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Abstract 

The impact of oxygen exothermicity on energy quality of biofuels, and 

catalytic upgrading 

Energy systems and products have always focused heavily on the fuel rather than the oxidant. 

That oxygen is the definitive factor in the exothermicity of combustion reactions rather than 

the fuel is demonstrated through the application of the principles governing classical 

thermodynamics. Through a rigorous analysis of the changes in bond (dissociation) energies 

undergone by each element during combustion for 359 fuels, it is observed that oxygen 

contributes more than 100 % towards the (net) higher heating value (HHV), with only a few 

exceptions. Hydrogen present in the fuel contributes only weakly to the HHV (with a 

maximum contribution of ~16 %). The oxidation of carbon typically consumes energy 

evolved during combustion, thereby contributing negatively to the HHV, and in a rare case 

has a maximum contribution of just ~18 %. These results suggest that the reduction half-

reaction, rather than the oxidation half-reaction (concerning the fuel elements), is responsible 

for the exothermicity of the combustion reaction. An accurate one-parameter correlation for 

estimating the HHV as a function of the mass of oxygen consumed during combustion is 

derived from an approximation of the general thermodynamic relation, as ∆ୡℎ°ห
ୌୌ୚

=

−13.87 𝑚୓మ
(MJ kgିଵ). The constant is obtained from the simplification of a modifier function 

𝜇஽ಹ
= −13.87 𝑒ି଴.଴ଽଶఠోమ  (MJ kgିଵ) in the equation ∆ୡℎ°ห

ୌୌ୚
= 𝜇஽ಹ

𝑚୓మ
− ∆ℎ୴ୟ୮  (MJ kgିଵ), which is a 

function of the mass fraction of oxygen consumed, 𝜔୓మ
. The resulting correlation of ∆ୡℎ°ห

ୌୌ୚
=

−13.87 𝑚୓మ
 performs well statistically when evaluated against 1 087 fuel combustion data of 

wide chemical composition with a chemical formula of C௩ి
H௩ౄ

O௩ో
N௩ొ

S௩౏
P௩ౌ

. For this 

correlation, a coefficient of determination of 𝑅ଶ = 0.981, a root-mean-squared error of 

RMSE = 1.5 MJ kgିଵ and a mean bias error of MBE = 1.8 %  are achieved. 

This pivotal contribution of oxygen to combustion exothermicity and the possibility that 

reduction half-reactions are, in general, exothermic may have serious repercussions for the 

biofuel arena, but also for electrochemical cell technologies and energy systems overall. As 

energy products, biofuels may be evaluated in terms of energy quality, in both their synthesis 

and upgradation. An expression for the change in energy quality, ∆𝐸୕, which occurs as a result 
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of the synthesis of biofuel from biomass or by the upgradation of biofuel, is derived 

mathematically as a function of the ratio of the mass of oxygen consumed for the product 

over the feed, as ∆𝐸୕ = ቀ𝑚୓మ
ห

୮୰୭ୢ୳ୡ୲
ቁ ቀ𝑚୓మ

ห
୤ୣୣୢ

ቁൗ − 1. This equation implies that any 

improvement to energy quality must accompany an increase in the consumption of oxygen. 

This improvement is, however, limited as it has been found that the ∆𝐸୕ of any system is 

bounded according to the expression ∆𝐸୕ = 𝑚௜ 𝑚௙⁄ − 1, where 𝑚௜ and 𝑚௙ are the initial and 

final masses of combustible material. As a consequence, if 𝑚௙ = 𝑚௜ (i.e. no change in 𝑚௜ 

occurs), then no change in energy quality occurs, while ∆𝐸୕ → ∞ when 𝑚௙ → 0 in cases where 

the oxidation potential of 𝑚௜ is increased. That is to say, reductions to mass yields that 

accompany improved oxidation potential result in increases in energy quality. Furthermore, 

an analysis of more than 16 million generated fuel data shows that maximising carbon mass 

yields limits the change in energy quality that is possible to 116 %—a much higher value of 

∆𝐸୕ may be achieved if this metric is not adopted. These results contradict the prima facie 

objectives of increasing total and carbon-specific mass yields, which are applied to biofuel 

synthesis and upgradation, and especially with regard to the manufacture of pyrolysis oil. 

Together with these aforementioned results, a novel technique of analysis comprising three 

methods is developed for use with the analytical technique of pyrolysis-GC/MS (py-GC/MS) 

which is well suited to the study of pyrolysis and catalytic upgradation of fast pyrolysis oils. 

These three methods use a graphically based approach whereby cumulative atomic ratios, 

calorific values and elemental masses are plotted against the cumulative masses for 

compounds characterized via py-GC/MS. This technique allows the accurate estimation of the 

atomic ratios, elemental compositions and calorific values of pyrolysis oils via linear 

extrapolation. Following the demonstration and validation of these three methods with the 

use of 19 sets of data from the literature, this technique is used in the evaluation of four 

catalysts, namely bentonite, zsm-5 zeolite, the oxide C2013 and the oxide M1213. The 

comparisons between uncatalyzed (neat) pyrolysis oil and catalysed pyrolysis oils are based 

on their ability to increase the calorific value and decrease the oxygen content of pyrolysis oil. 

These objectives were achieved (for Eucalyptus grandis as the feedstock) in the following 

order: neat pyrolysis oil (−27.6 MJ kgିଵ and 30.4 % oxygen) < zsm-5-catalyzed pyrolysis oil 

at 500 °C (−29.1 MJ kgିଵ and 28.2 % oxygen) < bentonite-catalysed pyrolysis oil 

(−30.1 MJ kgିଵ and 28.1 % oxygen) < C2013-catalysed pyrolysis oil (−31.3 MJ kgିଵ and 
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24.9 % oxygen) < zsm-5-catalysed pyrolysis oil at 300 °C (−32.5 MJ kgିଵ and 23.5 % oxygen) 

< M1213-catalysed pyrolysis oil (−39.1 MJ kgିଵ and 14.2 % oxygen). 

The results presented in this thesis rely strongly on the revelation that oxygen contributes 

significantly to the chemistry of combustion, but this does not appear to be applicable solely 

to oxygen. Fluorine, too, seems to demonstrate a similar exothermicity when undergoing 

reduction. When combusted with methane, ethane, propane and butane, it is found to 

contribute 110.6 %, 108.5 %, 107.6 % and 107.2 % towards to the HHV, respectively. This 

finding warrants further investigations of other energy systems that follow similar chemical 

changes relating to redox chemistry. 
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Chapter 1: Introduction 

Humanity has depended on combustion processes since antiquity – the chemical process 

responsible for the release of thermal energy when a fuel burns in an oxidative atmosphere. 

Reminiscent of all other electrochemical reduction-oxidation half-reactions, combustion 

takes advantage of the weak bonds of diatomic oxygen, the second most abundant element 

in the atmosphere, as well as the most abundant element on Earth. Oxygen is crucial not only 

for combustion reactions, but also for the proper functioning of the biosphere. Oxygen by 

volume makes up 20.95 % of the air and is released continuously by the metabolic pathways 

of a plethora of biological entities (Liou, 2002) through the process of photosynthesis. 

Photosynthesis is a complex process that converts radiative energy to chemical energy, and 

progresses in two sequential stages, namely via the light-dependent reaction and the light-

independent reaction. Van Niel was the first to describe the light-dependent reduction-

oxidation half-reaction as (Whitmarsh & Govindjee, 1999) 

 2HଶA + COଶ + photons → 2A + CHଶO + HଶO 1 

where A is the electron acceptor, with his discovery predicting water to be the proton donor 

in vascular plants as it is oxidized to diatomic oxygen by the reaction 

 2HଶO + COଶ + photons → 2O + CHଶO + HଶO  2 

Water is key in capturing solar energy and storing this in the chemical bonds that make up all 

vascular plants. But less than 5 % of water taken up by the roots of plants is retained, the bulk 

being transpired into the atmosphere along with oxygen. For every 400 molecules of water 

transpired only one molecule of COଶ is gained. In fact, some mature rainforest trees are able 

to pump almost 1.2 mଷdayିଵ of water into the atmosphere (McElrone, et al., 2013)! But the 

water lost cumulatively by systems of plants to the atmosphere is crucial for maintaining 

rainfall over the region (Makarieva & Gorshkov, 2010). Based on Equation 2, it may be 

hypothesized that the reduction of carbon is possible according to the reaction pathway 

 2HଶA + CHଶO + [energy] → 2A + CHସ + HଶO 3 

with a more general pathway proposed as 
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 (𝑛 + 1)HଶA + 𝑛CHଶO + 𝑛[energy] → 2𝑛A + C௡Hଶ௡ାଶ + 𝑛HଶO 4 

Although there is no known reduction pathway that satisfies Equation 4 precisely, the 

outcomes of such a reaction nonetheless constitute the ideal goal of fuel manufacturing and 

refining technologies. One possibility is the oxidation of HଶS to elemental sulphur, where 

A = S as 

 (𝑛 + 1)HଶS + 𝑛CHଶO + 𝑛[energy] → (𝑛 + 1)S + C௡Hଶ௡ାଶ + 𝑛HଶO 5 

An alternative mechanism would be the oxidation of a sulphide to its respective sulphate in 

an acidic environment according to the reaction 

 4Hା +  
𝑛

4
Sଶି + 𝑛CHଶO + [energy] → C௡Hଶ௡ାଶ +

𝑛

4
SOସ

ଶି + 2Hା 6 

May et al. provide strong evidence that the conjugate anion Sଶି does not exist in aqueous 

media (May, et al., 2018) and it is likely that Equation 6 is rather of the form 

 4Hା + 
𝑛

4
HSି + 𝑛CHଶO + [energy] → C௡Hଶ௡ାଶ +

𝑛

4
SOସ

ଶି + ቀ
𝑛

4
+ 2ቁ Hା 7 

A chemical looping system may be achieved by combining Equation 7 with an additional 

reaction of reduction for the sulphate ion, SOସ
ଶି, where residual carbon produced out of the 

inefficiency of Equation 7 is, for instance, oxidized as 

 𝑛

4
SOସ

ଶି +
𝑛

4
Mା +

𝑛

2
C →  

𝑛

4
MSି +

𝑛

2
COଶ 8 

The chemical looping system represented by Equations 7 and 8 allows for the regeneration of 

the HSି to be used once again as an oxidant in the reduction of the  CHଶO species of Equation 

7. Such chemical looping systems are in fact already employed in industry today. For example, 

the Kraft process of pulp and paper mills make use of recovery boilers to regenerate spent 

pulping chemicals, and simultaneously relies on the combustion of lignin-containing black 

liquor to provide carbon in a reducing atmosphere for Equation 8 to take place. Here, M 

represents the element sodium, Na, and facilitates the disintegration of the wood substrate 

into its fibrous component with black liquor as the by-product (Ek, et al., 2009). 
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This principle of using regenerative thermochemical looping systems in the manufacture of 

biofuels utilized in combustion processes mirrors the design of the catalytic systems that are 

now commonplace in thermochemical processing, and particularly in pyrolysis technologies. 

