2013). Moreover, slow pyrolysis is a limited process mostly 

used for char formation and it is rarely seen to produce a reasonable bio-oil (high tars 

content) or to be associated with combustion to generate heat and power (Yang, Brammer 

et al. 2014).    

 The most relevant variation between fast and intermediate technologies is the solid 

residence times, causing a different heating rate to the biomass. It leads to a better control 

of the chemical reactions and a lower thermal cracking of the bio-components in the 

intermediate pyrolysis, resulting in less tar formation and a general optimization of the 

process (Dhyani and Bhaskar 2018). Pyrolysis oil from the intermediate process contains 

less viscosity, tars and ashes (lower contamination level) and it is easier to separate the 

organic phase from the aqueous phase, contrasting with fast pyrolysis (Zhang, Chang et 

al. 2007, Yang, Brammer et al. 2014). Another limitation of fast pyrolysis is the 

processing of different feedstocks, which need to have a low water content and a fine 

particle size when processed by a fluidised bed reactor (extra energy to mill or grind) 
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making the separation between vapours and char harder (Hornung, Apfelbacher et al. 

2011). This requires extra filters and post cyclones to extract the dust and char present in 

the pyrolysis gases. Furthermore, fast pyrolysis is only well succeeded converting woody 

feedstocks and normally the bio-oil produced is rich in ashes, water, tars and acids (Abu 

El-Rub, Bramer et al. 2004, Mahmood, Brammer et al. 2013).          

 The benefits of mixing biochar with fresh biomass were proven via intermediate 

pyrolysis. The extended residence time of the solid residue has a catalytic effect in the 

quality of the bio-oil, increasing the calorific value, producing lighter organic compounds 

(mainly aromatics such as benzene, toluene and ethylbenzene and olefins) and reducing 

the moisture content and viscosity (Hornung, Apfelbacher et al. 2011, Ouadi, Brammer 

et al. 2013). 

  Solids, liquids and vapours from intermediate pyrolysis have interesting chemical 

and physical properties that can be used as energy vectors. The biochar can be used as 

solid fuel in gasification and combustion plants to generate heat and power (Yang, 

Brammer et al. 2014). It can also be an optimum soil fertilizer/conditioner (depending on 

feedstock), which can sequester carbon from the soil (Kebelmann, Hornung et al. 2013). 

The bio-oil presents a low level of oxygen, water, tars and viscosity, being a good fuel to 

combust in boilers, engines and other heat/power systems (Ouadi, Kay et al. 2012). After 

upgrading, the intermediate pyrolysis oil can be blended with gasoline and diesel and 

applied as a transportation fuel in conventional engines (Hossain, Ouadi et al. 2013). The 

gas fraction contains a low ash content and a reasonable amount of condensable organic 

vapours, which offer a good calorific value to be burnt in combined heat and power (CHP) 

systems (Kebelmann, Hornung et al. 2013). 
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 Fast pyrolysis is a continuous process and it applies high heating rates, short 

vapour residence times and yields higher quantities of liquids (up to 75 wt% on a dry 

basis) (Yang, Brammer et al. 2014). Under these parameters the organic material degrades 

very fast forming char and pyrolysis gases, which are condensed generating the bio-oil 

and non-condensable gaseous compounds considered as a remaining product (Pattiya 

2018). The aim of fast pyrolysis is to avoid extra breaking of the pyrolysis products into 

non-condensable elements to maximise the liquid yields (the desirable product), 

controlling rigorously the following process conditions (Bridgwater 2012, Dickerson and 

Soria 2013, Blanco and Chejne 2016): 

a) Very high heating rates (up to 300 ºC/s) to raise the heat transfer on the feedstock 

particles. 

b) Reaction temperatures around 500 ºC and vapours temperature between 400-450 

ºC. These conditions maximise bio-oil yields at the expense of permanent gases 

and char.  

c) Short solid and vapour residence times (usually less than 2 seconds) to reduce 

secondary reactions.  

d) Fine biomass particle size (normally less than 3 mm) to guarantee quick reactions, 

higher thermal conductivity and heat transfer in fluidised bed reactors.  

e) Feed moisture content below 10 wt% to decrease the water in the bio-oil.  

f) High condensation efficiency for the organic vapours to minimise thermal post-

degradation and increase the bio-oil formation and collection.  

g) Quick extraction of the biochar to reduce vapour cracking. 
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 Theoretically, fast pyrolysis is able to convert any kind of biomass. However, this 

process has only shown consistent and reasonable results using woody feedstocks (Pattiya 

2018). The feedstock composition and the process parameters influence the type of 

pyrolysis chemical mechanisms in the reactor, but normally the reactions taking place are 

a combination of polymerisation, rearrangement, breaking and dehydration (Dickerson 

and Soria 2013).   

  Bio-oil production through fast pyrolysis has some benefits such as high thermal 

efficacy, atmospheric pressure conditions and the simplicity of the operation (Oasmaa, 

Kuoppala et al. 2003). This pyrolytic liquid can be applied as an energy vector or for 

production of chemical compounds (Czernik and Bridgwater 2004). The secondary 

products of fast pyrolysis (solid residue and gas fraction) are also considered to be 

valuable materials for heat and power generation (Czernik and Bridgwater 2004).        

 

2.1.2 Pyrolysis Products 

 There are three main products from the biomass pyrolytic process, which are the 

biochar, the bio-oil and the permanent gas fraction. Their properties and yields are 

influenced mainly by biomass composition and pyrolysis conditions.   

 Biochar (Figure 2) is an aromatic polycyclic carbon and solid residue left after the 

pyrolysis conversion of carbonaceous biomass characterised by a high proportion of 

carbon, low volatility and small amounts of hydrogen and oxygen (Dhyani and Bhaskar 

2018). However, TCR biochar is free of polycyclic aromatic hydrocarbons (PAHs) and 

polychlorinated biphenyls (PCBs) and it contains a low level of dioxins being a reliable 

and valid carbon source in terms of safety, health and environmental concerns. Usually, 

the char is extracted from the gas fraction in the cyclone step and it contains the majority 
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of the inorganic material existing in the original feed. The physical and chemical features 

of the biochar are affected by the pyrolysis parameters and feedstock composition. For 

example, the higher heating value (HHV) can vary from 20 to 36 MJ/kg and the carbon 

amount between 53 and 96 wt% (Hu and Gholizadeh 2019). Additionally, during 

pyrolysis, the biochar production may range from 10 to 40 wt% depending on the process 

conditions. In terms of physical properties, the temperature can increase the surface area 

between 100 and 500 m2/g due to the formation of a microporous structure (Chen, Yang 

et al. 2016). Below 400 °C, there is an incomplete elimination of biomass volatiles and 

consequently, the alteration of the char surface area is insignificant. From 400 to 900 °C, 

the surface area of the biochar starts to rise gradually (Hu and Gholizadeh 2019).  

 

 

Figure 2 - TCR char 
 

 Biochar has the capacity to retain water in different soils (up to 25% compared 

with no added biochar treatments) and to provide carbon, nitrogen and inorganics for 

agricultural fields improving the quality of the crops (Mollinedo, Schumacher et al. 
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2015). Moreover, it is extremely stable when introduced in the soil environment and it 

can perform carbon sequestration for hundreds of years (Laird 2008). For those reasons, 

biochar is considered to be an optimum fertiliser and soil amendment, being utilised for 

hundreds of years as an eco-friendly solution to improve and remediate the quality of the 

soils (Hood-Nowotny, Watzinger et al. 2018). Energy production is also one of the ways 

to valorise the biochar from pyrolysis. It can be a solid fuel for combustion, gasification 

and boilers, fulfil the heating necessities for pyrolysis, and for syngas/hydrogen 

production through thermal cracking treatment or steam reforming (Huber, Iborra et al. 

2006, Goyal, Seal et al. 2008). Some works explored the biochar microscopic surface area 

for the elimination of contaminants in gas and water, by the adsorption of metal ions from 

water and the removal of SO2 or NOx present in the gas (Ahmad, Rajapaksha et al. 2014, 

Mohan, Sarswat et al. 2014). Another application of the char is the catalytic conversion, 

which is related to its surface properties and inorganic composition (Mullen, Boateng et 

al. 2010). 

 

Bio-oil (Figure 3) is a dark brown organic liquid produced from the pyrolytic 

conversion of biomass and it is the most interesting energy vector in the pyrolysis process 

(Hu and Gholizadeh 2019). This oil is formed through a quick condensation of the organic 

vapours and it results of the depolymerisation and thermal breaking of hemicellulose, 

lining and cellulose (Lede, Diebold et al. 1997). It is composed of water, nitrogen and 

hundreds of chemical species such as esters, alkenes, aldehydes, ethers, ketones, acids, 

furans, alcohols, sugars, phenols and other oxygenated compounds making this pyrolysis 

product reactive and thermodynamically unstable (Milne, Agblevor et al. 1997, Isahak, 

Hisham et al. 2012). For that reason, it is necessary to upgrade the bio-oil for fuel engine 
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applications. Viscosity is also a relevant requirement for the pyrolysis oil, impacting the 

pumping and fuel spraying performances of the engine. According to some studies, the 

viscosity of the oil should be no more than 20 mm2/s at 40 ºC (Garcìa-Pérez, Chaala et al. 

2006).  

 

 

Figure 3 - TCR oil 

 

The bio-oil properties are influenced by some processing conditions such as solids 

residence time, heating rate, temperature, kind of biomass and particle size of the feed. 

Some pyrolysis secondary reactions produce water, which is present in the bio-oil 

composition creating two separate fractions (organic phase and aqueous phase). The 

aqueous phase is a mixture of water solvable compounds (mostly phenol, acid acetic and 

hydroxyl acetone) and due to its limited chemical properties (such as heating value) 

cannot be applied as a fuel vector (Zhang, Yan et al. 2005). A catalytic treatment via 

reforming which promotes water-gas shift reactions helps to valorise the aqueous phase 
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producing green hydrogen (Li, Xu et al. 2009). The organic fraction can be exploited as 

a fuel (directly or upgraded to improve the oil quality) or for the production of chemical 

compounds. Generation of heat and power through gas turbines/engines, furnaces, 

combustors and boilers are some of the applications for the organic phase of the bio-oil 

without catalytic conversion which has shown success (Gust 1997, Chiaramonti, Bonini 

et al. 2003). For transportation purposes, the pyrolysis oil can be treated via the upgrading 

process (such as HDO, emulsification, hydrocracking and catalytic esterification) and 

mixed with gasoline and diesel to be used in engines (Goyal, Seal et al. 2008). Valuable 

chemicals can also be extracted in the organic phase to be applied in flavouring additives, 

pharmaceutical compounds, preservatives, fertilising material and resin components 

(Czernik and Bridgwater 2004, Balat 2011).  

 

The gas produced in pyrolysis is the consequence of the degradation and cracking 

of complex compounds from the original biomass. It is mainly composed of carbon 

monoxide (CO), hydrogen (H2), carbon dioxide (CO2), methane (CH4) and other light 

hydrocarbons such as ethane, propane and propene (Park, Yoo et al. 2012). If the 

condensation process is not efficient, the pyrolytic gas can contain some volatiles such as 

xylenes, benzene, acetaldehyde, pentane and toluene (Pattiya 2018).  

Park et al. (2012) worked with pyrolysis at 520 ºC processing wild reed and they 

produced a syngas with 56.1% of CO2, 28.6% of CO and a HHV of 10.9 MJ/kg. The 

composition of the pyrolysis gas is influenced by the reactor parameters, the chemical 

structure and the particle size of the feedstock. Cellulose and hemicellulose 

decomposition enhances the production of CO and CO2 due to the thermal cracking of 

carbonyl and carboxyl groups (Uddin, Daud et al. 2014). The reforming of aromatics and 
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methoxy groups present in the lignin produces a gas rich in CH4 and H2 (Yang, Yan et al. 

2007). Light hydrocarbons result in the degradation of methylene and ethylene bonds 

(Guoxin, Hao et al. 2009). The water content in biomass is another factor affecting the 

syngas yield. More moisture means less gas produced, which is attributed to the higher 

removal of water-soluble compounds present in the pyrolysis gas (Dasappa, Paul et al. 

2004). The particle size of the feed also influences the composition and yield of the 

gaseous product. Bigger particle size inhibits the cracking reactions of hydrocarbons and 

volatiles, producing less CO, H2 and subsequently more CO2 and light hydrocarbons 

(Hasan, Wang et al. 2017). Additionally, larger particles have a negative impact on the 

heating rate of biomass, decreasing the gas yield for higher biochar production (Hu and 

Gholizadeh 2019). In terms of temperature, when there is an increment, the thermal 

cracking, devolatilisation and degradation of biomass are stimulated. Concurrently, 

secondary reactions such as dehydrogenation, decarboxylation, deoxygenation and 

decarbonylation favour the production of volatiles (He, Xiao et al. 2010). As a 

consequence, the pyrolysis vapour is richer in H2 and CO but it contains less CO2 and 

hydrocarbon gases.  

The combustible gases of the pyrolytic gas (H2, CO, CH4 and other hydrocarbon 

gases) can be combusted as a fuel in industrial facilities generating heat and power 

(Goyal, Seal et al. 2008). If the syngas contains a high level of H2, it can be used for fuel 

cell applications. However, high H2 yields are not normally obtained via fast or slow 

pyrolysis unlike with TCR technology.    
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2.1.3 Biomass Thermal Decomposition 

 Pyrolysis thermal mechanisms for the conversion of biomass can be designated in 

a simultaneous combination of fragmentation, isomerisation, condensation, dehydration, 

rearrangement, aromatisation, cracking, polymerisation and char formation (Vamvuka 

2011, Dickerson and Soria 2013). The components of biomass (cellulose, hemicellulose, 

lignin, water, inorganics and extractives) and the reactor parameters have a strong 

influence in the pyrolysis reactions. Figure 4 shows the chemical composition of 

cellulose, hemicellulose and lignin.  

 

 

Figure 4 - Biomass Compounds: (a) cellulose, (b) hemicellulose, and (c) lignin (Dhyani 

and Bhaskar 2018) 

  

 The pyrolysis reactions can be classified as primary (Figure 5) and secondary. 

Depolymerisation, fragmentation and charring (char formation) are part of the primary 

reactions (Collard and Blin 2014). Depolymerisation is the prevailing mechanism of 

pyrolysis and it implies the breaking of the monomer’s bonds, producing volatiles and 

gases (Garcìa-Pérez, Chaala et al. 2006, Mullen, Boateng et al. 2010). Fragmentation is 

responsible for the formation of incondensable vapours and short chain compounds due 



21 
 

to the disintegration of the linkage between the polymer and monomers (Morf, Hasler et 

al. 2002). Charring reactions cause the condensation of benzene rings during the pyrolytic 

process stimulating the production of char (Van de Velden, Baeyens et al. 2010). The 

components obtained during primary reactions are not chemically stable and for that 

reason they suffer recombination and cracking reactions (secondary reactions). During 

recombination reactions heavier elements are produced or incorporated onto biochar 

surface, while lighter elements are formed by the cracking of primary compounds (Zhang, 

Hu et al. 2018). Additionally, the biochar formed can also promote secondary reactions. 

Morf et al. (2002) showed that the secondary reactions are the dominant reactions, 

affecting the properties and the quality of the pyrolysis products. 

 

 

Figure 5 - Pyrolysis Primary Reactions (Collard and Blin 2014) 

 

Under 500 ºC the main reactions occurring in pyrolysis are mostly 

decarbonylation, depolymerisation, dehydration and decarboxylation (Shen, Wang et al. 
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2009). The biomass structure is not significantly changed until 200 ºC, however between 

200 and 500 ºC the pyrolysis compounds suffer dehydration and some aliphatic elements 

are converted (400-500 ºC) (Garcìa-Pérez, Chaala et al. 2006). The main reason is the 

production of C2 hydrocarbons and CH4, attributed to the rupture of the alkyl components 

in the C-H bonds (Hu and Gholizadeh 2019). Above 300 ºC, the carbonyl and carboxyl 

elements are formed due to the carbohydrates present in the biomass (Stefanidis, 

Kalogiannis et al. 2014). Between 250 and 500 ºC the decomposition of hemicellulose 

(220-350 ºC) and cellulose (315-400 ºC)  occurs, where the depolymerisation activity is 

quite intense and so achieving the best bio-oil yield from 400 to 500 ºC (Yang, Yan et al. 

2007). When the temperature is higher than 500 ºC, the main reactions taking place are 

fragmentation, dehydrogenation and aromatisation (Blanco and Chejne 2016). Above 550 

ºC more gas is formed due to the fragmentation process and close to 600 ºC, there are 

more aromatic rings in the biochar demonstrating the existence of aromatisation reactions 

(Yang, Yan et al. 2007). Lignin is the most stable compound, but the hardest biomass 

component to be degraded. Its chemical decomposition occurs from 160 to 900 ºC, 

however the most relevant weight loss is between 350 and 600 ºC (Williams and Besler 

1996). 

 Lignin contributes to a larger formation of biochar, while a higher percentage of 

cellulose and hemicellulose in the biomass produces more bio-oil (Akhtar and Saidina 

Amin 2012). Biomass rich in lignin has a negative impact on bio-oil quality causing high 

viscosity, low stability, high average molecular weight and worse combustion 

performance (Fahmi, Bridgwater et al. 2008). On the other hand, a higher proportion of 

cellulose and hemicellulose benefits the pyrolysis oil properties making it more suitable 

as a fuel due to the presence of glucose, xylose, mannose, galactose and arabinose in their 
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composition. The biomass extractives are the non-structural elements (sugars, fatty acids, 

proteins, phenolics, resin oils and sterols) that can be removed with solvents such as 

hexane, ethanol, benzene, toluene and water (Roy, Pakdel et al. 1990). Wood extractives 

lead to a loss of bio-oil formation and levoglucosan production, and its extraction can 

cause a reduction of 64% and 34% in oxygen and hydrogen present in the biochar, 

respectively (Kallioinen, Vaari et al. 2003). Inorganic compounds are converted to ash 

and they promote biomass degradation, charring, water reactions, non-condensable 

vapours production and a decrease of bio-oil yields (Scott, Paterson et al. 2001). Ash 

composition and content can influence the chemical properties and the distribution of the 

pyrolytic products. Sodium and potassium are the most active components. Low amounts 

of these elements can stimulate biochar formation (Fahmi, Bridgwater et al. 2008). Alkali 

metals can also affect the thermal degradation reactions of pyrolysis, creating macro-

polymer substances through the disintegration of monomers (ring breaking) (Scott, 

Paterson et al. 2001). 

 

2.2 Pyroformer Reactor and TCR Technology 

 The Pyroformer (Figure 6) intermediate pyrolysis reactor (patented by Hornung 

and Apfelbacher at Aston University) was one of the first intermediate pyrolysis reactors 

to be built after the Haloclean rotary kiln (cycled-spheres reactor). The Pyroformer is 

essentially an auger screw reactor inclosing a carbon steel compartment (horizontal 

position) including two co-axial rotating screws (Hornung 2013). This reactor operates at 

a pressure of up to 1 MPa, its heating system is external through heating bands, and the 

design is appropriate to process high ash content biomass and to maximise the contact 

time between organic vapours and pyrolysis biochar (Ouadi, Brammer et al. 2013).       
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 Throughout the process, the internal screw transports a mix of fresh feedstock and 

recycled char fraction along the reactor, which is heated at standard pyrolysis 

temperatures (Santos, Ouadi et al. 2019). The external screw gives a quantity of the char 

fraction back for recycle, increasing the heat transfer of the feedstock (Yang, Brammer et 

al. 2014). Additionally, the biochar layer in the reactor protects the feed from extremely 

high temperatures and low heating rates thus avoiding fast pyrolysis reactions (Hornung 

2013). During this stage biomass is transformed into char, vapours and volatile gases. The 

remaining biochar (that is not recycled in the reactor) exits to the solid drop out pipe of 

the Pyroformer and the pyrolysis gas phase moves through the gas outlet pipe (Ouadi, 

Brammer et al. 2013).          

  The effect of char recycling is the novelty of this reactor type, creating an 

additional catalytic effect in the process. This leads to a better quality pyrolysis oil when 

compared to commercial bio-oils from fast pyrolysis due to oil formation with lower 

molecular weight, less water content and less heavy tar formation, as well as increased 

yields of fuel gases (H2 and CO) generating a considerably higher heating value (Yang, 

Brammer et al. 2013).  

Figure 6 - Pyroformer reactor ( Hornung and Apfelbacher, Patent GB 246 0156, 2009) 
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 TCR technology is a combination of intermediate pyrolysis (development from 

Pyroformer reactor) and post catalytic treatment (Reforming). It was developed and 

implemented by Fraunhofer UMSICHT and it belongs to a bio-battery model used to 

provide energy from renewable materials (Neumann, Meyer et al. 2016). A picture of the 

unit is shown in Figure 7. 

 

 

Figure 7 - TCR reactor (lab scale) installed at Fraunhofer UMSICHT 

 

 This process contains two essential steps: 1) intermediate pyrolysis when the 

thermal heating of biomass occurs in the complete absence of oxygen at mild 

temperatures, and 2) reforming stage when catalytic cracking of vapours occurs at 

elevated temperatures to promote the formation of synthesis gas and organic vapours 

which when quenched yield bio-oils with superior physical and chemical properties 

(Santos, Ouadi et al. 2019).  
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 The intermediate pyrolysis stage in the TCR technology occurs in an auger reactor 

(update version of the Pyroformer) with temperatures from 400 to 500 ºC and solid 

residence times between 5 and 10 minutes (Hornung 2014). Intermediate pyrolysis 

products are transported to the auger reactor downstream, where the first reforming 

treatment is performed between the biochar and condensable vapours, causing a catalytic 

effect in all products and a consequent improvement of their chemical properties 

(Neumann, Binder et al. 2015). 

 TCR process also includes a reforming step, where the intermediate pyrolysis 

gases and solid phase are conveyed to the post reformer operating in a temperature range 

between 500 and 700 ºC. Within the reformer, organic vapours are catalytically reformed 

into higher yields of synthesis gas at temperatures ≈700 °C. The gas exiting the reactor is 

partially condensed generating three different products: an organic oil phase (6-11 wt%), 

an aqueous phase (21-26 wt%) and gas fraction (27-44 wt%). The main compounds of 

gas phase are hydrogen (maximum of 55 vol%), carbon dioxide (maximum of 35 vol%), 

carbon monoxide (maximum of 25 vol%), methane and a portion of hydrocarbons 

(Neumann, Binder et al. 2015). During the reforming step different types of chemical 

reactions occur in the post reformer, mainly (Neumann, Meyer et al. 2016): 

C + H2O ↔ H2 +CO (Water gas reaction)              (1) 

CO + H2O ↔ CO2 + H2 (Water gas shift reaction)                  (2) 

CH4 + H2O ↔ CO + 3H2 (Steam reforming reaction)           (3) 

C + 2H2 ↔ CH4 (Hydrogasification reaction)            (4) 

CO2 + C ↔ 2CO (Boudouard reaction)             (5) 

C + ½O2 ↔ CO (Partial oxidation reaction)             (6) 
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 At lab scale, TCR is heated by electricity using heating blankets. During the 

experiment the solid fraction (char) remains in the post reformer and is only extracted 

intermittently throughout the process. To guarantee an efficient separation between the 

organic liquid component and the gas fraction the TCR has a cooling system working 

with temperatures from -3 to +10 ºC to cool down the vapours from the post reformer. 

Before being routed to an exhaust system, the gas phase goes directly to a gas analyser 

and calorimeter to quantify its composition and HHV (Neumann, Jager et al. 2016). To 

avoid the contamination of the gas analyser from aerosols and other impurities, the plant 

is installed with active carbon bag filter and also with a gas wash bottle containing 

biodiesel (Neumann, Meyer et al. 2016). 

 In addition to agricultural, organic and industrial wastes with a high water and ash 

contents (low ash melting points as well), the TCR process is also able to convert plastic 

residues from and co-form rejects (Ouadi, Greenhalf et al. 2018). The residues treated 

normally contain a HHV superior to 8 MJ/kg and a moisture content below 20% which 

improves the thermal efficiency of the technology as less energy is required to evaporate 

any extra water in the biomass (Neumann, Jager et al. 2016). Technically, TCR can 

convert feedstocks with a moisture content up to 30% which is beneficial in terms of 

energy consumption as the drying step can be avoided. 

 TCR products can be used in diverse applications from different areas. The gas 

fraction can generate heat and power through CHP, bio-oil can be blended with diesel and 

gasoline to be used in engines, and char can be applied in combustion or gasification 

processes and as fertiliser or soil conditioner (Kirby, Hornung et al. 2017). 

 TCR is a safe technology operating without the utilisation of externally sourced 

solvents, catalysts or any chemical product, and it works at atmospheric pressure (Ahmad, 
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Jager et al. 2018). Its flexibility in terms of plant control provides a large variety of value-

added products such as an improved quality bio-oil which is easy to store and transport, 

a stable and energy dense biochar with similar features to anthracitic coal and a syngas 

rich in H2 (Neumann, Meyer et al. 2016, Ouadi, Jaeger et al. 2017). Another advantage 

of this process is the efficient design which can convert most of the energy introduced 

from the original biomass (Ahmad, Jager et al. 2018). 

 

2.3 Current State of the Art for Furfural and 2-MF Production 

 Furfural is a key oxygenated compound having C=C and C=O bonds. The high 

stability furfural is attributed to the C=C bonds composed of one 5 member ring and 6 

electrons (Danon, Marcotullio et al. 2014). Furfural can be produced from renewable 

biomass and agricultural wastes rich in xylose (sugarcane bagasse, oat hulls, and 

corncobs) and it can be used for the production of a large variety of important non-

petroleum-derived chemicals (such as furfuryl alcohol and 2-MF), competing with crude 

oil (Zeitsch 2000). This compound can also be used in many industrial processes such as 

oil refining, plastics and the pharmaceutical and agrochemical industries where it is 

transformed into perfume intermediates, chemical solvents, medicine compounds and 

pesticides (Panagiotopoulou and Vlachos 2014).  

 The furfural is obtained through the following steps: production of pentoses such 

as xylose, submitting the hemicellulose material to hydrolysis and the final conversion 

into furfural by acid-catalysed dehydration of pentoses (Figure 8) (Dias, Pillinger et al. 

2005). 
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Figure 8 - Simplified reaction mechanism of acidic degradation of pentosan to furfural 

(Dias, Pillinger et al. 2005) 

 

 Presently, furfural production is an energy-intensive process due to long side 

reactions which causes a decrease of furfural yield because of extensive residence times, 

and the necessity for substantial waste disposal. The need for high pressure steam to heat 

the reaction is also a drawback in this process (Dias, Pillinger et al. 2005). Concentrated 

sulphuric acid, which is particularly corrosive and extremely toxic, is used as a catalyst 

which brings serious issues compared to homogeneous catalytic processes such as 

problematic separation and recycling of the mineral acid and product contamination 

(Weingarten, Cho et al. 2010). For these reasons, enhancements to the chemical 

technology behind the furfural production is necessary in order to improve the 

sustainability of furan-based chemical industries.  

 Microwave irradiation has been suggested as an alternate method to improve the 

dehydration process for furfural production as it offers a fast and efficient heating 

promoting better reaction rates and avoiding the formation of certain by-products and so 

results in higher furfural yields (de la Hoz, Diaz-Ortiz et al. 2005, Qi, Watanabe et al. 

2008). Heterogeneous catalytic conversion using solid catalysts has taken a relevant role 

in converting pentose to furfural due to its high selectivity and high reaction. Moreover, 



30 
 

it can be recycled easily offering more environmentally attractive properties for practical 

operations (Yan, Wu et al. 2014). 

 Humins, a solid carbonaceous species, are the undesired co-product obtained 

during the production of furfural from xylose. This is responsible for the low furfural 

yields (between 45% and 50%) using an industrial batch process (Montane, Salvado et al. 

2002). In the last few years, some works have shown different ways to achieve better 

furfural yields by inhibiting the humins production. One technique is to apply organic 

solvents (ethyl acetate and methyl isobutyl ketone) to absorb the furfural from the aqueous 

fraction (Vlachos and Caratzoulas 2010). Supercritical CO2 has also been used to extract 

furfural (Sako, Sugeta et al. 1995). 

 However, due to furfural’s affinity to polymerize in storage it is not a suitable 

option for a fuel candidate (Xiong, Wan et al. 2016). The option of transforming furfural 

to 2-MF is mentioned in several current works due to its high energy density and high 

octane number making 2-MF a promising biofuel (Huber, Iborra et al. 2006, Lange, van 

der Heide et al. 2012). 

  

 To produce 2-MF first it is necessary to convert furfural to furfuryl alcohol (2-

furanmethanol) through hydrogenation and then apply HDO in the intermediate furfuryl 

alcohol to get the desired product 2-MF as it is shown in Figure 9 (Ordomsky, Schouten 

et al. 2013, Dong, Zhu et al. 2015). 

Conventional route for 2-MF production is the use of energy fossils and requires 

catalytic oxidation. Developing a new way to produce 2-MF from biomass-derived 

chemicals is extremely desirable, not only from the perspective of the green sustainable 

chemistry but also to mitigate the fossil energy crisis by using a large amount of biomass 



31 
 

resources available efficiently (Dong, Zhu et al. 2015). All these reasons can boost 

furfural production through the TCR process, followed by a HDO treatment, to achieve 

the desirable formation of 2-MF. Compared to hydrocarbons, 2-MF has a better 

combustion efficiency (caused by its oxygen atom) and higher octane number (Yan, Wu 

et al. 2014). Therefore, 2-MF has been blended with gasoline to be used as fuel for 

vehicles (Srivastava, Jadeja et al. 2016). 

 

 

Figure 9 - Hydrogenation and HDO of furfural to MF (Yan, Wu et al. 2014). 

 

 HDO works in the presence of a catalyst under H2 pressure and it is classified to 

be the most efficient method to upgrade pyrolysis bio-oil (De, Saha et al. 2015). This 

process converts aldehydes, oxygenated and unsaturated elements into hydrocarbons, due 

to its selectively to cleave the C-O/C=O bonds (carbonyl group) of the oxygenates 

compounds and at the same time preserving the C-C/C=C bonds (Ren, Yu et al. 2013, 

Xiong, Wan et al. 2016). This step is quite relevant to improve the oil properties for fuel 

applications, removing aromatics from the bio-oil and subsequently to increase the 

affinity between the temperature and viscosity (Isahak, Hisham et al. 2012, Xiu and 

Shahbazi 2012).  

 HDO can be divided into two different classes: high and atmospheric pressure. 

The first one applies high H2 pressure to hydrogenate aromatic rings reducing the oxygen 
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content present in acids, phenols, esters and aldehydes (Cheng, Wei et al. 2017). There 

are several reactions that take place during this method according to the chemical 

composition of the bio-oil, including dehydration, hydrogenation, hydrocracking, 

decarboxylation and hydrogenolysis (Pourzolfaghar, Abnisa et al. 2018). Atmospheric H2 

pressure has similar conditions compared to high pressure, however, it differs in the type 

of catalyst, operating conditions (mainly pressure) and in the role of H2 on the upgrading 

reaction (Yang, Shi et al. 2019). The scientific community has used HDO atmospheric 

pressure in industrial scales for lignin compounds to minimise the operation cost 

(Pourzolfaghar, Abnisa et al. 2018).           

 One of the main difficulties of HDO is to have low consumption of H2 with an 

efficient deoxygenation process (Cheng, Wei et al. 2017). In terms of H2 consumption, 

HDO can be defined in two categories: in situ H2 source and ex situ H2 source. In situ H2 

source uses the same autoclave for H2 production and to treat the pyrolysis oil, avoiding 

issues with H2 storage and transportation (Yang, Shi et al. 2019). On the other hand, ex 

situ H2 source requires industrial H2 from water electrolysis or fossil fuels as a H2 donor, 

making this process less desired (Muradov 2017). This method also needs high H2 

pressures (up to 30 MPa) to solubilise H2 in the liquid fraction to decrease the oxygen 

amount of the pyrolysis oil (Duan and Savage 2011). It has also been reported the use of 

external H2 during the hydrogenation of furfural to 2-MF adding various noble metal and 

bimetallic catalysts (Dong, Zhu et al. 2015). This situation can lead to a number of 

obstacles connected to hydrogen utilization, such as the cost to compress, storage and 

transport (especially in isolated locations), the design of the reactor, issues related to 

solubility and dilution of the hydrogen, which increase the cost and complexity of the 

process (Gandarias, Requies et al. 2012, Panagiotopoulou and Vlachos 2014). A different 



33 
 

way to provide hydrogen to convert furfural to 2-MF may be the catalytic transfer 

hydrogenation, where the H2 molecule is replaced for the hydrogen donor. In this process, 

alcohols are a good option as hydrogen donors because they are not corrosive and they 

may be obtained from ethanol or butanol using biomass as substrate (Chia and Dumesic 

2011, Jae, Zheng et al. 2013). 

 

 The biggest challenge of having a competent and reasonable HDO is the selection 

of the catalyst which should be efficient, economic and environmentally friendly. The 

catalyst stability may be an issue to convert furfural to 2-MF due to the high temperatures 

which increases the energy cost and the coke production as well (Yan, Wu et al. 2014). 

The deactivation catalysts during the 2-MF production through furfural hydrogenation is 

the main issue of the process because of the production of undesired co-products (furan, 

tetrahydrofuran and C-4 compounds) (Zheng, Zhu et al. 2008). Additionally, this method 

of conversion is quite exothermic (142 kJ/mol) causing difficulties in terms of 

temperature control (Yang, Zheng et al. 2004). 

 Chromium-based catalysts were described as efficient for 2-MF production, 

however, their toxicity makes them less attractive (Xiong, Wan et al. 2016). Molybdenum 

carbide has a high selectivity to convert furfural to 2-MF but it presents very acidic 

features stimulating the polymerisation of furfural and creating an unstable environment 

for HDO process (Nakagawa, Tamura et al. 2013). Although precious metals such as 

ruthenium and palladium showed a good furfural conversion yield they are extremely 

expensive, easily deactivated, hard to regenerate and not economically viable 

(Panagiotopoulou and Vlachos 2014). Mesoporous silica catalysts contain large surface 

areas and they can convert 82% of furfural, nevertheless the process is extremely slow 
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(more than 25h) and it leads to the formation and deposit of carbon in the catalyst 

substrate, which leads to a catalyst deactivation and consequent reduction of HDO 

reactions between the surface and the product upgraded (Yan, Wu et al. 2014).      