Pyrolysis is one of the four main thermochemical routes of biomass conversion and produces 

many value-adding chemical products and biofuels, as do the other routes of liquefaction, 

gasification and combustion (Bridgwater & Bridge, 1991). As a sustainable thermochemical 

conversion process, pyrolysis makes good use of the renewable sources of fixed carbon that 

biomass is able to capture photosynthetically. But with the aim of pyrolysis technologies to 

valorise biomass into more useful energy products comes many challenges. Biomass as a 

feedstock, especially woody biomass, contains a significant portion of oxygen in the form of 

oxygenated substituents such as carboxylic acids, hydroxyls, ethers and ketones (Bridgwater, 

2012). This oxygen content adversely affects the properties of biofuels derived from woody 

biomass by increasing the corrosivity and instability of the biofuel (de Jong, 2014; Dayton, 

2017; Zhang, et al., 2007). The presence of oxygen also reduces the oxidation potential of 

biofuels and therefore the calorific value is lowered. The ability to measure and predict the 

calorific value of biofuels plays a crucial part in the design, analysis and control of energy 

systems, and experimental methods are often the only reliable means of determining the 

calorific value. As this is not always possible, many indirect methods of approximation have 

been developed (Basu, 2010), but most correlations are only applicable to coal (Channiwala 

& Parikh, 2002). The empirical basis of most of these correlations does not provide an in-

depth, theoretical understanding of the exothermicity of combustion, and how the energy 

output of combustion processes might be improved. The contributions of the elemental 

constituents of the fuel is simply assumed. Similarly, so are the objectives for the synthesis of 

pyrolysis oils, namely that oxygen presence needs to be reduced and the total mass yield and 

carbon yield need to be maximized. While the first objective is dealt with in the literature 

sufficiently, little to no definite validation and/or justification for the last two objectives can 

be determined following a thorough literature search. To be sure about what the outcomes 

of the pyrolysis process are (or should be) – specifically in the generation of renewable 

transportation fuels – more in-depth consideration is needed. Do we really know why the 

combustion of any typical fuel in oxygen results in the exothermicity we are so reliant on for 

our energy needs? Chapter 2 of this thesis revisits the fundamental principles that govern 
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combustion for the thermodynamic point of view, before focus is shifted back to pyrolysis, 

which is dealt with in further detail in Chapters 3 and 4 (Figure 1). Most conversion 

technologies utilizing fast pyrolysis as their basis make direct links between process 

improvements and the mass yields of products. The assumption that process improvement is 

a proportional function of mass yields is the justification used that results in R&D programmes 

aiming to achieve these improvements (Bridgwater & Grassi, 1991). But is this association 

between mass yields and process/product improvements justifiable? Borrowing from the 

theory developed in Chapter 2 of this thesis, this question is explored in more detail in Chapter 

3, and alternatives to the approach currently adopted to enhance fuel are proposed.  

The challenge in upgrading biofuels produced from complex biomass feedstocks such as 

lignocellulosic (i.e. woody) biomass, such as bio-crude and pyrolysis oil, has been met with 

several potential solutions for improving their modest performance as biofuels. Catalytic fast 

pyrolysis was already recognized early on as one such solution for bringing about the 

objectives of upgradation of these fuels: reduce the amount of oxygenates, increase the low 

calorific values, improve stability and viscosity, and decrease corrosivity (Stoikos, 1991). As 

the major products produced via pyrolysis and combustion are volatile fragments of their 

former feedstock, the analytical method of gas chromatography/mass spectrometry (GC/MS) 

is a powerful tool that can be used in the study of such thermochemical processes (Cizdziel & 

Chen, 2010). Chapter 4 is used to explore catalytic fast pyrolysis and, with the application of 

results from Chapters 2 and 3, develops a set of novel methods that enhance py-GC/MS 

analysis of catalytic pyrolysis processes. Figure 1 summarises the overall layout of this thesis. 
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Figure 1: Logic diagram showing the layout of the thesis.  
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Chapter 2: Revisiting combustion thermodynamics 

Oxygen consumption as the definitive factor in predicting heat of combustion 

2.1. A brief history of combustion 

Energy resources have been an indispensable part of our existence since their earliest 

discovery. With the onset of the Industrial Revolution in Britain during the 1800s, which 

subsequently spread to other coal-rich continental European countries (mainly Germany and 

France) and the United States, energy technologies and products saw vast improvements 

(Miller, 2004). It was also in the United States where the modern-day inception of the global 

“oil age” occurred, beginning around 1859 and lasting up until now (Giebelhaus, 2004). More 

recently the realisation that the abundance of fossil fuel reserves is finite has posed a serious 

risk to global energy security and has consequently encouraged the progression towards 

more renewable sources of energy which, in turn, rely on similarly renewable feedstocks such 

as biomass – the dominant energy form of antiquity (Chakraborty, et al., 2012). Although 

often cited as non-renewable, fossil fuels nevertheless found their genesis in the incomplete 

degradation of renewable biomass via reductive reaction pathways (Schobert, 2013). 

Associated with this is the oxidative pathway of combustion applied to biomass- and fossil 

fuel-related entities by which their energy potential is redeemed via the reaction with 

atmospheric oxygen. Combustion reactions are exothermic reduction-oxidation (redox) 

reactions (Lackner, 2011), and it is via these pathways of oxidation and reduction that we 

harness the energy from the energy stores that are fossil fuels, biomass, electrochemical fuel 

cells, and the like. Combustion of fossil fuels, however, also results in the release into and 

accumulation of CO2 in the atmosphere, which exacerbates and has become synonymous 

with climate change; this is yet another reason for the need to adopt more sustainable energy 

practices. 

The adoption of biomass-based energy technologies is not without its challenges. Realising 

the same degree of technological advancement as achieved with fossil fuels in the past is 

crucial for the successful implementation of these technologies (Chakraborty, et al., 2012; 

Yue, et al., 2014; Hassan & Kalam, 2013). Most notable is the high oxygen content present in 

terrestrial biomass feedstock, as cellulose, hemicellulose and lignin all comprise an 
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abundance of oxygenated substituents (as carboxylic acids, hydroxyls, ethers and ketones) 

(Bridgwater, 2012). The adverse effects of oxygenates present in biofuels derived from woody 

biomass are well documented. For example, the presence of carboxylic acids in pyrolysis oils 

(such as from the liberation of acetyl groups of xylan during thermochemical processing) 

increases their corrosivity and instability (de Jong, 2014; Dayton, 2017; Zhang, et al., 2007), 

and is quantified by either the total acid number (TAN) or the acid number (AN) of the fuel 

(Oasmaa, et al., 2010; Basu, 2010). Similarly, the oxygenates in biofuels impact negatively on 

their heating value by reducing the oxidation potential. Measurement and estimation of the 

higher heating value (HHV) of fuels are crucial during the first stages of fuel utilization and 

valorisation, in the design, analysis and control of energy systems, and in the efficient 

generation of heat and power on an industrial scale. Although experimental methods are the 

most reliable means of determining HHV, this is not always possible, and often requires 

indirect methods of approximation (Basu, 2010).   

There have been many past attempts at correlating the heat of combustion of fuels with 

either the physical properties and composition of the fuel and/or the oxygen required for 

combustion, with most of these attempts being applicable to coal combustion. Dulong’s 

correlation of 1880 (first published by Mott & Spooner in 1940) was perhaps one of the first 

empirical correlations available for estimating the HHV of coal (Mott & Spooner, 1940); it 

correlates HHV with the mass percentages of carbon, hydrogen, oxygen and sulphur in coal 

by means of correlation coefficients. Modified versions of this correlation were subsequently 

proposed (Strache & Lant, 1924; D'Huart, 1930), with the association of oxygen with carbon 

and hydrogen being considered (Steuer, 1926; Sumegi, 1939), and the effect of nitrogen being 

introduced (Dulong-Berthelot, in (Channiwala & Parikh, 2002)). Several more empirically 

derived correlations are available in the literature which make use of elemental analyses. 

These include nitrogen effects for coal (Gumz, 1938), assume specific associations of oxygen 

with carbon and hydrogen in coal (Mott & Spooner, 1940), and have more general 

applications such as for hydrocarbons (Boie, 1953), solid municipal waste (Khan & Abu-

Gharah, 1991), wastewater sludges (Niessen, 2010) and pure organic compounds (Chang, 

1979). Grabosky and Bain (1981) assumed that all elements constituting fuels are responsible 

for the HHV and came up with a correlation based on the elemental composition of C, H, S, 

and N (Mott & Spooner, 1940). Demirbaş et al. similarly propose a correlation for use with 



8 

 

lignocellulosic materials and make use of correlation coefficients close to the HHV for carbon 

and hydrogen, as well as the average bond dissociation enthalpy of oxygen (although it is 

unclear whether this was intended) and include nitrogen (Demirbas, et al., 1997), while the 

correlation by Beckman et al. (1990) is intended for use with biomass-derived oils 

(Channiwala & Parikh, 2002). There are further correlations that include thermodynamic 

considerations and heating values for various elements (Wilson, 1972) and bond dissociation 

enthalpies with respect to carbon (Vondracek, 1934). Channiwala and Parikh offer a more 

general correlation applicable over a wide range of gaseous, liquid and solid fuels, and provide 

an in-depth background on the development of most correlations discussed here (Channiwala 

& Parikh, 2002). A less popular approach is to correlate HHV proportional to oxygen 

consumed with combustion, while also considering the oxygen content of the fuel, but few 

correlations based on this approach are available in the literature (Channiwala & Parikh, 2002; 

Schmidt-Rohr, 2015). 

The commonality of the aforementioned correlations, being mostly empirical, is in that they 

all fail to explain adequately the thermodynamic fundamentals of the combustion process. 