 Cu-based catalysts have been mentioned as the most promising option to convert 

furfural to 2-MF (Sitthisa and Resasco 2011, Dong, Zhu et al. 2015). Recently, the 

combination between Cu and Zn or Cu and Mn as a catalyst showed strong stability and 

efficiency in 2-MF production by HDO. The good interaction among these two groups of 

metals brings the production of mixed oxide phases and consequently a breakage of the 

C-O bond (Zheng, Zhu et al. 2008, Srivastava, Jadeja et al. 2016). Moreover, the 

combination between manganese/zinc Cu-based catalysts and Al2O3 and SiO2 supports 

increases the selectivity and activity of the HDO process (Zheng, Zhu et al. 2008). Both 

catalytic supports are cheap, practical to be used in industry, and they promote the 

interaction and dispersion of copper improving the catalytic performance (Dong, Zhu et 

al. 2015).  

 

2.4 Xylose-Rich Biomass 

 Lignocellulosic agricultural waste is considered one of the most available and 

cheap green resources for the bioenergy area and biofuels production (Chareonlimkun, 

Champreda et al. 2010). Current methods to exploit biomass, like extraction of pure 

cellulose or combustion to generate electricity, are harmful to the environment and not 

lucrative for the industry (Boussarsar, Roge et al. 2009). In this regard, thermochemical 

processes are becoming popular in converting biomass into valuable products, 

constituting a different approach for lignocellulosic residues application in terms of 

sustainability and profitability (Dhyani and Bhaskar 2018).  
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 Lignocellulosic materials are generally composed of cellulose (40-60%), 

hemicellulose (20-40%) and lignin (10-25%). Hemicellulose biomass is getting more 

appreciation because of its high xylan content. This xylan content is mainly formed by 

xylose which is a very interesting chemical in the biofuels industry (Boussarsar, Roge et 

al. 2009). According to the previous section furfural can be obtained using lignocellulosic 

feedstocks containing a high level of xylose. Furfural has an annual production of 250 

000 tons and the present method to extract this chemical compound from xylose sources 

is the acid-catalysed dehydration (Lichtenthaler and Peters 2004). Oat hulls and sugarcane 

bagasse have been recognised as one of the most promising xylose-rich biomass for 

furfural production (Yan, Wu et al. 2014).  

  

 Currently, oat is one of the most produced cereals in the world and its hulls 

(residue from oat milling process) have a unique potential as renewable source of biomass 

due to its global and annual availability. OH can be a promising feedstock to produce 

liquid and gaseous fuels and heat through thermochemical processes (pyrolysis, 

gasification, combustion) (Qazanfarzadeh and Kadivar 2016).  

 The composition of OH (Figure 10) is mainly cellulose (35-45%), hemicellulose 

(32-35%) and lignin (17-20%) and the hull represents between 20 and 35% of the entire 

grain weight (Skiba, Budaeva et al. 2017). One of its advantages is the low ash content 

(between 4.5 and 5.2%) and the homogenous morphologic and particle size that does not 

need to be milled when treated (Skiba, Budaeva et al. 2017). Due to the high amount of 

hemicellulose, oat hulls are a good source of furfural and xylose (sugar pentose) 

(Lawford, Rousseau et al. 2001). However, some kinetic parameters of oat hulls need to 

be understood to develop this process (Qazanfarzadeh and Kadivar 2016). 
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Nowadays, OH is essentially used for combustion to generate energy due to its 

calorific value of 16 MJ/kg or for the production of high-value cellulose components 

(Valdebenito, Pereira et al. 2017). This agricultural residue also presents a reasonable 

nutritive value and is used in the animal and human food industry (Qazanfarzadeh and 

Kadivar 2016). In addition, there are some studies on the application of OH for ethanol 

production via chemical hydrolysis (Skiba, Budaeva et al. 2017). It is relevant to highlight 

the value of this waste in terms of local and annual availability and to explore its potential 

in the biofuels production market (Valdebenito, Pereira et al. 2017).    

 

 

Figure 10 - Oat hulls 

 

 Sugarcane is the biggest farming harvest on earth and the main residue formed 

(bagasse) results from the milling of the sugarcane to extract its juice for ethanol or sugar 

production (Varma and Mondal 2017). SB (Figure 11) is a raw material available 

worldwide generated in 115 countries (such as USA, India, Australia, Brazil etc.) and its 

production is larger and more efficient in tropical and sub-tropical climates (Chauhan, 
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Varun et al. 2011). Brazil and India are the main SB producers in the world and this 

industry represents a relevant role for the energy needs in developing countries (Jain, Wei 

et al. 2016). Normally, 1000 kg of fresh sugarcane can generate 280 kg of dry bagasse, 

110 kg of sugar and 45 kg of molasses (Varma and Mondal 2017). For ethanol production, 

cane straw and bagasse residues represent around 35% of the total sugarcane weight 

(Rocha, Nascimento et al. 2015). 

 

 

Figure 11 - Sugarcane bagasse 

 

 SB components are dispersed in a lamella structure and their composition is 

around 40-50% of cellulose, 20-30% of hemicellulose, 20-25% of lignin and 1.5-3% of 

ash (Varma and Mondal 2017). Presently, more than 500 sugarcane species are cultivated 

in Brazil and 20 new species have been created every single year (Rocha, Nascimento et 

al. 2015). However, the chemical composition of the different SB species do not diverge 

significantly from the main compounds (Rocha, Nascimento et al. 2015). The SB 

cellulose contains amorphous and crystalline components which need to be submitted to 

physical and thermochemical treatments to have access to the polysaccharides elements 
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(Jain, Wei et al. 2016).  Milling is a good example of a physical process to raise the 

particle surface area of the SB. Thermochemical treatments such as acid reagents, 

ammonia, steam explosion and alkaline hydroxide have been described to convert SB 

crystalline components into polysaccharide elements (Chandel, Antunes et al. 2013, 

Maryana, Oktaviani et al. 2014, Ramos, da Silva et al. 2015). The results of these 

thermochemical processes on the chemical structure of the SB can be analysed via 

enzyme digestion, electron miscopy and x-ray diffraction (Jain, Wei et al. 2016).  

 

Currently, SB (after juice extraction) is getting more popular for ecological and 

economic reasons owing to its high availability, low cost and applicability in different 

industrial areas such as biofuels, paper pulp and biochemicals (Jain, Wei et al. 2016, Al 

Arni 2018). SB is mainly used for the generation of heat and power through combustion 

in boilers located in sugar mills for onsite consumption (Rocha, Nascimento et al. 2015). 

Nevertheless, this scenario is not energy efficient (only 26%), causes waste management 

issues at the plant and the ashes produced during the process are responsible for health 

hazards (Varma and Mondal 2017). As an alternative, due to its high calorific value, SB 

can be used for biofuel production via thermochemical technologies making this residue 

a valuable raw material for pyrolysis processes (Varma and Mondal 2017). In addition, 

SB is also utilised in more than forty applications such as animal feed, treatment of cancer 

(important and strong antioxidants from the acids compounds of lignin), boards and the 

production of sugar, pulp, furfural, paper and ethanol (Rocha, Nascimento et al. 2015, 

Jain, Wei et al. 2016).  
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2.5 Catalytic Pyrolysis 

 Catalytic pyrolysis is another option to remove the oxygen and upgrade the 

properties of the pyrolysis products, particularly for the bio-oil which cannot be used 

directly as a fuel engine. Biomass composition contains alkali metals which can stimulate 

some catalytic reactions, therefore a bio-oil upgrading step should be always reflected 

according to the final application (Kan, Strezov et al. 2016). Sodium and potassium are 

the main elements responsible for the cracking of vapours decreasing the bio-oil quality 

and quantity, and, according to their concentration the reactions can be more intense than 

char cracking (Wang, Dai et al. 2017).  

 Catalytic pyrolysis reactions are extremely complex, thus the selection of the 

reactor parameters and an efficient, cheap and stable catalyst are vital to make the process 

beneficial and productive (Hu and Gholizadeh 2019). High heat transfer and a decent 

biomass/catalyst proportion are crucial to guarantee the efficient contact between the 

organic vapours and the catalyst surface avoiding thermal degradation. The proper 

catalyst should promote the following reactions (Figure 12): hydrogenation, 

oligomerisation, decarbonylation, dehydration, cracking, decarboxylation and 

deoxygenation (Tan, Zhang et al. 2013).  

 The catalysts tested by pyrolysis are mostly solid acids (silica-alumina, zeolites, 

silicates and fluid catalytic cracking catalyst), metal oxides (copper, zirconia, ceria and 

zinc) and inorganics (sulphates, chlorides and phosphates) (French and Czernik 2010, 

Lappas, Kalogiannis et al. 2016). They can be classified in two categories (zeolite and 

non-zeolite) and their nature, chemical composition and structure have a direct effect to 

improve the pyrolysis products properties and yields (Dhyani and Bhaskar 2018). Zeolites 

are the most popular in catalytic pyrolysis due to their prolonged activity and stability for 
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bio-oil production. Non-zeolite catalysts have been used as well; mainly minerals, noble 

metals and metal oxides (Hu and Gholizadeh 2019). However, analysing, understanding 

and comparing the global performance of the zeolite and non-zeolite catalysts for the 

purpose of improving and selecting the most efficient ones in the pyrolysis conversion of 

biomass is required. 

In the last few years catalytic pyrolysis has been tested via two main routes, in-

situ and ex-situ (Figure 13). The former is an integrated pyrolysis system and implies the 

introduction of the catalyst inside of the pyrolysis reactor (Wang, Johnston et al. 2014). 

The latter (ex-situ) includes a downstream process where the organic vapours are 

upgraded in the presence of a catalyst (Dhyani and Bhaskar 2018). 

 

 

Figure 12 - Catalytic pyrolysis reactions of biomass (Tan, Zhang et al. 2013) 

 

 During the in-situ process the catalyst is introduced into the reactor to favour 

thermal cracking reactions and the conversion of heavy components present in the bio-oil 

to lighter ones (Foster, Jae et al. 2012). However, a higher cracking rate requires more 
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catalyst and a consequence is the extra production of coke (French and Czernik 2010). 

In-situ pyrolysis decreases the biochar produced and maximises the formation of 

aromatics and light compounds in the bio-oil (Yildiz, Pronk et al. 2013). This integrated 

catalytic system is limited and less flexible owing to the use of a single reactor operating 

at the same parameters for the pyrolytic and catalytic reactions (Lappas, Kalogiannis et 

al. 2016). The main challenge is to find a robust, active and stable catalyst which is easy 

to regenerate, and can resist the reactor’s mechanical environment and improve the 

quality of the bio-oil by reducing its oxygen and coke content (Wang, Johnston et al. 

2014). 

 Ex-situ catalytic pyrolysis, like HDO, is also used to upgrade and improve the 

properties of the bio-oil. Compared to the in-situ process, ex-situ technology is more 

efficient in removing oxygen from the pyrolysis oil due to the lower homogeneity of the 

catalyst applied increasing the selectivity of the process (Nguyen, Zabeti et al. 2013). 

Additionally, the ex-situ process has a higher selectivity and flexibility to produce more 

specific compounds and, as the catalyst is placed in an external reactor the final products 

can be easily removed (Yildiz, Pronk et al. 2013). The main inconveniences of this route 

are the rapid deactivation of the catalyst and the high cost of the technology, particularly 

for industrial units (Gholizadeh, Gunawan et al. 2016). 

 TCR technology is able to minimise some negative aspects of the current in-situ 

and ex-situ catalytic routes such as coke formation, limitation/flexibility of the process, 

selection of a proper catalyst and the economic viability for larger plants. The biomass 

conversion occurs in the intermediate pyrolysis reactor and then the condensable vapours 

produced undergo the catalytic treatment in a different reactor (called the reforming unit). 

This makes it easy to set different experimental conditions according to the product 
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desired and a process easy to operate. In addition, the catalyst used is the biochar 

generated in the previous step (auger intermediate pyrolysis reactor) which is constantly 

produced throughout the process thus avoiding the concern of selecting an adequate 

catalyst that is easy to regenerate. Biochar formed via TCR can be considered as an 

inexpensive sacrificial catalyst. It has excellent chemical and morphologic characteristics, 

such as surface area, making this carbonised solid catalytically active in converting 

organic vapours to high-quality pyrolysis liquids (Jager, Conti et al. 2016, Ahmad, Jager 

et al. 2018).  

 It has been proven that upgrading treatment of the volatiles before their 

condensation is presently the most efficient way to minimise the amount of water and 

oxygen in the pyrolysis liquid which leads to a higher calorific value bio-oil composed of 

low molecular weight elements (Dhyani and Bhaskar 2018).  

 

 

Figure 13 – In-situ and ex-situ catalytic pyrolysis (Wang, Dai et al. 2017) 
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 Zeolite catalysts are the most popular for upgrading bio-oil through catalytic 

pyrolysis, and these include HZSM-5, Beta zeolite, SAPO-34, Y zeolite, ZSM-5 and 

Mordenite (Hu and Gholizadeh 2019). Their production cost is generally low and its 

application generates more aromatics and coke (Carlson, Jae et al. 2010). The zeolite size 

pore affects the formation of aromatics and coke and larger pores are related to higher 

yields of coke (Jae, Tompsett et al. 2011). Another relevant factor is the acidity of the 

zeolite, where lower acidity levels produce more coke and fewer aromatics (Nguyen, 

Zabeti et al. 2013). 

 HZSM-5 and ZSM-5 zeolite catalysts are the most tested in catalytic pyrolysis. 

ZSM-5 has less selectivity, acidity and thermochemical stability, making the HZMS-5 

more attractive for aromatics production and to promote catalytic reactions in the biomass 

such as aromatisation, decarbonylation, cracking, isomerisation, decarboxylation, 

cyclisation, oligomerisation, deoxygenation and alkylation (Duman, Pala et al. 2013, Hu 

and Gholizadeh 2019).  

 HZMS-5 was tested in a pyrolysis fixed bed reactor converting microalgae and 

the bio-oil produced presented a lower oxygen content (19.6 wt%) and a higher calorific 

value (32.6 MJ/kg) compared to no catalytic treatment at the same conditions (Pan, Hu et 

al. 2010). Zang et al. (2009) and Stephanidis et al. (2011) used the same zeolite to 

pyrolyse corncobs and beech wood respectively, and the bio-oil in both studies showed a 

higher calorific value and aromatics content and a decrement of oxygenated compounds 

compared to the runs without HZMS-5 (Zhang, Xiao et al. 2009, Stephanidis, Nitsos et 

al. 2011). 
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 Some works have experimented ZSM-5 catalyst in a pyrolysis fixed bed reactor 

using glucose, rice husks, maple wood and furans as feedstock (Williams and Nugranad 

2000, Jae, Tompsett et al. 2011). The general results were a substantial reduction in the 

yield and oxygen content of the bio-oil. The chemical structure of ZSM-5 was also altered 

by adding some metals such as Mo, Ni, Zn, Ga, Co, Pd and Pt. This modification 

influenced the alkylation and cyclisation reactions increasing the zeolite acidity and the 

aromatics yields, especially using the Ga metal (Li, Li et al. 2014, Engtrakul, Mukarakate 

et al. 2016). 

 Zeolite catalysts favour the production of coke which is deposited on the catalyst 

surface filling the respective pores. Consequently, the catalyst is deactivated reducing its 

durability and the coke formed also absorbs the bio-oil organics resulting in lower quality 

and quantity increasing the cost of the process (Hu and Gholizadeh 2019).      

 Mesoporous catalysts, including Al-SBA-15, MCM-41 and Al-MCM-41, are also 

an option for catalytic pyrolysis of biomass. The last works developed in a circulating 

fluid bed reactor demonstrated the effect of mesoporous catalysts in the pyrolysis oil 

composition increasing the phenolics content and reducing the concentration of acids 

(carboxylic acid) and carbonyls (Iliopoulou, Antonakou et al. 2007). Moreover, an 

increment of the silica/alumina ratio in this kind of catalyst led to an increase of the 

organics and aromatics in the bio-oil but a lower liquids production (Adam, Antonakou 

et al. 2006). The use of mesoporous catalysts shows a clear indication of upgrading 

treatment, however, the deoxygenation process is incomplete (Iliopoulou, Antonakou et 

al. 2007).       

 Some works investigated the application of mineral catalysts such as MgO, 

dolomite, SiO2, CaO, limestone and K2O through pyrolysis of cellulose, pine sawdust, 
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lignin and poplar wood using a fixed bed reactor at 500 ºC (French and Czernik 2010, 

Zhang, Hu et al. 2018). CaO and MgO (basic oxides) inhibited the production of tar and 

phenolics in the bio-oil whilst coke and gaseous products presented higher levels (Zhang, 

Hu et al. 2018). On the other hand, the use of acid oxides indicated more tar formation. 

In another research, Na2CO3 catalyst produced a very unstable bio-oil but the application 

of Pt on its surface enhanced the quality and the stability of the same pyrolysis oil 

(Nguyen, Zabeti et al. 2013). 

 Transition metals have also been experimented as a catalyst in pyrolysis. Zn, Fe 

and Cu maximised the generation of aliphatic carbons and aromatics converting 

oxygenated compounds (Karnjanakom, Bayu et al. 2016). Other metals such as Zr and 

Ti, increased the formation of ketones in the pyrolysis-oil (Mante, Rodriguez et al. 2015). 

The introduction of nickel catalysts in a pyrolysis reactor at 400 ºC raised the bio-oil 

yields and reduced the oxygen content of the oil from 20 to 10 wt% (Dilcio Rocha, 

Luengo et al. 1999). 

 

 The current catalysts used in the pyrolysis process are not the most appropriate to 

significantly improve the properties of the bio-oil, therefore, the creation of alternatives 

which are more solid, effective, economic and stable is required. Recently, iron 

components have proven their ability to optimise the hydrogenation of carbonyl 

compounds to produce furans and to reduce the acidity of the bio-oil (Lee, Kim et al. 

2014, Yang, Li et al. 2017). In addition, the same iron components were tested at pyrolysis 

conditions for 8 h and no catalyst deactivation was detected, making this metal a 

promising candidate for upgrading the pyrolytic products (Moud, Kantarelis et al. 2018). 
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 The present thesis investigated the utilisation of steel slag as a catalyst in the TCR 

experiments. Due to its high iron composition (~25%), SS (Figure 14) can promote 

decarboxylation and dehydration reactions converting polysaccharides into furans and 

CO2 (Yang, Li et al. 2017). Moreover, SS has a high content of Ca (~30%) and Mg (5%) 

which help to produce more hydrocarbons in the bio-oil (Nokkosmäki, Kuoppala et al. 

2000). A few studies tested the application of blast furnace slag (via thermogravimetric 

and continuous fixed bed pyrolysis) and SS (via thermogravimetric pyrolysis) for bio-oil 

production (Luo and Feng 2016, Luo and Feng 2017, Sun, Seetharaman et al. 2018, Yao, 

Yu et al. 2018). However, no references to the use of SS as a catalyst in a thermo-catalytic 

reactor to favour the conversion of biomass in a furanic bio-oil was found in the literature. 

 

   

Figure 14 - Steel slag (6 mm) 

 

 Blast furnace slag and SS are the two main by-products from the steel/iron 

industry. The iron is produced in a blast furnace having the blast furnace slag as a by-
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product while the SS is a waste from the steel making process using an electric arc furnace 

or a basic oxygen furnace (Sun, Seetharaman et al. 2018). It is important to highlight that 

SS and blast furnace slag have different applications and chemical/physical properties, 

especially in the iron content where the SS contains a significantly higher concentration 

compared to the blast furnace slag (Luo and Feng 2017).  

 Approximately one million tonnes of SS are produced per year in the UK and this 

steel industry waste is mostly composed of calcium silicates and ferrites mixed with fused 

oxides or iron, magnesium, aluminium and manganese (Yao, Yu et al. 2018). SS is a non-

porous, strong and dense material having a high resistance to crushing.  

 In recent years, SS has been used as aggregate for construction (unbound and 

bound sub-bases, cappings, fills such as earthworks and backfill to structures), as asphalt 

surfacing (giving a high resistance to abrasion and polishing under heavy traffic) and as 

a soil conditioner for agriculture (Luo and Feng 2016, Sun, Seetharaman et al. 2018). 
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3. EXPERIMENTAL METHODOLOGY 

 

 This chapter describes the experimental methodology applied in this work and it 

also provides information about the methods and equipment used in product 

characterisation and practical trials. The first section details the kinds of feedstocks used 

and how they were treated, pelletised and characterised before the experimental tests. The 

second section explains how the TCR experiments were performed, specifying the 

procedure and the type of equipment utilised. The third section describes the methodology 

behind the analyses of the TCR products formed and the catalytic characterisation 

description of the SS and biochar. The final section is dedicated in explaining the HDO 

process, including its procedure and parameters. All the characterisation tests were made 

in duplicate and average values are reported. 

 

3.1 Raw Materials 

 Sugarcane bagasse used in the TCR experiments was supplied from Cosan 

Biomassa S/A (Brazil). 100 kg of SB was received and its moisture content was 

approximately 6 wt%. The Malt Miller Ltd (UK) provided 120 kg of oat hulls with a 

moisture content around 14wt%. Steel Slag was supplied from Tarmac CHR Company 

(UK) in two different sizes: 1 mm (dust) and 6 mm (Figure 14, 2.5 Catalytic Pyrolysis 

section). The 6 mm SS was used in the TCR post-reformer as a solid catalyst, whereas 

the dust was mixed with OH through pelletisation to promote a catalytic effect in the 

auger intermediate pyrolysis reactor (both scenarios will be detailed and described further 

in this chapter). 
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 As both feedstocks (SB and OH) received contained a moisture content <15 wt.%, 

no drying was required before pelletisation and thermal conversion. Pelletisation was 

necessary and performed using a KKP 300 F (22 kWe) motorised pelletiser with a total 

capacity of 300 kg/h throughput (Pellets formed were 6 mm diameter by 23 mm length). 

The SB and OH pellets are shown in Figures 15 and 16, respectively.  

  

 

Figure 15 - Sugarcane bagasse pellets 

 

 Due to the SB physical properties and pelletiser mechanical limitations, it was not 

possible to blend this feedstock with SS dust via pelletisation to produce a homogeneous 

pellet containing in situ catalyst. The pellets produced were fragile and easily breakable 

even with the introduction of water and polymers as a binder. On the other hand, the 

pelletisation between OH and SS dust was successful creating solid and stable pellets. 

 Prior to pelletising, the feedstocks were analysed in order to determine the 

proximate, ultimate, chemical compositions and higher heating value (HHV), while SS 

was characterised in terms of metal composition. 
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Figure 16 - Oat hulls pellets 

 

3.2 Raw Materials Characterisation 

 The feedstocks (SB and OH) were analysed for proximate and ultimate analysis, 

chemical composition and HHV. SS were characterised in terms of metal composition. 

 

3.2.1 Proximate Analysis 

 Proximate analysis characterisation (reported in wt%) was used in SB and OH 

biomass to calculate the moisture, ash, volatiles and fixed carbon contents on a dry basis. 

 Total moisture content was determined by drying the sample at 105 ± 3°C in a 

muffle furnace (CARBOLITE CWF1300) with an inert atmosphere for 3 h. The 

percentage of moisture was calculated based on the amount of mass lost (according to 

ASTM E1756-08). 
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 The ash content was calculated using the same muffle furnace at 575 ± 25 °C for 

5 h. The ash percentage was determined by weighing the amount of sample left in the 

muffle furnace after the heating process was completed (according to ASTM E1755-01). 

Volatiles and fixed carbon were determined by Thermo Gravimetric Analysis 

(TGA) technique (NETZSCH TG 209 F1 IRIS) on dry basis. Approximately 15 mg of 

dried feedstock was put in a crucible and heated to 900 ± 10 °C (heating rate of 10 °C/min) 

in a nitrogen atmosphere (flow rate of 60 ml/min) and hold time for 15 min (according to 

BS EN 15148:2009). The fixed carbon was measured based on the amount of sample left 

in the crucible, while the volatiles represent the percentage of mass lost during the 

heating. 

 

3.2.2 Ultimate Analysis 

 SB and OH dried samples were sent to an external accredited laboratory (Medac 

Ltd) to quantify the elemental content (C, H, N and S) of both feedstocks. The C, H, N 

analysis (with oxygen determined by difference) was carried out according to ASTM 

E777 and ASTM E778, and reported in wt%. The sulphur content was measured 

according to ASTM E775. The original analytical method (using the Thermo FlashEA® 

1112 Elemental Analyzer) was performed by complete oxidation of the solid (flash 

combustion), transforming all organic and inorganic compounds in combustion elements. 

The combustion gases produced passed through a chromatographic column using helium 

as the inert gas, and then the thermal conductivity detector (TCD) calculated the 

percentage of each element (C, H, N and S) providing an output signal to the system. 
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3.2.3 Chemical Composition 

 Cellulose, hemicellulose, lignin, xylose and extractives contents of SB and OH 

were calculated by Celignis Analytical. The final balance was ash calculated by 

difference.    

 Biomass extractive-free samples were characterized for cellulose, hemicellulose, 

xylose and lignin content according to ASTM E1758-01. Solid samples were hydrolysed 

using 72% (w/w) acid sulfuric in a thermostatic bath at 30 ºC for 1 h. The hydrolysed acid 

was diluted to 4% (w/w) by mixing distilled water and autoclaved at 120  ºC for 1h. 

Consequently, the acid solution was cooled and filtered. 

 Soluble lignin obtained from the filter was measured using Ultraviolet-visible 

spectroscopy (absorbance at 280 nm). 

 The liquid filtered contains monomeric elements from the hydrolysis of polymeric 

carbohydrates which were analysed through high-performance liquid chromatography 

(HPLC) to quantify the content of cellulose, hemicellulose and xylose. A Shimadzu 

device carrying a RID-6A refraction index detector and an Aminex HPX 87H (300 mm 

× 7.8 mm, BIO-RAD) column was utilized during this process. The mobile phase was 

acid sulfuric (0.005 mol/L) at 40 ºC.  

 For the determination of the extractive content, a DIONEX Accelerated Solvent 

Extraction (ASE-200) was used operating at 100 ºC and 1500 psi. The extractive solvent 

selected was the ethanol (95%) and the minimum of sample required was 30 g of sample. 

The weight of extractives was calculated as the mass loss in the sample due to the 

extraction in the ASE-200. 
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3.2.4 HHV 

 Higher and lower heating values differ by in the inclusion of the evaporation latent 

heat. HHV accounts the energy required to evaporate the water, while for the lower 

heating value the same energy is not assumed as heat. The HHV (MJ/kg) of SB and OH 

was determined on dry basis using the unified correlation for fuels developed by 

(Channiwala and Parikh, 2002)  where C (wt%) is carbon weight fraction, H (wt%) of 

hydrogen, S (wt%) of sulphur, O (wt%) of oxygen, N (wt%) of nitrogen and A (wt%) of 

ash: 

 

HHV (MJ/kg) = 0.3491 (C) + 1.1783 (H) + 0.1005 (S) − 0.1034 (O) − 0.0151 (N) − 

0.0211 (A)                 (7) 

 

3.2.5 Inductively Couple Plasma (ICP) 

 The sample of SS was digested using a combination of HNO3 and HCl. The acid 

solution was made up to volume using deionised water resulting in a concentration of 5 

g/L. Then, the solution (5 was analysed using a Varian 720ES ICP-OES to calculate the 

SS metal composition. 

 

3.3 TCR Setup 

 The TCR-2 bench scale reactor was constructed, installed and commissioned at 

the laboratory of Fraunhofer UMSICHT Institute, Germany with a capacity to process up 

to 2 kg/h of biomass. The entire plant works in the absence of oxygen using nitrogen 

supply (1) and the temperature is measured through several K type thermocouples 
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installed along the unit. The process flow diagram (PFD) of the experimental setup is 

shown in Figure 17. 

 

 The system comprises of a sealed hopper (2) with capacity to hold a maximum of 

5 kg of material, a horizontal auger screw reactor (3) containing three different 

temperature zones with a length of 100 cm and a screw internal diameter of 8 cm followed 

by a vertical post reformer unit (4) with 91 cm of height and 10 cm of diameter. The two 

reactors (auger screw and post reformer) are electrically heated and they are connected in 

series.  

 

 

 

 

Figure 17 – PFD of the TCR-2 plant 

 

 In the condensing unit, condensable vapours from the post reformer are quenched 

by means of a shell (5) and tube condenser designated scrubber (6) within a u-tube 

condenser using a mixture of water and glycol from a chiller (7) to maintain the 

temperature at -5 ºC. Attached to the condensing unit, there is a vessel (10) to collect the 

bio-oil from the organic vapours condensed before. Condensable vapours exiting the 

condenser are further quenched by means of an ice bath cooler (11) using a vessel 

containing the bio-oil aqueous phase (12) from the previous TCR runs. The aqueous phase 

has the function of acting as a solvent and it helps to collect the residual liquid and also 

to clean the vapours produced. 

a b 
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 The remaining vapours (non-condensable gases) are directed into the filtration 

unit composed of two wash bottles and a filter for aerosol and other contaminants capture. 

The first bottle is filled with activated carbon (13a), the second is a candle filter (13b) and 

lastly, a glass wool filter (14). Then the permanent gases are directed to an online gas 

analyser/calorimeter (15) for detection and gas totalisation before flaring (16 and 17). 

 

 

Figure 18 – TCR-2 software (Siemens SIMATIC Win CC) 

  

In addition, the TCR-2 reactor is totally insulated and equipped with the necessary 

devices and fittings. The process control is performed using a Siemens SIMATIC Win 

CC software (Figure 18) where the parameters of the unit can be changed offering a wide 

range of options in terms of TCR products composition and distribution. 
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3.4 TCR Experimental Procedure 

 Before every TCR-2 experiment, the reactor was firstly disassembled and cleaned. 

From the auger pyrolysis reactor (including both screws) remaining feedstock not 

converted from previous runs were removed (Figure 19). The post reformer was emptied 

extracting the biochar produced (Figure 20).  

Figure 19 - Cleaning of the auger screw reactor 

 

Moreover, the dust and fine particles from the biochar and SS present in the gas 

tube of the reforming unit were removed to prevent blockages in the following trials 

(Figure 21). Lastly, the condensing unit was cleaned as it can be observed in Figure 22 to 

avoid the contamination between different bio-oils produced in different experiments 
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with different operating conditions. All the material obtained from the cleaning was 

weighed and included in the mass balance. 

Figure 20 - Post reformer disassembled and empty. 

 

 After the cleaning process, the post reformer was filled with 500 g of biochar or 

SS or a mixture in different ratios between both. Fresh biochar from the previous SB and 

OH runs was used, according to the type of feedstock processed and reactor parameters 

applied. The biochar had the role of promoting a catalytic effect in the condensable 

vapours and also in avoiding the entry of fine particles and dust in the outlet of the post 

reformer. Subsequently, the outlet of the auger pyrolysis reactor was attached to the inlet 

of the post reformer as shown in Figure 23. 
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Figure 21 - Post reformer gas tube before and after cleaning 

Figure 22 - Condensing unit being cleaned 
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Figure 23 - Post reformer connected to the auger pyrolysis reactor and condensing unit 

 

The washing bottle connected to the ice bath after the condensing unit was filled 

with 650 mL of aqueous phase produced in the previous trials (Figure 24). Figures 23 and 

24 also shows the bio-oil collection vessel attached to the condensing unit. In the filtration 

unit, activated carbon, candle and glass wool filters were weighed, replaced and 

connected to the plant (Figure 25). Then, the entire TCR-2 plant was closed and flushed 

with N2 at 80 mbar in order to perform a leakage test certifying the unit was tight and 

properly assembled. The N2 pressure was subsequently reduced to 40 mbar to remove the 
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oxygen from the system. When the gas analyser indicated an oxygen content below 0.5% 

the N2 flow was stopped.   

Figure 24 - Washing bottle containing TCR aqueous phase from bio-oil 

 
Figure 25 – Gas filtration unit (activated carbon, candle and glass wool filters)  
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Before the experiment, the auger screw reactor was gradually heated for 80 

minutes to 200 °C in the first area (to evaporate light volatile compounds) and between 

400 and 500 ºC in the second and third area (for intermediate pyrolysis reactions) before 

the introduction of feedstock. In the post reformer stage, the temperatures were set 

between 500 and 700 ºC. During the heating process, the rotating screws were also turned 

on and the speeds of the inner and outer screws were 4 rpm and 1.25 rpm (revolutions per 

minute) respectively. The calibration of the screws was studied and established according 

to the right time required for an efficient conversion of the feedstock through pyrolysis.   

 Once the TCR had reached steady state temperature the first screw in the auger 

reactor was stopped and the sealed hopper (Figure 26) was opened to feed the plant with 

3.5 kg of pelletised biomass (SB or OH). Consequently, the feed hopper was closed and 

the unit was flushed with N2 again to decrease the oxygen below to 0.5%. When the N2 

flow was stopped, the first screw in the auger reactor was turned on initiating the 

introduction of biomass into the TCR-2 at a rate of up to 1.4 kg/h. The solid residence 

time was estimated to be between 5 and 10 min. Due to the process design of the auger 

screw reactor, the carbonised biomass produced promoted an internal catalytic effect 

improving the quality of the TCR-2 products. The biochar and permanent gases formed 

were transported by the screws to the reforming unit. The biochar residence time entering 

in the post reformer was totally regulated through the screws speed of the auger reactor.  

 The post reformer had the double function of collecting the char produced from 

the previous step and of converting the permanent gases into a syngas rich in H2, due to 

the catalytic effect caused by the reactions between the biochar and the pyrolysis vapours. 

During the reforming process, the condensable organic vapours were also catalytic 

upgraded enhancing their chemical and physical fuel properties. The biochar rich in 
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carbon and with low hydrogen and oxygen contents remained in the post reformer until 

the end of the experiment. 

 
Figure 26 - Feed hopper where the pelletised biomass was introduced 

   

 Subsequently, upgraded organic vapours were quenched at -5 ºC in the condensing 

unit to guarantee a complete separation between the pyrolysis liquid and the gas fraction. 

The bio-oil formed was collected and stored every thirty minutes in an external vessel. 

Then, the remaining non-condensable vapours passed through the filtration unit for 

aerosols, fine particles and other contaminants removal. The cleaned gas was directly 

measured and analysed via an online gas analyser/calorimeter. 
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 TCR-2 experiments took around 3 h to be completed and 20 minutes to stabilise. 

The plant was operated in a semi-continuous mode with a pressure of approximately 70 

mbar controlled by a pressure indicator and the TCR software . The unit temperature and 

the gas flow meter were registered every 15 minutes, while the density, HHV and 

composition of the gas were saved automatically. When no gas production was observed, 

the experiment was considered concluded and consequently, the heaters and auger reactor 

screws were switched off.  

 

 
Figure 27 - TCR oil (aqueous phase on the top; organic phase on the bottom) 

 

 The unit cooled down overnight and in the next day, the reactor was disassembled 

and cleaned again. For the mass balance, all the liquids collection vessels, filters and wash 
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bottles were weighed. Additionally, the biochar from the post reformer was collected, 

separated (by physical methods), weighed and sent for analysis. The organic and aqueous 

phases of the bio-oil were separated using a separating funnel (see Figure 27). After 24 

h, the organic and aqueous phases were stored separately, measured and sent for 

characterisation. The permanent gas data (density, HHV and chemical composition) was 

uploaded from the online gas analyser/calorimeter and further analysed. To guarantee the 

reproducibility of the results all trials were performed in duplicate. 

 

TCR-2 experiments were divided into three main groups: 

1) The first group (Set I) was carried out at the same intermediate pyrolysis 

temperature (450 ºC) in the auger screw reactor and three different reforming 

temperatures (500, 600 and 700 ºC) in the post reformer using OH and SB as a 

feedstock in different runs. These parameters were applied to understand which 

reforming temperature was able to favour a higher production of furfural and 2-

furanmethanol in the OH and SB bio-oil. The post reformer was initially filled 

with biochar only.  

2) The second group (Set II) was performed with the same reforming temperature 

(500 ºC in this case) varying the intermediate pyrolysis temperatures (400 and 500 

ºC) converting OH and SB separately. The new variables implemented had the 

objective to realise which pyrolysis temperature caused higher yields of furfural 

and 2-furanmethanol in the OH and SB bio-oil. The post reformer was initially 

charged with biochar only.  

3) In the first part of the third group (Set IIIa), SS (6 mm) was mixed with OH and 

SB biochar (in different trials) in the post reformer at different proportions (30, 
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70 and 100 wt% of SS in the reforming unit). In the second part of the third group 

(Set IIIb), SS (powder) was pelletised only with OH at different ratios (10, 20 and 

30 wt% of SS in the feed composition) and introduced in the auger screw reactor 

(it was not possible to pelletise SS with SB). The difference between OH pellets 

and OH pellets mixed with SS can be seen in Figure 28. These experiments helped 

to comprehend the catalytic effect of the SS (with 2 different methods) on the 

upgradation of the pyrolysis products. The intermediate pyrolysis temperature 

(400 ºC in this case) and the reforming temperature (500 ºC) were always kept the 

same for all experiments with SS.  

The experimental parameters for the different assays can be observed in Table 2. 

 

 

Figure 28 - Pelletisation with SS: (a) OH mixed with SS (30 wt%), (b) OH pellets, and 

(c) SS powder 

 

a) b) c) 
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Table 2 - TCR-2 experimental parameters 

 
Assay 
 

Feedstock Pyrolysis 
Temp. (ºC) 

Reforming 
Temp. (ºC) SS Application SS 

(wt%) 
Char 

(wt%) 

SET I 
1 
 

OH 450 500 - - 100 

2 
 

OH 450 600 - - 100 

3 
 

OH 450 700 - - 100 

4 
 

SB 450 500 - - 100 

5 
 

SB 450 600 - - 100 

6 
 

SB 450 700 - - 100 

   SET II    
7 
 

OH 400 500 - - 100 

8 
 

OH 500 500 - - 100 

9 
 

SB 400 500 - - 100 

10 
 

SB 500 500 - - 100 

   SET IIIa    
11 
 

OH 400 500 Reformer 30 70 

12 
 

OH 400 500 Reformer 70 30 

13 
 

OH 400 500 Reformer 100 - 

14 
 

SB 400 500 Reformer 30 70 

15 
 

SB 400 500 Reformer 70 30 

16 
 

SB 400 500 Reformer 100 - 

   SET IIIb    
17 
 

OH 400 500 Feed (Reactor) 10 100 

18 
 

OH 400 500 Feed (Reactor) 20 100 

19 OH 400 500 Feed (Reactor) 30 100 
 



67 
 

3.5 Products Characterisation 

 After the experiments, the biochar, bio-oil and permanent gases were analysed to 

determine their chemical and physical properties. It is important to know the chemical 

composition of the bio-oil for fuel applications in engines in terms of efficiency and 

performance. Bio-oil samples were analysed to calculate the elemental composition, ash 

content, HHV, viscosity, density, total acid number (TAN), water content and chemical 

compounds. The fuel properties of the bio-oil (viscosity, density, TAN and water content) 

were characterised by Monition Ltd.      

 

3.5.1 Oil and Char Ultimate analysis 

 The elemental composition of solid and liquid fuels are relevant to determine the 

carbon, hydrogen and oxygen contents which are directly associated to the HHV. A higher 

oxygen amount in the bio-oil leads to a lower calorific value and increases the instability 

of the oil accelerating the polymerisation reactions.  High nitrogen and sulphur contents 

are related to NOx and SOx emissions when the pyrolysis oil is combusted. Moreover, 

these two compounds (N and S) can cause engine wear and corrosion due to its strong 

acidity level. C, H, N and S content of the OH/SB oil and char were calculated applying 

the same method as section 3.2.2. Furthermore, the oxygen was determined by difference 

(100 – ∑ (CHNS + ash)). 

 

3.5.2 Oil and Char Ash content 

 Ash is composed of several alkali metals (potassium, calcium and sodium) 

responsible for some engine performance issues such as deposition, corrosion, blocking 

and erosion of the fuel pump, injectors and fuel line.     
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 Oil ash percentage was obtained following ASTM D482 standard. A muffle 

furnace at 775 °C was used to combust the carbonaceous compound obtained from carbon 

residue. Subsequently, the ash produced after the combustion was quantified to calculate 

the respective fraction of the initial bio-oil. The quantification of ash in the char was 

determined at 575ºC as described in section 3.2.1 according to ASTM E1755-01. 

 

3.5.3 HHV 

 Channiwala et al. (2002) fuels equation (7) was used to calculate the HHV of the 

OH/SB oil and char. 

 

3.5.4 Viscosity 

 Viscosity characteristics depend on the pyrolysis conditions and the kind of 

biomass processed being one of the most relevant bio-oil properties for fuel applications 

in engines. A bio-oil with a reasonable viscosity content is beneficial for the prevention 

of internal leakages located in the fuel pump and line, increasing the brake power. 

However, a bio-oil containing high viscosity limits the fuel flow and favours engine 

blockages. The presence of alcohols and a small amount of water decreases the pyrolysis 

oil viscosity improving its stability, combustion and atomization.   

 The viscosity of all bio-oil samples was determined with a Cannon–Fenske 

Routine glass capillary viscometer (ASTM D445). Throughout the analysis, the 

viscometer setting was at 40ºC allowing passage of a specific pyrolysis oil quantity over 

the capillary. The viscosity final result is the multiplication of the oil travelling time 

(registered before) and the viscometer constant. 
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3.5.5 Density 

 Density is a significant feature for the determination of the pyrolysis oil 

consumption rate. A bio-oil rich in high molecular weight components presents higher 

values of density.   

 The bio-oil density was measured at 22 °C using a glass hydrometer between 0.8 

and 1.0 g/cm3 (ASTMD1298). 

 

3.5.6 Total Acid Number (TAN) 

 ASTM D664 was the reference to calculate the oils acid number, using a Mettler 

Toledo V20 Compact titrator (potentiometric titration technique). The solvents toluene 

and isopropanol (50/50) served to dissolve the bio-oil. Thereafter a solution of KOH (0.1 

N) was the reagent selected to titrate potentiometrically the bio-oil using a combination 

electrode. 

 

3.5.7 Water Content   

 The water present in the bio-oil (formed due to the water reactions during 

pyrolysis) is linked to the moisture content of the biomass. A bio-oil with a high water 

content gives phase separation issues and contains a lower ignition temperature, HHV 

and a poor immiscibility with gasoline/diesel fuels. This leads to an increment of viscosity 

and polymerization of the bio-oil affecting the atomisation and the engine combustion 

performance. 

 Mettler Toledo V30 Compact Volumetric Karl Fischer titration was used to 

determine the water percentage of the OH/SB oils (ASTM E203). The value obtained of 

the total sample was revised to weight percent. 
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3.5.8 Gas Chromatography Mass Spectrometry (liquid-GC-MS) 

 GC-MS was performed to detect the most abundant chemical compounds present 

in the OH/SB pyrolysis oil.  

 Bio-oil samples were diluted in ethanol (1:10 ratio) and analyzed with a gas 

chromatograph coupled with a mass spectrometer Shimadzu GCMS-QP2020. 

Chromatograph was equipped with a 30 m nonpolar 0.25-mm inner diameter (i.d.), 0.25-

µm film thickness DB-5ms (column name) and 1.5 m middle polar 0.15-mm i.d., 0.15-

µm film thickness VF17ms (column name) column set from Agilent. Helium with 5.0 

purity was used as carrier gas in all experiments. The injection volume was set to 1µL. 

The measurements were performed at a constant linear velocity (40 cm/min) of carrier 

gas. The temperature of the GC oven was programmed from 40 °C (3 min hold) to 320 

°C (3 min hold) at 10 °C/min. The temperatures of the injector, MS-interface and MS was 

set to 250, 280 and 200 °C respectively. The quadrupole MS detector was operated at a 

scan speed of 5000 Hz using a mass range of 35-500 m/z. Solvent cut time was 3 min. 

 

3.5.9 Gas Analysis 

 The permanent gases produced were frequently analysed and measured using a 

Gas analyzer MGA 12, Dr Födisch Umweltmesstechnik according to EN 15267-3 

standard test procedure. The gas analyser methodology was established on an infrared 

photometer (CO, CO2, CH4), an electrochemical cell (O2) and a TCD (H2). The percentage 

not detected was presumed to be hydrocarbons which the levels were above of the 

analyser limits. The Union Instruments CWD2005 process gas analyser was used to 
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calculate the HHV of the gas fraction. The calibration of the gas analysers were performed 

prior to the experiments. 

 

3.6 Bio-oil Upgrading 

 The pyrolysis oil properties produced via TCR-2 indicate that the fuel would need 

to either be blended with conventional fuels or further upgraded before being applied  as 

an engine fuel. This is due to  its high oxygen and water content, viscosity and acid 

number. In addition, one of the goals of this project was to convert furfural, 2-

furanmethanol and other furans in 2-MF. This bio-oil conversion and the consequential 

improvement of its properties were only possible implementing SS in the TCR reactor 

and upgrading the pyrolysis liquid via HDO. HDO process, catalysts preparation and the 

catalytic characterisation of the OH/SB biochar and SS are described in the following 

sections. 

 

3.6.1 HDO Process 

 TCR bio-oil was hydrodeoxygenated in the Fraunhofer UMSICHT Institute and 

all the experiments were performed in an autoclave reactor (Parr 4575, 500 mL) 

demonstrated in Figure 29. The reactor was equipped with an electric blanket furnace and 

a stirrer. Cu-Zn/Al2O3 and Cu-Mn/SiO2 (powder) were the catalysts selected for the HDO 

and all typical procedures were implemented for the HDO process. 

 For each test, 30 g of bio-oil and 3 g of catalyst (10 wt% of the oil) were introduced 

in the autoclave. The reactor was closed, connected to the HDO plant and purged with 

nitrogen for 10 minutes to remove the oxygen. Consequently, the N2 flow was closed and 

the system was flushed with H2 during 10 minutes to remove the resident nitrogen. Then, 
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the reactor was filled with H2 till 90 bar of pressure and the stirrer was set at 400 rpm. 

The autoclave temperature was raised to 280 or 380 ºC (depending on the experiment) 

and maintained constant for 7 h. Additionally, the stirring (400 rpm) and the H2 pressure 

(90 bar) were also kept constants. After cooling (using an electrical fan), the upgraded 

bio-oil and the catalysts from the HDO autoclave were separated through filtration using 

a separator funnel (Figure 30). 

 

 

Figure 29 - HDO autoclave reactor 

 

During the HDO treatment, TCR-2 bio-oil with higher furfural and 2-

furanmethanol yields was used. Two different temperatures were applied (280 and 380 

ºC) with two different catalysts (Cu-Zn/Al2O3 and Cu-Mn/SiO2) performing a total of 

four HDO experiments. The HDO operation conditions and the selection of catalysts were 

based on the works developed by Yang and Zheng (Yang et al., 2004, Zheng et al., 2008).  
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Figure 30 - Filtration of HDO bio-oil 

 

3.6.2 Catalysts Preparation 

 Cu-Zn/Al2O3 (atomic ratio: Cu/Zn/Al = 54.5/27.3/18.2) and Cu-Mn/SiO2 (molar 

ratio: Cu/Mn/Si = 1/1.12/1.13) catalysts were prepared by Riogenic Lab (USA). The 

technique applied was the impregnation of metal and nitrate salts as precursors with the 

respective supports in oxide form (Al2O3 and SiO2). The thermal calcination/reduction 

was performed in a hydrogen atmosphere at 450 ºC for 4 hours at 40 Mpa. 

 

3.6.3 Porosimetry  

 The surface area of the OH/SB (raw material and biochar) and SS was determined 

using a Micromeritics Baflex Surface Characterisation device. Before the analysis, 0.5 g 

of the sample was heated at 200 ºC during 2h to remove contaminants. Nitrogen was the 
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gas selected for the porosimetry experiments and its absorption on the material surface 

created a monolayer which was used to calculate the specific surface area. Whereas the 

nitrogen capillary condensation allows the measurement of the pore volume/size and size 

distribution.  The 3Flex Version 4.05 software was used to process the data and the 

Brunauer–Emmet–Teller (BET), which is an extended version of the Langmuir model, 

was used to calculate the surface areas 

 

3.6.4 X-Ray Diffraction (XRD) 

 XRD is one of the experimental analytical methodologies applied to identify the 

crystalline phase of a material. This technique provides information about the structure, 

composition, and physical properties of materials.  

 The crystalline phases of the SS, and OH/SB (raw material and biochar) were 

analyzed by a Bruker D2 Diffractometer applying a Co Kα1 and Kα2 radiation (λ = 

1.788965 Å and 1.792850 Å) in θ/θ reflection mode. The diffracted Co Kβ radiation (λ = 

1.620790 Å) was removed by a Ni filter placed in front of the detector. The X-ray source 

was a sealed tube with a cobalt anode and it was used a LYNXEYE position sensitive 

detector. There was a 1.0 mm exit slit between X-ray source and sample. The 3 mm knife 

edge was used all the analyses. 
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4. RESULTS AND DISCUSSION 

 

 The goal of this chapter is to show, compare and discuss all the experimental 

results obtained. This chapter starts with the raw materials characterisation results and 

then investigates the data from TCR-2 experiments in three different sections: a) changing 

the reforming temperature of the post reformer; b) varying the pyrolysis temperature of 

the auger screw reactor and; c) mixing SS in different ratios with the feed in the pyrolysis 

reactor and with the biochar in the reforming unit. Subsequently, the HDO results of the 

bio-oil are presented and discussed. The chapter concludes with a general discussion of 

the experimental findings, identifying the optimal process route and the limitations of the 

practical work performed.                

 All the experiments carried out in this project had the objective of improving the 

scientific limitations found and described in Chapter 2. For that reason, the effect of the 

TCR technology using different biomass and SS as a catalyst to optimise the properties 

of the bio-oil for fuel engines application was investigated.      

 

4.1 Raw Materials Characterisation 

 Both feedstocks (SB and OH) were analysed through ultimate/proximate analysis, 

lignocellulosic composition and HHV. SS was characterised in terms of metal 

composition. 

 

4.1.1 Feedstock Characterisation 

 The ultimate/proximate analysis, HHV and lignocellulosic composition of the SB 

and OH pellets used in the TCR experiments are shown in Table 3. In general SB and OH 
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pellets have a similar elemental composition and HHV. The HHV of SB is slightly higher 

compared to the OH due to its lower moisture and oxygen content and higher carbon 

content. However, the high calorific value of these lignocellulosic residues makes them 

valuable for biofuels production through thermochemical technologies (Varma and 

Mondal, 2017). Results from the ash content show a low level for both feedstocks which 

is an advantage for bio-oil production via intermediate pyrolysis (Abu El-Rub et al., 

2004). In terms of lignocellulosic composition, the high hemicellulose level of the 

biomasses investigated indicates a good source of furfural and xylose components. It is 

detailed in Table 3 that the percentages of xylose in the SB and OH composition are 32.4 

(39.4*82.3) and 26.5% (35.3*75.2), respectively.  

 The SB characterisation values of the current work do not present a close 

correlation when compared to the literature (Al Arni, 2018, Boussarsar et al., 2009, Rocha 

et al., 2015, Varma and Mondal, 2017). There are more than 500 sugarcane species and 

their chemical composition can be slightly different (Rocha, Nascimento et al. 2015).Only 

the ash (3.1 wt%), water (5.4 wt%) content and the elemental composition (44.9 wt% of 

carbon, 5.9 wt% of hydrogen and 45.8 wt% of oxygen) found in Varma and Mondal 

(2017) study is similar to Table 3. Al Arni (2018) investigated bagasse with moisture, ash 

content and HHV of 8.5, 5.9 wt% and 18.2 MJ/kg, respectively. The hemicellulose and 

lignin percentage presented by Rocha et al. (2015) and Boussarsar et al. (2009) were 27.8 

and 21.6 wt% for the first work and 26.2 and 20.4 wt% for the second one. The same 

articles published lower xylose contents in the SB composition (24.0 and 24.1 wt%, 

respectively). 

OH characterisation values obtained are representative compared to the literature 

results found (Abedi and Dalai, 2017, Valdebenito et al., 2017, Zhang et al., 2013). Abedi 
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and Dalai (2017) reported for the same type of biomass 41.8, 6.4, 44.7 wt% and 16.8 

MJ/kg for C, H, O and HHV, respectively.  

 

Table 3 - Feedstock characterisation 

  SB OH 

Ultimate analysis (dry basis)   

C (wt%) 43.7 40.6 

H (wt%) 5.1 6.0 

N (wt%) 0.10 1.1 

S (wt%) 0.61 <0.1 

O (wt%) (difference) 46.5 49.9 

      

Proximate analysis (dry basis)     

Moisture (wt%) 6.0 14.8 

Ash (wt%) 4.0 2.4 

Fixed Carbon (wt%) 17.2 26.4 

Volatiles (wt%) 72.8 56.4 

HHV (MJ/kg) 16.4 16.0 

      

Lignocellulosic composition      

Cellulose (wt%) 43.6 39.6 

Hemicellulose (xylose) (wt%) 39.4 (82.3) 35.3 (75.2) 

Lignin (wt%) 10.8 10.3 

Extractives (wt%) 2.2 12.4 
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However, the same study showed a lower level of moisture (8.5 wt.%) and a higher 

amount of ash (5.8 wt.%), which is a disadvantage for char production and their respective 

properties (Mayer et al., 2012). The work developed by Valdebenito et al. (2017) showed 

oat hulls composed of 38.7 wt% of cellulose, 34.4 wt% of hemicellulose (26.2 wt% of 

xylose) and 11.1 wt% of lignin. Zhang et al. (2013) calculated the elemental composition 

(C, H and O) and HHV for OH obtaining 43.5, 4.7, 45.9 wt% and 16.1 MJ/kg, 

respectively. 

  

4.1.2 Steel Slag Metal Composition 

SS metal composition is shown in Table 4 and the main elements found were 

calcium, iron and magnesium. ICP technique could not identify all the compounds of SS 

such as metal oxides. Calcium is the major metal in SS and its presence in the pyrolysis 

feed promotes the formation of char and ash in its composition (Mayer et al., 2012). 

Moreover, calcium and manganese stimulate the production of hydrocarbons in the 

pyrolysis oil (Nokkosmäki et al., 2000). The high iron composition of SS can favour 

decarboxylation and dehydration reactions converting polysaccharides into furans and 

CO2 and decreasing the acid level of the pyrolysis liquids (Lee et al., 2014, Yang et al., 

2017). 

 The metal composition of SS can vary according to the industrial process and 

operational conditions (Matthaiou et al., 2019). Sun et al. (2018) worked with SS 

containing similar amounts of Ca (35.7%), Fe (24.9%) and Mg (5.1%) but higher Si 

(24.0%) content. From the Matthaiou´s et al. (2019) study, SS presented a similar Fe 

percentage (23.8%) although the Ca (12.1%), Mg (0.83%) and Si (6.7%) contents were 

considerably different. 
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Table 4 - SS metal composition 

Element (dry basis)  Element (dry basis)  

Ca (%) 30.6 Sr (ppm) 169.5 

Fe (%) 24.1 Pb (ppm) 147.5 

Mg (%) 4.9 Sn (ppm) 30.5 

Mn (%) 1.9 Zr (ppm) 22.0 

Si (%) 1.9 Sb (ppm) 17.5 

Al (%) 1.3 Cu (ppm) 14.0 

P (%) 0.59 Zn (ppm) 14.0 

Ti (%) 0.59 Bi (ppm) 11.5 

V (%) 0.50 Ce (ppm) 5.5 

Na (%) 0.42 Lu (ppm) 4.0 

K (%) 0.20 Mo (ppm) 4.0 

Cr (%) 0.18 Li (ppm) 3.0 

B (ppm) 219.0 Y (ppm) 3.0 

Ba (ppm) 205.0 Ni (ppm) 2.5 

Ga (ppm) 177.0 Er (ppm) 2.0 

 

4.2 Different Reforming Temperatures in TCR Process 

 In the first set of tests, TCR trials were performed changing only the reforming 

temperature. The other experimental conditions were kept constant as demonstrated in 

Table 5. 
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Table 5 - TCR runs conditions with different reforming temperatures 

Experimental Conditions Set 1 (Trial 1 to Trial 6) 

Intermediate Pyrolysis Temperature 450 ºC 

Reforming Temperature 500, 600 and 700 ºC 

Feedstock SB and OH 

Feed Consumption 3.5 kg (Pellets) 

Feed Rate 1.4 kg/h 

Solid Residence Time Minutes 

Gas Residence Time Seconds 

Biochar (Reformer) 500 g 

SS (TCR) - 

 

4.2.1 Bio-oil Analysis 

 The properties of the bio-oil organic phase from SB and OH runs, after separation 

from the aqueous phase, are shown in Table 6. For both feedstocks, the results show an 

increase in carbon content and HHV when the post reformer reaches higher temperatures. 

Consequently, it is observed a lower oxygen level when higher reforming temperatures 

are applied. A low oxygen content leads to a better calorific value and reduces the 

instability of the oil deaccelerating the polymerisation reactions and the ageing effect of 

the bio-oil (Ouadi et al., 2018). 

Comparing the HHV value of the bio-oil for all experiments with the original 

feedstock (16.4 and 16.0 MJ/kg for SB and OH, respectively), the potential of the TCR 

technology in valorising the energy density of biofuels per unit volume is recognised. 
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Additionally, TCR runs decreased the oxygen present in the pyrolysis oil from the initial 

feedstock favouring the properties and the stability for fuel applications (Yang et al., 

2013).   

 

Table 6 - SB and OH bio-oil characterization at different reforming temperatures 

(Pyrolysis temperature = 450 ºC) 

  SB OH 

Reforming 

Temperature (°C) 

 
500 600 700 500 600 700 

Ultimate analysis 
 

      

C (wt%)  71.3 74.6 77.2 72.2 77.4 78.8 

H (wt%)  7.1 7.4 8.0 8.2 7.5 7.2 

N (wt%)  0.69 0.56 0.54 1.9 2.7 2.5 

S (wt%)  0.10 0.10 0.18 0.68 0.76 0.77 

O (wt%) (diff.)  20.8 17.4 14.1 17.0 11.7 10.7 

        

Fuel Properties        

HHV (MJ/kg)  31.1 33.0 34.9 33.2 34.6 35.0 

Ash (wt%)  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Water (wt%)  4.7 2.2 1.9 4.8 3.9 2.3 

TAN (mg KOH/g)  27.7 17.3 15.6 30.5 21.4 17.7 

Viscosity (mm2/s)  24.9 13.7 12.1 36.5 35.4 17.8 

Density (kg/m3)  1062 1060 1059 1074 1082 1072 
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 The HHV of bio-oil increased from 31.1 to 35.0 MJ/kg. OH experiments displayed 

better results due to the higher carbon content and lower oxygen level present in the 

pyrolysis oil.  

 Low nitrogen and sulphur contents shown in Table 6 are associated with low NOx 

and SOx emissions when the pyrolysis oil is combusted. Moreover, small portions of these 

two compounds can minimize engine wear and corrosion due to its strong acidity level 

(Hossain et al., 2013). 

  

 The ash content was <0.001% for all the experiments. It is crucial to have a bio-

oil with a low ash composition due to the problems related to engine performance such 

as blocking, corrosion, deposition and erosion of the fuel line, injectors and fuel pump 

(Huber et al., 2006).  

 Concerning water content, lower reforming temperatures showed higher 

percentages which give lower ignition and combustion temperatures in the cylinders and 

subsequently lower NOx emissions (Ouadi et al., 2013). Another feature of a bio-oil with 

a modest moisture level is the reduction in polymerisation which improves the 

atomisation and the engine combustion performance (Ikura et al., 2003). However, when 

the pyrolysis oil contains less water the energy density is higher. Under this fact, it is 

easier to mix the bio-oil with petrol fuels due to a better miscibility and there are less 

issues separating the organic phase from the aqueous one (Chiaramonti et al., 2003). If 

the phase separation is not efficient, the water present in the bio-oil might lead to metal 

electrochemical reactions further up and there is the possibility of microorganisms 

growing and decreasing the stability of the oil (Schleicher et al., 2009). The water is 
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formed due to the moisture of the biomass and also during the dehydration reactions 

which occur in the thermal degradation of the feedstock (He et al., 2009). All SB trials at 

different reforming temperatures contain less moisture when compared to OH. This may 

be caused due to the lower water content present in the raw SB as observed in Table 3. 

 The TAN of SB and OH oil decreased with higher reforming temperatures. Thus, 

there are less organic acid compounds and a reduction of wear and corrosion in engine 

components. The existence of phenolics and other unidentified elements in the oils plus 

the water content may justify the high acid number of the pyrolysis oil at lower reforming 

temperatures found in this work (Santos et al., 2019). This can be minimised by mixing 

the bio-oil with biodiesel or other alkaline fuels. Results from Table 6 show a lower 

acidity of the SB bio-oil which is attributed to the lower water content present in its 

composition when compared to the OH oil. 

 The present study points to higher viscosity with lower reforming temperatures. 

At higher reforming temperatures the organic vapours have a more efficient cracking 

producing lighter chemical compounds causing a lower viscosity level. For that reason, 

the best results were achieved at 700 ºC (12.1 and 17.8 mm2/s for SB and OH bio-oil, 

respectively). According to some studies, the viscosity of the oil should be no more than 

20 mm2/s at 40 ºC (Garcìa-Pérez et al., 2006). A low viscosity level would be beneficial 

to the flow characteristics and consequently results in more complete pumping and 

combustion creating a better engine power performance (Santos et al., 2019). A bio-oil 

with a reasonable viscosity content is beneficial for the prevention of internal leakages 

located in the fuel pump and line, increasing the brake power and the lubricity. On the 

other hand, a bio-oil containing high viscosity limits the fuel flow and favours engine 

blockages causing incomplete combustion and engine power loss (Zhang et al., 2013). 
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 Density is a significant characteristic for the determination of the consumption 

rate of the pyrolysis oil and it is associated with the engine performance in terms of fuel 

injection time and fuel spray penetration in the cylinder (Yamane et al., 2001). Higher 

reforming temperatures lead to the production of compounds with a lower molecular 

weight, and so, decreases the density of the bio-oil. The only exception found in this trials 

was in the conversion of OH at 600 ºC. Oil with lower density led to better combustion 

and more stable engine operation.  

  

 Table 7 shows the properties of several bio-oils from different feedstocks and 

pyrolysis technologies according to the literature review. 

 The present work at 500 ºC (reforming temperature) obtained significantly better 

results in terms of HHV, ash and water content compared to fast pyrolysis process using 

the same biomass (SB) and similar pyrolysis temperatures (around 450 ºC), increasing 

the quality for fuel applications. Pattiya and Suttibak (2017) and  Islam et al. (2010) 

produced SB fast pyrolysis oil (at 430 and 475 ºC, respectively) containing more 49.5 and 

88.0% of oxygen., more 393.6 and 357.4% of water and less of 14.2 and 24.4% of 

calorific value, respectively. The oxygen and water contents of the bio-oil from fast 

pyrolysis are usually between 30-50% and 10-20%, respectively (Bridgwater, 2012). 
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Table 7 - Bio-oil and fuels properties from literature review at different reforming temperatures using several feedstocks and pyrolysis technologies 

Pyrolysis 

Type 

Temperature (ºC) 
Biomass / Fuel 

C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 
Ref. 

Reactor Reformer 

Fast 430 - SB 59.9 7.7 0.90 - 31.1 26.7 0.41 11.7 - 23.2 1100 1 

Fast 475 - SB 52.6 7.4 0.75 0.07 39.1 23.5 0.06 11.6 - 21.5 1150 2 

Intermediate 450 - Barley straw 62.7 8.1 1.4 - 25.8 28.9 0.20 5.8 30.9 30.5 1150 3 

TCR 400 500 SB 53.7 9.7 1.1 0.30 35.2 24.3 <0.10 25.6 11.1 - - 4 

TCR 400 600 SB 71.4 5.4 1.3 0.10 21.8 28.8 <0.10 7.2 12.3 - - 4 

TCR 400 700 SB - - - - - 33.9 <0.10 2.6 16.1 - - 4 

TCR 450 500 Digestate 78.0 8.3 5.2 1.2 7.0 36.3 0.20 2.0 8.8 - - 5 

TCR 450 750 Digestate 79.6 7.0 5.2 1.1 7.0 37.4 0.10 2.0 5.1 40.0 - 5 

TCR 450 600 Wheat Husk 56.3 7.8 4.8 1.4 29.7 26.0 <0.001 1.0 29.9 145.2 - 6 

TCR 450 700 MSW 83.7 7.5 1.8 0.20 6.7 38.2 <0.05 3.2 2.9 6.5 - 7 

TCR 450 700 Co-form rejects 87.6 8.1 0.27 0.05 3.8 39.3 0.10 0.10 0.78 1.7 - 8 

TCR 450 700 SB 77.2 8.0 0.54 0.18 14.1 34.9 <0.001 1.9 15.6 12.1 1059 9 

- - - Biodiesel 78.9 12.6 <0.10 0.74 8.4 37-40 <0.10 0.37 0.49 1.9-6.0 880 10 

- - - Diesel 84-87 13-16 <0.10 <0.10 1.0 42-45 <0.01 0.05 0.03 1.9-5.5 820-850 11 

1 - (Pattiya and Suttibak, 2017); 2 - (Islam et al., 2010); 3 - (Yang et al., 2014); 4 - (Ahmad et al., 2018); 5 - (Neumann et al., 2016); 6 - (Santos et al., 

2019); 7 - (Ouadi et al., 2017); 8 - (Ouadi et al., 2018); 9 - Present work; 10 - EN 14214; 11 - EN 590.
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The most relevant variation between fast and intermediate technologies is the solid 

residence times, causing a different heat transfer to the biomass. It leads to better control 

of the chemical reactions and a lower thermal cracking of the bio-components in the 

intermediate pyrolysis, resulting in less tar formation and general optimization of the 

process (Dhyani and Bhaskar, 2018). Pyrolysis oil from the intermediate process contains 

less water, tars and ashes (lower contamination level) and it is easier to separate the 

organic phase from the aqueous phase, contrasting with fast pyrolysis (Yang et al., 2014, 

Zhang et al., 2007). 

 The benefits of mixing biochar with fresh biomass were proven via intermediate 

pyrolysis. The effect of char recycling is the novelty of this reactor type creating an 

additional catalytic effect in the process. This leads to a better quality pyrolysis oil when 

compared to commercial bio-oils from fast pyrolysis due to oil formation with lower 

molecular weight (mainly aromatics such as benzene, toluene and ethylbenzene and 

olefins) increasing the calorific value of the bio-oil (Hornung et al., 2011, Ouadi et al., 

2013). 

 

 Yang et al. (2014) worked with the Pyroformer reactor converting barley straw 

under intermediate pyrolysis conditions and operating with similar temperature as this 

section (450 ºC). The HHV presented were lower (28.9 MJ/kg) in comparison to the 

current set of tests which can be explained as being due to the catalytic activity occurring 

inside the post-reformer reactor. In addition, TCR runs could produce better bio-oil in 

terms of fuel properties (mainly at higher reforming temperatures) except for the 

viscosity.  
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 It has been demonstrated that the utilisation of biochar as a catalyst in the 

reforming unit upgraded the organic vapours into high-quality pyrolysis liquids. This 

carbonised solid presents a good surface and other chemical and structural properties 

which promotes a catalytic treatment in the volatiles before their condensation, reducing 

the content of water and oxygen and increasing subsequently the HHV of the pyrolysis 

liquid (Dhyani and Bhaskar, 2018, Jager et al., 2016). 

  

 Ahmad et al. (2018) and Neumann et al. (2016) reported the same trend when they 

increased only the reforming temperature through TCR technology. With the increment 

of temperature both works show an improvement of the bio-oil properties such as less 

water and oxygen, more carbon content and better HHV. The experimental conditions 

(biomass and reforming temperature) of the present study were identical to Ahmad et al. 

(2018), except in the temperature of the intermediate pyrolysis reactor. Ahmad et al. 

(2018) produced a bio-oil with lower carbon and HHV and higher water and oxygen 

contents, which might be explained due to lower pyrolysis temperature (400 ºC) and SB 

feedstock with a different chemical composition. On the other hand, Neumann et al. 

(2016) obtained better results analysing the lowest reforming temperature (500 ºC) 

between both works. SB and OH biomasses contain more oxygen and less carbon and 

hydrogen (Table 3) when compared to digestate (38.5, 51.8 and 6.3 wt%, respectively), 

affecting the properties and the quality of the pyrolysis liquid.  

 Under the same conditions as Miloud’s et al. (2017) and Miloud’s et al. (2018) 

works, where MSW and co-form rejects were processed via TCR at 700 ºC reforming 

temperature, the bio-oil revealed better fuel properties in relation to HHV, moisture, TAN 

and viscosity. Once again, the justification was found in the chemical composition of 
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MSW and co-form rejects feedstocks presenting a higher calorific value (18.3 and 20.4 

MJ/kg, respectively) and lower oxygen content (31.4 and 30.2 wt%, respectively). Co-

form rejects contain a high polypropylene content which is converted directly into 

hydrocarbons. 

 In the work developed by Santos et al. (2019), the TCR oil from wheat husk at 

600 ºC indicated a worse quality when compared to SB and OH trials at the same 

temperature. The different chemical composition found in the wheat husk might be the 

reason for the differences. Despite the slight differences between the results of the present 

work and the values found in the literature review for the reasons mentioned previously, 

the SB and OH bio-oil are in agreement with the standards of the TCR technology. 

  

 In comparison to biodiesel, the heating value of bio-oil from SB and OH on 

average at 700 ºC was very close to the measured heating value of this fuel (37.0 MJ/kg). 