Attempts at applying certain concepts are made, such as using heats of formation (which are 

themselves mostly derived from heats of combustion), bond dissociation enthalpies and the 

association of atoms with each other. The matter is discussed in much detail by Schmidt-Rohr 

(Schmidt-Rohr, 2015), who demonstrates semi-quantitatively that the exothermicity of the 

combustion reaction is due to the weaker bonds in diatomic oxygen forming much stronger 

bonds in the combustion products of water and COଶ, while bond changes of the fuels play 

only a minor role. Schmidt-Rohr further demonstrates the proportionality between HHV and 

oxygen consumed by correlating the lower heating value (LHV) of fuels on a mole basis (the 

linear relationship between the HHV and LHV is discussed later in Chapter 3), as ∆ୡ𝐻°
௠ห

୐ୌ୚
=

−418 𝑛୓మ
 (MJ kmolିଵ) where 𝑛୓మ

 is the moles of oxygen required for combustion. The 

complexity of most fuel oils and the feedstock from which they are derived does not easily 

allow for the determination of these quantities on a molar basis. Nonetheless, the implication 

of this relationship is simple: the heat of combustion is directly proportional to the oxygen 

required by combustion, and the latter depends on the composition of the fuel. From a 

thermodynamic consideration, this implies that all reactants (i.e. fuel and oxidant) prescribe 

the thermochemical outcomes of combustion processes and are equivalent to the redox 
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reactions governing electrochemistry. It is therefore worth considering the mutual 

inclusiveness of oxygen and fuel with respect to the outcomes of the combustion process, 

and to consider the respective reduction and oxidation half-reactions. Doing so would provide 

further guidelines and insight into the development of biofuels to improve and enhance the 

energy quality required from them. Here, we define the energy quality of combustible 

substances as the quantity of energy released per unit of matter, on either a mass, mole or 

volume basis. 

2.2. Thermodynamic derivation of heat of combustion 

Consider the combustion of a fuel with the chemical formula C௩ి
H௩ౄ

O௩ో
N௩ొ

S௩౏
P௩ౌ

 in oxygen, 

which is described by the reaction 

 C௩ి
H௩ౄ

O௩ో
N௩ొ

S௩౏
P௩ౌ

+ 𝑛୓మ
Oଶ → 𝑣େCOଶ +

𝑣ୌ

2
HଶO +

𝑣୒

2
NଶO௩೔

+ 𝑣ୗSOଶ +
𝑣୔

2
PଶOହ 9 

where, based on 1 mol fuel, the oxygen required for combustion is 

 
𝑛୓మ

= 𝑣େ +
𝑣ୌ

4
+

𝑣௜𝑣୒

4
+ 𝑣ୗ +

5𝑣୔

4
−

𝑣୓

2
 10 

The heat liberated by reaction 9 at standard conditions ∆ୡ𝐻௠
°  may be evaluated with some 

degree of accuracy as the difference in the sum of bond dissociation enthalpies 𝐷ு,௠(𝑗, 𝑇) of 

reactants and products: 

 
∆ୡ𝐻°

௠ ≈ ෍ 𝑣௜ ෍ 𝐷ு,௠(𝑗, 𝑇)

௝௜,୰ୣୟୡ୲ୟ୬୲ୱ

− ෍ 𝑣௜ ෍ 𝐷ு,௠(𝑗, 𝑇)

௝௜,୮୰୭ୢ୳ୡ୲ୱ

 
11 

where ∑ 𝐷ு,௠(𝑗, 𝑇)௝  represents all bond cleavages and formation 𝑗 with respect to 

component 𝑖. In the case of Hଶ combusting with Oଶ according to the reaction 

 
Hଶ +

1

2
Oଶ → HଶO 12 

∆ୡ𝐻௠
°  is calculated as 
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∆ୡ𝐻°
௠ ≈ 𝐷ு,௠(H − H)ୌమ

+ 𝑛୓మ
𝐷ு,௠(O = O)୓మ

− 2
𝑣ୌ

2

2

3
𝐷ு,௠(O − H)ୌమ୓ − 2

𝑣ୌ

2

1

3
𝐷ு,௠(O − H)ୌమ୓ 13 

which assumes that the bond enthalpies are shared equally as electrostatic potentials 

between the respective atoms and that the product is in the vapour phase. A more accurate 

determination of the electrostatic potentials may be obtained by using electronegativity 𝜒௥ 

per atom to weight how the distribution of bond dissociation enthalpies occurs. By 

rearranging Equation 13, the total change in the bond dissociation energy with respect to the 

hydrogen species, ∆௖𝐷ு,௠(H), may be expressed as: 

 
∆ୡ𝐷ு,௠(H) = 𝐷ு,௠(H − H)ୌమ

− 2
𝑣ୌ

2

2

3
𝐷ு,௠(O − H)ୌమ୓ 14 

Evaluation of Equation 14 yields ∆ୡ𝐷ு,௠(H) = −180.0 MJ kmolିଵ. Similarly, for the oxygen 

species, ∆ୡ𝐷ு,௠(O) = −59.0 MJ kmolିଵ. Summation of  ∆௖𝐷ு,௠(H) and ∆ୡ𝐷ு,௠(O) yields 

∆ୡ𝐻°
௠(Hଶ)ห

ୡୟ୪ୡ.,୐୚ୌ
≈ −239.0 MJ kmolିଵ. This value is close to the measured LHV of 

∆ୡ𝐻°
௠(Hଶ)ห

୫ୣୟୱ.,୐ୌ୚
= −245.2 MJ kmolିଵ. The hydrogen bonding in the condensed product 

(HଶO) is significant, being 16.4 % of the total HHV measured for hydrogen, at 

~ − 46.7 MJ kmolିଵ. It just so happens that the difference between LHV and HHV is also 

16.4 %. If hydrogen bonding present in the product 𝑛ୠ୭୬ୢୱ(H ∙∙∙ O)𝐷ഥ°
ு,௠(H ∙∙∙ O)

௩ౄ

ଶ
 is included 

in Equation 13, the HHV may be easily determined as ∆ୡ𝐻°
௠(Hଶ)ห

ୡୟ୪ୡ.,ୌୌ୚
= −285.7 MJ kmolିଵ, 

which is only 0.4 % larger than the measured HHV of 

∆ୡ𝐻°
௠(Hଶ)ห

୫ୣୟୱ.,ୌୌ୚
= − 284.6 MJ kmolିଵ. Similarly for the combustion of methane, where 

∆ୡ𝐻°
௠(CHସ)ห

୫ୣୟୱ.,ୌୌ୚
= −890.7 MJ kmolିଵ, ∆ୡ𝐻°

௠(CHସ)ห
ୡୟ୪ୡ.

 may be determined by  

∆ୡ𝐻°
௠(CHସ)ห

ୡୟ୪ୡ.
= ∆ୡ𝐷ு,௠(C) + ∆ୡ𝐷ு,௠(H) + ∆ୡ𝐷ு,௠(O) − ∆ୡ𝐷ு,௠(H ∙∙∙ O) 15 

This gives  ∆ୡ𝐻°
௠(CHସ)ห

ୡୟ୪ୡ.
= −895.4 MJ kmolିଵ. When evaluating ∆ୡ𝐻°

௠(CHସ)ห
ୡୟ୪ୡ.

, it is 

realized that  ∆ୡ𝐷ு,௠(O) = −729.0 MJ kmolିଵ, while ∆ୡ𝐷ு,௠(fuel) = −73.0 MJ kmolିଵ 

[∆ୡ𝐷ு,௠(C) = 23.0 MJ kmolିଵ and ∆ୡ𝐷ு,௠(H) = −96.0 MJ kmolିଵ]. The heat liberated during 

methane combustion is therefore primarily due to oxygen being reduced to the combustion 

products COଶ and HଶO and accounts for 101.6 % of the total heat of combustion of methane 

on a mass basis. In fact, of the 359 fuels evaluated in this way (Schmidt-Rohr, 2015; Perry & 
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Green, 2007), only 9 fuels (2.5 %, mass basis) had an oxygen contribution towards ∆௖ℎ°ห
ୡୟ୪ୡ.

 of 

less than 100 % (Figure 2). Some carbonaceous fuels for instance have changes in dissociation 

enthalpy of carbon that results in a negative contribution towards the heat of combustion of 

more than 100 %, while the contribution by hydrogen is only modest: from −2 % to 16 %.  

By applying the rearrangement of Equation 15 to Equation 11 and dividing by the molar mass 

of fuel one obtains an expression that describes ∆ୡℎ° on a mass basis: 

 ∆ୡℎ°ห
ୌୌ୚

= ∆ୡ𝐷ு(fuel) + ∆ୡ𝐷ு(Oଶ) − ∆ୡ𝐷ு(H ∙∙∙ O) + ∆ோௌℎ° 16 

Here ∆ோௌℎ° represents resonance energies that may be significant depending on the bond 

configurations. It is helpful to consider the half-reactions related to the changes in bond 

enthalpies expressed in Equation 16. In the case of methane, the oxidation and reduction half-

reactions are, respectively: 

i. Cସି → Cସା + 8eି   (∆௥ℎ° = +23.0MJ kmolିଵ)  

ii. 2Oଶ + 8eି → 4Oଶି   (∆௥ℎ° = −729.0 MJ kmolିଵ) 

iii. 4Hା → 4Hା   (∆௥ℎ° = +91.2 MJ kmolିଵ) 

 

Figure 2: Comparison between the contribution of Oଶ required for combustion, and C and 

H in fuel to ∆ୡℎ°ห
ୡୟ୪ୡ.
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Repetition of this exercise for all 359 data points analyzed shows that the reduction of oxygen 

always results in a negative (exothermic) change in bond dissociation enthalpy, while the 

oxidation of carbon almost always results in a positive (endothermic) change in bond 

dissociation enthalpy apart from three data points (Figure 3A).  

This suggests that the reduction half-reaction resulting from the evolution of oxygen bonds 

during combustion is responsible for the liberation of heat during the combustion of fuels, 

while the oxidation half-reaction of carbon absorbs some of this energy, and thus the 

apparent gross heat of combustion ∆௖ℎ°ห
ୌୌ୚,୥୰୭ୱୱ

 would be interpreted mathematically as: 

∆ୡℎ°ห
ୌୌ୚,୥୰୭ୱୱ

= ൬∆ୡℎ°ห
ୌୌ୚,୫ୣୟୱ.

− ∆ୡ𝐷ு(fuel)൰ = ∆ୡ𝐷ு(Oଶ) − ∆ୡ𝐷ு(H ∙∙∙ O) + ∆ோௌℎ° 17 

Although hydrogen does not change the oxidation state during methane combustion, the 

bond changes that it undergoes still release energy due to the differences in electronegativity 

𝜒௥ between carbon and oxygen. This change in energy is easily determined from this 

associated electronegativity difference as ∆ఞೝ
𝐻௠

° = −405.5 MJ kmolିଵ, which is close to 

∆ୡ𝐷ு,௠(H) = −402.0 MJ kmolିଵ. Because the electronegativity of carbon will always be lower 

than that of oxygen, the change in dissociation energy associated with this electronegativity 

difference will almost always be negative (exothermic) for hydrogen.  

  

Figure 3: Comparison between the changes in dissociation enthalpies associated with the 

half-reactions undertaken by oxygen and fuel-based carbon and hydrogen (A), and plot of 

∆ୡℎ° against 
ఠోమ

ఠ౜౫౛ౢ
∆ୡ𝐷ு

° (Oଶ) and 
ఠోమ

ఠ౜౫౛ౢ
∆௖𝐷ு

° (fuel) (B). 
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As combustion reactions are described on both an energy and mass basis, it is useful to 

rewrite Equation 16 by adding the mass ratio of fuel-to-oxidant in the following way: 

∆ୡℎ°ห
ୌୌ୚

=
𝑚୓మ

𝑚୤୳ୣ୪
ቈ
𝑚୤୳ୣ୪

𝑚୓మ

[∆ୡ𝐷ு
∗ (fuel) + Φୡ] +

𝑚୤୳ୣ୪

𝑚୓మ

∆ୡ𝐷ு(Oଶ)቉ − ∆ୡ𝐷ு,௠(H ∙∙∙ O) + ∆ோௌℎ° 18 

or alternatively, if mass fractions are used instead, Equation 18 takes the form of: 

∆ୡℎ°|ୌୌ୚ =
𝜔୓మ

1 − 𝜔୓మ

ቈ
1 − 𝜔୓మ

𝜔୓మ

[∆ୡ𝐷ு
∗ (fuel) + Φୡ] +

1 − 𝜔୓మ

𝜔୓మ

∆ୡ𝐷ு(Oଶ)቉ − ∆ୡ𝐷ு,௠(H ∙∙∙ O) + ∆ோௌℎ° 19 

Here additional energy associations such as differences in electronegativity are included in 

the term Φୡ (i.e.  ∆ୡ𝐷ு(fuel) = ∆ୡ𝐷ு
∗ (fuel) + Φୡ). As a completely theoretical determination 

of ∆ୡℎ°ห
୫ୣୟୱ.,ୌୌ୚

, it is possible to achieve a high level of accuracy using Equation 19, but 

knowledge of all bond configurations, resonance enthalpies, as well as elemental composition 

is required with respect to the reactants. The usefulness of Equation 19 is therefore limited 

to those fuels for which these particulars are fully specified, and immediately disqualifies 

complex fuels such as coals and biomass-based energy products. A graphical examination of 

the first two terms on the right-hand side of Equation 19 when applied to 359 fuel data points 

suggests a strong linear correlation between ∆ୡℎ°ห
୫ୣୟୱ.,ୌୌ୚

 and ൣ൫1 − 𝜔୓మ
൯ 𝜔୓మ

ൗ ൧∆ୡ𝐷ு(Oଶ) 

(Figure 3B). In comparison, the fuel term ൣ൫1 − 𝜔୓మ
൯ 𝜔୓మ

ൗ ൧∆ୡ𝐷ு(fuel) of Equation 19 results in 

an undefined gradient when correlated to ∆ୡℎ°ห
୫ୣୟୱ.,ୌୌ୚

, as the former exhibits very little 

deviation for more or less all values of ∆ୡℎ°ห
୫ୣୟୱ.,ୌୌ୚

 (also inferred indirectly from Figure 4B). 

This insight confirms again the extensive contribution of oxygen towards the heat liberation 

of combustion reactions (Figure 3B) and may be used in simplifying Equation 19 further. 

Figure 4A suggests that ൣ൫1 − 𝜔୓మ
൯ 𝜔୓మ
ൗ ൧∆ୡ𝐷ு(Oଶ) may be represented as a function of the 

mass fraction of oxygen required for combustion as: 

 1 − 𝜔୓మ

𝜔୓మ

∆ୡ𝐷ு(Oଶ) ≈ 𝜇஽ಹ
൫ω୓మ

൯ = −13.87 𝑒ି଴.଴ଽଶ ఠోమ     MJ kgିଵ 20 

where the constants have been determined for 1087 fuel data points (Perry & Green, 2007; 

Domalski, 1972; de Soete, 1975; BCC, 1998; Demirbas, 2008; Demirbas, 1997; Jenkins, et al., 
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1998; Garcia, et al., 2014; Grabolski, et al., 2003; Yuan, et al., 2004), (Lin, et al., 2009). 

Equation 20 is in principle a modifier function and substituted into Equation 19 yields:  

 ∆ୡℎ°ห
ୌୌ୚

=
𝜔୓మ

1 − 𝜔୓మ

𝜇஽ಹ
− ∆ℎ୴ୟ୮ + ∆ோௌℎ° = 𝜇஽ಹ

𝑚୓మ
− ∆ℎ୴ୟ୮ + ∆ோௌℎ° 21 

which assumes ∆ୡℎ°ห
ୌୌ୚

 to be a function of 𝜔୓మ
 only, and where ∆ୡ𝐷ு,௠(H ∙∙∙ O) is 

approximated by ∆ℎ୴ୟ୮. This functionality becomes obvious when plotting ∆ୡℎ°ห
୫ୣୟୱ.,ୌୌ୚

 

against ω୓మ
 (Figure 4A), and an equation similar to Equation 21 could have been obtained 

based on this observation where 𝜇஽ಹ
 would take the form of some appropriate constant or 

variable. Taking the limits of ∆ୡℎ°ห
ୌୌ୚

 as 𝜔୓మ
→ {0; 1} yields the following results: 

1. lim
ఠోమ→଴

∆ୡℎ°ห
ୌୌ୚

= lim
ఠోమ→଴

ቂ
〈଴〉

ଵି〈଴〉
൫−13.87 𝑒ି଴.଴ଽଶ〈଴〉൯ − ∆ℎ୴ୟ୮ + ∆ோௌℎ°ቃ = −∆ℎ୴ୟ୮ + ∆ோௌℎ° 

2. lim
ఠోమ→ଵ

∆ୡℎ°ห
ୌୌ୚

= lim
ఠోమ→ଵ

ቂ
〈ଵ〉

ଵି〈ଵ〉
൫−13.87 𝑒ି଴.଴ଽଶ〈ଵ〉൯ − ∆ℎ୴ୟ୮ + ∆ோௌℎ°ቃ → ∞ 

In the first instance the fuel would not be able to participate in a combustion reaction since 

𝜔୓మ
= 0 and since no reaction would take place without an oxidant limఠోమ→଴∆ୡℎ°ห

ୌୌ୚
= 0. 

This would be the case for substances that are either fully oxidised or in an inert state. The 

second limit 𝜔୓మ
→ 1 suggests that if an infinite amount of oxygen is required to combust an 

infinitesimally small quantity of fuel, the energy released would approach some infinite 

quantity. Between the limits of 0 < 𝜔୓మ
< 1 the modifier function takes on values with the 

range −13.87 MJ kgିଵ < 𝜇஽ಹ
< −12.65 MJ kgିଵ, and it is therefore possible to simplify 

Equation 21 even further through the substitution of 𝜇஽ಹ
 by a constant value and still 

approximate ∆ୡℎ°ห
ୌୌ୚

 with some accuracy. This is not necessary, however, since Equation 21 

requires only knowledge of the mass-fraction (or percentage) of oxygen consumed during 

combustion and may be used easily. Regardless, Equation 22 is the proposed simplification of 

Equation 21 assuming a constant value for 𝜇஽ಹ
: 

 
∆ୡℎ°ห

ୌୌ୚
=

−13.87

𝜔୓మ

ିଵ  −  1
+ ∆ோௌℎ° 22 

which can be simplified by assuming ∆ோௌℎ° to be negligible (especially if this is not known) to: 
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∆ୡℎ°ห

ୌୌ୚
=

−13.87

𝜔୓మ

ିଵ  −  1
= −13.87 𝑚୓మ

 23 

 

where the substitution of 𝜇஽ಹ
 for −13.87 MJ kgିଵ is the value obtained for ∆ୡℎ°ห

ୌୌ୚
 when 

𝜔୓మ
= 𝜔୤୳ୣ୪ as indicated by the dashed lines in Figure 4A. 

2.3. Comparisons of correlations 

Using conventional statistical methods, the accuracy of Equation 21 and Equation 23 may be 

validated and compared with previously proposed correlations found in the literature. The 

coefficient of determination (R2), the mean bias error (MBE), and the root-mean-square error 

(RMSE) were used in this case, and computed respectively as follows: 

 
𝑅ଶ = 1 −

𝑆𝑆𝐸୰ୣୱ

𝑆𝑆୲୭୲ୟ୪
 24 

 
MBE (%) =

1

𝑛
෍

∆ୡℎ°ห
ୌୌ୚,ୡୟ୪ୡ୳୪ୟ୲ୣୢ 

− ∆ୡℎ°ห
ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ

∆ୡℎ°|ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ

௡

௜ୀଵ

× 100% 
25 

 

RMSE = ඩ
1

𝑛
෍൫∆ୡℎ°|ୌୌ୚,   ୡୟ୪ୡ୳୪ୟ୲ୣୢ − ∆ୡℎ°|ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ൯

ଶ
௡

௜ୀଵ

 

26 

where the residual sum of squares 𝑆𝑆𝐸୰ୣୱ and the total sum of squares 𝑆𝑆୲୭୲ୟ୪ are defined 

respectively as: 

  

Figure 4: Association of 𝜔୓మ
 with ∆ୡℎ° (A) and ∆ୡ𝐷ு(Oଶ) (B), with  

∆ୡ𝐷ு(Oଶ) = − 13.87 MJ kgିଵ at 𝜔୓మ
= 𝜔୤୳ୣ୪ (A) 
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𝑆𝑆𝐸୰ୣୱ = ෍(∆ୡℎ°ห

ୌୌ୚,   ୡୟ୪ୡ୳୪ୟ୲ୣୢ
− ∆ୡℎ°ห

ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ
)ଶ

௡

௜
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𝑆𝑆୲୭୲ୟ୪ = ෍[∆ୡℎ°ห

ୌୌ୚,   ୡୟ୪ୡ୳୪ୟ୲ୣୢ
− ∆ୡℎത°ห

ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ
)]ଶ

௡

௜
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The variances of ∆ୡℎ°ห
ୌୌ୚,   ୡୟ୪ୡ୳୪ୟ୲ୣୢ

 from ∆ୡℎ°ห
ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ

 with respect to Equations 19 and 

21 show good replicability of ∆ୡℎ°ห
ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ

 based on their respective coefficients of 

determination, namely 𝑅ଶ|୉୯.(ଽ) = 0.996 and 𝑅ଶ|୉୯.(ଵଵ) = 0.980. This variance in 

∆ୡℎ°ห
ୌୌ୚,   ୡୟ୪ୡ୳୪ୟ୲ୣୢ

 increases expectedly with the substitution of 𝜇஽ಹ
= −13.87 MJ kgିଵ of 

Equation 23, with 𝑅ଶ|୉୯.(ଵଷ) = 0.981. The MBE (i.e. 2.8 %) of Equation 19 is considerably 

greater in relation to Equation 23 than the other correlations evaluated (Table 1), possibly 

due to the inadequately defined energy term Φୡ. But the impracticality of Equation 19 even 

without fully defining Φ௖ is obvious. Equation 19 only serves to develop the thermodynamic 

justifications used in the derivation of Equations 21 and 23. Equation 21 performs particularly 

well as a correlation, based on its MBE of −0.2 % and RMSE of 1.5 MJ kgିଵ while Equation 23 

does reasonably well compared with all other correlations evaluated with an MBE of −1.8 % 

and RMSE of 1.5 MJ kgିଵ.  