The TCR oil was found to be satisfactory, however this is not the case when compared to 

diesel (42 MJ/kg). The difference between pyrolysis liquid and diesel is related to the 

higher oxygen content of biomass-derived fuels, due to the presence of certain compounds 

such as carboxyl hydroxyl, aldehyde, ether and carbolic groups (Liu et al., 2014). The 

oxygen content of OH was slightly higher with 8.4 wt% for biodiesel, but almost 10 times 

higher than the diesel (1.0 wt%). Therefore, SB/OH bio-oil and biodiesel present lower 

combustion power due to the higher oxygen amount in their chemical composition 

(McDonnell et al., 1999).  

 Tables 6 and 7 also display a parallel carbon value between the SB/OH oil (77.2 

and 78.8 wt%) and biodiesel (79.9 wt%), but diesel contains around 6.6-8.8% more 

carbon. Hydrogen contents in the biodiesel and diesel (12.6 and 13.0 wt%) were 
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approximately 62% higher than OH experiment at 700 ºC (8.0 wt%). The small amount 

of nitrogen and sulphur in the SB oil, biodiesel and diesel might produce a combustion 

gas with low NOx and SOx emissions.       

 The analysis of the fuel properties between the pyrolysis liquid and 

biodiesel/diesel are essential to evaluate the potential as an engine fuel. The ash content 

was <0.001% for all the experiments. This value is acceptable in comparison with diesel 

(0.01%) and biodiesel (0.10%) for engine applications and furnaces.  

  SB and OH trials contain more water than biodiesel (0.37 wt%) and diesel (0.05 

wt%) attributed to the higher amount of oxygen in the bio-oil. Consequently, the HHV of 

the pyrolysis liquid is less attractive as an energy vector.   

 The acid number found in this work is relatively high compared to biodiesel (0.49 

mg KOH/g) and diesel (0.03 mg KOH/g). This may be caused by the water content of the 

SB/OH oils and a chemical composition rich in phenolics. In general, a high acid number 

is not suitable for engine applications as it causes corrosion and damage to fuel system 

components (Ouadi et al., 2018).  

 Results from the viscosity show a SB oil at 700 ºC (12.1 mm2/s) with more than 

the double of the value of the biodiesel (6.0 mm2/s) and diesel (5.5 mm2/s). A reasonable 

viscosity is positive to lubricate the engine system reducing mechanical wear, however is 

harmful to the flow characteristics provoking engine power loss and inefficient 

combustion (Hossain et al., 2013).     

 In terms of density, SB/OH bio-oil has higher values when compared to biodiesel 

(880 kg/m3) and diesel (850 kg/m3). The existence of more oxygenated compounds in the 

pyrolysis oil causes a liquid more dense due to the presence of higher weight molecules. 
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When a bigger mass of dense liquids are injected in the system, the heating process of the 

oils is not so efficient affecting the performance of the engine (Yamane et al., 2001).  

 In conclusion, TCR oil from SB and OH indicated some positive aspects to be 

applied as fuel for engines when compared to other pyrolysis technologies as fast 

pyrolysis. It demonstrated sufficient quality to be burned in CHP engines, boilers, 

combustors or similar applications. 

 However, some of the physical and chemical properties may affect the 

performance and the lifetime of the engine contrasting with the utilisation of the biodiesel 

and diesel. Therefore, to be used as a transportation fuel or blended with fossil fuels, it is 

necessary to submit this bio-oil to a HDO upgrading treatment.  

 Moreover, the pyrolysis liquid is highly miscible with diesel and biodiesel which 

can improve the characteristics of the fuel alleviating some negative aspects during the 

operation of the engine (Yang et al., 2013). 

 

4.2.2 GC-MS Analysis of Bio-oil 

 The organic fraction of SB and OH bio-oils were analysed through GC-MS and 

the results are demonstrated in Table 8. The concentration (%) given in Table 8 provides 

information about an estimated mass fraction of each organic compound. Figures 31 and 

32 show the chromatograms of the bio-oils at different reforming temperatures, where the 

16 most important and abundant peaks were identified (each spectrum contains around 

250 peaks related to different chemical compounds). The main peaks identified in this 

study for the SB bio-oils were also found in Ahmad et al. (2018) work, which also 

converted SB at the same reforming temperatures (500, 600 and 700 ºC) via TCR 

technology.    
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Table 8 - Compounds detected and identified by GC-MS of the SB and OH bio-oil at 

different reforming temperatures (pyrolysis temperature = 450 ºC) 

  
 

Uncertainty = 2.3 - 2.7% SB OH 

Reforming Temperature (ºC) 500 600 700 500 600 700 

# Group Chemical Compound Conc. (%)  Conc. (%) 

1 Aromatic Benzene 1.6 2.2 3.9 0.93 3.2 3.2 

2 Aromatic Toluene 2.9 3.99 4.9 3.2 6.1 4.6 

3 Furan Furfural 2.4 1.2 - 0.93 0.19 - 

4 Furan 2-Furanmethanol 0.39 0.16 - 1.2 0.29 0.13 

5 Aromatic Benzene, 1,3-dimethyl- 1.0 0.9 0.9 0.71 1.3 0.93 

6 Aromatic 1,3,5,7-Cyclooctatetraene 1.5 2.3 4.4 1.2 3.3 3.5 

7 Phenol Phenol 6.1 7.6 7.7 5.7 6.6 5.1 

8 Phenol Phenol, 2-methyl- 3.3 4.4 6.6 3.0 5.2 4.7 

9 Phenol Phenol, 3-methyl- 5.6 6.9 4.4 4.7 5.3 3.4 

10 Phenol Phenol, 2,4-dimethyl- 1.3 1.3 0.52 1.1 1.1 0.44 

11 Phenol Phenol, 4-ethyl- 7.8 6.4 1.9 6.2 3.8 2.5 

12 Aromatic Naphthalene 2.1 3.2 14.3 1.4 4.8 7.1 

13 Furan Benzofuran, 2,3-dihydro- 5.0 5.1 2.9 2.2 2.8 1.6 

14 Aromatic Naphthalene, 1-methyl- 0.88 1.3 2.5 1.1 1.4 1.5 

15 Aromatic Acenaphthylene 0.34 0.60 2.6 0.51 1.1 1.8 

16 Aromatic Phenanthrene 0.31 0.16 2.0 0.37 0.45 1.3 

- Total Furans - 9.9 9.5 8.4 5.8 8.6 5.6 
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Figure 31 - GC-MS chromatograms of SB bio-oil and compounds detected at 450 ºC 

(reactor temperature) and different reforming temperatures (500, 600 and 700 °C) 
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Figure 32 - GC-MS chromatograms of OH bio-oil and compounds detected at 450 ºC 

(reactor temperature) and different reforming temperatures (500, 600 and 700 °C) 
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 Generally, the pyrolysis oils are a mix of complex chemical compounds 

containing carbons chains between C5 and C15 (Balat, 2011). It can be analysed that the 

SB and OH bio-oils are mostly composed of aromatics and oxygenated organic 

compounds such as phenols and furans. Aromatics and phenols are collectively the 

biggest fractions of the pyrolysis liquids and furans are the less abundant compound. 

Phenols are derived from lignin while furans from hemicellulose  and its presence in TCR 

liquids proves that both compounds were thermally degraded during the pyrolysis 

conversion (Yin et al., 2013). Phenols and furans are all flammable organics, however, 

phenols are also one of the reasons for high acidity of the oils (Yang et al., 2014). This 

can explain the high acid number found in Table 6 for SB and OH bio-oils. Inversely, 

aromatic hydrocarbons may guarantee good combustibility of the oil for application as 

energy fuels which can improve blending capabilities with fossil fuels (Ouadi et al., 

2017). It is observed through the peaks that the chemical composition of both bio-oils at 

the same temperature is quite similar regarding the chemical group. This is consistent 

with the similarities between the chemical composition of SB and OH biomasses (Table 

3) and respective bio-oils (Table 6). 

 Lower reforming temperatures are the most efficient to produce furans (including 

furfural and 2-furanmethanol). The highest yields for these chemical compounds were 

achieved by converting SB at 500 ºC (9.9% of furans). Converting cellulose at low 

temperatures reduces the polymerisation reactions, raising the number of free radicals and 

subsequently promoting the formation of aldehyde, carboxyl and carbonyl compounds 

(Shafizadeh and Lai, 1972). This extra proton addition can favour the production furfural 

and 2-furamenthanol at low heating temperatures (Roman-Leshkov et al., 2007). SB oil 



 

95 
 

contains more furans due to its higher amount of hemicellulose and xylose when 

compared to OH feedstock (Table 3). 

 Higher temperatures in the post reformer generate less furfural and 2-

furanmenthanol, however, an increment of phenols and aromatics was observed. Lignin 

degradation contrasts cellulose and hemicellulose, favouring the formation of phenols 

when higher temperatures are applied. Additionally, the presence of biochar in the 

reformer might help to break the lignin structure stimulating the production of phenols. 

Between 500 and 600 °C, the increase of aromatics (such as benzene, toluene and 

naphthalene) could improve the fuel properties and the HHV of the SB and OH oils (Table 

6) resulting in better engine performance. 

 When the reforming temperature was set at 700 ºC, a significant reduction of 

furans in the bio-oil was observed. Interestingly, the same trend occurred in the phenols 

yields when compared to the pyrolysis oils produced at lower reforming temperatures. 

One of the explanations can be the occurrence of secondary reactions such as 

deoxygenation which converted phenols to aromatics (Ahmad et al., 2018). Moreover, 

the increase of aromatics in the bio-oil at 700 ºC is evident in Table 8.     

 It is visible that the variation of reforming temperature has a substantial effect on 

the properties of the pyrolysis liquid changing its chemical composition and quality. 

 

4.2.3 Gas Analysis 

 The biomass decomposition and the following catalytic treatment in the reforming 

unit are responsible for the production of permanent gases (Yang et al., 2014). The gases 

detected from gas fraction (Table 9) were H2, CH4, CO, CO2 and CXHY. H2O is not present 

in Table 9 because most of the water was condensed in the cooling system to produce 
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pyrolysis oil. There is no oxidation-reduction reaction during this process due to the total 

absence of oxygen. 

 

Table 9 - SB and OH permanent gas composition at different reforming temperatures 

(Pyrolysis temperature = 450 ºC) 

  SB OH 

Reforming Temperature (°C) 500 600 700 500 600 700 

Component             

H2 (vol%) 25.7 30.4 30.9 15.8 30.1 31.6 

CH4 (vol%) 13.5 9.6 10.2 7.0 5.8 6.9 

CO (vol%) 20.2 18.5 23.6 25.5 21.2 25.2 

CO2 (vol%) 28.8 25.6 21.8 25.6 20.9 18.5 

CXHY (vol%) 2.3 2.0 1.4 2.7 2.4 1.5 

Non-detectable compounds (vol%) 9.5 13.9 12.1 23.4 19.7 16.5 

HHV (MJ/kg) 15.9 17.0 18.4 15.3 18.0 18.8 

Density (kg/m3) 0.89 0.78 0.73 1.2 1.0 0.96 

 

 At the lowest reforming temperature (500 ºC) CO2 is the main component for both 

feedstocks. CO2 production is associated to the decomposition of hemicellulose and 

cellulose due to the thermal cracking of carbonyl and carboxyl groups (Uddin et al., 

2014). These reactions occur mainly at lower temperatures which are in agreement with 

the reduction of CO2 volume when the reformer reaches higher temperatures. It is 

observed in Table 9 a higher CO2 amount in the SB gas for all reforming temperatures 

which can be associated to the higher cellulose and hemicellulose content found in the 
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SB compared to OH (Table 3). The higher presence of CO2 rather than H2 in the syngas 

is the main reason for a lower HHV at 500 ºC. 

 The pyrolysis gas was composed mostly of H2 and CO at higher reforming 

temperatures, except in the SB experiment at 600 ºC. When there is a rise of temperature, 

the degradation, devolatilisation and thermal cracking of feedstock are promoted. 

Simultaneously, secondary reactions such as decarboxylation,  dehydrogenation, 

decarbonylation and deoxygenation stimulate the production of H2 and CO (He et al., 

2010). It is notable how the increase of H2 in the syngas causes a superior HHV. 

Accordingly, the OH pyrolysis gas at 700 ºC is the one containing higher H2 yield (31.6 

vol%) and consequently the better caloric value (18.8 MJ/kg). 

 Methane production is caused by the degradation of lignin (Yang et al., 2007). 

The higher CH4 percentage observed in SB runs can be linked to the bigger amount of 

lignin found in this biomass compared to OH feedstock. 

 The non-detectable gas fraction can be the presence of hydrocarbons as propane 

and ethylene which could not be read by the gas analyser. Light hydrocarbons and short-

chain compounds result in the fragmentation and disintegration of the linkage between 

the polymer and monomers (Morf et al., 2002). This may be a cause of the reduction in 

CXHY components and density when the reforming temperature is increased. 

 

 Table 10 displays the gas composition of different permanent gases from diverse 

biomasses and pyrolysis technologies found in the literature review. 
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Table 10 - Pyrolysis gas composition from literature review at different reforming temperatures using several feedstocks and pyrolysis 
technologies  

Pyrolsysis 

Type 

Temperature (ºC) 
Biomass 

H2 

(vol%) 

CH4 

(vol%) 

CO 

(vol%) 

CO2 

(vol%) 

CxHy 

(vol%) 

HHV 

(MJ/kg) 

Density 

(kg/m3) 
Ref. 

Reactor Reformer 

Intermediate 450 - De-inking sludge 1.9 6.3 25.5 66.3 - 6.2 - 1 

Intermediate 450 - Digestate 7.0 5.0 43.0 40.0 - 9.7 - 2 

TCR 400 500 SB 12.1 19.5 32.8 32.9 - 13.8 1.3 3 

TCR 400 600 SB 20.2 12.1 29.8 27.9 - 15.3 1.2 3 

TCR 400 700 SB 28.7 13.1 21.3 25.1 - 16.2 1.1 3 

TCR 450 500 Digestate 21.0 5.0 14.0 40.0 - 13.1 - 2 

TCR 450 750 Digestate 37.0 3.0 12.0 28.0 - 14.4 - 2 

TCR 450 600 Wheat husk 19.4 12.3 26.4 26.9 3.6 20.6 1.2 4 

TCR 450 700 MSW 36.0 14.0 12.0 21.0 6.0 17.2 - 5 

TCR 450 700 Co-form rejects 13.0 13.0 12.3 3.1 5.0 11.0 - 6 

TCR 450 700 SB 30.9 10.2 23.6 21.8 1.4 18.4 0.73 7 

1 - (Ouadi et al., 2013); 2 - (Neumann et al., 2016); 3 - (Ahmad et al., 2018); 4 - (Santos et al., 2019); 5 - (Ouadi et al., 2017); 6 - (Ouadi et 
al., 2018); 7 - Present work.
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Ouadi et al. (2013) and Neumann et al. (2016) used the intermediate pyrolysis 

reactor to process de-inking sludge and digestate at 450 ºC. The existence of the reforming 

unit in the present study affected drastically the H2 yield and consequently the HHV. 

Comparing the lowest HHV of this section of runs shows the significant difference 

between 15.3 MJ/kg (OH at 500 ºC) and 6.2 and 9.7 MJ/kg for Ouadi et al. (2013) and 

Neumann et al. (2016) respectively. In the reforming stage, the biochar works as a catalyst 

and favours the deoxygenation reactions resulting in the formation of H2 and improving 

the calorific value (Henkel et al., 2016). Moreover, when the organic vapours are in 

contact with the biochar at high temperatures different types of chemical reactions occur 

(water gas shift reaction, steam reforming reaction and hydrogasification reaction) 

increasing the yields of fuel gases such as H2 and CH4 (Neumann et al., 2016, Yang et al., 

2013). 

 In the present work, the increment of the reforming temperature increased the H2 

volume but reduced the amount of CO2 and the density of the syngas. The same trend was 

observed in the works of Ahmad et al. (2018) and Neumann et al. (2016) using the same 

technology to convert SB and digestate, respectively. The HHV of the present study for 

the three SB experiments (15.9, 17.0 and 18.4 MJ/kg) is superior to Ahmad et al. (2018) 

(13.8, 15.2 and 16.2 MJ/kg) for the same reforming temperatures (500, 600 and 700 °C, 

respectively) and feedstock. A possible reason is the lower pyrolysis temperature (400 

°C) used by Ahmad et al. (2018). SB biomass also presented a slightly different chemical 

composition in terms of hydrogen and water content affecting the H2 yield and 

automatically the HHV. 

 Santos et al. (2019) using wheat husk produced a TCR syngas at 600 °C and the 

same reactor temperature (450 °C) with better calorific value (20.6 MJ/kg) than the SB 
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and OH trials (17.0 and 18.0 MJ/kg, respectively). Despite of lower H2 yield, the gas 

generated by Santos et al. (2019) presented higher CH4, CO and CxHy volume which 

might have increased the HHV. In addition, the selection of feedstock has a very 

important role in the properties of the syngas.   

 On the other hand, Miloud et al. (2017) and Miloud et al. (2018) presented lower 

HHV producing pyrolysis gas via TCR at 700 °C with MSW (17.2 MJ/kg) and co-form 

rejects (11.0 MJ/kg), respectively. In this case, SB and OH demonstrated to have better 

potential in the production of syngas with higher energy density. 

 

 The pyrolytic gas produced in this section at high reforming temperatures contains 

a reasonable amount of combustible gases (H2, CO, CH4 and other hydrocarbon gases) 

and HHV to be used as an energy vector. One of the applications could be the generation 

of heat and power trough CHP units or burnt as a fuel onsite to meet the energy demands 

of the industrial plant. 

 

4.2.4 Char Analysis 

 The elemental composition of the biochar, ash and its energy content is 

represented in Table 11. Biochar is composed of fixed carbon and ash. Fixed carbon is 

the solid left after the extraction of volatiles, ash and moisture and is the combustible 

substance of biochar contributing for the increment of the calorific value. However, the 

presence of ash has the opposite effect decreasing the char HHV (Laird, 2008). The SB 

and OH biochar contain more ash than the initial feedstock (4.0 and 2.4 wt%, 

respectively) since non-volatile inorganics always remain inside of the solid particle 

(Zhou et al., 2017). 
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Table 11 - SB and OH biochar characterisation at different reforming temperatures 

(Pyrolysis temperature = 450 ºC) 

  SB OH 

Reforming Temperature (°C) 500 600 700 500 600 700 

Ultimate analysis             

C (wt%) 70.3 77.0 78.2 79.3 81.0 78.6 

H (wt%) 1.6 1.5 1.3 2.0 1.9 1.8 

N (wt%) 0.39 0.34 0.43 1.1 1.0 1.0 

S (wt%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

O (wt%) (diff.) 11.6 2.1 1.1 5.7 5.1 5.3 

Ash (wt%) 16.1 19.0 18.8 11.8 10.8 13.2 

HHV (MJ/kg) 24.9 28.0 28.4 29.2 29.7 28.7 

 

 Results from Table 11, show an increment of the carbon content and HHV when 

the reforming temperature is increased except in the OH trial at 700 °C. At higher 

temperatures, the aromatisation reactions are favoured increasing the aromatic rings and 

subsequently the C-C bonds in the char (Yang et al., 2007). This means more fixed carbon 

in the biochar (McKendry, 2002). It is not a coincidence that the experiment with better 

HHV (OH at 600 °C) is the one containing more carbon and less ash. This is even more 

obvious when comparing higher and lower calorific values in the biochars according to 

their carbon content. 

 The fixed carbon and ash contents calculated for OH (26.4 and 2.4 wt%, 

respectively) and SB (17.2 and 4.0 wt%, respectively) feedstocks are also a reflection of 

the results presented in Table 11. OH biochar has a better HHV for all reforming 
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temperatures due to the higher fixed carbon and lower ash content found in the original 

biomass. 

 

 Table 12 shows the composition of several biochars from different feedstocks 

and pyrolysis technologies according to the literature review. 

 SB biochars from this study presented a better energy density when compared to 

Mesa-Perez et al. (2013) and Doumer et al. (2015) works, which applied fast and slow 

pyrolysis in the conversion of the same biomass (SB). The extended residence time of the 

biochar in the reforming unit might cause a secondary cracking reaction producing coke 

and consequently a TCR char with more carbon and less water. 

 However, Yang et al. (2014) produced biochar with higher calorific value than the 

results from Table 11. In his work, wood was converted trough intermediate pyrolysis 

using the Pyroformer reactor at 450 °C. The different feedstock used (wood) contributed 

to generate biochar with a reasonable carbon amount (75.6 wt%), higher hydrogen content 

(3.4 wt%) and lower ash amount (10.6 wt%) when compared to the SB and OH 

experiments. 

 Ahmad et al. (2018) and Neumann et al. (2016) processed SB and digestate using 

the same technology (TCR) and heating the biomass with different reforming 

temperatures. Surprisingly, the HHV of the biochar decreased when they submit the 

feedstocks at higher reforming temperatures which is the opposite effect occurred in the 

present tests. However, above 600 ºC there are more aromatization  reactions increasing 

the aromatic rings and consequently the carbon content of the biochar (Yang, Yan et al. 

2007). Therefore, the HHV of biochar should be higher and not lower when the reforming 

temperature is increased.
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Table 12 - Biochar characterization from literature review at different reforming temperatures using several feedstocks and pyrolysis technologies  

Pyrolysis 

Type 

Temperature (ºC) 
Biomass 

C 

(wt%) 

H (wt%) N 

(wt%) 

S 

(wt%) 

O (wt%) Ash 

(wt%) 

HHV 

(MJ/kg) 
Ref. 

Reactor Reformer 

Fast 470 - SB 41.3 2.9 0.40 0.10 21.5 33.8 14.2 1 

Slow 350 - SB 65.0 4.2 0.55 - 24.8 5.5 24.3 2 

Intermediate 450 - Wood 75.6 3.4 0.22 - 10.2 10.6 30.1 3 

TCR 400 500 SB 67.9 1.6 0.52 0.51 - 30.5 24.0 4 

TCR 400 600 SB 65.8 0.87 0.48 0.04 - 32.6 23.1 4 

TCR 400 700 SB 64.5 0.70 0.54 0.03 - 32.2 21.2 4 

TCR 450 500 Digestate 83.7 4.7 2.7 0.50 8.4 38.4 18.9 5 

TCR 450 750 Digestate 92.2 5.0 2.1 0.70 0.0 41.6 17.3 5 

TCR 450 600 Wheat husk 76.5 2.2 3.3 0.10 6.1 11.8 28.4 6 

TCR 450 700 MSW 47.3 0.8 1.0 0.30 5.7 44.9 17.0 7 

TCR 450 700 Co-form rejects 83.9 1.7 0.49 0.06 1.9 11.9 30.8 8 

TCR 450 700 OH 78.6 1.8 1.0 <0.10 5.3 13.2 28.7 9 

1 - (Mesa-Pérez et al., 2013); 2 - (Doumer et al., 2015); 3 - (Yang et al., 2014); 4 - (Ahmad et al., 2018); 5 - (Neumann et al., 2016); 6 - (Santos et al., 

2019); 7 - (Ouadi et al., 2017); 8 - (Ouadi et al., 2018); 9 - Present work. 
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Santos et al. (2019) processing wheat husk at 600 °C in TCR obtained a very close 

HHV (28.4 MJ/kg) compared to SB trial (28.0 MJ/kg) which can be correlated with 

similar carbon contents found in both biochars (76.5 and 77.0 wt%). OH experiment at 

the same reforming temperature presented a better caloric value than the previous work 

(29.7 to 28.4 MJ/kg) due to its lower ash content (10.8 to 11.8 wt%) and higher carbon 

value (81.0 to 76.5 wt%). 

 The same results were observed by Miloud et al. (2017) and Miloud et al (2018) 

studies converting MSW and co-form rejects at 700 °C via TCR. For the first work, the 

high ash content and low carbon value (44.9 and 47.3 wt%, respectively) reflected in a 

lower HHV biochar (17.0 MJ/kg) when related to SB and OH runs (28.4 and 28.7 MJ/kg, 

respectively). In the second work, co-forms rejects biochar presented higher carbon 

content (83.9 wt%) and lower ash amount (11.9 wt%) obtaining a better energy density 

(30.8 MJ/kg) than SB and OH runs at 700 °C. 

 Comparatively to classic sub-bituminous coal with a carbon content of 73.9% and 

a HHV of 29.05 MJ/kg (Kabe et al., 2004), this set of experiments got a very similar HHV 

excluding the SB char produced at 500 °C. 

 

 The char energy content is influenced by the reforming temperature used in the 

TCR and its valuable HHV can be useful for combustion in furnaces, gasifiers and boilers 

to generate heat and power (Santos, Ouadi et al. 2019). The same char has other promising 

applications, such as soil amendment, carbon sequestration and fertiliser (Kirby, Hornung 

et al. 2017). Another application of the char is the catalytic conversion, which is related 

to its surface properties and inorganic composition (Mullen et al., 2010). 
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4.2.5 Mass Balance and Energy Yield 

 Figures 33 and 34 indicate the mass balance and the energy yield for the SB and 

OH products obtained during the TCR experiments. The equations for the calculation of 

the mass balance and energy yield can be found in the Appendix B. 

 Lower reforming temperatures enhance the formation of bio-oil and char 

minimizing the percentage of gas. The decomposition of hemicellulose and cellulose 

occurs at lower temperatures (220-350 ºC and 315-400 ºC, respectively) promoting 

depolymerisation and devolatilization of volatiles resulting in better yields for bio-oil 

production (Yang et al., 2007). In some cases, lower temperatures are not sufficient for 

complete pyrolysis resulting in a higher biochar yield than bio-oil (Greenhalf et al., 2013). 

Low temperatures also help for the non-oxidation of the carbonaceous substance and 

causes the condensation of benzene rings through charring reactions stimulating the 

formation of biochar (Van de Velden et al., 2010). Moreover, it was found that low 

pyrolysis temperatures are beneficial for cross-linking reactions causing higher levels of 

biochar production (Greenhalf et al., 2012).   

 The best pyrolysis oil and char yields were obtained at 500 ºC for both feedstocks. 

OH run presented the biggest value for bio-oil production with 7.6 wt%, while SB trial 

was the most productive one in terms of char formation (26.6 wt%). SB experiments 

obtained better biochar yields when compared to OH in all reforming temperatures, due 

to the higher amount of lignin and ash present in the SB biomass (see Table 3).  

 The rise in the reforming temperature reduced the amount of condensate (bio-oil 

and aqueous phase) and biochar, however it increased the formation of gas resulting in  

the decomposition of the biochar at higher temperatures in the post reformer. When the 

temperature is higher than 500 ºC, the main reactions taking place are dehydrogenation, 
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cracking, aromatisation and volatilization (Blanco and Chejne, 2016). Gas production is 

mostly dependent on cracking and volatilization reactions, specifically above 575 ºC 

where complex volatile compounds are reduced to lighter molecules such as CH4, CO2 

and CO (Henkel et al., 2016). In addition, char acts as a catalyst at higher temperatures 

and enhances the deoxygenation reaction resulting in the formation of CO, CO2 and H2O 

(Henkel et al., 2016). Secondary degradation reactions also occur at higher temperatures 

decreasing the liquid amount in order to maximise the gas yield. 

  

 

Figure 33 - Mass balance of SB and OH trials at different reforming temperatures 

(pyrolysis temperature = 450 ºC) 
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 The highest gas yields were found in the conversion of SB and OH at 700 ºC where 

the results obtained were 50.4 and 53.2 wt%, respectively. 

 A good mass balance was obtained for all TCR experiments performed in this 

section. The biomass conversion into products was higher than 93 wt% and only 3.2 wt% 

was not converted in the best scenario case (OH at 500 ºC). These results show the 

potential of the TCR process as an efficient technology for conversion of biomass into 

valuable products. The losses can be justified by errors during the weight measurements, 

the bio-oil left in the condensing unit after each run which is tricky to determine during 

cleaning (Figure 22) and escaping gases not detected by the gas totalizer. For both 

biomasses, it was noticed an increment of mass losses when the reforming temperature 

was raised. Higher reforming temperatures produce more syngas and small particles (not 

efficiently detected by the gas totalizer due to the technology limitations) increasing the 

amount of escaping gases not measured through the gas totalizer. 

 

 The biggest energy fraction for the lowest reforming temperature was the biochar 

with 40.4% for SB and 41.7% for OH. At 500 °C, the energy yield of bio-oil and biochar 

from OH run were higher compared to SB trial. This may be explained due to the higher 

calorific value of the OH bio-oil and biochar observed in Tables 6 and 11.   

 With reforming temperatures at 600 and 700 °C, the main energy vector was the 

pyrolysis gas for both feedstocks. The energy yields of the permanent gases at 600 and 

700 °C were indicated as 45.4 and 56.5% for SB and 51.1 and 65.3% for OH, respectively. 

OH runs at 600 and 700 °C presented better results which can be attributed to the higher 

amount of syngas produced and better HHV of the gas fraction (Table 9).  
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Figure 34 - Energy yield of SB and OH trials at different reforming temperatures 

(pyrolysis temperature = 450 ºC) 
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contamination of the bio-oil submitted for characterisation. Adding these technical issues, 

it is unavoidable to waste some energy content from the organic phase of the bio-oil 

affecting the energy yield of the process. 

 Heating SB and OH at 700 °C converted 98.3 and 99.7% of the total energy from 

the feedstocks into the chemical energy of the products, demonstrating the energy 

efficiency of the TCR technology. Nevertheless, the system energy losses can be reduced 

with better and efficient isolation and also by increasing the scale of the reactor. 

 

4.3 Different Reactor Temperatures in TCR Process 

 In the second set, the experiments were executed shifting only the pyrolysis 

temperature in the reactor. The other experimental parameters were kept consistent with 

the first set of trials as it is showed in Table 13. 

 

Table 13 - TCR runs conditions with different reactor temperatures 

Experimental Conditions Set 2 (Trial 7 to Trial 10); Trials 1 and 4 

Intermediate Pyrolysis Temperature 400, 450 and 500 ºC 

Reforming Temperature 500 ºC 

Feedstock SB and OH 

Feed Consumption 3.5 kg (Pellets) 

Feed Rate 1.4 kg/h 

Solid Residence Time Minutes 

Gas Residence Time Seconds 

Biochar (Reformer) 500 g 

SS (TCR) - 
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The temperature selected in the reforming unit was 500 ºC according to the higher 

furfural and 2-furanmenthanol yields present in the pyrolysis oil from the previous runs 

(Table 8). Therefore, trials 1 and 4 from the first set of tests were also included in this 

section.  

 

4.3.1 Bio-oil Analysis 

 Table 14 shows the chemical composition and fuel properties of the SB and OH 

bio-oils applying different pyrolysis temperatures in the reactor.  

 An increment of the pyrolysis temperature led to a bio-oil with less oxygen and 

more carbon for both biomasses. As a consequence, TCR bio-oil contains a better HHV 

with higher pyrolysis temperatures. This trend was also observed when the reforming 

temperature was increased (Table 6), emphasising the fact that the energy density of the 

TCR oil can be improved by raising the pyrolysis and reforming temperatures.  From the 

results of Tables 6 and 14, it is reasonable to conclude that the reforming temperature 

might stimulate more depolymerisation and thermal breaking reactions of hemicellulose 

and cellulose resulting in a bio-oil with less oxygen, more carbon and a higher calorific 

value (Lede, Diebold et al. 1997). 

 Varying the pyrolysis temperature resulted in a bio-oil HHV between 29.1 and 

33.5 MJ/kg which was lower than the range observed in the previous section (from 31.1 

to 35.0 MJ/kg). Once again, OH experiments produced a pyrolysis oil with better energy 

density attributed to the higher carbon and lower oxygen content.  

 The levels of nitrogen and sulphur are acceptable if the purpose of the SB and OH 

bio-oils is to be burned as this reduces the damage and corrosion to the engine due to its 
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acidity level (Hossain et al., 2013). Additionally, low NOx and SOx emissions are 

preferable for environmental reasons. 

 

Table 14 - SB and OH bio-oil characterization at different pyrolysis temperatures 

(Reforming temperature = 500 ºC) 

  SB OH 

Pyrolysis 

Temperature (°C) 

 
400 450 500 400 450 500 

Ultimate analysis 
 

      

C (wt%)  63.4 71.3 72.2 70.7 72.2 72.8 

H (wt%)  8.3 7.1 8.6 8.6 8.2 8.3 

N (wt%)  0.41 0.69 0.76 1.8 1.9 1.8 

S (wt%)  0.39 0.10 0.29 1.3 0.68 0.68 

O (wt%) (diff.)  27.5 20.8 18.2 17.6 17.0 16.4 

        

Fuel Properties        

HHV (MJ/kg)  29.1 31.1 33.4 33.1 33.2 33.5 

Ash (wt%)  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Water (wt%)  9.9 4.7 4.2 7.8 4.8 4.4 

TAN (mg KOH/g)  32.2 27.7 25.8 33.5 30.5 24.2 

Viscosity (mm2/s)  47.8 24.9 23.7 38.1 36.5 35.3 

Density (kg/m3)  1077 1062 1061 1078 1074 1072 
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The ash content revealed was extremely low (<0.001%) which is positive for 

engine applications as this minimises corrosion, blocking and deposition of sediments 

during its operation (Huber et al., 2006). Based on the ash content of all SB and OH oils 

(including the previous section) it is evident that TCR technology has the capability to 

produce a bio-oil containing very low residues of ash which is attractive as a fuel.  

Higher pyrolysis temperatures decreased the amount of moisture which improves 

the HHV and the properties of the oil in terms of engine performance (Ouadi et al., 2013). 

The rise in the pyrolysis temperature also helps in the promotion of dehydration reactions 

reducing the percentage of water. However, this kind of reaction seems to be more 

efficient when the reforming temperature is increased which can be justified due to the 

lower water content present in the bio-oils reformed at 600 and 700 ºC (Table 6). 

 SB and OH oils present lower acidity when submitted to higher pyrolysis 

temperatures which was the same effect observed with higher reforming temperatures. 

Over again, the previous section showed better results in the reduction of the acid number 

of the pyrolysis liquid. The values are still high for engines, however it is important to 

highlight the role of the pyrolysis temperature in producing a bio-oil with lower acidity.   

 In terms of viscosity, higher pyrolysis temperatures were more effective in 

cracking the organic vapours, and so, forming lighter weight molecules and reducing the 

viscosity of the bio-oil. This is an advantage to improve the fuel flow of the engine 

causing better combustion, despite of the results are considered high for engine 

applications (Zhang et al., 2013). The conversion of SB at 500 ºC (pyrolysis temperature) 

obtained the lowest viscosity value (23.7 mm2/s) in this set of experiments. The difference 

is significant when compared to the lowest TAN in Table 6 for the same kind of feedstock 

(12.1 mm2/s at 700 ºC as reforming temperature). 
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 Higher pyrolysis temperatures were able to produce lighter chemical compounds 

which reduced the density of the pyrolysis liquid. Lower density in a liquid fuel influences 

the injection time and the consumption rate which improves the engine performance 

(Yamane et al., 2001). 