The direct comparisons of Equations 19, 21 and 23 with ∆ୡℎ°ห
ୌୌ୚,   ୫ୣୟୱ୳୰ୣୢ

 are plotted 

graphically in Figure 5 around the line of symmetry 𝑦 = 1.0𝑥 with dashed trend lines indicating 

deviation boundaries of ±5.0 %, showing the slight increase in variance with each 

simplification from Equation 19 to Equation 23 (hydrogen not shown). Overall, Equation 21 

offers an acceptable compromise between complexity, by defining the modifier function 𝜇஽ಹ
, 

and simplicity, by eliminating the need for fuel-based parameters such as elemental 

composition from the correlation. However, Equation 23 is far simpler and, except for the 

mean bias error, performs statistically as well as Equation 21. It should be mentioned here 

that the bias relates partly to deviations brought about by not accounting for Φୡ-related 

energies. 
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Table 1: Summary of statistical data for comparison between various correlations 

 Statistical measures Rank of statistical measures 

Correlation |MBE| RMSE R2 |MBE| RMSE R2 

Equation 19a 2.8 0.8 0.996 13 1 1 

Equation 21b 0.2 1.5 0.980 3 3 3 

Equation 23 1.8 1.5 0.981 8 2 2 

(Boie, 1953) 0.1 1.8 0.972 1 7 7 

(Strache & Lant, 1924) 0.9 1.7 0.973 6 5 5 

(Mott & Spooner, 1940) 2.5 1.7 0.972 11 6 6 

(Channiwala & Parikh, 2002) 0.3 1.9 0.968 4 10 10 

(Zhu & Venderbosch, 2005) 0.3 1.9 0.968 4 10 10 

(Gumz, 1938) 5.4 1.7 0.974 17 4 4 

(D'Huart, 1930) 2.8 1.9 0.969 12 8 8 

(Schuster, 1934) 2.2 2.0 0.964 9 11 11 

(Demirbas, et al., 1997) 3.1 2.1 0.961 14 12 12 

Dulong-Berthelot (Channiwala & Parikh, 2002) 1.6 3.1 0.915 7 17 17 

(Vondracek, 1934) 5.0 2.2 0.954 15 13 14 

(Schmidt-Rohr, 2015) 6.5 2.4 0.959 19 14 13 

(Tillman, 1978) 0.1 6.9 0.574 2 22 22 

(Beckman, et al., 1990) 5.6 2.8 0.931 18 15 15 

(Grummel & Davis, 1933) 2.3 3.9 0.860 10 19 19 

(IGT, 1978) 5.1 3.2 0.905 16 18 18 

(Sumegi, 1939) 10.9 2.8 0.930 23 16 16 

(Grabosky & Bain, 1981) 6.9 6.2 0.646 20 21 21 

(Seyler, 1938) 7.9 4.7 0.798 22 20 20 

(Jenkins & Ebeling, 1985) 7.9 7.6 0.481 21 23 23 

(Niessen, 2010) 35.8 10.0 0.084 24 24 24 

aThe term Φୡ in this case was tedious to specify fully and was therefore not used here.  
bCalculated using ∆ୡ𝐷ு,௠(H ∙∙∙ O) instead of ∆ℎ୴ୟ୮. 
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Figure 5: Comparison between calculated and measured ∆ୡℎ°ห
ୌୌ୚

 using 1 087 data points, 

with dashed deviation boundaries of ±5.0 % 

2.4. Implications of proposed correlations 

It must be stressed that the significance of Equations 21 and  23 lies not simply in the statistical 

performance as demonstrated in Table 1, but also in the thermodynamic principles and 

implications that underlie their derivation. The chemical reduction of oxygen by a fuel as 

shown in Figure 3A results in heat being liberated, while the oxidation of carbon within the 

fuel conversely consumes some of this energy, resulting in a lowered heat of combustion. The 

role of oxygen in the combustion reaction is essential, in most cases contributing more than 

100 % towards the heat of combustion (Figure 2), suggesting that the reduction half-reaction 

of oxygen is the principal reaction pathway responsible for the heat of combustion, rather 

than the oxidation half-reaction (pertaining to the fuel). Although hydrogen contributes to 

the heat of combustion only slightly compared with oxygen (Figure 2), because carbon is 

shown to reduce the heat of combustion, increasing the H/C ratio of fuel would result in 

enhanced energy quality. Coupled to this are the adverse effects of oxygenates on fuel 

properties, which cause increased acidity, hygroscopicity, polarity and instability in biofuels 

(Bridgwater, 2012; Dayton, 2017; Zhang, et al., 2007; Oasmaa, et al., 2010; Basu, 2010). 

Oxygenates hamper separation processes due to their inherent reactivity, making the 

separation of complex biofuel mixtures near to impossible.  

The energy quality of fuel is also adversely affected by an increase in oxygenates and decrease 

in hydrogen content and can be demonstrated with the use of either Equation 21 or Equation 

23. For example, using Equation 21 shows that increases in the O/C of the fuel from 0.0 to 2.0 

decreases the HHV by 50.0 MJ kgିଵ (demonstrated in Figure 6 by the carboxylic acid series), 
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which is synonymous with the increased oxidation of fuel. The same increase in the H/C ratio 

from 0.0 to 4.0 results in a comparatively modest increase in HHV of 22.7 MJ kgିଵ 

(demonstrated by the n-alkane series, Figure 6). Increases in the oxygen content of carbon-

rich fuel (with little to no hydrogen present), again by increasing the O/C from 0.0 to 2.0, 

results in a decrease in the HHV of 34.6 MJ kgିଵ(demonstrated by the carbon series, Figure 6). 

Considering all three examples in this figure, it is obvious that, in the case of fuels completely 

lacking in hydrogen, the energy quality would have an upper boundary at more or less the 

HHV of carbon, ~ − 33 MJ kgିଵ, and it is by increasing the hydrogen content that the highest 

energy quality may be achieved for a fuel. Although a second boundary pertaining to 

hydrogen is implied in Figure 6 by the dashed line of value 57.5 MJ kgିଵ, this boundary may 

be crossed by diatomic hydrogen and hydrogen-containing gaseous fuel mixtures. In the first 

example, the alteration to the HHV from 0.0 MJ kgିଵ to 50.0 MJ kgିଵ is due to decreased 

oxygen content by its dilution as a result of increased change length. Be aware that the sum 

of the changes in the HHV for examples 2 and 3 of 57.5 MJ kgିଵ is more or less the same as 

for example 1 of 50.0 MJ kgିଵ. This implies that an HHV may be altered in a wider range by 

changing the oxygen content in the fuel, compared with changes in either carbon or hydrogen 

content alone. 

Figure 6 shows that HHV is much more sensitive to oxygen-specific changes in the O/C for 

higher values of HHV, while sensitivity with respect to hydrogen- and carbon-specific changes 

in the H/C are less pronounced. Upgrading procedures for biofuels should therefore focus 

primarily on decreasing oxygen content via routes that are sacrificial towards carbon rather 

than hydrogen where possible. Catalysts used in upgrading of biofuels for example should be 

designed to reduce oxygen via decarboxylation and decarbonylation while supporting the 

hydrogenation of fuels for improved energy quality and stability. Upgrading routes that rely 

on hydrogenation of the fuel of biofuels similarly would support increases in energy quality 

although this may also invariably consume some of the valuable hydrogen via 

hydrodeoxygenation pathways. 
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Figure 6: Changes in HHV with respect to changes in fuel atomic ratios O/C and H/C 

In this chapter, only oxygen was considered as the oxidant in the combustion reactions 

analysed. If fluorine or other oxidants such as chlorine or bromine were to replace oxygen as 

the oxidant in these combustion reactions, it may be possible to determine whether the 

results of Figure 2 are only typical of oxygen or apply in general. A quick analysis of methane 

combusted with fluorine shows that fluorine (when using weighted averages in the 

calculations) contributes 110.6 % to the HHV, while carbon and hydrogen contribute 

negatively, at −0.5 % and −10.1 % respectively. Similarly, fluorine contributes 108.5 % for 

ethane, 107.6 % for propane, and 107.2 % for butane. If this trend continues for all fuels, 

and applies to all types of redox reactions, then it may very well be concluded that reduction 

half-reactions proceed exothermically while oxidation half-reactions proceed 

endothermically. 

2.5. Summary 

Up until now, the correlations available for approximating HHV of fuels have inadequately 

incorporated the thermodynamic fundamentals of the combustion process into their 

derivations. A correlation for estimating HHV accurately as a function of the mass fraction of 

oxygen consumed is presented. The correlation is a simplification of the equation derived 

using a theoretical and quantitative approach based on the reduction/oxidation half-
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reactions of the combustion reaction. Although the theoretical equation is impractical to 

apply directly as is, the heat of combustion is found to be a strong function of changes in bond 

enthalpies with respect to the oxygen atom, while related changes with respect to the fuel 

elements have been shown to be comparatively insignificant. It is therefore possible to derive 

a modifier function 𝜇஽ಹ
൫ω୓మ

൯ that reduces complexity in the theoretical equation describing 

the heat of combustion. Since the modifier function is a function of the mass fraction of 

oxygen required for combustion only, it is possible to eliminate the prerequisite of specifying 

fuel-based parameters as coefficients in the resulting correlation. This implies that only the 

mass of fuel burnt, and the mass of oxygen consumed during the combustion reaction are 

necessary to estimate HHV. The coefficients used in the modifier function are determined 

from a set of 359 data points and may be adjusted for use with other types of data if need be. 

Variance in the modifier function between the limits of ω୓మ
→ {0; 1} is shown to be small, 

and can be approximated by a constant, namely 𝜇஽ಹ
≈ −13.87 MJ kgିଵ. The strong correlation 

between the heat of combustion and mass of oxygen consumed implies that improvements 

in energy content of a fuel comes about by increasing the oxidation potential. 

The correlation performs well statistically compared to similar correlations available in the 

literature. A set of 1 087 fuel data points with a wide range of chemical compositions based 

on the chemical formula of C௩ి
H௩ౄ

O௩ో
N௩ొ

S௩౏
P௩ౌ

 is used for this comparison, and confirms 

the accuracy of most correlations including the one proposed here. Both equations using the 

modifier function and substitution of the modifier with a constant perform well statistically 

when compared to similar correlations from the literature. Since the proposed correlation is 

derived using a thermodynamic approach that describes the heat of combustion, it is possible 

to quantify the effects of fuel composition and oxygen consumption on the energy quality of 

biofuels. The HHV is found to be much more sensitive to changes in the oxygen content in the 

fuel compared to similar changes in the carbon and hydrogen content, but the hydrogen 

content enhances energy quality much more than the carbon content. Therefore, reduction 

of oxygen content in the fuel via deoxygenation pathways such as decarboxylation and 

decarbonylation is recommended over routes that sacrifice hydrogen (such as 

hydrodeoxygenation and dehydrogenation) where energy quality is a concern. As the 

correlation has been applied successfully to fuels containing other elements (i.e. sulphur, 

nitrogen, and phosphorus), and shows no deviation from trends pertaining to hydrogen and 
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carbon, these same results may hold for other elements too. Looking into other types of 

oxidants such as fluorine may provide further insight into the development of energy 

products. Most importantly, if the same results hold true for all oxidants, then it may be that 

reduction is responsible for the exothermicity observed in these types of chemical reactions 

and may affect the way in which electrochemistry is applied to energy systems in future. 
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Chapter 3: Fundamental principles of fuel enhancement 

Determination and quantification of the objectives of upgrading processes 
 

3.1. Introductory concepts of upgrading fuels 

The phenomenon of pyrolysis occurs at elevated temperatures in oxygen-deplete 

environments, and can be induced for a wide range of temperatures and pressures. biomass 

typically undergoes a thermochemical conversion and typically occurs in a temperature range 

of between 300 °C and 600 °C (Panwar, et al., 2019). The carbonization of biomass, which 

constitutes slow pyrolysis, is achieved at temperatures of around 400 °C with heating rates of 

up to 50 °C s-1 and long residence times of hours to weeks. This conversion technology is 

typically used for the production of biochar, typically at a 35 % yield, and produces a similar 

amount of synthesis gas as well as some pyrolysis oil (at 30 %).  Intermediate and fast pyrolysis 

processes aim to reduce conversion to biochar and synthesis gas in favour of pyrolysis oil. Fast 

pyrolysis is particularly is optimised for pyrolysis oil production, with liquid fraction yields as 

high as 75 %. This is achieved with fast heating rates of up to 500 °C s-1, short residence times 

of around 0.5-2.0 s, and pyrolysis temperatures of between 400 °C and 600 °C (Schmitt, et al., 

2019). Flash pyrolysis is similar to fast pyrolysis in terms of operating temperatures but uses 

extremely high heating rates greater than 1000 °C s-1 and even shorter residence times of less 

than 0.5 s. These conditions can achieve higher pyrolysis oil yields still, of around 75 % to 80 % 

(Puig-Arnavat, et al., 2019).  

This flexibility of pyrolysis processes is however outweighed by other challenges due to the 

high diversity of biomass feedstock and the adverse physicals properties with regards to 

pyrolysis oils. Pyrolysis oils are highly reactive and unstable due to the polar, oxygenated 

nature of its constituents, and can even undergo aging when stored at room temperature 

(Sharifzadeh, et al., 2019). The low quality of pyrolysis oils has led to a concerted emphasis in 

developing feasible upgrading technologies, with the general consensus that the reduction of 

oxygenates in pyrolysis oils is essential in order for pyrolysis oils to be integrated effectively 

into the existing transportation fuel infrastructure (Czernik & Bridgwater, 2007; Wright, et al., 

2010; Elliott, 2007).  This defines the main objective of upgrading technologies applied to fast 

pyrolysis. The three dominating technologies used over the years to upgrade pyrolysis oils via 
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deoxygenation have been hydrotreating, zeolite-based catalytic conversion routes, and 

aqueous-phase processing (Serrano-Ruiz & Dumesic, 2012; Si, et al., 2017; Mortensen, et al., 

2011). Coupled to this upgrading strategy of deoxygenation is the secondary objective of 

achieving favourable mass yields, which is based on the “yield metric” that governs 

performance targets of most chemical processes (Moran, et al., 2017). A third major objective 

cited in the literature is that of maximizing the energy yield and aims to conserve the energy 

balance of the process and its products (Wasiak & Orynycz, 2017; Liska & Cassman, 2008).  

These three objectives are used to measure the conversion efficiency of biomass to pyrolysis 

products. The objectives of upgrading technologies are thus threefold: 

1. Reduce the presence of oxygenates in pyrolysis oils 
2. Maximise mass yields, based on either: 

a. total oil yields, or 
b. carbon yields. 

3. Maximize energy yields. 

It is unclear when the objective of maximizing carbon yields was first adopted as a metric for 

evaluating the outcomes of pyrolysis upgrading technologies. A thorough literature search for 

either a direct validation and/or justification of its appropriateness as an objective is no more 

than a futile exercise. Any evidence of its validity is instead replaced by its frequent use as a 

means of evaluating the efficacy of converting biomass to biofuels. The appeal of using a 

carbon-based yield metric seems to be multifaceted: 

 The objective of maximizing carbon yields is in support of the “green chemistry” perspective as a 
means of using renewable sources of carbon, sequestrating carbon, and limiting CO2 emissions 
(Lapkin & Constable, 2008). 

 Carbon forms the backbone of biomass-derived organic molecules and contributes the most to 
the mass yield compared to hydrogen. 

 The concept of a carbon yield is used in other areas such as in the petroleum and pharmaceutical 
industries (Harrison, et al., 1980; Constable, et al., 2002). 

 Utilization of all components of biomass may maximize profits, where carbon is the major 
contributor by mass (Chisti, 2007). 

As the value of biofuels lies explicitly in their use as commodities of energy, the primary 

objective governing their manufacture and refining should also reflect this. Clearly, as was 

concluded in Chapter 2, the energy value and level of oxidation of a fuel, as well as the physical 

properties of the feedstock from which it is produced, go hand-in-hand to limit its calorific 
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potential and decreases the overall value of fuel as an energy product. For instance, if a 

feedstock with an HHV of −18.0 MJ kgିଵ produces a biochar consisting of pure carbon with 

an inherent HHV of −32.8 MJ kgିଵ (NIST, n.d.), any pyrolysis oil and syngas produced would 

collectively have a much lower heating value than both the feedstock and the biochar. The 

calorific value of either the pyrolysis oil or the gas may however be increased, where the 

calorific value of either is inversely proportional to how much oxygen and mass are 

apportioned to each. The following example illustrates this point further:  

If 100 kg of biomass (composed entirely of carbon, hydrogen and oxygen) with an HHV 

of −18.0 MJ kgିଵ produces 25 kg of char consisting of pure carbon, the total 

remaining mass of 75 kg would acquire an HHV of only −13.1 MJ kgିଵ if no additional 

energy is added. If pyrolysis oil with an HHV of −18.0 MJ kgିଵ is produced alongside 

this char, its mass must be no more than 54 kg with no energy reporting to the gas—

in other words, the (dry) gaseous product would consist solely of CO2, rather than CO, 

H2, CH4, etc. If the same gaseous product is produced, and less mass reports to the 

pyrolysis oil, the HHV of the pyrolysis oil would increase accordingly: for 30 kg of 

pyrolysis oil produced, an HHV of −32.7 MJ kgିଵ would be achieved, while 25 kg of 

pyrolysis oil would have an HHV of −39.2 MJ kgିଵ. Conversely, a fully oxygenated 

liquid product would have no energy content (consisting solely of water) with all the 

energy from the feedstock reporting solely to the syngas (now containing less 

oxygenated compounds). The total amount of CO2 and H2O is of course limited to the 

amount of oxygen available, and further limits how much mass of energy-rich pyrolysis 

oil or gas could be produced. 

The example above introduces some of the mechanisms by which energy entering the 

pyrolysis process via the feedstock may be apportioned to and concentrated within each of 

the products. The mechanism of fuel deoxygenation is based on removing oxygen from the 

fuel product as either H2O, CO or CO2. This concept may also be viewed in another way: the 

amount of oxygen with which the fuel will react during combustion is being increased. This 

may be achieved by either reducing the oxygen already present in the fuel, or diluting the 

oxygen by the addition of groups that would react with oxygen. A practical example of this is 

the addition of –CH2– to methanoic acid until decanoic acid is obtained. Each addition of  
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–CH2– to methanoic acid dilutes the carboxyl group, and results in an increase in HHV, from 

−5.5 MJ kgିଵ for methanoic acid to −35.5 MJ kgିଵ for decanoic acid (Table 2). A similar 

increase in the HHV is achieved with additions of –CH2– to methanal, where the HHV increases 

from −18.9 MJ kgିଵ for methanal to −40.7 MJ kgିଵ for decanal. The second mechanism for 

increasing energy quality is based on producing a fuel that can consume the highest possible 

amount of oxygen per mass of fuel combusted, not by removing oxygenates present in the 

fuel but by increasing the ratio of mass of oxygen consumed per mass of fuel. For instance, 

combustion of 1 kg of oxygen requires 0.25 kg methane with 13.9 MJ of energy released, 

whereas 0.29 kg of decane is required and releases 13.6 MJ of energy. The reason for this is 

that 3.0 times more carbon than hydrogen is required to consume one kilogram of oxygen, so 

fuels with higher hydrogen to carbon content consume more oxygen per mass of fuel.  In 

other words, where 0.13 kg of hydrogen is required and releases a total of 17.8 MJ per kg 

oxygen consumed, 0.38 kg of carbon is required per kg of oxygen and releases 12.3 MJ.  Table 

2 summarises the data for these three series of fuels and shows the effect that decreasing the 

oxygen content or increasing the hydrogen content of fuels has on their respective calorific 

values. 