 In summary, the increase of reforming temperatures showed better results than the 

increment of temperature in the pyrolysis reactor. The utilisation of biochar in the 

reformer at higher temperatures may have helped to upgrade the organic vapours 

improving the HHV and the fuel properties of the bio-oil. It is well known that there is a 

catalytic effect caused by the biochar in the TCR process, especially at higher 

temperatures. 

 

 The properties of several bio-oils from different biomasses and pyrolysis 

technologies from the literature review are summarised in Table 15. 

 Varma and Mondal (2017) and Treedet et al. (2017) converted SB through fast 

pyrolysis at 500 ºC using a semi-batch and fluidized bed reactors respectively. In both 

cases the HHV of the bio-oil (27.7 and 18.4 MJ/kg) was lower compared to the SB runs 

of the present work. Treedet et al. (2017) also produced a SB pyrolysis oil with a higher 

percentage of water (38.9 wt%) and more density (1259 kg/m3) than this set of 

experiments. As explained previously, the different features between fast and 

intermediate pyrolysis were reflected in the quality of the bio-oil which are relevant to 

evaluate its value as an engine fuel. Additionally, the mix of biochar and fresh biomass 

present in the pyrolysis reactor of the TCR helped to improve the properties of the 

pyrolysis liquid showing the advantage of using this kind of technology.
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Table 15 - Bio-oil and fuels properties from literature review at different pyrolysis temperatures using several feedstocks and pyrolysis technologies  

Pyrolysis 

Type 

Temperature (ºC) 
Biomass / Fuel 

C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 
Ref. 

Reactor Reformer 

Fast 500 - SB 65.7 6.9 0.69 0.03 26.7 27.7 - - - - - 1 

Fast 500 - SB 45.2 7.5 0.36 - 46.9 18.4 - 38.9 - - 1259 2 

Intermediate 500 - SB 62.6 12.3 0.69 - 24.4 31.5 - - - - - 3 

Intermediate 600 - SB 57.1 11.1 0.62 - 31.2 29.8 - - - - - 3 

Intermediate 700 - SB 59.4 9.6 0.64 - 30.3 28.5 - - - - - 3 

Intermediate 500 - Oat Straw 15.3 11.2 0.91 1.8 70.8 27.1 - 17.1 - - - 4 

Intermediate 450 - Brewers grains 47.6 9.9 3.4 1.3 30.7 20.4 - - 49.2 222 1020 5 

TCR 400 500 SB 53.7 9.7 1.1 0.3 35.2 24.3 <0.10 25.6 11.1 - - 6 

TCR 450 500 Digestate 78.0 8.3 5.2 1.2 7.0 36.3 0.20 2.0 8.8 - - 7 

TCR 500 500 SB 72.2 8.6 0.76 0.29 18.2 33.4 <0.001 4.2 25.8 23.7 1061 8 

- - - Biodiesel 78.9 12.6 <0.10 0.74 8.4 37-40 <0.10 0.37 0.49 1.9-6.0 880 9 

- - - Diesel 84-87 13-16 <0.10 <0.10 1.0 42-45 <0.01 0.05 0.03 1.9-5.5 820-850 10 

1 - (Varma and Mondal, 2017); 2 - (Treedet et al., 2017) ; 3 - (Henkel et al., 2016); 4 - (Aqsha et al., 2017)  ; 5 - (Mahmood et al., 2013); 6 - (Ahmad et 

al., 2018); 7 - (Neumann et al., 2016); 8 - Present work; 9- EN 14214; 10 - EN 590. 
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Results from table 14 show an improvement of the bio-oil HHV when increased 

the pyrolysis temperature. Surprisingly, Henkel et al. (2016) had precisely the opposite 

trend processing SB in an intermediate pyrolysis batch reactor. However, this study 

changed the pyrolysis temperatures from 500 to 700 ºC and not between 400 and 500 ºC 

which might be the main cause for the decrease of the calorific value of the bio-oil. It is 

well known that the depolymerisation reactions in the cellulose and hemicellulose 

compounds are more active between 400-500 ºC, influencing the characteristics of the 

pyrolysis oil (Yang, Yan et al. 2007).   

 Aqsha et al. (2017) and Mahmood et al. (2013) worked with oat straw and brewers 

grains via intermediate pyrolysis obtaining a bio-oil with lower energy density (27.1 and 

20.4 MJ/kg, respectively) when compared to the values of Table 14. For the first study 

the water content (17.1 wt%) was approximately four times more than the SB and OH 

trials at the same pyrolysis temperature (500 ºC). In the second work the acid number 

(49.2 mg KOH/g) and the viscosity (222 mm2/s) were radically higher compared to SB 

and OH experiments at 450 ºC.  

 It is notorious the potential of the reforming unit in upgrading the organic vapours 

when they are in contact with the surface of the TCR char. As a result, the bio-oil 

produced contains better fuel properties and higher calorific value when compared to 

other intermediate pyrolysis reactors without a reformer. 

 The SB oil at 400 ºC of the present work revealed better results than Ahmad et al. 

(2018) with the same biomass and experimental conditions. The difference between both 

studies can be explained by the existence of many species of SB which might have diverse 

chemical compositions. Ahmad et al. (2018) produced a bio-oil with higher oxygen 
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content (35.2 wt%) and water (25.6 wt%), and lower carbon value (53.7 wt%) and HHV 

(24.3 MJ/kg). 

On the contrary, Neumann et al. (2016) indicated a TCR bio-oil from digestate 

with higher carbon content (78.0 wt%) and calorific value (36.3 MJ/kg), and lower 

oxygen (7.0 wt%), water (2.0 wt%) and acid number (8.8 mg KOH/g) when compared to 

SB and OH runs at the same pyrolysis and reforming temperatures (450 and 500 ºC, 

respectively). The chemical composition of the digestate can be the key to achieve better 

results which has a higher carbon and hydrogen content (51.8 and 6.3 wt%) and lower 

oxygen value (38.5 wt%) than SB and OH feedstocks (Table 3). 

 

 The experiments with the lowest reforming temperature (500 ºC) presented results 

significantly distant from the values of diesel and biodiesel. From Table 15, it is evident 

the discrepancy in terms of carbon, hydrogen and oxygen content, HHV, water, TAN, 

viscosity and density.  

 In comparison to the results from the previous section at higher reforming 

temperatures, this bio-oil does not have the same potential in terms of fuel properties. 

However, it remains as a valid option for the production of the heat and power via CHP 

units, combustors or other similar technologies.    

 

4.3.2 GC-MS Analysis of Bio-oil 

 Table 16 demonstrates the GC-MS results from the SB and OH bio-oil (organic 

fraction) at different pyrolysis temperatures. Additionally, the 14 most relevant and 

frequent peaks were identified as shown in Figures 35 and 36. 
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Table 16 - Compounds detected and identified by GC-MS of the SB and OH bio-oil at 

different pyrolysis temperatures (reforming temperature = 500 ºC) 

     Uncertainty = 2.3 - 2.7% SB OH 

Pyrolysis Temperature (ºC) 400 450 500 400 450 500 

# Group Chemical Compound Conc. (%) Conc. (%) 

1 Aromatic Benzene 0.54 1.6 1.9 1.6 0.93 2.3 

2 Aromatic Toluene 1.4 2.9 3.6 4.1 3.2 5.4 

3 Furan Furfural 2.5 2.4 1.9 1.2 0.93 0.19 

4 Furan 2-Furanmethanol 0.47 0.39 0.39 1.3 1.2 0.53 

5 Aromatic Ethylbenzene 0.48 0.84 0.72 2.0 0.64 2.1 

6 Aromatic Benzene, 1,3-dimethyl- 0.68 1.0 1.3 0.83 0.71 1.0 

7 Aromatic 1,3,5,7-Cyclooctatetraene 0.72 1.5 2.1 3.3 1.2 4.0 

8 Phenol Phenol 6.1 6.1 8.4 6.0 5.7 6.1 

9 Phenol Phenol, 2-methyl- 2.6 3.3 4.7 3.4 3.0 3.8 

10 Phenol Phenol, 3-methyl- 5.6 5.6 8.1 4.7 4.7 6.0 

11 Phenol Phenol, 2,4-dimethyl- 1.2 1.3 1.4 0.72 1.1 1.2 

12 Phenol Phenol, 4-ethyl- 13.5 7.8 8.0 4.7 6.2 4.2 

13 Aromatic Naphthalene 0.98 2.1 3.1 4.1 1.4 2.1 

14 Furan Benzofuran, 2,3-dihydro- 4.0 5.0 6.9 2.1 2.2 2.1 

- Total Furans - 9.8 9.9 12.9 6.6 5.8 4.8 
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Figure 35 - GC-MS chromatograms of SB bio-oil and compounds detected at 500 ºC 

(reforming temperature) and different pyrolysis temperatures (400, 450 and 500 °C) 
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Figure 36 - GC-MS chromatograms of OH bio-oil and compounds detected at 500 ºC 

(reforming temperature) and different pyrolysis temperatures (400, 450 and 500 °C) 
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Phenols, aromatics and furans are the most common chemical compounds present 

in the SB and OH oils. For both feedstocks phenols represent the main group in the bio-

oil which is responsible for the high acidity found in Table 14 (Yang et al., 2014). In fact, 

the bio-oil of the present experiments contains a higher acid number compared to the trials 

of the previous section (Table 8) due to the larger amounts of phenols found in the 

pyrolysis liquid. Inversely, the amount of aromatics present in Table 16 is lower when 

compared to the first set of runs (different reforming temperatures) decreasing the 

calorific value of the oil and its combustibility as a fuel (Ouadi et al., 2017).   

 Applying lower pyrolysis temperatures favour the formation of furfural and 2-

furanmethanol. The pyrolysis of cellulose at lower temperatures helps in the production 

of free radicals (carbonyl, aldehyde and carboxyl compounds) which brings extra protons 

to increase the yields of furfural and 2-furanmenthanol (Roman-Leshkov et al., 2007, 

Shafizadeh and Lai, 1972). The percentage of furans is higher in the SB bio-oil attributed 

to the richer hemicellulose and xylose composition in the biomass (Table 3). The same 

results were observed in the runs with different reforming temperatures (Table 8)   

 When the pyrolysis temperature was increased the yields of aromatics were higher 

improving the HHV and the fuel properties of the bio-oil, as shown in Table 14. Higher 

pyrolysis temperatures have a significant effect on the stimulation of deoxygenation 

reactions increasing the level of aromatics present in the pyrolysis liquid (Vecino Mantilla 

et al., 2014). The same increment was observed for furans but only in the SB experiments. 

 Less furfural and 2-furanmethanol were produced at the highest pyrolysis 

temperature (500 ºC) which might be explained by the degradation of these molecules at 

higher heating temperatures. On the other hand, the formation of phenols was maximised 
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at 500 ºC. Lignin decomposition becomes easier at higher pyrolysis temperatures 

favouring the formation of phenols. 

 Ahmad et al. (2018) processed SB in the TCR reactor at the same pyrolysis and 

reforming temperatures (400 and 500ºC, respectively) obtaining similar results in terms 

of furfural (3.5%) and furans (10.9%). However, the same study also explored the 

conversion of SB into bio-oil when keeping the same experimental conditions but without 

biochar in the reforming unit. Surprisingly the percentage of furfural almost quadrupled 

(13.6%) and the yields of furans more than doubled (22.4%). Vecino Mantilla et al. (2014) 

used SB in a fixed bed intermediate pyrolysis reactor at 460ºC presenting yields of 

furfural and furans of 32.3 and 40.1%, respectively. Additionally, Aqsha et al. (2017) 

worked with the same type of reactor than the previous reference but processing oat straw 

(similar to oat hull) at 500 ºC. The bio-oil contained 10.6% of furfural, 5.4% of 2-

furanmethanol and 19.9% of furans.  

 In the present study, the highest values of furfural, 2-furanmethanol and furans 

were 2.5, 1.3 and 12.9% respectively which are significantly lower compared to the 

previous literature results mentioned in the last paragraph. The biochar present in the 

reforming unit, which breaks down this kind of chemical compounds into different 

molecules, might be the cause of the low furans yields observed in Table 8 and 16. 

 

4.3.3 Gas Analysis 

 The gas composition (H2, CH4, CO, CO2 and CXHY) of the SB and OH 

experiments at different pyrolysis temperatures are shown in Table 17. The non-

detectable volume in the syngas might be the existence of hydrocarbons like ethylene and 

propane not detected by the gas analyser. 
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 Applying 400 and 450 ºC as pyrolysis temperature, CO2 was the main gas in SB 

and OH syngas. Lower pyrolysis temperatures stimulate the degradation of hemicellulose 

and cellulose which is linked to the cracking of carboxyl and carbonyl compounds 

increasing the formation of CO2 (Uddin et al., 2014). For that reason, the TCR trials at 

400 ºC revealed the highest CO2 percentages between Table 17 and the previous section 

(Table 9). SB gas contains more CO2 than OH gas due to the higher amount of cellulose 

and hemicellulose observed in receptive biomass (Table 3).  

 When the pyrolysis temperature is raised the volume of CO2 decreases for the 

reasons mentioned previously related to the decomposition of cellulose and 

hemicellulose. Methane yields were also reduced with the increment of pyrolysis 

temperature which is not expected. In theory, CH4 production is caused by the degradation 

of lignin promoted at higher pyrolysis temperatures (Yang et al., 2007).  The higher 

methane volume found in SB runs might be associated to the presence of more lignin in 

SB biomass which was also demonstrated in the first set of trials (different reforming 

temperatures). 

  The gas analysis revealed CO to be the biggest compound present in both 

pyrolysis gases at 500 ºC. The explanation might be the stimulation of decarbonylation 

and decarboxylation reactions increasing the amount of CO (He et al., 2010).  

 SB at 450 ºC and OH at 500 ºC generated the syngas with better calorific values 

(15.9 and 17.3 MJ/kg) due to higher H2 volume (25.7 and 23.1 vol%). These results are 

lower than the values of SB trial at 700 ºC as reforming temperature (previous 

experiments). The H2 volume was 31.6 vol% and the HHV was 18.8 MJ/kg. Higher 

temperatures in the reforming unit in the presence of biochar can promote steam 
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reforming and water gas shift reactions increasing the production of hydrogen and the 

energy density of the syngas (Neumann et al., 2016, Yang et al., 2013). 

 

Table 17 - SB and OH permanent gas composition at different pyrolysis temperatures 

(Reforming temperature = 500 ºC) 

  SB OH 

Pyrolysis Temperature (°C) 400 450 500 400 450 500 

Component             

H2 (vol%) 21.5 25.7 19.9 16.5 15.8 23.1 

CH4 (vol%) 15.6 13.5 10.9 11.6 7.0 6.4 

CO (vol%) 21.2 20.2 32.6 26.5 25.5 29.5 

CO2 (vol%) 30.5 28.8 23.6 30.1 25.6 21.2 

CXHY (vol%) 2.5 2.3 2.7 3.0 2.7 3.4 

Non-detectable compounds (vol%) 8.7 9.5 10.3 12.3 23.4 16.4 

HHV (MJ/kg) 13.8 15.9 13.4 16.2 15.3 17.3 

Density (kg/m3) 0.90 0.89 0.98 0.91 1.2 0.85 

 

 Table 18 summarises the gas composition of different permanent gases from 

diverse feedstocks and pyrolysis technologies searched in the literature review. 

 Al Arni (2018) used a batch reactor to process SB at 500 ºC trough two pyrolysis 

regimes (fast and slow). For both types of pyrolysis (fast and slow) the H2 volumes (8.7 

and 9.6 vol%, respectively) were approximately less than half of the SB run with the same 

pyrolysis temperature (500 ºC). The same tendency was observed with Aqsha et al. (2017) 
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study converting oat straw at 500 ºC by a fixed bed intermediate pyrolysis reactor. In this 

work the amount of hydrogen produced was only 0.86 vol%. An extremely low value 

compared to the OH trials which use an identical kind of biomass. The reforming unit 

containing biochar as a catalyst could favour deoxygenation reactions resulting in the 

production of H2 and improving the HHV of the pyrolysis gas (Henkel et al., 2016).  

 Ahmad et al. (2018) obtained a syngas with the same HHV (13.8 MJ/kg) than the 

present work with equal experimental conditions (TCR working with SB at 400 and 500 

°C as pyrolysis and reforming temperatures). Despite Table 17 showing a higher H2 yield 

(21.5 to 12.1 vol%), the higher percentage of CH4 (19.5 to 15.6 vol%) and CO (32.8 to 

21.2 vol%) found in Ahmad et al. (2018) work might justify the same calorific value 

between both studies. The different gas composition among both works may come from 

the use of diverse SB species with different chemical natures.   

 On the other hand, Neumann et al. (2016) converting digestate at 450 and 500 °C 

(pyrolysis and reforming temperature) presented a TCR syngas with lower energy density 

(13.1 MJ/kg) when compared to the SB (15.9 MJ/kg) and OH (15.3 MJ/kg) runs (same 

operating parameters). SB and OH feedstocks revealed more potential in the production 

of a pyrolysis gas with higher calorific value. 

It is a fact that the pyrolytic gas from this set of experiments contains less 

hydrogen volume and HHV than the trials performed when changing the temperature of 

the reformer. The contact between the biochar and the organic vapours at higher 

reforming temperatures helps to produce a syngas richer in H2 and consequently with 

better energy density. However, the quantity of combustible gases and the HHV of these 

experiments are sufficient to be utilised as a fuel for the production of heat and power via 

CHP engines. 
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Table 18 - Pyrolysis gas composition from literature review at different pyrolysis temperatures using several feedstocks and pyrolysis 

technologies  

Pyrolsysis 

Type 

Temperature (ºC) 
Biomass 

H2 

(vol%) 

CH4 

(vol%) 

CO 

(vol%) 

CO2 

(vol%) 

CxHy 

(vol%) 

HHV 

(MJ/kg) 

Density 

(kg/m3) 
Ref. 

Reactor Reformer 

Fast 500 - SB 8.7 21.5 13.9 52.3 3.6 - - 1 

Slow 500 - SB 9.6 17.6 60.1 11.7 1.0 - - 1 

Intermediate 500 - Oat Straw 0.86 1.22 28.8 68.1 - - - 2 

TCR 400 500 SB 12.1 19.5 32.8 32.9 - 13.8 1.3 3 

TCR 450 500 Digestate 21.0 5.0 14.0 40.0 - 13.1 - 4 

TCR 500 500 OH 23.1 6.4 29.5 21.2 3.4 17.3 0.85 5 

1 - (Al Arni, 2018); 2 - (Aqsha et al., 2017); 3 - (Ahmad et al., 2018): 4 - (Neumann et al., 2016); 5 - Present work.
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4.3.4 Char Analysis 

 Table 19 indicates the ultimate analysis of the biochar, ash content and its HHV. 

Biochar is mainly composed of fixed carbon and ash as mentioned before.  

 SB biochar suffered a fluctuation in terms of carbon and energy content when the 

pyrolysis temperature was increased. For OH runs the biochar presented similar chemical 

composition and calorific value between different pyrolysis temperatures. Relating to the 

first set of experiments, it is observed that there is no significant impact on the properties 

of the biochar and its HHV when the reforming or pyrolysis temperatures are changed. 

The biochar from SB produced at 450 and 500 °C (pyrolysis and reforming temperatures) 

was the only one out of this context having a substantially lower carbon value and energy 

content compared to the rest of the trials.    

 From Table 19, SB biochar at 400 °C contains the highest calorific value (29.7 

MJ/kg) attributed to the highest carbon content (79.6 wt%). Inversely, SB biochar at 450 

°C is the less energetic (24.9 MJ/kg) having the lowest carbon value (70.3 wt%). Fixed 

carbon is the combustible compound of the pyrolysis char raising the HHV (McKendry, 

2002).  

Generally, for the same pyrolysis temperatures OH char presented less ash and 

more carbon than the SB char leading to a better HHV. This is a result of the chemical 

composition of both biomasses where the OH contains more fixed carbon and less ash 

compared to SB (Table 3). The existence of ash reduces the energy content of the biochar 

(Laird, 2008).  

 

Based on the literature review Table 20 summarises the properties of different 

biochars from diverse feedstocks and pyrolysis technologies. 
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Table 19 - SB and OH biochar characterisation at different pyrolysis temperatures 

(Reforming temperature = 500 ºC) 

  SB OH 

Pyrolysis Temperature (°C) 400 450 500 400 450 500 

Ultimate analysis             

C (wt%) 79.6 70.3 77.1 78.2 79.3 79.0 

H (wt%) 2.2 1.6 1.5 2.7 2.0 2.3 

N (wt%) 0.44 0.39 0.47 1.4 1.1 1.3 

S (wt%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

O (wt%) (diff.) 2.7 11.6 2.6 2.2 5.7 1.2 

Ash (wt%) 15.0 16.1 18.2 15.5 11.8 16.1 

HHV (MJ/kg) 29.7 24.9 28.1 29.3 29.2 29.3 

 

 The present work produced a SB biochar (500 °C) with a HHV between Varma 

and Mondal (2017) and Lee et al. (2013) studies. The first author used fast pyrolysis to 

process SB at 500 °C obtaining a char with lower carbon content (66.9 wt%) and 

subsequently lower energy density (24.3 MJ/kg). However, the second author converted 

SB via slow pyrolysis at 500 °C producing biochar with a higher carbon value (85.6 wt%) 

and HHV (32.8 MJ/kg). Slow pyrolysis involves slower heating rates and longer 

residence times which promotes aromatisation reactions increasing the C-C bonds and 

the percentage of fixed carbon in the biochar (Williams and Besler, 1996).  
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 Henkel et al. (2013) processed SB via intermediate pyrolysis (batch reactor) and 

the same fluctuation of the SB HHV from Table 19  was observed when the pyrolysis 

temperature was increased. In the same study the biochar at 500 °C demonstrated lower 

carbon content (71.9 wt%) and calorific value (24.3 MJ/kg) compared to the SB run for 

the present work at the same pyrolysis temperature. The reforming unit of the TCR 

enables a longer residence time of the char causing cracking reactions resulting in a final 

biochar richer in fixed carbon.  

 The same effect occurred with Aqsha et al. (2017) and Ouadi et al. (2013) works, 

where oat straw and de-inking sludge were processed through intermediate pyrolysis at 

500 and 450 °C (respectively). For the first study the carbon content and HHV were 66.4 

wt% and 23.9 MJ/kg. While for the second study the carbon value was 20.0 wt% and the 

HHV was 4.9 MJ/kg. Once more, the extended time of the biochar in the reformer 

contributed to better results in the present work. 

In relation to TCR results from the literature review, Ahmad et al. (2018) produced 

a SB char at 400 and 500 °C (pyrolysis and reforming temperature) with higher ash 

content (30.5 wt%) and lower carbon value (67.9 wt%) and energy density (24.0 MJ/kg). 

The variance between these results and Table 19 (for the same parameters) might be due 

to the different chemical composition of the SB applied. Neumann et al. (2016) used 

digestate in the TCR at 450 and 500 °C (pyrolysis and reforming temperature) obtaining 

biochar with higher carbon content (83.7 wt%) but a lower calorific value (18.9 MJ/kg). 

This might be caused for the large presence of ash (38.4 wt%) in the digestate biochar 

decreasing the HHV. Additionally, digestate feedstock contains considerably high ash 

content (17.9 wt%) compared to SB and OH biomasses (4.0 and 2.4 wt%, respectively). 
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Table 20 - Biochar characterization from literature review at different pyrolysis temperatures using several feedstocks and pyrolysis technologies  

Pyrolysis 

Type 

Temperature (ºC) 
Biomass 

C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

Ash 

(wt%) 

HHV 

(MJ/kg) 
Ref. 

Reactor Reformer 

Fast 500 - SB 66.9 3.8 0.96 0.01 28.2 16.3 24.3 1 

Slow 500 - SB 85.6 2.8 1.1 - 1.9 8.6 32.8 2 

Intermediate 500 - SB 71.9 2.9 1.3 - 23.8 - 24.3 3 

Intermediate 600 - SB 80.3 2.3 0.79 - 16.6 - 27.4 3 

Intermediate 700 - SB 80.8 1.4 0.72 - 17.1 - 26.3 3 

Intermediate 500 - Oat Straw 66.4 2.3 1.3 0.49 20.3 11.2 23.9 4 

Intermediate 450 - De-inking sludge 20.0 2.2 0.38 <0.10 23.9 53.5 4.9 5 

TCR 400 500 SB 67.9 1.6 0.52 0.51 - 30.5 24.0 6 

TCR 450 500 Digestate 83.7 4.7 2.7 0.50 8.4 38.4 18.9 7 

TCR 400 500 SB 79.6 2.2 0.44 <0.10 2.7 15.0 29.7 8 
1 - (Varma and Mondal, 2017); 2 - (Lee et al., 2013); 3 - (Henkel et al., 2016); 4 - (Aqsha et al., 2017); 5 - (Ouadi et al., 2013); 6 - (Ahmad 

et al., 2018); 7 - (Neumann et al., 2016); 8 - Present work.
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All the biochars from this section contain similar carbon value and energy content 

when likened to the classic sub-bituminous coal (73.9% and 29.05 MJ/kg, respectively). 

The only exception is the SB char produced at 450 °C. 

 As mentioned before, the properties of the biochar did not suffer significant 

modifications between the experimental conditions applied in this section and the last 

one. Therefore, the biochar from this set of experiments (different pyrolysis temperatures) 

is also energetically interesting to produce heat and power through boilers, gasifiers and 

furnaces. Moreover, it can also be utilised as a fertiliser, activated carbon and for catalytic 

upgrading. 

 

4.3.5 Mass Balance and Energy Yield 

The mass balance and the energy yield for the SB and OH experiments are 

demonstrated in Figures 37 and 38. 

When the pyrolysis temperatures were lower the production of pyrolysis liquid 

(bio-oil and aqueous phase) and biochar increased. The formation of pyrolysis oil comes 

from the breakdown of cellulose and hemicellulose at lower temperatures through 

devolatilization and depolymerisation reactions (Yang et al., 2007). Biochar production 

is also favoured at low pyrolysis temperatures where charring and cross-linking reactions 

occur with more intensity (Greenhalf et al., 2012, Van de Velden et al., 2010).  

The lowest pyrolysis temperature (400 °C) resulted in the biggest yields of SB and 

OH bio-oil and biochar. For the pyrolysis liquid, OH at 400 °C obtained 9.3 wt%. While 

for the char, SB at 400 °C was the most productive with 27.2 wt%. These values are 

higher than the best results from the previous section (different reforming temperatures) 

showing the importance of low pyrolysis temperatures if the aim is to raise the amount of 
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bio-oil and biochar. Table 3 shows a higher ash and lining percentages in the SB biomass 

which is responsible for larger biochar yields when compared to OH runs for all pyrolysis 

temperatures (Williams and Besler, 1996). 

 

 
 

Figure 37 - Mass balance of SB and OH trials at different pyrolysis temperatures 

(reforming temperature = 500 ºC) 

 

 Higher pyrolysis temperatures decreased the percentage of bio-oil and char. At the 

same time, the gas fraction was maximised due to the degradation of biochar into lighter 
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increment of temperature also promoted other decomposition reactions resulting in less 

bio-oil and more syngas (Henkel et al., 2016).    

The run at 500 ºC (pyrolysis temperature) converting SB was the highest one in 

terms of gas production (36.8 wt%). However, the trials from the previous section using 

higher reforming temperatures showed better results for the same product. Above 500 ºC, 

the formation of syngas is stimulated trough volatilization, cracking, dehydrogenation 

and aromatisation reactions (Blanco and Chejne, 2016). The gas yields observed in Figure 

37 are higher for SB than OH experiments due to the higher water content present in OH 

feedstock (Table 3). More moisture means less gas produced, which is attributed to the 

higher removal of water-soluble compounds present in the pyrolysis gas (Dasappa et al., 

2004). 

For the mass balance, the increment of pyrolysis temperature had the same effect 

than the increment of reforming temperature (more syngas and less bio-oil and char). 

However, changing the reforming temperature can cause bigger variations in the 

distribution of products compared to this set of trials where the difference is smaller. It is 

evident that the increase from 500 to 700 ºC in the reforming unit results in other chemical 

reactions creating a deeper modification in the quantity and distribution of the TCR 

products 

 Once again, the TCR technology presented a high efficiency in terms of balance. 

The conversion of biomass into valuable products was between 92.8 and 96.8 wt% and 

in the best experiment only 3.2 wt% was lost. As mentioned before, the losses might be 

explained due to errors measuring weights (feedstock, bio-oil and biochar), gases not 

detected by the gas analyser and the bio-oil not determined in the cleaning of the cooling 

system.   



 

133 
 

Biochar was the biggest energy fraction in all experiments. The best results were 

achieved with the lowest reforming temperatures for both biomasses, where SB and OH 

at 400 °C obtained 49.4 and 45.3%, respectively. Despite the present runs producing more 

syngas than char, the calorific value of biochar (24.9-29.7 MJ/kg) is significantly higher 

compared to the pyrolysis gas (13.4-17.3 MJ/kg) which can justify the results from Figure 

38. 

 The biochar energy yields of this section are higher than the previous experiments 

at different reforming temperatures (Figure 34). This may be caused by the higher energy 

density and char production found in Table 19 and Figure 37 when compared to Table 11 

and Figure 33 from the previous set of trials. However, for pyrolysis gas the situation is 

reversed and it can be attributed to the reasons explained previously in terms of mass 

balance and HHV of the syngas between both sections. 

 

From the results in Figure 38, it is observed that the OH energy yields for bio-oil 

are higher than SB for any single pyrolysis temperature. This can be explained by the 

better energy value and higher oil production found in OH runs (Table 14 and Figure 37). 

 The energy losses were from 7.7 to 11.4%, where the OH trial at 500 °C was the 

most efficient one converting 92.3% of the energy from the feedstock into TCR products. 

In general, SB experiments presented more energy losses than OH which can be 

associated to bigger mass losses demonstrated in Figure 37. 

 Comparing these results with the previous section (Figure 34), it is possible to 

observe higher energy losses when the TCR reactor works at lower pyrolysis and 

reforming temperatures. In these conditions, there is more production of bio-oil which 

means more pyrolysis liquid not extracted from the condensing unit during the cleaning 
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(Figure 22). For that reason, some bio-oil energy is lost and not considered for the energy 

yields affecting the efficiency of the process. 

 

 
 

Figure 38 - Energy yield of SB and OH trials at different pyrolysis temperatures 

(reforming temperature = 500 ºC) 
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reforming unit at three different ratios (30, 70 and 100 wt% of SS); 2) pelletising with 
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feedstock due to the physical characteristics of the raw material and the specifications of 

the pelletiser. The other experimental conditions were kept constant as it is observed in 

Table 21. 

 

Table 21 - TCR runs conditions applying different ratios of SS in 2 methods 

Experimental Conditions Set 3a and 3b (Trial 11 to Trial 19) 

Intermediate Pyrolysis Temperature 400 ºC 

Reforming Temperature 500 ºC 

Feedstock OH and SB 

Feed Consumption 3.5 kg (Pellets) 

Feed Rate 1.4 kg/h 

Solid Residence Time Minutes 

Gas Residence Time Seconds 

Biochar (Reformer - 1st method) 70, 30 and 0 wt% 

SS (Reformer - 1st method) 30, 70 and 100 wt% 

Biochar (Reformer - 2nd method) 100 wt% (500 g) 

SS pellets (Feed, Auger Reactor - 2nd method) 10, 20 and 30 wt% 

 

The temperatures set in the auger pyrolysis reactor and reforming unit were 400 

and 500 ºC respectively. This selection was according to the higher furfural and 2-

furanmethanol yields present in the pyrolysis oil from the previous runs (Tables 8 and 

16).  
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4.4.1 Bio-oil Analysis 

The properties of the bio-oil from SB and OH runs mixed with different ratios of 

SS are summarised in Table 22. 

 In both bio-oils there was an increment of carbon content and energy density and 

a reduction of oxygen concentration when the ratio of SS in the reformer was increased. 

SB and OH bio-oil showed better HHV when 100 wt% of SS was introduced into the 

reforming unit compared to the trials with the same experimental conditions from the 

previous section (Table 14). An increase of 18.1 and 5.1% in carbon value, a rise of 22.0 

and 5.7% in energy density and a decrease of 50.9 and 20.4% in oxygen content was 

noticed for SB and OH runs with 100 wt% of SS.  

 The same effect was observed in the introduction of SS with OH (less oxygen and 

higher carbon percentage and calorific value).  The best results were also achieved with 

the highest SS proportion (30 wt%) present in the OH seed. Compared to the experiment 

with the same pyrolysis and reforming temperatures (Table 14) these results revealed a 

reduction of 24.4% of oxygen and an increment of 4.0 and 6.9% for carbon and HHV, 

respectively. In the OH trials, the implementation of SS in the reformer and in the feed 

presented similar results and improvements concerning the ultimate analysis and the 

HHV of the bio-oil. 

SS may promote the decomposition and depolymerisation reactions of cellulose 

and hemicellulose producing a more stable bio-oil with lower oxygen and higher carbon 

and calorific value (Lede et al., 1997). 
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Table 22 - SB and OH bio-oil characterization at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 ºC) 

  SB (SS in the reformer) OH (SS in the reformer) OH (SS in the feed) 

Steel Slag (wt%)  0 30 70 100 0 30 70 100 10 20 30 

Ultimate analysis 
  

   
  

   

C (wt%)  63.4 68.2 71.7 74.9 70.7 64.2 69.8 74.4 65.9 67.9 73.5 

H (wt%)  8.3 7.2 8.3 9.0 8.6 7.9 8.8 8.9 9.6 9.3 9.4 

N (wt%)  0.41 1.9 1.4 1.1 1.8 2.8 1.7 1.9 1.8 2.0 2.5 

S (wt%)  0.39 1.7 1.2 1.6 1.3 1.3 1.0 0.91 0.95 1.0 1.3 

O (wt%) (diff.)  27.5 21.0 17.5 13.5 17.6 23.8 18.7 13.9 21.8 19.8 13.3 

Fuel Properties           

HHV (MJ/kg)  29.1 30.2 33.0 35.5 33.1 29.3 32.9 35.1 32.1 32.6 35.4 

Ash (wt%)  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

Water (wt%)  9.9 8.4 6.5 5.7 7.8 6.7 6.2 5.4 6.6 5.1 3.5 

TAN (mg KOH/g)  32.2 29.1 22.6 16.7 33.5 29.2 27.4 14.3 21.1 17.3 11.5 

Viscosity (mm2/s)  47.8 45.8 30.9 25.5 38.1 35.7 32.3 30.8 28.2 26.9 21.0 

Density (kg/m3)  1077 1073 1067 1060 1078 1069 1055 1051 1040 1038 1026 
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Interestingly, the use of SS in the TCR process (reformer and feed) could create a 

pyrolysis liquid with better HHV compared to the experiments with higher reforming 

temperatures (600 and 700 °C) from Table 6 and higher pyrolysis temperatures (450 and 

500 °C) from Table 14. To conclude, it was possible to obtain better results (higher carbon 

content and calorific value and less oxygen, water, viscosity, density and acid number) 

and save energy simultaneously reducing the reforming temperature by 200 °C and the 

pyrolysis temperature by 100 °C. 

   

 SB and OH pyrolysis liquids were upgraded with the implementation of SS in the 

reforming unit. Compared to the TCR runs with same parameters (400 and 500 °C for 

pyrolysis and reforming temperatures) all the fuel properties were improved when 

applying the three SS ratios (30, 70 and 100 wt%). Once again, the best results were 

achieved using 100 wt% of SS in the reformer. The water content of SB and OH oils were 

decreased by 42.4 and 30.8% while the acid number was reduced by 48.1 and 57.3% 

respectively. For the viscosity of the SB and OH experiments a decrease of 46.6 and 

19.2%. was observed.  The bio-oil density was reduced by 1.6 and 2.5% for SB and OH 

trials. 

 When the TCR reactor converted OH pelletised with SS an improvement in all 

fuel properties when applying 10, 20 and 30 wt% of SS was also verified. The biggest 

fraction of SS in the feedstock (30 wt%) revealed the best results compared to the values 

from Table 14. The water, acid number, viscosity and density of the OH pyrolysis liquid 

were decreased by 55.1, 65.7, 44.9 and 4.8% respectively.  

 The utilisation of SS in the TCR technology proved to be advantageous to improve 

the bio-oil fuel properties in several points: 
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a) Optimising dehydration reactions reducing the oxygen and moisture of the oil and 

subsequently raising the HHV.  

b) The high percentage of iron (24.1%) could stimulate the hydrogenation of carbonyl 

group decreasing the acid number of the bio-oil (Lee et al., 2014, Yang et al., 2017). For 

that reason, the presence of acid elements is lower and so reduces the wear and corrosion 

in engine devices. 

c) SS might promote cracking reactions producing a pyrolysis liquid richer in light 

chemical compounds resulting in lower viscosity and density. Thus, the bio-oil becomes 

better for combustion applications improving engine performance and stability. 

Mixing SS with OH demonstrated to be more efficient in upgrading the bio-oil 

than introducing SS in the reformer. The presence of SS in the feedstock might have a 

double catalytic effect in the pyrolysis reactor and reforming unit further improving the 

fuel properties of the pyrolysis liquid. On the other hand, the introduction of SS into the 

reformer only upgrades the organic vapours in this stage of the experiment and not since 

the beginning as mentioned before. 

 The OH experiment with 30 wt% of SS in the feed showed better results in terms 

of fuel properties (water, TAN, viscosity and density) than the OH runs at higher pyrolysis 

temperatures (450 and 500 °C) from Table 14. Regarding the OH trials at higher 

reforming temperatures (600 and 700 °C in Table 6), the same run obtained inferior water 

content than 600 °C (3.9 wt%), lower acid number compared to 600 and 700 °C (21.4 and 

17.7 mg KOH/g), lower viscosity than 600 °C (35.4 mm2/s) and inferior density when 

compared to 600 and 700 °C (1082 and 1072 kg/m3). Once again, the important role of 

SS in producing a bio-oil with better quality at lower pyrolysis and reforming 

temperatures spending less energy was demonstrated.    
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 In Table 23 it is indicated according to the literature review the properties of 

several bio-oils from different feedstocks and catalytic pyrolysis technologies using 

diverse catalysts. The studies analysed contain similar pyrolysis and reforming 

temperatures than the present experiments with SS. However, the catalysts applied were 

from different chemical groups: zeolites (ZSM-5 and HZY); minerals (dolomite and 

silica); mesoporous (Mo2C/Al2O3 and γ-Al2O3) and transition metals (nickel). 

 All the experiments with SS obtained lower oxygen and higher energy density 

compared to the studies from Table 23. The only exception was Mante’s et al. (2018) 

research which produced a pyrolysis oil with 35.5 MJ/kg using γ-Al2O3 as a catalyst. 

However, the conversion of SB using 100 wt% of SS in the reformer obtained the same 

HHV (Table 22) at lower pyrolysis temperatures (400 °C). 

 The same trend was observed for the water content. All runs from Table 22 

showed lower values than the literature review excluding Mahmood’s et al. (2013) and 

Mante’s et al. (2018) works with 6.2 and 4.9 wt%. Nevertheless, the use of 30 wt% of SS 

in OH could generate a bio-oil with less water content (3.5 wt%) than the previous studies.  

 In terms of acid number, the difference between SS trials and other catalytic 

pyrolysis research are noteworthy. The best result from Table 23 is 50.3 mg KOH/g, while 

these set of experiments could reach 11.5 mg KOH/g. 

Mante et al. (2018) presented a lower value (4.1 mm2/s) for viscosity when 

compared to SS runs. A pyrolysis liquid with reasonable viscosity was revealed to be 

positive for the prevention of internal leakages located in the fuel pump and line, 

increasing the brake power and lubricity. 
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Table 23 - Bio-oil and fuels properties from catalytic pyrolysis found in the literature review 

Pyrolysis Type 
Temperature (ºC) 

Biomass / Fuel Catalyst 
C 

(wt%) 

H 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 
Ref. 

Reactor Reformer 

In-situ Catalytic 450 - SB ZSM-5 53.8 7.4 38.5 23.5 10.7 68.8 - 1140 1 

In-situ Catalytic 500 - SB ZSM-5 60.1 7.9 31.7 27.0 10.6 67.7 - 1140 1 

In-situ Catalytic 450 - SB Silica 33.4 9.4 56.9 16.8 20.0 84.2 - 1110 1 

In-situ Catalytic 500 - SB Silica 52.8 8.2 38.6 24.1 15.0 75.2 - 1170 1 

In-situ Catalytic 500 - SB Mo2C/Al2O3 48.1 7.1 43.8 21.3 - - 19.7 - 2 

In-situ Catalytic 500 - Oat Straw HZY Zeolite 15.8 11.2 70.8 27.1 15.5 - - - 3 

Ex-situ Catalytic 450 500 Brewers grain Nickel 58.4 9.3 26.7 28.7 6.2 50.3 - - 4 

In-situ Catalytic 540 - Brown salwood Dolomite 66.7 8.9 24.1 24.3 - 62.0 49.0 1030 5 

In-situ Catalytic 500 - Pine  γ-Al2O3  78.3 8.1 13.6 35.5 4.9 - 4.1 1018 6 

TCR 400 500 OH Steel Slag 73.5 9.4 13.3 35.4 3.5 11.5 21.0 1026 7 

- - - Biodiesel - 78.9 12.6 8.4 37-40 0.37 0.49 1.9-6.0 880 8 

- - - Diesel - 84-87 13-16 1.0 42-45 0.05 0.03 1.9-5.5 820-850 9 

1 - (Mendes et al., 2016); 2 - (Patel et al., 2013); 3 - (Aqsha et al., 2017); 4 - (Mahmood et al., 2013); 5 - (Charusiri and Numcharoenpinij, 2017); 6 - 

(Mante et al., 2018); 7 - Present work; 8 - EN 14214; 9 - EN 590. 
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Apart from Charusiri’s and Numcharoenpinij’s (2017) and Mante’s et al. (2018) 

works, the density of SS bio-oil was inferior than the literature review. Additionally, the 

lowest density value from SS trials (1026 kg/mm3) is between the results of the previous 

authors (1030 and 1018 kg/mm3, respectively). 

 

 SS showed to be a promising option for improving the properties of the bio-oil, 

reforming and cracking the pyrolysis vapours more efficiently than the catalysts from 

Table 23. The current catalysts used in the pyrolysis reactors are not the most suitable to 

significantly upgrade the properties of the pyrolysis liquid. SS is a solid and effective 

sacrificial catalyst which is a waste from the steel industry making it a very economical 

solution.  

Unfortunately, the quality and the properties of the bio-oil from SS runs is still 

inferior when compared to biodiesel and diesel. However, in this case they only need 

minimal upgrading due to the catalytic properties of SS. It is relevant to emphasize that 

SS results came from the lowest pyrolysis and reforming temperatures (400 and 500 °C, 

respectively). It would be very interesting to see some results of using SS at higher 

pyrolysis and reforming temperatures in the TCR. 

 

4.4.2 GC-MS Analysis of Bio-oil 

The organic fraction of SB and OH bio-oils using different SS fractions were 

analysed via GC-MS. The results are shown in Table 24. Figures 39, 40 and 41 display 

the chromatograms of the bio-oils where the 15 most important and abundant peaks were 

identified. Phenols and aromatics are the main compounds of the SB and OH pyrolysis 
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oil. Furans are also in the top three but with lower concentrations than phenols and 

aromatics. 

 The use of SS at different proportions in the reforming unit and in the OH biomass 

did not vary the concentration of phenols in the pyrolysis liquid. SS does not have the 

same effect as higher pyrolysis and reforming temperatures to decompose lignin in 

phenolic compounds. Table 24 shows a SB oil with higher phenols yields attributed to 

the higher lignin content present in this kind of biomass (Table 3). A larger phenols 

percentage from the application of SS in the reformer rather than the feedstock can be 

observed in the OH runs. SS in the reforming unit might stimulate more cracking reactions 

to produce phenols from lignin. 

The percentage of phenols in the present experiments was inferior to the same 

runs without SS from Table 16. This is also reflected in the lower acid number present in 

SS bio-oil shown in Table 22. In line with this reasoning is the fact the experiments 

mixing SS with OH presented the lowest phenols concentration and consequently the bio-

oil with less acidity. SS is composed of magnesium (4.9%) which inhibits the production 

of phenolics in the bio-oil (Zhang et al., 2018).  

Generally, the quantity of aromatics in this section was higher than the trials at the 

same temperatures without the application of SS. As a consequence, the SS runs indicated 

better energy density (Table 22). Transition metals as iron (24.1% in SS) help to maximise 

the production of aromatics converting oxygenated compounds (Karnjanakom et al., 

2016).
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Table 24 - Compounds detected and identified by GC-MS of the SB and OH bio-oil at different SS ratios (Pyrolysis and Reforming temperatures = 400 
and 500 ºC) 

     Uncertainty = 2.3 - 2.7% SB (SS in the reformer) OH (SS in the reformer) OH (SS in the feed) 

Steel Slag (wt%) 30 70 100 30 70 100 10 20 30 

# Group Chemical Compound Conc. (%) Conc. (%)  Conc. (%) 

1 Aromatic Benzene 1.9 2.2 0.28 3.6 1.2 0.92 1.1 0.92 0.90 

2 Aromatic Toluene 4.7 3.6 1.0 6.3 3.3 3.6 3.4 2.8 2.7 

3 Furan Furfural 0.19 1.3 2.8 0.12 1.2 1.7 1.0 0.75 0.58 

4 Furan 2-Furanmethanol 0.30 0.19 0.68 0.25 1.1 1.3 0.82 0.47 0.33 

5 Aromatic Ethylbenzene 1.3 0.79 0.51 1.9 2.1 1.6 1.1 0.75 0.73 

6 Aromatic Benzene, 1,3-dimethyl- 1.7 0.39 0.34 1.3 0.81 0.89 1.7 0.82 0.97 

7 Aromatic 1,3,5,7-Cyclooctatetraene 1.7 1.8 0.85 3.6 2.8 2.0 1.3 0.85 0.83 

8 Phenol Phenol 6.2 6.4 4.3 5.5 5.6 6.0 4.4 3.8 3.7 

9 Phenol Phenol, 2-methyl- 3.8 3.6 1.7 4.1 2.5 2.8 3.0 2.6 2.5 

10 Phenol Phenol, 3-methyl- 6.0 5.9 3.8 4.9 4.7 4.7 4.4 4.3 4.3 

11 Phenol Phenol, 2,6-dimethyl- 1.1 1.0 0.57 0.86 0.59 0.72 0.74 0.72 0.85 

12 Phenol Phenol, 2,4-dimethyl- 1.5 1.4 0.90 1.1 1.0 1.2 0.97 0.93 1.3 

13 Phenol Phenol, 4-ethyl- 6.5 7.0 9.7 3.9 7.0 6.0 5.3 5.0 4.5 

14 Aromatic Naphthalene 1.5 2.6 0.92 2.2 0.81 0.70 0.66 0.82 0.89 

15 Furan Benzofuran, 2,3-dihydro- 1.2 4.1 4.4 2.2 2.3 1.8 1.4 1.9 1.2 

- Total Furans - 3.0 7.4 9.8 5.0 6.1 6.6 4.4 4.7 2.8 
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Figure 39 - GC-MS chromatograms of SB bio-oil and compounds detected at 400 and 

500 ºC (pyrolysis and reforming temperature) and different SS ratios in the reformer 
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Figure 40 - GC-MS chromatograms of OH bio-oil and compounds detected at 400 and 

500 ºC (pyrolysis and reforming temperature) and different SS ratios in the reformer 
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Figure 41 - GC-MS chromatograms of OH bio-oil and compounds detected at 400 and 

500 ºC (pyrolysis and reforming temperature) and different SS ratios in the OH feed 
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For furans, only the SB and OH oils using the highest SS percentage (100%) in 

the reforming unit obtained superior furfural and 2-furanmethanol values when compared 

to the previous set of experiments under the same conditions (no SS). Due to its high iron 

composition SS can promote decarboxylation, hydrogenation and dehydration reactions 

converting polysaccharides into furans (Lee et al., 2014, Yang et al., 2017). However, 

when SS was mixed with the biochar (30/70 or 70/30 ratios) the conversion of carbonyl 

compounds in furans was not as efficient. It seems the use of biochar and SS at the same 

time in the reformer might minimise the catalytic effect of both materials to produce 

furans. The higher furans yields obtained during the experiments using 100% SS or 100% 

biochar supports this argument.  

 The conversion of SS mixed with OH produced a bio-oil with fewer furans than 

the OH oil using SS in the reforming unit. Additionally, when the SS fraction was 

increased in the feed a decrease in the yields of furfural, 2-furanmethanol and furans was 

noticed. The opposite effect occurred when increasing SS ratio in the reforming unit, 

where the percentage of these chemical compounds were raised. For that reason, the use 

of SS in the reformer demonstrated to be a better option to maximise the quantity of furans 

in the pyrolysis liquid. 

 In terms of furfural and furans, the best results (2.8 and 9.8%, respectively) were 

achieved by introducing 100 wt% of SS in the reformer and using SB as a feedstock. 

Despite the low values, this work with SS as a catalyst could produce a bio-oil with higher 

yields than some studies from the literature review (Charusiri and Numcharoenpinij, 

2017, Maisano et al., 2017, Mante et al., 2018, Teixeira Cardoso et al., 2019). Teixeira 

Cardoso et al. (2019) and Charusiri and Numcharoenpinij (2017) processed SB and brown 

salwood via catalytic pyrolysis at 450 and 540 °C using ZSM-5 and dolomite as a catalyst, 
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respectively. In the first work the furans percentage in the pyrolysis liquid was 1.9% 

whereas in the second one it was 3.7%. Maisano et al. (2017) obtained a sea plant bio-oil 

with 1.1 and 3.1% of furfural and furans applying HZSM-5 as a catalyst via catalytic 

pyrolysis at 500 °C. Mante et al. (2018) used γ-Al2O3 through catalytic pyrolysis at 500 

°C to convert pine in a bio-oil containing 0.34 and 0.36% of furfural and furans.  

 

4.4.3 Gas Analysis 

The gases detected from pyrolysis gas were H2, CH4, CO, CO2 and CXHY at 

different SS percentages in the reforming unit and mixed with OH (Table 25). Some 

elements like propane, ethylene and other hydrocarbons could not be detected through 

the gas analyser creating the non-detectable fraction showed in Table 25. 

The analysis of the values of the gas composition showed different results and 

trends according to the use of SS in the reformer or biomass. The volumes of H2 and CH4 

in both feedstocks decreased when the SS ratio was raised in the reforming unit. However, 

the increment in the proportion of SS in the OH feed resulted in an increase in the yields 

of H2 and CH4. The interaction between SS and OH in the pyrolysis and reforming reactor 

might promote hydrogenation, hydrogasification and water gas-shift reactions resulting 

in higher percentages of hydrogen and methane. SB runs presented higher methane 

concentrations than OH experiments due to the higher amount of lignin in the SB biomass. 

The degradation of lignin is responsible for the production of CH4. 
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Table 25 - SB and OH permanent gas composition at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 ºC) 

  SB (SS in the reformer) OH (SS in the reformer) OH (SS in the feed) 

Steel Slag (wt%) 0 30 70 100 0 30 70 100 10 20 30 

Component                

H2 (vol%) 21.5 20.4 19.5 18.9 16.5 15.7 15.4 14.5 23.2 24.4 29.7 

CH4 (vol%) 15.6 15.1 14.7 13.1 11.6 10.7 10.1 8.8 7.3 8.4 8.7 

CO (vol%) 21.2 24.9 25.8 28.6 26.5 28.9 29.2 31.5 22.6 21.5 17.4 

CO2 (vol%) 30.5 30.4 29.2 28.3 30.1 29.6 29.3 27.0 35.8 34.2 32.2 

CXHY (vol%) 2.5 2.0 2.1 2.8 3.0 3.7 3.1 3.0 2.7 2.7 2.5 

Non-detectable compounds (vol%) 8.7 7.2 8.7 8.3 12.3 11.4 12.9 15.2 8.4 8.8 9.5 

HHV (MJ/kg) 13.8 13.6 13.5 13.3 16.2 13.7 13.3 12.8 17.4 17.7 18.2 

Density (kg/m3) 0.90 0.91 0.92 0.95 0.91 0.92 0.99 1.0 0.91 0.91 0.89 
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The trials with higher SS quantities in the reformer maximised the CO production 

for SB and OH syngas while the increment of SS fraction in the OH feed reduced the 

volume of the same gas. For this case, SS in the reforming unit could stimulate 

decarbonylation, decarboxylation and deoxygenation reactions increasing the amount of 

CO in the pyrolysis gas. 

Carbon dioxide was the only component having the same effect (lower CO2 

concentration) when the percentage of SS was increased in the reformer and in the OH 

biomass. The production of CO2 is related to the breaking of cellulose and hemicellulose 

by the thermal cracking of carbonyl and carboxyl compounds. SS did not contribute to 

intensify these kinds of reactions. Nevertheless, CO2 yields were higher for SB runs 

compared to OH experiments when the SS was introduced in the reformer. This may be 

explained by the higher cellulose and hemicellulose content found in the SB feedstock 

(Table 3). 

The best values of this set of experiments were achieved with the utilisation of SS 

in the OH. It is evident how the rise of SS in the feed could upgrade the TCR gas by 

favouring the chemical reactions mentioned before and raising the hydrogen yields and 

subsequently the HHV. The advantage of using SS in the biomass is the possibility of 

having a double catalytic effect. First in the pyrolysis auger reactor and then in the 

reforming unit. The same result was observed in the production of bio-oil where SS mixed 

in the feed could further improve the fuel properties of the liquid compared to the 

introduction of SS into the reformer.  

 SS pelletised with OH at 30 wt% revealed the highest H2 and calorific value with 

29.7 vol% and 18.2 MJ/kg respectively. Compared to the trial with the same parameters 

and no catalyst (Table 17) the SS created an increment of 80.0 and 12.3% for hydrogen 
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volume and HHV. The same experiment can show better results than the OH runs at 

higher pyrolysis and reforming temperatures. OH syngas at 450 and 500 °C (pyrolysis 

temperatures) presented a H2 percentage of 15.8 and 23.1 vol% and a HHV of 15.3 and 

17.3 MJ/kg respectively. In Table 9 OH at 600 °C (reforming temperature) obtained a 

syngas calorific value of 18.0 MJ/kg. SS proved its potential as a catalyst to improve the 

pyrolysis gas properties. Moreover, SS is a promising option to save energy by avoiding 

higher pyrolysis and reforming temperatures during the TCR experiments. 

 

Table 26 shows the gas composition of different permanent gases from diverse 

biomasses, catalytic pyrolysis technologies and catalysts found in the literature review. 

The operating conditions are similar to this set of trials except in the selection of the 

catalyst. The use of mesoporous (Mo2C/Al2O3 and Al-MCM-41), zeolites (HZY, MCM-

22 and HZSM-5) and transition metals (nickel) is observed in Table 26. 

 All the SS experiments produced a pyrolytic gas richer in hydrogen when 

compared to the literature review. In fact, the difference is significant where Mahmood 

et al. (2013) was the work with higher H2 value from Table 26 with 10.0 vol%. In his 

study, brewers grain was converted at 450 °C in a pyroformer reactor and the gases 

produced were upgraded in an external vessel at 500 °C using nickel as a catalyst. The 

same author obtained a similar methane percentage (9.0 vol%) than the runs with SS in 

the OH but lower than the experiments using SS in the reformer. SS generated a syngas 

composed of higher volumes of combustible gases resulting in a HHV more attractive for 

fuel applications. 
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Table 26 - Pyrolysis gas composition from catalytic pyrolysis found in the literature review 

Pyrolsysis Type 
Temperature (ºC) 

Biomass Catalyst 
H2 

(vol%) 

CH4 

(vol%) 

CO 

(vol%) 

CO2 

(vol%) 

CxHy 

(vol%) 
Ref. 

Reactor Reformer 

In-situ Catalytic 500 - SB Mo2C/Al2O3 0.69 3.7 36.3 33.4 25.8 1 

In-situ Catalytic 500 - Oat Straw HZY 1.30 1.5 30.6 65.5 - 2 

Ex-situ Catalytic 450 500 Brewers grain Nickel 10.0 9.0 17.0 53.0 - 3 

In-situ Catalytic 450 - Rice husk MCM-22 2.0 2.9 25.7 38.1 - 4 

In-situ Catalytic 500 - Wood HZSM-5 0.29 0.45 6.5 14.4 0.70 5 

In-situ Catalytic 500 - Wood Al-MCM-41 0.66 1.3 2.7 10.5 3.0 5 

TCR 400 500 OH Steel Slag 29.7 8.7 17.4 32.2 2.5 6 

1 - (Patel et al., 2013); 2 - (Aqsha et al., 2017); 3 - (Mahmood et al., 2013); 4 - (Naqvi et al., 2015); 5 - (Ratnasari et al., 2018); 6 - 

Present work. 
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Concerning the CO concentration, Patel et al. (2013), Aqsha et al. (2017) and 

Naqvi et al. (2015) produced gas with 36.3, 30.6 and 25.7 vol% which is higher compared 

to the CO average of Table 25 (SS trials). The first two authors processed SB and oat 

straw at 500 °C via fluidized and fixed bed pyrolysis reactors using Mo2C/Al2O3 and HZY 

catalysts respectively. The last researcher converted rice husk in a fixed bed reactor (450 

°C) applying MCM-22 to upgrade the syngas. 

 Ratnasari et al. (2018) was the only work obtaining a pyrolysis gas with lower 

CO2 volume than the average of SS runs. In their study wood was used as a feedstock in 

a fixed bed pyrolysis reactor working at 500 °C with two different catalysts (HZSM-5 

and Al-MCM-41). For the first catalyst (HZSM-5) the CO2 percentage was 14.4 vol%, 

whereas for the second (Al-MCM-41) was 10.5 vol%. 

  

 The syngas obtained from the experiment with the highest SS proportion in the 

OH (30 wt%) contains an interesting yield of hydrogen resulting in a reasonable heating 

value to be used as a fuel to produce heat and power. The properties of the gas might be 

improved applying higher pyrolysis and reforming temperatures than 400 and 500 °C, 

influencing the catalytic effect of SS.  

 

4.4.4 Char Analysis 

The ultimate analysis, ash and calorific value of biochar from SS runs are 

presented in Table 27. The pyrolysis char is mainly composed of fixed carbon and ash. 

Fixed carbon is the combustible element of the biochar and its presence helps to raise the 

heating value. On the other hand, ash is not beneficial in terms of energy decreasing the 

HHV of the char. 
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Table 27 - SB and OH biochar characterisation at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 ºC) 

  SB (SS in the reformer) OH (SS in the reformer) OH (SS in the feed) 

Steel Slag (wt%) 30 70 100 30 70 100 10 20 30 

Ultimate analysis          

C (wt%) 75.3 74.6 73.9 79.3 75.3 75.2 56.9 47.6 43.1 

H (wt%) 1.8 1.9 2.2 1.9 2.5 2.6 1.7 1.6 1.3 

N (wt%) 1.0 0.52 0.54 1.2 1.6 1.3 0.87 0.70 0.52 

S (wt%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

O (wt%) (diff.) 5.1 6.5 8.2 5.6 3.2 6.2 1.8 1.8 2.6 

Ash (wt%) 16.7 16.3 15.1 12.0 17.3 14.6 38.7 48.1 52.4 

HHV (MJ/kg) 27.5 27.3 27.2 29.1 28.5 28.4 20.8 17.3 15.2 
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When the percentage of SS was increased in the TCR experiments the carbon 

content and the HHV decreased. This scenario occurred in both methods: during the 

introduction of SS in the reformer and the trials using SS mixed with OH. The 

aromatisation reactions were not favoured with the implementation of SS. As a 

consequence, the presence of aromatic rings was reduced thereby decreasing the C-C 

bonds and consequently the fixed carbon in the biochar. Additionally, the HHV of all 

biochars from SS trials were lower compared to the experiments without SS (Table 19) 

but with the same pyrolysis and reforming temperatures (400 and 500 °C). Zhang et al, 

(2018) mentioned that the utilisation of compounds rich in Ca and Mg in pyrolysis might 

decrease the quantity of aromatic rings in the char. The chemical composition of SS which 

contains 30.6% of calcium and 4.9% of magnesium can be observed in Table 4.  

 In this section the biochar with better energy density (29.3 MJ/kg) was formed 

when converting OH and using the lowest percentage of SS in the reforming unit (30 

wt%). The carbon and ash contents of this experiment were also the highest and lowest 

of Table 27, with 79.8 and 12.0 wt% (respectively). As described before, biochar with 

high carbon and low ash content contains a better calorific value. 

 For the same SS fraction in the reformer OH biochars presented more carbon than 

SB chars resulting in higher energy value. Table 3 indicates the chemical composition of 

both biomasses where OH contains more fixed carbon and less ash contributing to a 

pyrolysis char more reasonable in terms of energy. 

 Concerning the OH experiments, a significant difference between the results from 

the application of SS in the feed and the OH experiments free of SS in the biomass (with 

and without SS in the reformer) is observed. For the first case (SS in the feed), the 

concentration of carbon in the biochar is much lower and the amount of ash is 
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considerably higher. As a result, the HHV of these trials decreased dramatically when 

compared to the OH runs free of SS in the feedstock. When pellets with OH and SS are 

pyrolysed the biochar produced also contains the inorganic material from the SS. This led 

to a reduction of the carbon value and an increment in the ash content of the biochar 

resulting in a lower HHV. To justify this argument, it can be observed in Table 27 a 

decrease of carbon and an increase of ash when SS ratio in the OH is increased. 

 

 Table 28 indicates the composition of several biochars from different feedstocks 

and catalytic pyrolysis technologies using diverse catalysts according to the literature 

review. The various works investigated presented similar pyrolysis temperatures 

compared to this section operating with SS. The catalysts used are part of different 

chemical groups, such as zeolites (HZY, HZSM-5, Ni/HZSM-5 and NiCe/HZSM-5), 

transition metals (CeO2, Ni/CeO2 and Ni/Al2O3) and minerals (dolomite and CaO). 

 The runs with SS in the reformer presented higher energy density than all the 

results found in Table 28. One of the explanations is the superior carbon percentage of 

experiments of the present work. In addition, the ash content was also lower than the 

values found in the literature review. The pyrolysis temperatures of the studies analyzed 

were slightly higher (500 and 550 °C). However, the reforming temperature of this section 

was also 500 °C despite of the pyrolysis temperature being lower (400 °C). The TCR 

technology permits the stimulation of cracking reactions resulting in a pyrolysis char with 

more carbon, less ash and better HHV. 

 

 

 



 

158 
 

Table 28 - Biochar characterization from catalytic pyrolysis found in the literature review 

Pyrolysis Type 
Temperature (ºC) 

Biomass Catalyst 
C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

Ash 

(wt%) 

HHV 

(MJ/kg) 
Ref. 

Reactor Reformer 

In-situ Catalytic 500 - Oat straw HZY 62.4 2.6 1.0 0.59 1.8 31.6 21.4 1 

In-situ Catalytic 500 - Sea plant CeO2 66.2 2.3 1.8 0.58 29.2 - 23.3 2 

In-situ Catalytic 500 - Sea plant Ni/CeO2 62.7 2.6 1.3 0.62 32.8 - 22.7 2 

In-situ Catalytic 500 - Sea plant HZSM-5 64.0 2.6 2.0 0.62 30.8 - 23.3 2 

In-situ Catalytic 500 - Sea plant Ni/HZSM-5 62.7 2.6 1.3 0.62 32.8 - 22.7 2 

In-situ Catalytic 500 - Sea plant NiCe/HZSM-5 64.0 2.6 2.0 0.62 30.8 - 23.3 2 

In-situ Catalytic 500 - Sea plant Ni/Al2O3 64.5 3.2 1.9 0.48 29.9 - 24.2 2 

In-situ Catalytic 500 - Sea plant Dolomite 63.6 2.5 1.7 0.25 31.9 - 23.0 2 

In-situ Catalytic 550 - Fruit bunch CaO - - - - - 19.9 25.4 3 

TCR 400 500 OH Steel Slag 79.3 1.9 1.2 <0.10 5.6 12.0 29.1 4 

1 - (Aqsha et al., 2017); 2 - (Maisano et al., 2017);  3 - (Thangalazhy-Gopakumar et al., 2018); 4 - Present work.
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The conversion of SS with OH produced biochar with lower carbon value, higher 

ash content and worse HHV related to the results from Table 28. The reason for this 

occurrence was already explained before (biochar obtained contains high amounts of 

inorganic material from SS). Nevertheless, the experiments from the literature review did 

not mix the catalysts with the biomasses in the shape of pellets as was done in this set of 

tests.  

Maisano et al. (2017) tested several catalysts in the conversion of sea plant using 

a fixed bed reactor at 500 °C. The application of different catalysts did not significantly 

affect the properties of the pyrolysis char. The carbon content was between 62.7 and 66.2 

wt% and the HHV was between 22.7 and 24.2 MJ/kg. The same trend was also noticed 

among the several SB and OH runs applying SS in the reformer at different ratios. The 

chemical composition and the HHV of the SB and OH biochar did not suffer relevant 

modifications when the percentage of SS was increased in the reforming unit. For the SB 

experiments the carbon content of the char varied from 73.9 to 75.3 wt% while the HHV 

fluctuated between 27.2 and 27.5 MJ/kg. The OH tests presented a variation from 75.2 to 

79.3 wt% in terms of carbon value and between 28.4 and 29.1 MJ/kg for the energy 

density. 

 The biochar produced using SS in the reformer demonstrated to have enough 

properties to generate heat and power through combustion in boilers, furnaces or gasifiers 

(ash content < 20 wt%; HHV > 24 MJ/kg) (Mullen et al., 2010). Additionally, the same 

char can also be utilised as fertiliser, activated carbon or soil amendment. 
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Figure 42 - Mass balance of SB and OH trials at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 ºC) 
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4.4.5 Mass Balance and Energy Yield 

Figures 42 and 43 show the mass balance and the energy yield of the SB and OH 

products at different SS ratios obtained during the TCR experiments. 

The increment of SS in the reformer raised the yields of bio-oil and syngas in both 

feedstocks (OH and SB). Inversely, the production of SB and OH biochars decreased 

when the ratio of SS in the reforming unit was increased. Zhang et al. (2018) affirmed 

that calcium and magnesium compounds favour the formation of gas but inhibit the 

production of char. Additionally, Luo and Feng (2017) showed that iron can maximise 

the yields of bio-oil in the pyrolysis process. The three main elements of SS are Ca 

(30.6%), Fe (24.1%) and Mg (4.9%), and their effects during pyrolysis are in agreement 

with the values of Figure 42. In conclusion, SS can help to decompose cellulose and 

hemicellulose promoting depolymerisation and devolatilization reactions causing a 

higher production of bio-oil (Yang et al., 2007). At the same time SS might stimulate 

dehydrogenation, cracking, aromatisation and volatilization of heavier molecules 

optimising the formation of syngas (Henkel et al., 2016).  

 The mix of SS in OH biomass had the opposite effect to the previous paragraph 

(SS in the reformer). A decrease of the TCR bio-oil and syngas yields and an increase in 

the production of pyrolysis char is observed. When the percentage of SS is higher in the 

feedstock there is less organic matter to be converted during pyrolysis resulting in less 

bio-oil and syngas. The inorganic compounds from SS remain in the biochar when the 

pellets (OH mixed with SS) are pyrolyzed, explaining why higher fractions of SS in OH 

generate more pyrolysis char. 

 Figure 42 shows higher yields of biochar and syngas for SB runs covering all SS 

ratios in the reformer (30, 70 and 100 wt%). OH feedstock contains less lignin and more 
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moisture than SB (Table 3) yielding a mass balance with lower char and permanent gases. 

The presence of lignin promotes biochar production, whereas higher water content 

inhibits the formation of gas (Dasappa et al., 2004, Williams and Besler, 1996). 

 The best results for bio-oil and syngas were achieved when applying 100 wt% of 

SS in the reforming unit. The highest value of bio-oil was 9.8 wt% converting OH. The 

highest yield of syngas with 33.9 wt% was obtained when converting SB. The SB and 

OH experiments using 100 wt% of SS in the reformer presented higher bio-oil and syngas 

percentages compared to the trials at the same pyrolysis and reforming temperatures (400 

and 500 °C) and without a catalyst. Once more the catalytic effect of SS attributed to its 

chemical composition caused superior yields of pyrolysis oil and permanent gases. 

Overall, the mass losses of this set of experiments with SS were between 4.4 and 

7.7 wt%. In the best scenario 95.6 wt% of the feedstock was converted into valuable 

products. These values are similar when compared to the previous sections where the 

pyrolysis and reforming temperatures of the TCR were changed. TCR technology 

demonstrated a high potential in terms of mass balance presenting very low losses which 

can be further minimised by improving the collection of the products and the accuracy of 

the weight measurements. 