Table 2: Effect of oxygen and hydrogen content on the calorific value of fuels 

Series Data type C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 

Alkanes: 

HHV (MJ kgିଵ) −55.5 −51.9 −50.4 −49.5 −49.0 −48.3 −47.8 −47.6 −47.5 −47.4 

O (mass %) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

H (mass %) 25.1 20.1 18.3 17.3 16.8 16.4 16.1 15.9 15.7 15.6 

C (mass %) 74.9 79.9 81.7 82.7 83.2 83.6 83.9 84.1 84.3 84.4 

Aldehydes: 

HHV (MJ kgିଵ) −18.9 −26.9 −31.1 −34.2 −36.1 −37.6 −38.7 −39.5 −40.2 −40.7 

O (mass %) 53.3 36.3 27.5 22.2 18.6 16.0 14.0 12.5 11.2 10.2 

H (mass %) 6.7 9.2 10.4 11.2 11.7 12.1 12.4 12.6 12.8 12.9 

C (mass %) 40.0 54.5 62.0 66.6 69.7 72.0 73.6 74.9 76.0 76.9 

Carboxylic 

acids: 

HHV (MJ kgିଵ) −5.5 −14.6 −20.6 −24.8 −27.8 −30.1 −31.8 −33.3 −34.5 −35.5 

O (mass %) 69.5 53.3 43.2 36.3 31.3 27.5 24.6 22.2 20.2 18.6 

H (mass %) 4.4 6.7 8.2 9.2 9.9 10.4 10.8 11.2 11.5 11.7 

C (mass %) 26.1 40.0 48.6 54.5 58.8 62.0 64.6 66.6 68.3 69.7 
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It should be realised that the carbon yield and its relation to the efficacy of converting biomass 

to biofuels has nowhere been implied by the preceding analysis. Although increases in the 

mass percentage of carbon do coincide with increases in calorific value for the aldehyde and 

carboxylic acid series in Table 2, the opposite trend is observed for the alkane series. The 

difference in trends is due to the presence of oxygen in the aldehyde and carboxylic series 

and its absence from the alkane series. The following example illustrates why the notion of a 

carbon yield metric is inadequate for evaluating the conversion efficacy of biomass-to-biofuel 

processes: 

Assume 100 kg of a biomass feedstock with a molecular proportionality of  

Cଵ.଴Hଶ.଴O଴.଺ and an HHV of −21.1 MJ kgିଵ produces a fully deoxygenated biofuel. The 

total energy in the biomass is therefore 2 110 MJ. The maximum carbon yield of 

88.0 % is achieved by depleting all the hydrogen so as to remove oxygen as water 

before carbon is used to remove the remaining oxygen as CO2. The resulting HHV of 

the product is that of pure carbon, namely −32.8 MJ kgିଵ. The total energy in this 

product is 1 443 MJ, which relates to an energy yield of 68 %. If only carbon is used to 

remove oxygen from the product as CO2, a lower carbon yield is achieved of 68.8 %. 

However, the HHV has increased to −48.1 MJ kgିଵ. The total energy in this product is 

2 057 MJ and relates to an energy yield of 97 %.  

Evidently in this example, a lower carbon yield gives rise to an increase in energy yield. As 

biofuel is an energy product, it would be more reasonable to apply an objective that maximizes 

the energy yield rather than the mass yield. This concept will be revisited in a later section. 

3.2. Graphical analyses of upgrading principles 

It is useful to visualize the various mechanisms used in upgrading fuels by plotting these as tie 

lines on a ternary diagram together with the elemental composition of the range of fuels and 

feedstocks being investigated. Figure 7 is one such plot representing data on a molar basis, 

and includes 327 data points of hydrocarbons (including oxygenated hydrocarbons, hydrogen 

and carbon monoxide), and nitrogenous compounds (Perry & Green, 2007), various grades of 

coal (British Coal Corporation, 1998; Demirbas, 2008; Directorate: Mineral Economics, 2005), 

a diverse range of biomass (Channiwala & Parikh, 2002; Demirbas, 1997; Jenkins, et al., 1998; 
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Garcia, et al., 2014)and biodiesel (Grabolski, et al., 2003; Yuan, et al., 2004; Lin, et al., 2009). 

Four tie lines are included in Figure 7, namely: 

 water-carbon tie line:   HଶO ↔ C  
 hydrocarbon-oxygen tie line: C௩ి

H௩ౄ
↔ Oଶ 

 methane-carbon dioxide tie line: CHସ ↔ COଶ 
 hydrogen-carbon monoxide tie line: Hଶ ↔ CO 

The biomass data points in Figure 7 form a circular cluster through which all four tie lines cross 

and makes biomass particularly useful as a feedstock for generating the other compounds 

that radiate outwards from the intercept of the four tie lines. Of particular interest are the 

unoxygenated hydrocarbons that are liquids at ambient temperature, seen in Figure 7 as a 

red band lying on and located between where the C௩ి
H௩ౄ

↔ Oଶ and the CHସ ↔ COଶ tie lines 

meet the H − C axis. Theoretically, by removing oxygen in the form of COଶ from a cellulosic 

feedstock, with a molecular formula of (C଺Hଵ଴Oହ)௡, a hydro-carbonaceous product close to 

this group of hydrocarbons could supposedly be produced according to the reaction pathway: 

𝑛C଺Hଵ଴Oହ →
5𝑛

2
COଶ + 𝑛Cଷ.ହHଵ଴ 

 

Figure 7: Ternary plot of various feedstock and fuels on a mole basis 
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where 𝑛Cଷ.ହHଵ଴ (H C⁄ = 2.9) represents the overall molecular formula of some mixture of 

gaseous hydrocarbons between ethane (H C⁄ = 3.0) and propane (H C⁄ = 2.7). If oxygen 

could be removed as pure Oଶ instead during pyrolysis, then cellulose, could be used to 

produce a hydrocarbon product of higher order that lies within this hydrocarbon group: 

𝑛C଺Hଵ଴Oହ →
5𝑛

2
Oଶ + 𝑛C଺Hଵ଴ 

where 𝑛C଺Hଵ଴ could be an array of compounds, such as cyclohexene, 1,5-hexadiene, 

methylcyclopentene, or a complex mixture of more than 100 entities. It is highly improbable 

that only one or two of the reaction pathways described by the four tie lines would be utilized 

during the pyrolysis process, based on the complexity of pyrolysis oil, synthesis gas and 

biochar produced (Bridgwater, 2012; Dickerson & Soria, 2013; Zhang, et al., 2007; 

Patwardhan, et al., 2011). Nevertheless, each type of product is associated with a particular 

region on the ternary plot, which is bounded by pairs of tie lines in which many more tie lines 

can occur, depending on the types of compounds and reactions involved. Reaction pathways 

for the production of synthesis gas are located within a region bounded by the Hଶ ↔ CO and 

CHସ ↔ COଶ tie lines (Figure 8A) with the CHସ ↔ COଶ and C௩ి
H௩ౄ

↔ Oଶ tie lines forming the 

boundary for optimal fuel oil production (Figure 8B), and the HଶO ↔ C and C௩ి
H௩ౄ

↔ Oଶ tie 

lines forming the boundary for optimal biochar production (Figure 8C). The typical region 

associated with the production of pyrolysis oil is shown in the last plot of Figure 8D shaded in 

green.  

At first, this graphical analysis of the primary reaction pathways of pyrolysis may seem like a 

considerable simplification of a very complex processes. The reaction pathways governing 

pyrolysis processes are in fact far too numerous and complex, making any detailed study by 

means of a graphical technique, such as applied to Figure 7, a tedious exercise. This apparent 

issue may be dealt with quite simply by considering only the initial and final mass and energy 

quantities of the pyrolysis process by treating these quantities as state variables. This choice 

of approach may be justified on account of the fact that we are interested only in how the 

final outcomes of the collection of reaction pathways differs from the initial conditions. 

Adopting this approach makes it possible to reach a satisfactory interpretation of the 

upgrading techniques of pyrolysis from the graphical analysis (Figure 9), without having to 
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delve into too much detail. This is not to say that the individual reaction pathways are 

unimportant, as they provide explanations for the limitations that exist for upgrading 

processes, such as why it is not possible to remove oxygenates as pure diatomic oxygen.  

3.3. Energy-based metrics of biomass to biofuel efficacy: energy quality 

It is not likely that oxygenates present in pyrolysis oils would be removed as pure Oଶ or COଶ 

with a selectivity of 100 % via the four primary reaction pathways. However, it is still sensible 

to steer upgrading processes and catalysts towards this ideal outcome by making use of these 

reaction pathways to achieve products close to those being targeted. Before going on to using 

ternary plots the analysis of these and other upgrading principles, the targeted products first 

need to be defined by some appropriate criteria. The general consensus from the literature 

  

  

Figure 8: Ternary plot with bounded regions between various pairs of tie lines on a mole 

basis 

A B 

C D 
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makes it clear that pyrolysis oils should be deoxygenated (Bridgwater, 2012), and Chapter 2 

discusses in further detail as to why this is the case, based primarily on the effect that 

deoxygenation has energy quality embodied in the higher heating value. Since pyrolysis oil is 

an energy product, it would be reasonable to conclude that upgrading procedures should be 

quantified as a function of the energy in the pyrolysis oil.  

Ҫengel & Boles (1994) assert that energy has both quality (or more precisely, exergy—the 

maximum useful work possible) and quantity (the amount of energy available). In the case of 

fuel, energy is specifically in the form of chemical energy, which is the potential of fuel to 

undergo combustion, evolve energy and transform to the products of combustion in the 

process. The magnitude of this change is typically measured in an adiabatic bomb calorimeter 

at constant volume as the change in internal energy from fuel ൫∆୰𝑈୰ୣୟୡ୲ୟ୬୲ୱ
° ൯ to products 

൫∆୰𝑈୮୰୭ୢ୳ୡ୲ୱ
° ൯, which is converted mathematically by the instrument to the enthalpy of 

combustion ∆ୡℎ°ห
ୌୌ୚

. The principle that a larger HHV characterizes a greater change in energy 

state from fuel to products will be used here to derive a definition of energy quality that can 

be applied to the graphical analysis discussed in this chapter. Assuming that all products of 

combustion are at the same energy quality of zero, the following assumptions are used to 

derive a suitable definition of energy quality: 

 

Figure 9: Representation of the initial and final conditions used to simplify the graphical 

analysis of upgrading techniques 

  



32 

 

 The magnitude of the HHV quantifies the liberation of energy by a fuel during complete 
combustion relative to its products at standard conditions. 