 

The pyrolysis char represented the biggest energy vector for all trials with SS. For 

the runs with SS in the reformer the main cause was the high calorific value of the biochar 

between 27.2-27.5 MJ/kg for SB and 28.4-29.1 MJ/kg for OH. In the same tests more 

syngas was produced but the HHV’s were only between 13.3-13.6 MJ/kg (SB) and 12.8-

13.7 MJ/kg (OH). Applying the lowest SS fraction in the reformer (30 wt%) resulted in 

the highest biochar energy yields with 50.0% for SB and 49.3% for OH experiments. 
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 Figure 43 - Energy yield of SB and OH trials at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 ºC) 
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Concerning the bio-oil, the best results were achieved using the highest ratio of 

SS in the reforming unit. (100 wt%). SB oil obtained 20.1% of the total energy and OH 

presented a value of 21.4%. The OH runs revealed better results than SB trials due to the 

higher volumes of bio-oil produced (Figure 42). In this situation the energy density of SB 

and OH bio-oil (Table 22) was quite similar not affecting the energy yields of Figure 43.  

The experiments mixing SS with OH produced the pyrolysis gas with the highest 

energy yield from Figure 43. Despite these kinds of runs generating less gas than the 

experiments with SS in the reformer (Figure 42) there is a significant contrast between 

the respective HHV. The caloric values of SB and OH syngas using SS in the reformer 

were between 13.3-13.6 MJ/kg and between 12.8-13.7 MJ/kg respectively. However, the 

HHV of the gas fraction applying SS in the OH was between 17.4 and 18.2 MJ/kg 

attributed to higher hydrogen volume found in these trials. 

It is clear that there was an increase in energy losses when the ratio of SS was 

raised. This effect occurred when implementing the catalyst in both methods and the 

losses were higher than the previous set of runs (different pyrolysis and reforming 

temperatures). For the first method (SS in the reformer) there was the increment of bio-

oil and syngas yields according to the increase of SS proportion which never happened 

before. More oil produced leads to a higher waste of liquid in two different ways: 1) the 

amount of pyrolysis liquid remaining in the condensing unit is higher due to the 

difficulties in cleaning completely this sector of the TCR (Figure 22); 2) when bio-oil is 

separated through gravity some organic fraction is left in the aqueous phase to avoid the 

contamination of the bio-oil submitted to characterisation. More syngas produced means 

more escaping gases not detected by the gas totalizer. Considering these two observations 
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the energy wasted increases affecting the energy efficiency of the process as demonstrated 

in Figure 43. 

The experiment with 30 wt% of SS in the reformer using OH was the most 

efficient of this section converting 87.2% of the energy from the feedstock into TCR 

products. The energy losses were between 12.8 and 17.9%, however, it may be possible 

to minimise them with better and more efficient isolation and scaling up the reactor. 

 

4.4.6 Textural Properties 

Biochars and SS upgraded the TCR bio-oil and syngas due to the catalytic 

properties of these materials. The influence of porosity, surface area and structure of these 

materials is studied by N2 porosimetry and XRD characterisations.   

   The BET surface area, Barrett, Joyner, and Halenda (BJH) pore volume and 

average pore diameter of OH/SB (raw material and biochar) and SS are shown in Table 

29. These parameters are relevant to determine the porosity of the materials evaluating 

their properties and quality for catalytic applications. 

 Figure 44 summarises the XRD of SS, SB raw, SB char, OH raw and OH char. 

XRD analysis is applied to identify the phase of a crystalline material providing 

information about the dimensions of the unit cell. 

 The SB and OH biochar utilised in these tests were formed at 400 °C (auger 

reactor) and 500 °C (post reformer), which are the same paraments performed in all SS 

trials in TCR. The objective is to create a fair comparison between the results obtained 

using biochar or SS at the same conditions.   

The textural properties of SS raw, SB raw, OH raw, SB char and OH char is shown 

in Table 29. The comparison between the raw materials and the respective chars for both 
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biomasses indicated a reduction of the surface area and pore volume but an increase of 

the pore size. Zheng et al. (2008) reported that bigger particle diameter leads to lower 

surface area. The coke produced in pyrolysis through cracking is deposited and 

agglomerated in the pores and channels of the biochar decreasing the respective surface 

area (Srivastava et al., 2016, Wei et al., 2016).  

 

Table 29 - Texture properties of SS, SB raw, SB char, OH raw and OH char 

Samples 
SBETa 

(m2/g) 

VTotalb 

(ml/g) 

Vmicroc 

(ml/g) 

Dpored 

(nm) 

SS 14.0 0.017 0.006 4.6 

SB Raw 109.3 0.085 0.004 4.0 

SB Char 73.7 0.055 0.003 5.3 

OH Raw 80.4 0.054 0.032 4.0 

OH Char 2.6 0.049 0.027 4.5 

a Determined by BET method, b total pore volume at P/Po = 0.89, c t-plot method, d BJH 

method. 

 

Lee et al. (2013) reported that the surface area of miscanthus, wood and SB 

biochars are less than 100 m2/g when pyrolysed at 500 °C. The values presented in Table 

29 for biochar are in agreement with the previous study. Additionally, the pore size of SB 

and OH biochars were 5.3 and 4.5 nm, respectively, which are considered small in terms 

of porosity (Abu El-Rub et al., 2004). This results in coke deposition in the pores keeping 

the surface area below than 100 m2/g (Park et al., 2014). 
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The introduction of SS improved the bio-oil and syngas properties more in 

comparison with SB and OH biochars. It was observed a bio-oil with higher calorific 

value and lower water, acid number, viscosity and density. The same effect occurred with 

the syngas where SS runs revealed better H2 yield and HHV. The physicochemical 

properties and the surface area of SS might promote deoxygenation, depolymerization, 

dehydration, hydrogenation, cracking and aromatization reactions improving its 

performance as a catalyst (Tan et al., 2013). The surface area of SB char was higher than 

SS which might be explained due to the increment of the pores of the biochar caused by 

pyrolysis resulting in a higher surface area (Wang et al., 2018). Carrier et al. (2011) 

reported an identical result using the same biomass (SB) where the pyrolysis process 

removed more volatile matter from SB char and this increased the volume of the pore and 

subsequently the surface area.  

 

Regarding the XRD patterns (Figure 44), the peak detected at around 22° for SB 

and OH raw material is related to the crystalline area of cellulose existing in the feedstock 

(Paschoal et al., 2015, Yang et al., 2007). When the pyrolysis occurs producing the 

biochar, the cellulose is decomposed losing its crystalline nature (Weinstetn and Broido, 

1970). For that reason, SB and OH chars do not have the same peak at 22°. Moreover, the 

disappearance of this peak means a higher aromaticity in pyrolysis char showing the 

decrement of the cellulose matter (Wang et al., 2018). The biomass is also made of 

hemicellulose and lignin, but their structures are amorphous and for that reason they are 

not reflected at XRD graphs. 
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Figure 44 - X-ray diffractograms of SS, SB raw, SB char, OH raw and OH char 

  

Relating SB and OH peaks (raw material and biochar), it is noticed from SB 

diffractograms more intense and wider peaks justified by the higher surface area (Table 

29) and the size of the crystallites (Srivastava et al., 2016, Yang et al., 2004). The OH 

char presented a loss of crystalline structure when compared to SB char. In addition, the 
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existence of an amorphous area which might be caused by the deposit of coke over the 

surface of the OH char is observed (Maisano et al., 2017). 

 Similar X-ray diffractograms to SB raw and SB char were indicated in Varma and 

Mondal (2017) research, while Paschoal et al. (2015) presented an identical XRD pattern 

to OH raw material of Figure 44. SB char from Varma and Mondal (2017) study also 

indicated an intense and sharp peak at 27° which was associated to graphite.  It was not 

found in the literature review any X-ray pattern related to OH biochar. 

 The XRD sample of SS displays four sharp peaks representing the big crystallite 

size and the relevant level of crystallinity of metal elements (Matthaiou et al., 2019). The 

first two peaks can be associated to Ca(OH)2 at 18° and Ca2Fe2O5 at 29°, and the peaks 

at 32 and 43° are representative of Ca3Mg(SiO4)2 and CaMg(CO3)2 (Yildirim and Prezzi, 

2015). In Figure 44 the presence of overlapped peaks which complicates the identification 

of the metals can be noted.  

 SS is mainly composed of calcium, iron and manganese (Table 4) which are part 

of the chemical composition of the peaks identified in the XRD graph. The interaction of 

Ca, Fe and Mg creates several active spots increasing the catalytic reactivity during 

pyrolysis (Baidya and Cattolica, 2015, Huang et al., 2012). As a result, the upgrading of 

the organic vapours is higher leading to better quality pyrolysis products as demonstrated 

in this section with the implementation of SS in the TCR process. 

 

4.5 HDO of TCR bio-oil 

  During the HDO treatment, the TCR-2 bio-oil with the highest furfural yield from 

all experimental sections was submitted to four upgrading tests applying different 

parameters and catalysts (Table 30). The trial processing SB at 400 and 500 °C (pyrolysis 
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and reforming temperature, respectively) and using 100 wt% of SS in the reformer was 

the one selected according to the previous requirements. The HDO parameters and the 

selection of catalysts were based on the studies elaborated by Yang et al. (2014) and 

Zheng et al. (2008). 

 

Table 30 - HDO conditions applying different temperatures and catalysts 

Experimental Conditions HDO trial 

Catalysts (powder) Cu-Zn/Al2O3 and Cu-Mn/SiO2 

Temperatures 280 and 380 ºC 

Time 7 h 

H2 pressure 90 bar 

Stirrer 400 rpm 

 

4.5.1 GC-MS Analysis of Bio-oil 

Table 31 displays the GC-MS results from the TCR oil after HDO upgrading 

(organic fraction) at different catalysts (Cu-based) and autoclave temperatures. In 

addition, the 24 most relevant and frequent peaks were analysed as shown in Figure 45. 

At lower HDO temperatures the main compounds present in the bio-oil were 

aromatics and phenols. However, when the autoclave temperature was raised to 380 °C 

the pyrolysis oil was mainly composed of phenols and hydrocarbons (alkanes). With the 

increment of temperature the percentage of aromatics and phenols decreased, whereas the 

yields of alkanes increased. This effect occurred for both catalysts (CuZn-Al2O3 and 

CuMn-SiO2), showing the impact of temperature on the HDO process in converting 

oxygenated and unsaturated elements into hydrocarbons (De, Saha et al. 2015). This can 
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be observed in Figure 45 where the chromatograms at higher temperatures (380 °C) 

presented peaks (between 20 and 24) related to hydrocarbons which cannot be identified 

in the GC-MS graphs at lower temperatures (280 °C).  The GC-MS results from the 

previous sections (Tables 8, 16 and 24) did not indicate the presence of hydrocarbons in 

the bio-oil. 

In terms of furans, the values varied between 0.24 and 1.5% and the presence of 

furfural or 2-furanmethanol was not detected in any HDO test. This may be attributed to 

the low quantities of these chemical compounds in the TCR bio-oil before upgrading or 

it may be a result of the HDO process which promotes dehydration, hydrogenation, 

hydrocracking, decarboxylation and hydrogenolysis reactions which may convert furans 

in other chemical elements (Pourzolfaghar, Abnisa et al. 2018). 

Cheng et al. (2017) upgraded pine sawdust oil via HDO at 300 °C applying four 

different catalysts. The percentage of hydrocarbons were 15.6, 15.8, 16.6 and 25.3 for 

Co/SiO2, Fe/SiO2, Fe-Co/SiO2 and Co/HZSM-5, respectively. Only the zeolite Co/HZSM-

5 yielded a higher hydrocarbon result when compared to the bio-oil converted with 

CuMn-SiO2 at 380 °C (18.6%), which had the highest yield of hydrocarbons within this 

study. Transition metals such as Cu and Mn might stimulate the production of 

hydrocarbons by converting aldehydes, phenols, esters and acids (Karnjanakom, Bayu et 

al. 2016). Additionally, the interaction between copper/manganese and silica supports 

(SiO2) increases the selectivity and activity of the HDO process (Zheng, Zhu et al. 2008) 
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Table 31 - Compounds detected and identified by GC-MS of TCR bio-oil after HDO 

treatment 

     Uncertainty = 2.3 - 2.7% CuZn-Al2O3 CuMn-SiO2 

Temperature (ºC) 280 380 280 380 

# Group Chemical Compound Conc. (%) Conc. (%) 
1 Aromatic Benzene 2.3 0.39 2.3 0.35 

2 Aromatic Toluene 3.8 2.2 3.9 2.3 

3 Alkane Octane - 0.65 - 0.72 

- - Furfural - - - - 

- - 2-Furanmethanol - - - - 

4 Aromatic Ethylbenzene 1.5 2.8 1.6 2.4 

5 Alkane Nonane - 0.63 - 0.91 

6 Phenol Phenol 6.9 3.2 7.0 3.2 

7 Alkane Indane 1.3 0.72 1.3 0.60 

8 Phenol Phenol, 2-methyl- 2.6 2.1 3.0 2.4 

9 Phenol Phenol, 3-methyl- 5.8 3.6 7.1 3.1 

10 Alkane Undecane - 0.65 - 1.2 

11 Phenol Phenol, 2,4-dimethyl- 1.7 1.5 1.4 1.4 

12 Phenol Phenol, 4-ethyl- 8.8 4.6 8.9 3.2 

13 Aromatic Naphthalene 3.3 - 3.5 - 

14 Alkane Dodecane - 1.4 - 1.6 

15 Aromatic Benzene, 1-ethyl-4-methoxy- 0.88 1.6 1.1 1.8 

16 Alkane Tridecane - 0.66 - 1.3 

17 Phenol 3-Methyl-4-isopropylphenol - 1.7 - 1.7 

18 Aromatic Naphthalene, 1-methyl- 1.9 - 1.7 - 

19 Aromatic Naphthalene, 2-methyl- 1.0 - 0.81 - 

20 Alkane Tetradecane - 1.2 0.36 1.4 

21 Alkane Pentadecane 0.29 1.3 0.15 2.2 

22 Alkane Hexadecane - 2.6 - 2.7 

23 Alkane Heptadecane - 1.3 - 3.2 

24 Alkane Octadecane - 3.2 - 2.8 
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Figure 45 - GC-MS chromatograms of TCR bio-oil after HDO treatment
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4.5.2 Bio-oil Analysis 

Tables 32 and 33 show the chemical composition and fuel properties of TCR oil 

after HDO process and other bio-oils subject to the same upgrade treatment found in the 

literature review. The bio-oil selected was the one converted at 380 °C using CuMn-SiO2 

as a catalyst due to its higher hydrocarbon composition compared to the other HDO oils 

produced in this work. 

The pyrolysis liquid presented in Table 32 obtained better results than all previous 

bio-oils (Tables 6, 14 and 22) with respect to the chemical composition and fuel 

properties. The carbon, hydrogen contents and calorific value were higher while the 

oxygen, water, TAN, viscosity and density were lower. Compared to the same bio-oil 

without upgrading, an increment of 11.3 and 16.6% for the carbon value and HHV 

respectively was observed. The oxygen, water, acid number, viscosity and density were 

reduced by 77.8, 70.2, 92.8, 75.3 and 5.8% respectively. 

Cheng et al. (2017) and Yang et al. (2019) upgraded pine sawdust and rice stalk 

bio-oils via HDO at 300 and 370 °C using a H2 pressure of 45 and 105 bar, respectively. 

Cheng et al. (2017) utilised Co/SiO2, Fe/SiO2, Fe-Co/SiO2 and Co/HZSM-5 as a catalyst, 

while Yang et al. (2019) applied ZV-Al (zero-valent aluminium). Both studies obtained 

a bio-oil with more oxygen and less carbon, hydrogen and energy density than the present 

work. The water and acid number were also higher than the present work. In terms of 

viscosity, the values found in the literature review were significantly lower. However, a 

reasonable viscosity is positive for the prevention of internal leakages located in the fuel 

pump and line increasing the brake power and the lubricity. The different catalysts applied 

might be the key to explain the different results. The combination of Cu and Mn metals 

in SiO2 supports improves the performance and selectivity of the catalysts increasing the 
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efficiency of the HDO treatment (Zheng et al., 2008). Moreover, the different 

temperatures and H2 pressures utilised may also affect the results.    

 

Table 32 - TCR bio-oil characterization after HDO treatment 

Catalyst 
  

CuMn-SiO2 

Temperature (°C) 
  

380 

Ultimate analysis 
   

C (wt%)   83.4 

H (wt%)   10.7 

N (wt%)   2.2 

S (wt%)   0.87 

O (wt%) (diff.)   3.0 

    

Fuel Properties    

HHV (MJ/kg)   41.4 

Ash (wt%)   <0.001 

Water (wt%)   1.7 

TAN (mg KOH/g)   1.2 

Viscosity (mm2/s)   6.3 

Density (kg/m3)   999 
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Table 33 - Bio-oil and fuels properties from HDO treatment found in the literature review 

Pyrolysis Oil 

/ Fuel  

Autoclave 

Temperature (°C)  
Catalyst 

H2 pressure 

(bar) 

C 

(wt%) 

H 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 
Ref. 

Pine sawdust 300 Co/SiO2 45 57.9 6.5 34.6 28.5 5.3 70.5 0.60 1 

Pine sawdust 300 Fe/SiO2 45 61.0 6.3 31.8 29.2 8.0 67.8 1.5 1 

Pine sawdust 300 Fe-Co/SiO2 45 62.4 6.6 30.2 29.1 4.9 84.2 0.25 1 

Pine sawdust 300 Co/HZSM-5 45 62.4 6.6 30.2 29.8 3.6 107.4 0.18 1 

Rice stalk 370 ZV-Al 105 80.4 8.7 7.0 38.5 3.0 11.5 - 2 

SB 380 CuMn-SiO2 90 83.4 10.7 3.0 41.4 1.7 1.2 6.3 3 

Biodiesel - - - 78.9 12.6 8.4 37-40 0.37 0.49 1.9-6.0 4 

Diesel - - - 84-87 13-16 1.0 42-45 0.05 0.03 1.9-5.5 5 

1 - (Cheng et al., 2017); 2 - (Yang et al., 2019); 3 - Present work; 4 - EN 14214; 5 - EN 590.



 

177 
 

After HDO treatment, the properties of TCR bio-oil indicated more attractive 

values than the biodiesel. In fact, the results obtained were very close to diesel showing 

the potential of this pyrolysis oil as fuel to be applied in engines. HDO process was crucial 

to cleave the C-O/C=O bonds (carbonyl group) of the oxygenates compounds and at the 

same time preserving the C-C/C=C bonds for the production of hydrocarbons (Ren et al., 

2013, Xiong et al., 2016). This step was quite relevant to improve the oil properties for 

fuel applications, removing aromatics from the bio-oil and subsequently increasing the 

affinity between the temperature and viscosity (Isahak et al., 2012, Xiu and Shahbazi, 

2012). 
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5. CONCLUSIONS AND FUTURE WORK 

 

The objective of this chapter is to review and summarise the general conclusions 

and to discuss the experimental results obtained in terms of benefits, implications and 

limitations. In addition, recommendations for future work are also described in this 

section. 

In this research TCR technology was proposed to convert lignocellulosic biomass into 

a better quality bio-oil containing furans with a special focus of the precursors to 2-MF 

(furfural and 2-furanmethanol). Overall, the main goals of this work were accomplished 

by the following points: 

a) The ideal lignocellulosic biomass was identified and selected according to its 

chemical composition in terms of hemicellulose and xylose percentages. 

Subsequently, it was characterised to understand its thermal degradation effect 

and also the chemical elements produced during the pyrolysis. 

b) The TCR process was tested by changing the pyrolysis and reforming 

temperatures to establish the optimal parameters to produce the bio-oil closest to 

the requirements mentioned before. 

c) SS was used as a catalyst in the TCR to improve the quality of the bio-oil and the 

yields of furans present in the pyrolysis liquid. 

d) TCR bio-oil was upgraded through HDO using Cu based catalysts. It was the final 

step to optimise the properties of the oil as an engine fuel. 

e) All TCR products (bio-oil, syngas and biochar) were submitted to chemical and 

physical analysis to understand how their properties were modified with the 

application of different temperatures, feedstocks and SS ratios. 
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SB and OH biomasses demonstrated to have a good calorific value making these 

residues valuable for biofuel production through thermochemical technologies. The ash 

content was low for both feedstocks which is an advantage for bio-oil production via 

intermediate pyrolysis. The moisture found in SB and OH was enough for pelletisation 

respecting the standards of the TCR technology to optimise the quality and the properties 

of the products. For that reason, drying was not requested which allowed the saving of 

energy. In terms of lignocellulosic composition, the level of hemicellulose indicated a 

reasonable source of furfural and xylose components. 

 The increment of reforming temperature had a substantial effect on the properties 

of the TCR products changing its chemical composition, quality and quantity. For the bio-

oil, the amount of carbon produced increased while the oxygen decreased thus improving 

the calorific value. The fuel properties of the pyrolysis liquid were improved with the 

reduction of the water, acid number, viscosity and density. Furfural and 2-furanmethanol 

production (2.4 and 1.2%, respectively) were favoured at the lowest reforming 

temperature (500 °C). Higher reforming temperatures resulted in higher hydrogen yields 

and better HHV. The biochar also improved its quality in terms of carbon, oxygen and 

energy density when the reforming temperature was increased. The only exception was 

the trial using OH at 700 °C. In terms of products distribution, lower reforming 

temperatures stimulated the formation of bio-oil and biochar while syngas production was 

more intense at higher reforming temperatures. 

 Increasing the pyrolysis temperature also reduced the oxygen value of the bio-oil 

and raised its carbon content and HHV. The water, TAN, viscosity and density were also 

improved (lower readings) with the increment of the pyrolysis temperature. Applying the 
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lowest pyrolysis temperature (400 °C) indicated the highest percentages of furfural and 

2-furanmethanol in the pyrolysis liquid (2.5 and 1.3%, respectively). Concerning the 

syngas and the biochar, the results fluctuated and a trend was not found with the increment 

of the pyrolysis temperature. For the mass balance, the increase of pyrolysis temperature 

had the same effect than the rise in reforming temperature (more syngas and less bio-oil 

and char). Relating the TCR bio-oil and syngas, the increase of reforming temperatures 

showed better results than the increase of temperature in the pyrolysis reactor. The 

utilisation of biochar in the reformer at higher temperatures may have helped to upgrade 

the organic vapours improving the HHV and the fuel properties of the bio-oil and syngas. 

It is evident that the increase from 500 to 700 ºC in the reforming unit led to other 

chemical reactions, resulting in more variability in the quality, quantity and distribution 

of the TCR products. 

The introduction of SS in the TCR experiments increased the carbon value and 

energy density of the bio-oil by 18.1% and 22.0%, respectively. Additionally, the oxygen, 

water, TAN, viscosity and density were reduced by 50.9, 55.1, 65.7, 46.6 and 4.8% 

respectively. The use of SS in the reformer demonstrated to be a better option to maximise 

the quantity of furans in the pyrolysis liquid, having better furfural and 2-furanmethanol 

yields than the runs at the same conditions but without a catalyst. Regarding the pyrolysis 

gas, SS created an increment of 80.0 and 12.3% for hydrogen volume and HHV 

respectively. It was possible to produce more bio-oil and syngas with the introduction of 

SS in the reformer. Generally, the best results were achieved using the highest SS 

proportions (100 wt% in the reformer and 30 wt% in the feedstock). However, mixing SS 

with biomass was found to be more efficient in upgrading the bio-oil and syngas than 

introducing SS in the reformer. The presence of SS in the feedstock might have a double 
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catalytic effect in the pyrolysis reactor and in the reforming unit further improving the 

fuel properties of the products. On the other hand, the implementation of SS in the 

reformer only upgrades the organic vapours in this stage of the experiment and not since 

the beginning as mentioned before. The use of SS in the TCR process originated better 

results for the bio-oil and syngas than some runs at higher pyrolysis temperatures (450 

and 500 °C) and higher reforming temperatures (600 and 700 °C). SS proved its potential 

as a catalyst to improve the TCR products properties. Moreover, SS is a promising option 

to save energy by avoiding higher pyrolysis and reforming temperatures during the TCR 

experiments. 

After HDO treatment, the TCR bio-oil showed better properties than the biodiesel. 

In fact, the results obtained were very close to diesel showing the potential of this 

pyrolysis oil for fuel applications in engines. 

Despite the present project not producing a bio-oil rich in furans it is extremely 

important to highlight the findings of this research. SS could significantly improve the 

quality and the properties of the TCR bio-oil and syngas revealing an innovate pathway 

and perspective for biofuel production via catalytic conversion of biomass. SS is a solid 

and effective catalyst which is a waste from the steel industry making it a very economical 

option. 

 

TCR technology presented a high efficiency in terms of mass balance and energy 

yield. In all trials, the biomass conversion into valuable products was higher than 92 wt%. 

For the energy yield, it was possible to observe some runs converting 98.3 and 99.7% of 

the total energy from the feedstocks into the chemical energy of the products. The energy 

losses were not higher than 12% except in the experiments with SS. The existence of SS 
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in the feedstock means less organic matter to be converted during pyrolysis, resulting in 

less bio-oil and syngas and consequently higher energy losses. Other mass and energy 

losses can be explained by errors during the weight measurements, escaping gases not 

detected by the gas totalizer and the bio-oil left in the condensing unit after each run 

which may not be detectable during cleaning. Additionally, during the separation of the 

organic and aqueous phase of the pyrolysis liquid some organic oil is left in the aqueous 

phase to avoid the contamination of the bio-oil submitted to characterisation. Adding 

these technical issues, it is normal to waste some mass and energy content affecting the 

mass and energy yield of the process. The mass and energy wastes can be also reduced 

with better and efficient isolation and by increasing the scale of the reactor. 

 

TCR oil from SB and OH indicated some positive aspects to be applied as fuel for 

engines when compared to other pyrolysis technologies found in the literature review. 

However, some of the physical and chemical properties may affect the performance and 

the lifetime of the engine contrasting with the utilisation of the biodiesel and diesel as a 

transportation fuel. This only changed when the pyrolysis liquid was submitted to a HDO 

upgrading treatment. Nevertheless, TCR oil demonstrated sufficient quality to be burned 

in CHP engines, boilers, combustors or similar applications.  

 The pyrolytic gas produced in the TCR assays contains a reasonable amount of 

combustible gases (H2, CO, CH4 and other hydrocarbon gases) and HHV to be used as an 

energy vector. One of the applications could be the generation of heat and power through 

CHP units or burnt as a fuel onsite to meet the energy demands of the industrial plant. 

TCR biochar contains a reasonable HHV which can be used for combustion in 

furnaces, gasifiers and boilers to generate heat and power. The same char has other 
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promising applications such as soil amendment, carbon sequestration, fertiliser and 

activated carbon. Another application of the char is the catalytic conversion, which is 

related to its surface properties and inorganic composition. 

 

For future work it would be interesting to pre-treat the biomass to extract the lignin 

and inorganic content which are responsible for reducing the organic yields. This would 

improve the quality and quantity of the pyrolysis oil avoiding the production of high 

molecular weight polyphenols. 

 An increase in the number of repetitions for the analytical work and the TCR 

experiments is also recommended. More data improves the accuracy of the results making 

them more representative for statistical analysis. This would minimise the experimental 

error obtaining more realistic data to be used in scale-up for industrial plants. 

 The conversion of mixed biomasses (co-pyrolysis) should be tested to benefit the 

chemical properties of the feedstock increasing the quality of the products. 

 To apply the same conditions in larger reactors to understand how the scale-up 

can influence the results and how the process can be optimised in an industrial scenario. 

 Expanding the research borders to explore the value and the applicability of the 

TCR products (bio-oil, syngas and biochar) as an energy vector (for instance, CHP units). 

 The pyrolysis oil is composed of high molecular weight compounds which is hard 

to be detected through GC-MS analysis. To solve for this limitation, HPLC could be used 

to determine the presence of these heavy chemical elements. 

 Different TCR configurations could also be investigated such as solid residence 

times, heating rates, screw speeds and duration of the runs. The properties of the gas and 
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bio-oil could be improved applying higher pyrolysis and reforming temperatures than 400 

and 500 °C, influencing the catalytic effect of SS. 

 The characterization of the HDO catalysts and a longer time in the HDO runs are 

also suggested to understand better how the properties of these materials could improve 

the quality of the TCR oil. 

 A techno-economic study for furans production would be interesting to understand 

the applicability and viability of this chemical compound in the current context.    
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APPENDIX A 

 

Detailed temperature program for moisture determination 

1. Heat from 20.0 to 105.0 °C at 10 °C/min 

2. Keep at 105.0 °C for 3 h 

3. Cool down from 105.0 to 20 °C at 10 °C/min 

 

Detailed temperature program for ash determination 

1. Heat from 20.0 to 575.0 °C at 10 °C/min 

2. Keep at 575.0 °C for 5 h 

3. Cool down from 575.0 to 20 °C at 10 °C/min 

 

Detailed temperature program for volatiles a fixed carbon determination 

1. Heat from 20.0 to 900.0 °C at 10 °C/min 

2. Keep at 900.0 °C for 15 min 

3. Cool down from 900.0 to 20 °C at 10 °C/min 
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APPENDIX B 

 

Mass Balance calculations 

Table 34 - Mass balance calculations (1) 

Feedstock 3500.0 g 
  

Remaining Feedstock 
Hopper 10.0 g 
Pyrolysis reactor 40.0 g 
Total 50.0 g 

  
Feedstock converted 3450.0 g 

      
Condensate 

  

Washing bottle 
Initial weight 1200.0 g 
Final weight  1250.0 g 
= 50.0 g 

  

Activated carbon bottle 
Initial weight 700.0 g 
Final weight 720.0 g 
= 20.0 g 

  

Cooler 
Organic phase 200.0 g 
Aqueous phase 600.0 g 
Bio-oil produced 800.0 g 

    
Total Condensate 870.0 g 

Biochar 
  

Candle Filter 
Initial weight 500.0 g 
Final weight 520.0 g 
= 20.0 g 
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Glass wool filter 
Initial weight 600.0 g 
Final weight 605.0 g 
= 5.0 g 

  

Reformer 
Initial biochar 500.0 g 
Final biochar 1200.0 g 
Biochar produced 700.0 g 

  

Total Biochar 725.0 g 
  

Syngas 
Initial gas meter reading 5.0 m³ 
Final gas meter reading 7.3 m³ 
Syngas produced 2.3 m³ 
Syngas density 0.70 kg/m³ 
Total Syngas 1610.0 g 

  
Total Losses 245.0 g 

 

Total syngas = Syngas produced * Syngas density * 1000 

Losses = Feedstock converted – (Total Condensate + Total Biochar + Total Syngas) 

 

Table 35 - Mass balance calculations (2) 

Condensate 25.2 wt% 
Oil 6.3 wt% 

Water 18.9 wt% 

Biochar 21.0 wt% 
  

Syngas 46.7 wt% 
  

Losses 7.1 wt% 
  

 

Condensate (wt%) = (Total Condensate / Feedstock Converted) * 100 

Oil (wt%) = (Organic phase / Bio-oil produced) * Condensate 
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Water (wt%) = (Aqueous phase / Bio-oil produced) * Condensate 

Biochar (wt%) = (Total Biochar / Feedstock Converted) * 100 

Syngas (wt%) = (Total Syngas / Feedstock Converted) * 100 

Losses (wt%) = (Total Losses / Feedstock Converted) * 100 

 

Energy Yield calculations 

Table 36 - Energy yield calculations 

Organic phase (kg) Organic phase (MJ) Organic phase (%) 

0.22 7.2 12.8 

 

Organic phase (kg) = (Oil * Feedstock converted) / 1000 

Organic phase (MJ) = Organic phase HHV (33.2 MJ/kg) * Organic phase (kg) 

Organic phase (%) = (Organic phase (MJ) / Feedstock energy (56.2 MJ)) * 100 

 

The same methodology was applied to determine the energy yield of the biochar, syngas 

and losses. 
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APPENDIX C 

 
Table 37 - SB characterisation (average, standard deviation and coefficient of variation) 

 

  C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) 
 Moisture 

(wt%) 

Ash 

(wt%) 

Fixed Carbon 

(wt%) 

Volatiles 

(wt%) 

HHV 

(MJ/kg) 

Average 43.7 5.1 0.10 0.62 46.5 6.0 4.0 17.2 72.8 16.4 

Standard deviation  0.24 0.08 0.00 0.09 0.84 0.42 0.58 0.76 2.1 0.09 

Coefficient of variation (%) 0.55 1.5 0.00 14.9 1.8 6.9 14.6 4.4 2.9 0.54 

 

Table 38 - OH characterisation (average, standard deviation and coefficient of variation) 

 

  C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) 
 Moisture 

(wt%) 

Ash 

(wt%) 

Fixed Carbon 

(wt%) 

Volatiles 

(wt%) 

HHV 

(MJ/kg) 

Average 40.6 6.0 1.1 <0.1 49.9 14.8 2.4 26.4 56.4 16.0 

Standard deviation  0.14 0.36 0.05 - 1.1 0.46 0.07 0.81 1.2 0.54 

Coefficient of variation (%) 0.33 5.9 4.2 - 2.2 3.1 2.9 3.1 2.1 3.4 
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Table 39 - SB bio-oil characterisation at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation 
and coefficient of variation) 

 

500 °C 
C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 

Average 71.3 7.1 0.69 0.10 20.8 31.1 <0.001 4.7 27.7 24.9 1062 

Standard deviation  0.66 0.13 0.08 0.00 1.2 0.24 - 0.22 3.8 2.9 12.3 

Coefficient of variation (%) 0.93 1.8 11.6 0.00 5.8 0.77 - 4.7 13.7 11.6 1.2 

600 °C            

Average 74.6 7.4 0.56 0.10 17.4 33.0 <0.001 2.2 17.3 13.7 1060 

Standard deviation 0.84 0.17 0.08 0.00 1.1 0.69 - 0.28 3.1 1.6 9.4 

Coefficient of variation (%) 1.1 2.3 14.3 0.00 6.3 2.1 - 12.7 17.9 11.7 0.89 

700 °C            

Average 77.2 8.0 0.54 0.18 14.1 34.9 <0.001 1.9 15.6 12.1 1059 

Standard deviation 1.8 0.45 0.04 0.01 1.4 0.92 - 0.13 2.9 1.0 7.7 

Coefficient of variation (%) 2.3 5.6 7.4 5.6 9.9 2.6 - 6.8 18.6 8.3 0.73 

 
 
 
 
 
 



 

220 
 

Table 40 - OH bio-oil characterisation at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation 
and coefficient of variation) 

 

500 °C 
C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 

Average 72.2 8.2 1.9 0.68 17.0 33.2 <0.001 4.8 30.5 36.5 1074 

Standard deviation  0.92 0.42 0.07 0.06 1.4 0.52 - 0.27 5.7 4.1 9.4 

Coefficient of variation (%) 1.3 5.2 3.7 8.8 8.2 1.6 - 5.6 18.7 11.2 0.88 

600 °C       
 

    

Average 77.4 7.5 2.7 0.76 11.7 34.6 <0.001 3.9 21.4 35.4 1082 

Standard deviation 0.51 0.11 0.10 0.06 0.55 0.11 - 0.35 4.0 2.8 1.6 

Coefficient of variation (%) 0.65 1.4 3.6 7.5 4.7 0.33 - 9.2 18.5 7.8 0.15 

700 °C       
 

    

Average 78.8 7.2 2.5 0.77 10.7 35.0 <0.001 2.3 17.7 17.8 1072 

Standard deviation 1.5 0.30 0.09 0.07 1.2 0.31 - 0.00 3.8 3.6 8.2 

Coefficient of variation (%) 1.9 4.2 3.7 8.8 11.3 0.90 - 0.00 21.5 20.2 0.76 
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Table 41 - SB gas compositon at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation and 
coefficient of variation) 

 

500 °C H2 (vol%) CH4 (vol%) CO (vol%) CO2 (vol%) CxHy (vol%) 
Non-detectable 

(vol%) 

HHV 

(MJ/kg) 

Density 

(kg/m3) 

Average 25.7 13.5 20.2 28.8 2.3 9.5 15.9 0.89 

Standard deviation  0.61 0.98 1.7 0.66 0.09 1.1 0.82 0.04 

Coefficient of variation (%) 2.4 7.3 8.4 2.3 3.9 11.6 5.2 4.5 

600 °C         

Average 30.4 9.6 18.5 25.6 2.0 13.9 17.0 0.78 

Standard deviation 1.0 0.92 1.9 0.00 0.07 1.9 1.1 0.02 

Coefficient of variation (%) 3.3 9.6 10.3 0.00 3.5 13.7 6.5 2.6 

700 °C         

Average 30.9 10.2 23.6 21.8 1.4 12.1 18.4 0.73 

Standard deviation 0.63 0.28 0.92 0.42 0.00 0.14 2.4 0.01 

Coefficient of variation (%) 2.03 2.7 3.9 1.9 0.00 1.2 13.0 1.4 
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Table 42 - OH gas compositon at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation and 
coefficient of variation) 

 

500 °C H2 (vol%) CH4 (vol%) CO (vol%) CO2 (vol%) CxHy (vol%) 
Non-detectable 

(vol%) 

HHV 

(MJ/kg) 

Density 

(kg/m3) 

Average 15.8 7.0 25.5 25.6 2.7 23.4 15.3 1.2 

Standard deviation  1.7 0.62 1.8 0.94 0.41 1.3 0.39 0.02 

Coefficient of variation (%) 10.8 8.9 7.1 3.7 15.2 5.6 2.6 1.7 

600 °C         

Average 30.1 5.8 21.2 20.9 2.4 19.7 18.0 1.0 

Standard deviation 3.0 0.57 1.4 0.42 0.49 2.0 0.21 0.04 

Coefficient of variation (%) 9.9 9.8 6.7 2.0 21.1 10.4 1.2 4.1 

700 °C         

Average 31.6 6.9 25.2 18.5 1.5 16.5 18.8 0.96 

Standard deviation 1.5 0.35 1.8 0.78 0.21 0.14 0.15 0.02 

Coefficient of variation (%) 4.7 5.2 7.3 4.2 14.6 0.86 0.79 1.8 
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Table 43 - SB biochar characterisation at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation 
and coefficient of variation) 

 
500 °C C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (wt%) HHV (MJ/kg) 

Average 70.3 1.6 0.39 <0.10 11.6 16.1 24.9 

Standard deviation  1.1 0.19 0.02 - 0.33 0.99 0.47 

Coefficient of variation (%) 1.6 11.9 5.1 - 2.8 6.1 1.9 

600 °C        

Average 77.0 1.5 0.34 <0.10 2.1 19.0 28.0 

Standard deviation 0.80 0.13 0.01 - 0.18 0.73 0.62 

Coefficient of variation (%) 1.0 8.7 2.9 - 8.6 3.8 2.2 

700 °C        

Average 78.2 1.3 0.43 <0.10 1.1 18.8 28.4 

Standard deviation 1.7 0.09 0.02 - 0.06 1.0 0.31 

Coefficient of variation (%) 2.2 6.9 4.6 - 5.4 5.3 1.1 
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Table 44 - OH biochar characterisation at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation 
and coefficient of variation) 

 

500 °C C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (wt%) HHV (MJ/kg) 

Average 79.3 2.0 1.1 <0.10 5.7 11.8 29.2 

Standard deviation  0.70 0.21 0.04 - 0.34 0.35 0.19 

Coefficient of variation (%) 0.88 10.5 3.6 - 6.0 3.0 0.65 

600 °C        

Average 81.0 1.9 1.0 <0.10 5.1 10.8 29.7 

Standard deviation 0.26 0.05 0.04 - 0.93 0.58 0.23 

Coefficient of variation (%) 0.33 2.6 3.4 - 18.2 5.3 0.79 

700 °C        

Average 78.6 1.8 1.0 <0.10 5.3 13.2 28.7 

Standard deviation 1.8 0.32 0.05 - 0.23 1.7 0.28 

Coefficient of variation (%) 2.3 17.9 4.4 - 4.5 12.9 0.97 
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Table 45- Mass balance of SB trials at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation and 
coefficient of variation) 

 

500 °C Bio-oil (wt%) A. phase (wt%) Char (wt%) Gas (wt%) Losses (wt%) 
Average 7.2 25.4 26.6 36.3 4.5 
Standard deviation  0.76 1.4 0.37 1.3 0.20 
Coefficient of variation (%) 10.6 5.5 1.4 3.6 4.4 

600 °C      

Average 4.8 23.0 22.9 43.8 5.5 
Standard deviation 0.61 2.7 0.77 2.8 0.34 
Coefficient of variation (%) 12.8 11.7 3.4 6.4 6.2 

700 °C      

Average 2.7 19.5 20.9 50.4 6.6 
Standard deviation 0.19 1.6 0.39 4.3 0.27 
Coefficient of variation (%) 7.0 8.2 1.9 8.5 4.1 
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Table 46 - Mass balance of OH trials at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation 
and coefficient of variation) 

 

500 °C Bio-oil (wt%) A. phase (wt%) Char (wt%) Gas (wt%) Losses (wt%) 
Average 7.6 33.2 22.9 33.1 3.2 
Standard deviation  0.81 0.95 0.37 1.0 0.18 
Coefficient of variation (%) 10.7 2.9 1.6 3.0 5.6 

600 °C      

Average 4.2 25.5 20.1 45.7 4.5 
Standard deviation 1.3 0.97 0.06 1.8 0.39 
Coefficient of variation (%) 31.2 3.8 0.28 3.9 8.7 

700 °C      

Average 3.2 22.0 17.0 53.2 4.6 
Standard deviation 0.53 0.60 0.51 1.1 0.44 
Coefficient of variation (%) 16.6 2.7 3.0 2.0 9.5 
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Table 47 - Energy yield of SB trials at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation and 
coefficient of variation) 

 

500 °C Bio-oil (%) Char (%) Gas (%) Losses (%) 
Average 13.6 40.4 35.1 10.9 
Standard deviation  1.3 0.87 0.99 1.7 
Coefficient of variation (%) 9.6 2.2 2.8 15.6 

600 °C     
Average 9.7 39.1 45.4 5.8 
Standard deviation 2.0 1.0 1.1 0.83 
Coefficient of variation (%) 20.6 2.6 2.4 14.3 

700 °C     

Average 5.7 36.1 56.5 1.7 
Standard deviation 0.8 0.91 1.5 0.66 
Coefficient of variation (%) 14.0 2.5 2.7 38.8 
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Table 48 - Energy yield of OH trials at different reforming temperatures (Pyrolysis temperature = 450 °C) (average, standard deviation and 
coefficient of variation) 

 
500 °C Bio-oil (%) Char (%) Gas (%) Losses (%) 

Average 15.7 41.7 31.6 11.1 
Standard deviation  1.8 0.76 0.62 1.4 
Coefficient of variation (%) 11.5 1.8 2.0 12.6 

600 °C     

Average 9.0 37.2 51.1 2.7 
Standard deviation 1.6 0.40 1.4 0.38 
Coefficient of variation (%) 17.8 1.1 2.7 14.1 

700 °C     

Average 7.0 30.5 62.3 0.28 
Standard deviation 1.1 0.62 0.76 0.17 
Coefficient of variation (%) 15.7 2.0 1.2 60.7 
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Table 49 - SB bio-oil characterisation at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 
and coefficient of variation) 

 

400 °C 
C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 

Average 63.4 8.3 0.41 0.39 27.5 29.1 <0.001 9.9 32.2 47.8 1077 

Standard deviation  0.53 0.24 0.04 0.06 2.2 0.18 - 0.69 4.1 7.8 4.9 

Coefficient of variation (%) 0.84 2.9 9.8 15.3 8.0 0.62 - 6.9 12.7 16.3 0.45 

450 °C            

Average 71.3 7.1 0.69 0.10 20.8 31.1 <0.001 4.7 27.7 24.9 1062 

Standard deviation 0.66 0.13 0.08 0.00 1.2 0.24 - 0.22 3.8 2.9 12.3 

Coefficient of variation (%) 0.93 1.8 11.6 0.00 5.8 0.77 - 4.7 13.7 11.6 1.2 

500 °C            

Average 72.2 8.6 0.76 0.29 18.2 33.4 <0.001 4.2 25.8 23.7 1061 

Standard deviation 0.61 0.30 0.05 0.02 1.4 0.37 - 0.31 1.6 1.4 3.5 

Coefficient of variation (%) 0.85 3.5 6.6 6.9 7.7 1.1 - 7.4 6.2 5.9 0.33 
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Table 50 - OH bio-oil characterisation at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 
and coefficient of variation) 

 

400 °C 
C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 

Average 70.7 8.6 1.8 1.3 17.6 33.1 <0.001 7.8 33.5 38.1 1078 

Standard deviation  0.86 0.53 0.03 0.11 1.3 0.27 - 1.1 3.9 3.3 6.5 

Coefficient of variation (%) 1.2 6.2 1,7 8.5 7.4 0.82 - 14.1 11.6 8.7 0.60 

450 °C            

Average 72.2 8.2 1.9 0.68 17.0 33.2 <0.001 4.8 30.5 36.5 1074 

Standard deviation 0.92 0.42 0.07 0.06 1.4 0.52 - 0.27 5.7 4.1 9.4 

Coefficient of variation (%) 1.3 5.2 3.7 8.8 8.2 1.6 - 5.6 18.7 11.2 0.88 

500 °C            

Average 72.8 8.3 1.8 0.68 16.4 33.5 <0.001 4.4 24.2 35.3 1072 

Standard deviation 0.61 0.59 0.04 0.08 1.3 0.44 - 0.18 4.2 1.9 3.7 

Coefficient of variation (%) 0.84 7.1 2.2 11.8 7.9 1.3 - 4.1 17.4 5.4 0.35 
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Table 51 - SB gas compositon at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation and 
coefficient of variation) 

 

400 °C H2 (vol%) CH4 (vol%) CO (vol%) CO2 (vol%) CxHy (vol%) 
Non-detectable 

(vol%) 

HHV 

(MJ/kg) 

Density 

(kg/m3) 

Average 21.5 15.6 21.2 30.5 2.5 8.7 13.8 0.90 

Standard deviation  0.42 0.83 2.0 0.98 0.07 0,60 0.60 0.05 

Coefficient of variation (%) 1.9 5.3 9.4 3.2 2.8 6.9 4.3 5.6 

450 °C         

Average 25.7 13.5 20.2 28.8 2.3 9.5 15.9 0.89 

Standard deviation 0.61 0.98 1.7 0.66 0.09 1.1 0.82 0.04 

Coefficient of variation (%) 2.4 7.3 8.4 2.3 3.9 11.6 5.2 4.5 

500 °C         

Average 19.9 10.9 32.6 23.6 2.7 10.3 13.4 0.98 

Standard deviation 0.33 0.35 3.7 0.36 0.09 0,80 0.71 0.07 

Coefficient of variation (%) 1.7 3.2 11.3 1.5 3.3 7.8 5.3 7.1 
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Table 52 - OH gas compositon at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation and 
coefficient of variation) 

 

400 °C H2 (vol%) CH4 (vol%) CO (vol%) CO2 (vol%) CxHy (vol%) 
Non-detectable 

(vol%) 

HHV 

(MJ/kg) 

Density 

(kg/m3) 

Average 16.5 11.6 26.5 30.1 3.0 12.3 16.2 0.91 

Standard deviation  1.3 0.49 1.1 0.99 0.22 0.74 0.36 0.05 

Coefficient of variation (%) 7.9 4.2 4.2 3.3 7.3 6.0 2.2 5.5 

450 °C         

Average 15.8 7.0 25.5 25.6 2.7 23.4 15.3 1.2 

Standard deviation 1.7 0.62 1.8 0.94 0.41 1.3 0.39 0.02 

Coefficient of variation (%) 10.8 8.9 7.1 3.7 15.2 5.6 2.6 1.7 

500 °C         

Average 23.1 6.4 29.5 21.2 3.4 16.4 17.3 0.85 

Standard deviation 1.9 0.55 1.4 0.76 0.25 1.0 0.44 0.03 

Coefficient of variation (%) 8.2 8.6 4.7 3.6 7.4 6.1 2.5 3.5 
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Table 53 - SB biochar characterisation at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 
and coefficient of variation) 

 

400 °C C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (wt%) HHV (MJ/kg) 

Average 79.6 2.2 0.44 <0.10 2.7 15.0 29.7 

Standard deviation  2.2 0.17 0.02 - 0.11 0.74 0.68 

Coefficient of variation (%) 2.8 7.7 4.5 - 4.1 4.9 2.3 

450 °C        

Average 70.3 1.6 0.39 <0.10 11.6 16.1 24.9 

Standard deviation 1.1 0.19 0.02 - 0.33 0.99 0.47 

Coefficient of variation (%) 1.6 11.9 5.1 - 2.8 6.1 1.9 

500 °C        

Average 77.1 1.5 0.47 <0.10 2.6 18.2 28.1 

Standard deviation 1.5 0.08 0.03 - 0.13 1.3 0.44 

Coefficient of variation (%) 1.9 5.3 6.4 - 5.0 7.1 1.6 
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Table 54 - OH biochar characterisation at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 
and coefficient of variation) 

 

400 °C C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (wt%) HHV (MJ/kg) 

Average 78.2 2.7 1.4 <0.10 2.2 15.5 29.3 

Standard deviation  0.81 0.16 0.06 - 0.18 0.51 0.19 

Coefficient of variation (%) 1.0 5.9 4.3 - 8.2 3.3 0.65 

450 °C        

Average 79.3 2.0 1.1 <0.10 5.7 11.8 29.2 

Standard deviation 0.70 0.21 0.04 - 0.34 0.35 0.19 

Coefficient of variation (%) 0.88 10.5 3.6 - 6.0 3.0 0.65 

500 °C        

Average 79.0 2.3 1.3 <0.10 1.2 16.1 29.3 

Standard deviation 0.88 0.14 0.03 - 0.07 0.80 0.21 

Coefficient of variation (%) 1.1 6.1 2.3 - 5.8 4.9 0.72 
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Table 55 - Mass balance of SB trials at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 
and coefficient of variation) 

 

400 °C Bio-oil (wt%) A. phase (wt%) Char (wt%) Gas (wt%) Losses (wt%) 
Average 7.8 26.6 27.2 31.6 6.8 
Standard deviation  0.38 1.1 0.33 2.5 0.52 
Coefficient of variation (%) 4.9 4.1 1.2 7.9 7.6 

450 °C      

Average 7.2 25.4 26.6 36.3 4.5 
Standard deviation 0.76 1.4 0.37 1.3 0.20 
Coefficient of variation (%) 10.6 5.5 1.4 3.6 4.4 

500 °C      

Average 6.8 23.2 26.1 36.8 7.2 
Standard deviation 0.29 0.93 0.17 1.1 0.59 
Coefficient of variation (%) 4.3 4.0 0.65 3.0 8.2 
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Table 56 - Mass balance of OH trials at different pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 

and coefficient of variation) 
 

400 °C Bio-oil (wt%) A. phase (wt%) Char (wt%) Gas (wt%) Losses (wt%) 
Average 9.3 34.4 24.8 26.7 4.8 
Standard deviation  0.76 0.97 0.60 1.5 0.29 
Coefficient of variation (%) 8.2 2.8 2.4 5.6 6.0 

450 °C      

Average 7.6 33.2 22.9 33.1 3.2 
Standard deviation 0.81 0.95 0.37 1.0 0.18 
Coefficient of variation (%) 10.7 2.9 1.6 3.0 5.6 

500 °C      

Average 7.5 30.9 22.2 33.7 5.9 
Standard deviation 0.69 0.88 0.57 0.89 0.22 
Coefficient of variation (%) 9.2 2.8 2.6 2.6 3.7 
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Table 57 - Energy yield of SB trials at different  pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 
and coefficient of variation) 

 

400 °C Bio-oil (%) Char (%) Gas (%) Losses (%) 
Average 13.8 49.4 26.7 10.2 
Standard deviation  1.1 0.92 0.66 1.3 
Coefficient of variation (%) 8.0 1.9 2.5 12.7 

450 °C     

Average 13.6 40.4 35.1 10.9 
Standard deviation 1.3 0.87 0.99 1.7 
Coefficient of variation (%) 9.6 2.2 2.8 15.6 

500 °C     

Average 13.8 44.7 30.0 11.4 
Standard deviation 1.3 0.95 0.82 1.6 
Coefficient of variation (%) 9.4 2.1 2.7 14.0 
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Table 58 - Energy yield of OH trials at different  pyrolysis temperatures (Reforming temperature = 500 °C) (average, standard deviation 
and coefficient of variation) 

 

400 °C Bio-oil (%) Char (%) Gas (%) Losses (%) 
Average 19.3 45.3 27.0 8.4 
Standard deviation  1.9 0.88 0.47 1.0 
Coefficient of variation (%) 9.8 1.9 1.7 11.9 

450 °C     

Average 15.7 41.7 31.6 11.1 
Standard deviation 1.8 0.76 0.62 1.4 
Coefficient of variation (%) 11.5 1.8 2.0 12.6 

500 °C     

Average 15.6 40.4 36.3 7.7 
Standard deviation 1.3 0.59 0.75 0.86 
Coefficient of variation (%) 8.3 1.5 2.1 11.2 
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Table 59 -  SB bio-oil characterisation at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 
deviation and coefficient of variation) 

 

30 wt% (Reformer) 
C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 

Average 68.2 7.2 1.9 1.7 21.0 30.2 <0.001 8.4 29.1 45.8 1073 

Standard deviation  1.1 0.49 0.12 0.05 1.2 0.78 - 0.27 3.1 6.2 9.4 

Coefficient of variation (%) 1.6 6.8 6.3 2.9 5.7 2.6 - 3.2 10.6 13.5 0.88 

70 wt% (Reformer)            

Average 71.7 8.3 1.4 1.2 17.5 33.0 <0.001 6.5 22.6 30.9 1067 

Standard deviation 0.90 0.16 0.04 0.03 1.5 0.41 - 0.19 3.3 2.8 16.1 

Coefficient of variation (%) 1.2 1.9 2.9 2.5 8.6 1.2 - 2.9 14.6 9.1 1.5 

100 wt% (Reformer)            

Average 74.9 9.0 1.1 1.6 13.5 33.5 <0.001 5.7 16.7 25.5 1060 

Standard deviation 1.7 0.38 0.09 0.03 2.0 0.39 - 0.20 1.6 3.3 18.5 

Coefficient of variation (%) 2.3 4.2 8.2 1.9 14.8 1.2 - 3.5 9.6 12.9 1.7 
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Table 60 -  OH bio-oil characterisation at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard deviation 
and coefficient of variation) 

 

30 wt% (Reformer) C 
(wt%) 

H 
(wt%) 

N 
(wt%) 

S 
(wt%) 

O 
(wt%) 

HHV 
(MJ/kg) 

Ash 
(wt%) 

Water 
(wt%) 

TAN (mg 
KOH/g) 

Viscosity 
(mm2/s) 

Density 
(kg/m3) 

Average 64.2 7.9 2.8 1.3 23.8 29.3 <0.001 6.7 29.2 35.7 1069 
Standard deviation  2.6 0.39 0.34 0.07 1.9 1.2 - 0.34 2.8 1.9 12.9 
Coefficient of variation (%) 4.1 4.9 12.1 5.4 8.0 4.1 - 5.7 9.6 5.3 1.2 

70 wt% (Reformer)            

Average 69.8 8.8 1.7 1.0 18.7 32.9 <0.001 6.2 27.4 32.3 1055 
Standard deviation 0.94 0.62 0.05 0.08 1.6 0.79 - 0.38 1.7 2.3 9.1 
Coefficient of variation (%) 1.3 7.0 2.9 8.0 8.6 2.4 - 6.1 6.2 7.1 0.86 

100 wt% (Reformer)            

Average 74.4 8.9 1.9 0.91 13.9 35.1 <0.001 5.4 14.3 30.8 1051 
Standard deviation 1.8 0.27 0.05 0.05 1.1 0.93 - 0.41 4.0 1.8 7.6 
Coefficient of variation (%) 2.4 3.0 2.6 5.5 7.9 2.6 - 7.6 28.0 5.8 0.72 
10 wt% (Feed)            
Average 65.9 9.6 1.8 0.95 21.8 32.1 <0.001 6.6 21.1 28.2 1040 
Standard deviation  0.77 0.56 0.07 0.07 1.0 0.37 - 0.88 2.3 2.0 12.8 
Coefficient of variation (%) 1.2 5.8 3.9 7.4 4.6 1.2 - 13.3 10.9 7.1 1.2 
20 wt% (Feed)            
Average 67.9 9.3 2.0 1.0 19.8 32.6 <0.001 5.1 17.3 26.9 1038 
Standard deviation 1.9 0.39 0.09 0.08 0.94 0.29 - 0.55 1.4 4.4 7.5 
Coefficient of variation (%) 2.8 4.2 4.5 8.0 4.7 0.89 - 10.8 8.1 16.3 0.72 
30 wt% (Feed)            
Average 73.5 9.4 2.5 1.3 13.3 35.4 <0.001 3.5 11.5 21.0 1026 
Standard deviation 1.2 0.17 0.13 0.08 0.62 0.40 - 0.29 1.5 3.1 9.8 
Coefficient of variation (%) 1.6 1.8 5.2 6.2 4.7 1.1 - 8.3 13.0 14.8 0.95 
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Table 61 - SB gas compositon at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard deviation 
and coefficient of variation) 

 

30 wt% (Reformer) H2 (vol%) CH4 (vol%) CO (vol%) CO2 (vol%) CxHy (vol%) 
Non-detectable 

(vol%) 

HHV 

(MJ/kg) 

Density 

(kg/m3) 

Average 20.4 15.1 24.9 30.4 2.0 7.2 13.6 0.91 

Standard deviation  0.53 0.69 1.2 0.70 0.05 0.48 0.56 0.03 

Coefficient of variation (%) 2.6 4.6 4.8 2.3 2.5 6.7 4.1 3.3 

70 wt% (Reformer)         

Average 19.5 14.7 25.8 29.2 2.1 8.7 13.5 0.92 

Standard deviation 0.28 0.31 1.4 0.30 0.08 0.52 0.69 0.04 

Coefficient of variation (%) 1.4 2.1 5.4 1.0 3.8 6.0 5.1 4.3 

100 wt% (Reformer)         

Average 18.9 13.1 28.6 28.3 2.8 8.3 13.3 0.95 

Standard deviation 0.22 0.29 1.5 0.43 0.07 0.36 0.64 0.03 

Coefficient of variation (%) 1.2 2.2 5.2 1.5 2.5 4.3 4.8 3.2 
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Table 62 - OH gas compositon at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 
deviation and coefficient of variation) 

 

30 wt% (Reformer) H2 
(vol%) 

CH4 
(vol%) 

CO 
(vol%) 

CO2 
(vol%) 

CxHy 
(vol%) 

Non-detectable 
(vol%) 

HHV 
(MJ/kg) 

Density 
(kg/m3) 

Average 15.7 10.7 28.9 29.6 3.7 11.4 13.7 0.92 
Standard deviation  1.2 0.58 2,0 0.89 0.29 0.76 0.41 0.06 
Coefficient of variation (%) 7.6 5.4 6.9 3.0 7.8 6.7 3.0 6.5 

70 wt% (Reformer)         

Average 15.4 10.1 29.2 29.3 3.1 12.9 13.3 0.99 
Standard deviation 0.4 0.77 2.3 1.6 0.18 0.81 0.25 0.03 
Coefficient of variation (%) 2.6 7.6 7.9 5.5 5.8 6.3 1.9 3.0 

100 wt% (Reformer)         

Average 14.5 8.8 31.5 27.0 3.0 15.2 12.8 1.0 
Standard deviation 0.88 0.54 1.7 1.0 0.22 0.69 0.36 0.02 
Coefficient of variation (%) 6.1 6.1 5.4 3.7 7.3 4.5 2.8 2.0 
10 wt% (Feed)         
Average 23.2 7.3 22.6 35.8 2.7 8.4 17.4 0.91 
Standard deviation  1.4 0.46 1.1 0.85 0.17 0.64 0.3 0.02 
Coefficient of variation (%) 6.0 6.3 4.9 2.4 6.3 7.6 1.7 2.2 
20 wt% (Feed)         
Average 24.4 8.4 21.5 34.2 2.7 8.8 17.7 0.91 
Standard deviation 1.3 0.38 1.3 0.94 0.19 0.5 0.27 0.04 
Coefficient of variation (%) 5.3 4.5 6.0 2.7 7.0 5.7 1.5 4.4 
30 wt% (Feed)         
Average 29.7 8.7 17.4 32.2 2.5 9.5 18.2 0.89 
Standard deviation 2.0 0.31 0.97 1.5 0.18 0.78 0.61 0.02 
Coefficient of variation (%) 6.7 3.6 5.6 4.7 7.2 8.2 3.4 2.2 
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Table 63 - SB biochar characterisation at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 
deviation and coefficient of variation) 

 

30 wt% (Reformer) C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (wt%) HHV (MJ/kg) 
Average 75.3 1.8 1.0 <0.10 5.1 16.7 27.5 
Standard deviation  1.3 0.15 0.04 - 0.26 0.70 0.81 
Coefficient of variation (%) 1.7 8.3 4.0 - 5.1 4.2 2.9 

70 wt% (Reformer)        

Average 74.6 1.9 0.52 <0.10 6.5 16.3 27.3 
Standard deviation 1.5 0.11 0.03 - 0.49 0.66 0.90 
Coefficient of variation (%) 2.0 5.8 5.8 - 7.5 4.0 3.3 

100 wt% (Reformer)        

Average 73.9 2.2 0.52 <0.10 8.2 15.1 27.2 
Standard deviation 1.2 0.14 0.03 - 0.29 0.55 0.98 
Coefficient of variation (%) 1.6 6.4 5.8 - 3.5 3.6 3.6 
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Table 64 - OH biochar characterisation at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 

deviation and coefficient of variation) 
 

30 wt% (Reformer) C (wt%) H (wt%) N (wt%) S (wt%) O (wt%) Ash (wt%) HHV (MJ/kg) 
Average 79.3 1.9 1.2 <0.10 5.6 12.0 29.1 
Standard deviation  0.91 0.13 0.05 - 0.28 0.41 0.56 
Coefficient of variation (%) 1.1 6.8 4.2 - 5.0 3.4 1.9 

70 wt% (Reformer)        

Average 75.3 2.5 1.6 <0.10 3.2 17.3 28.5 
Standard deviation 1.6 0.17 0.05 - 0.11 0.88 0.23 
Coefficient of variation (%) 2.1 6.8 3.1 - 3.4 5.1 0.81 

100 wt% (Reformer)    -    

Average 75.2 2.6 1.3 <0.10 6.2 14.6 28.4 
Standard deviation 1.3 0.09 0.02 - 0.34 0.66 0.48 
Coefficient of variation (%) 1.7 3.5 1.5 - 5.5 4.5 1.7 
10 wt% (Feed)        
Average 56.9 1.7 0.87 <0.10 1.8 38.7 20.8 
Standard deviation  0.75 0.08 0.03 - 0.06 2.9 0.58 
Coefficient of variation (%) 1.3 4.7 3.4 - 3.3 7.5 2.8 
20 wt% (Feed)        
Average 47.6 1.6 0.7 <0.10 1.8 48.1 17.3 
Standard deviation 0.87 0.05 0.05 - 0.09 3.6 0.48 
Coefficient of variation (%) 1.8 3.1 7.1 - 5.0 7.5 2.8 
30 wt% (Feed)        
Average 43.1 1.3 0.52 <0.10 2.6 52.4 15.2 
Standard deviation 1.0 0.03 0.06 - 0.14 2.2 0.39 
Coefficient of variation (%) 2.3 2.3 11.5 - 5.4 4.2 2.6 
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Table 65 - Mass balance of SB trials at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 
deviation and coefficient of variation) 

 

30 wt% (Reformer) Bio-oil (wt%) A. phase (wt%) Char (wt%) Gas (wt%) Losses (wt%) 
Average 5.7 25.7 29.8 31.5 7.3 
Standard deviation  0.27 1.4 0.65 1.6 0.38 
Coefficient of variation (%) 4.7 5.4 2.2 5.1 5.2 

70 wt% (Reformer)      

Average 7.4 27.6 25.9 32.4 6.7 
Standard deviation 0.73 1.0 1.4 1.0 0.42 
Coefficient of variation (%) 9.9 3.6 5.4 3.1 6.3 

100 wt% (Reformer)      

Average 9.3 29.2 22.0 33.9 5.6 
Standard deviation 0.49 0.97 1.3 0.76 0.55 
Coefficient of variation (%) 5.3 3.3 5.9 2.2 9.8 
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Table 66 - Mass balance of OH trials at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 
deviation and coefficient of variation) 

 
30 wt% (Reformer) Bio-oil (wt%) A. phase (wt%) Char (wt%) Gas (wt%) Losses (wt%) 

Average 8.4 31.6 27.2 26.5 6.3 
Standard deviation  0.59 0.72 0.85 1.3 0.44 
Coefficient of variation (%) 7.0 2.3 3.1 4.9 7.0 

70 wt% (Reformer)      

Average 9.1 32.5 24.5 28.8 5.1 
Standard deviation 0.33 0.67 0.78 2.1 0.16 
Coefficient of variation (%) 3.6 2.1 3.2 7.3 3.1 

100 wt% (Reformer)      

Average 9.8 33.3 20.2 31.3 5.4 
Standard deviation 0.46 0.5 0.67 1.3 0.22 
Coefficient of variation (%) 4.7 1.5 3.3 4.2 4.1 

10 wt% (Feed)      

Average 7.4 26.7 29.2 31.1 5.6 
Standard deviation  0.28 1.7 0.99 2.0 0.43 
Coefficient of variation (%) 3.8 6.4 3.4 6.4 7.7 

20 wt% (Feed)      

Average 7.1 23.3 39.0 26.2 4.4 
Standard deviation 0.16 1.2 1.5 0.88 0.56 
Coefficient of variation (%) 2.3 5.2 3.8 3.4 12.7 

30 wt% (Feed)      

Average 6.7 20.1 43.5 25.1 4.6 
Standard deviation 0.17 1.4 1.1 0.69 0.35 
Coefficient of variation (%) 2.5 7.0 2.5 2.7 7.6 
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Table 67 - Energy yield of SB trials at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 
deviation and coefficient of variation) 

 

30 wt% (Reformer) Bio-oil (%) Char (%) Gas (%) Losses (%) 
Average 10.5 50.0 26.1 13.4 
Standard deviation  0.77 1.4 0.30 0.86 
Coefficient of variation (%) 7.3 2.8 1.1 6.4 

70 wt% (Reformer)     

Average 15.0 43.1 26.7 15.3 
Standard deviation 1.1 0.68 0.43 0.58 
Coefficient of variation (%) 7.3 1.6 1.6 3.8 

100 wt% (Reformer)     

Average 20.1 36.5 27.5 15.9 
Standard deviation 1.3 0.37 0.64 1.2 
Coefficient of variation (%) 6.5 1.0 2.3 7.5 
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Table 68 - Energy yield of OH trials at different SS ratios (Pyrolysis and Reforming temperatures = 400 and 500 °C) (average, standard 
deviation and coefficient of variation) 

 
30 wt% (Reformer) Bio-oil (%) Char (%) Gas (%) Losses (%) 

Average 15.3 49.3 22.6 12.8 
Standard deviation  1.6 1.0 0.47 1.0 
Coefficient of variation (%) 10.5 2.0 2.1 7.8 

70 wt% (Reformer)     

Average 18.6 43.5 23.9 14.0 
Standard deviation 1.2 1.3 0.39 0.77 
Coefficient of variation (%) 6.5 3.0 1.6 5.5 

100 wt% (Reformer)     

Average 21.4 35.7 25.0 17.9 
Standard deviation 1.7 0.85 0.64 1.1 
Coefficient of variation (%) 7.9 2.4 2.6 6.1 

10 wt% (Feed)     

Average 14.8 37.9 33.7 13.5 
Standard deviation  0.92 0.48 0.81 0.75 
Coefficient of variation (%) 6.2 1.3 2.4 5.6 

20 wt% (Feed)     

Average 14.5 42.1 28.9 14.5 
Standard deviation 0.67 1.2 0.34 1.2 
Coefficient of variation (%) 4.6 2.9 1.2 8.3 

30 wt% (Feed)     

Average 14.7 41.2 28.5 15.6 
Standard deviation 1.0 1.7 0.22 1.3 
Coefficient of variation (%) 6.8 4.1 0.77 8.3 
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Table 69 - TCR bio-oil characterization after HDO treatment (average, standard deviation and coefficient of variation) 
 

30 wt% (Reformer) 
C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 

O 

(wt%) 

HHV 

(MJ/kg) 

Ash 

(wt%) 

Water 

(wt%) 

TAN (mg 

KOH/g) 

Viscosity 

(mm2/s) 

Density 

(kg/m3) 

Average 83.4 10.7 2.2 0.87 3.0 41.4 <0.001 1.7 1.2 6.3 999 

Standard deviation  1.4 0.38 0.10 0.02 0.09 0.67 - 0.08 0.03 0.55 7.7 

Coefficient of variation (%) 1.7 3.6 4.5 2.3 3.0 1.6 - 4.7 2.5 8.7 0.77 
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