 Products of complete combustion have zero energy quality. 
 A fuel with a larger HHV has a higher energy quality relative to its combustion products 
 The change in energy quality is reminiscent of a change in the HHV from one fuel to 

another. 

The change in energy quality (∆𝐸୕) that occurs during upgrading may be described as the 

difference between the product’s HHV, ∆ୡℎ°ห
ୌୌ୚,୮୰୭ୢ୳ୡ୲

, and the HHV of the feed that 

produced it,  ∆ୡℎ°ห
ୌୌ୚,୤ୣୣୢ

 and divided by the HHV of the feed  ∆ୡℎ°ห
ୌୌ୚,୤ୣୣୢ

, as follows (with 

the substitution of Equation 23): 

 
∆𝐸୕ =

∆ୡℎ°ห
ୌୌ୚,୮୰୭ୢ୳ୡ୲

− ∆ୡℎ°ห
ୌୌ୚,୤ୣୣୢ

∆ୡℎ°|ୌୌ୚,୤ୣୣୢ
=

−13.87 ቀ 𝑚୓మ
ห
୮୰୭ୢ୳ୡ୲

−  𝑚୓మ
ห
୤ୣୣୢ

ቁ

−13.87 𝑚୓మ
ห
୤ୣୣୢ
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which may be simplified to  

 
∆𝐸୕ =

 𝑚O2
ห

product

 𝑚O2
ห

feed

− 1 
30 

where the feed may be either biomass or an unrefined fuel that is yet to undergo upgrading. 

The variable 𝑚୓మ
 is specific to 1 kg of fuel, with units of kg୓మ

kg୤୳ୣ୪⁄ , and may be rewritten as 

 
𝑚୓మ

=
𝑚୓మ

1 kg୤୳ୣ୪
=

 𝑛୓మ
ห
୤୳ୣ୪

× 2 × M୓మ

1 kg୤୳ୣ୪ × M୤୳ୣ୪
 

31 

Substituting Equation 31 into Equation 30 yields 

 
∆𝐸୕ =

 𝑛O2
ห

product
× 2 × MO2

1 kg
product

× Mproductൗ

 𝑛O2
ห

feed
× 2 × MO2

1 kg
feed

× Mfeedൗ
− 1 
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and with further simplification Equation 32 becomes 

 
∆𝐸୕ =

 𝑛୓మ
ห
୮୰୭ୢ୳ୡ୲

 𝑛୓మ
ห

୤ୣୣୢ

M୤ୣୣୢ

M୮୰୭ୢ୳ୡ୲
− 1 

33 
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where ∆𝐸୕ may be reported on a percentage basis by multiplying Equation 33 by 100 %.  

3.4. Energy-based metrics of biomass to biofuel efficacy: energy yield 

A second concept is the energy yield of the process, defined by how much of the energy that 

initially enters via the feedstock reports to the final product. The energy yield  for a product 

of pyrolysis, 𝐸Y|୮୰୭ୢ୳ୡ୲ may be described mathematically as the ratio of the HHV of the 

product  ∆ୡℎ°ห
ୌୌ୚,୮୰୭ୢ୳ୡ୲

 to the HHV of the feed ∆ୡℎ°ห
ୌୌ୚,୤ୣୣୢ

: 

 
𝐸Y|୮୰୭ୢ୳ୡ୲ =

𝐸product

𝐸feed
=

∆ୡℎ°ห
ୌୌ୚,୮୰୭ୢ୳ୡ୲

× 𝑚୮୰୭ୢ୳ୡ୲

∆ୡℎ°|ୌୌ୚,୤ୣୣୢ × 𝑚୤ୣୣୢ
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Equation 34 may be simplified by the same substitutions of Equations 23 and 31 as were done 

for Equation 29, yielding the following: 

𝐸Y|୮୰୭ୢ୳ୡ୲ =
ቀ−13.869𝑛୓మ

ห
୮୰୭ୢ୳ୡ୲

× 2 × M୓మ
1 kg୮୰୭ୢ୳ୡ୲ × M୮୰୭ୢ୳ୡ୲ൗ ቁ × 𝑚୮୰୭ୢ୳ୡ୲

ቀ−13.869𝑛୓మ
ห

୤ୣୣୢ
× 2 × M୓మ

1 kg୤ୣୣୢ × M୤ୣୣୢ⁄ ቁ × 𝑚୤ୣୣୢ

 

𝐸Y|୮୰୭ୢ୳ୡ୲ =
𝑛୓మ

ห
୮୰୭ୢ୳ୡ୲

𝑛୓మ
ห
୤ୣୣୢ

×
M୤ୣୣୢ

M୮୰୭ୢ୳ୡ୲
×

𝑚୮୰୭ୢ୳ୡ୲

𝑚୤ୣୣୢ
=

𝑛୓మ
ห
୮୰୭ୢ୳ୡ୲

𝑛୓మ
ห
୤ୣୣୢ

×
M୤ୣୣୢ

M୮୰୭ୢ୳ୡ୲
× 𝜔product 
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Equation 35 may also be written entirely on a molar basis by simplifying it further to 

 
𝐸Y|୮୰୭ୢ୳ୡ୲ =

൫𝑛୓మ
𝑛୮୰୭ୢ୳ୡ୲൯ห

product

൫𝑛୓మ
𝑛୤ୣୣୢ൯ห

feed
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For the production of pyrolysis oil from biomass, Equation 36 becomes 

 
𝐸Y|୮୷୰୭୪୷ୱ୧ୱ ୭୧୪ =

൫𝑛୓మ
𝑛୮୷୰୭୪୷ୱ୧ୱ ୭୧୪൯ห

pyrolysis oil

൫𝑛୓మ
𝑛ୠ୧୭୫ୟୱୱ൯ห

biomass
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which states that the energy yield is equal to the product of the moles of oxidant and 

reductant with respect to the pyrolysis oil divided by the product of the moles of oxidant and 

reductant with respect to the biomass feedstock. Of course, if hydrogen is removed from the 

feed as diatomic hydrogen (Hଶ), or carbon is removed as carbon monoxide (CO), then some 
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of the energy that entered via the biomass would report to the resulting syngas, and the 

energy yield for the pyrolysis oil would decrease. Likewise, the production of biochar would 

also share some of the energy with the other products. The sum of the individual energy yields 

of each product would give the total energy yield of the products. Mathematically the total 

energy yield for the products, 𝐸Y|୲୭୲ୟ୪, of a general pyrolysis process is expressed as 

 
𝐸Y|୲୭୲ୟ୪ =

൫𝑛୓మ
𝑛ୱ୷୬୥ୟୱ൯ห

syngas
+ ൫𝑛୓మ

𝑛୮୷୰୭୪୷ୱ୧ୱ ୭୧୪൯ห
pyrolysis oil

+ ൫𝑛୓మ
𝑛ୠ୧୭ୡ୦ୟ୰൯ห

biochar

൫𝑛୓మ
𝑛ୠ୧୭୫ୟୱୱ൯ห

biomass
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The derivations for the change in energy quality and the energy yield made use of the HHV, 

but it is also possible to obtain the exact same correlations using the LHV. If data for the HHV 

is plotted against the corresponding LHV data, a linear correlation between the HHV and LHV 

is obtained. This has been done for the same 357 data initially used in Chapter 2, and is shown 

in Figure 10. The correlation obtained is 

 ∆ୡℎ°ห
ୌୌ୚

= 1.06∆ୡℎ°ห
୐ୌ୚

  

 

Figure 10: Plot of the higher heating value against the lower heating value. Note the linear 

correlation, for which there is not much deviation, despite data being presented for all 

types of gaseous, liquid and sold fuel. 

-60

-50

-40

-30

-20

-10

0
-60 -50 -40 -30 -20 -10 0

∆ୡℎ°ቚ
ୌୌ୚

= 1.06 ∆ୡℎ°ቚ
୐ୌ୚

LHV, ∆ୡℎ°ห
୐ୌ୚

(MJ kg-1)

H
H

V,
 ∆

ୡ
ℎ

° ห ୌ
ୌ

୚
(M

J k
g-1

)



35 

 

3.5. Application of equations of energy yield and quality 

A ternary plot on the mole basis, as in Figure 7 and Figure 8, lends itself well to illustrating 

visually how data sets correspond to one another. For mass balances, it is best to plot these 

data sets on the mass basis, as is done in Figure 11, since mass balances can be performed 

easily by applying the lever-arm rule. As most of the data lie near the bottom portion of Figure 

11, only this half is shown for clarity. The biomass data cluster in Figure 11 spreads out parallel 

to the O–C axis, as changes to hydrogen on the mass basis are small due to the molar mass of 

hydrogen.  

If the proportion of hydrogen in the molecular formula doubles from CଵHଵOଵ to CଵHଶOଵ for 

example, the mass percentage of hydrogen changes from 3.5 % to 6.7 %, while carbon and 

oxygen decrease by only 1.4 % and 1.9 % respectively. If the proportion of carbon in the 

molecular formula were to double (i.e. from CଵHଵOଵ to CଶHଵOଵ), the change in mass 

percentage for hydrogen would still be small (from 3.5 % to 2.5 %), while the carbon mass 

percentage would double from 41.1 % to 82.8 %. Comparable results are also obtained for 

similar changes to the proportion of oxygen.  

The regions of most interest to the upgrading processes, those pertaining to deoxygenation, 

are shown in Error! Reference source not found. (mass basis) bounded by the HଶO ↔ C, 

C௩ి
H௩ౄ

↔ Oଶ, and CHସ ↔ COଶ tie lines. For upgrading processes aiming to produce liquid 

 

Figure 11: Ternary plot of various feedstock and fuels on a mass basis 
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transportation fuels, the “attainable” region is shown in Figure 13A (yellow). This region is 

bounded by the tie lines (red) ending at the model compounds of pentane (CହHଵଶ) and 

heptadecane (Cଵ଻Hଷ଺) (both liquids at ambient temperature) and represents the attainable 

upper and lower limits in the H/C ratio. Incorporating the regions of deoxygenation of Figure 

12 into Figure 13A produces Figure 13B. The average biomass composition and calorific value 

is given in Table 3 and is also indicated in Figure 13 by the yellow dot, with the molecular 

formula of Cଵ.଴଴Hଵ.ହଶO଴.଻ହ, and lies almost directly on the HଶO ↔ C tie line. Complete 

deoxygenation for this model biomass compound by dehydration would result in a fuel 

product consisting mostly of pure carbon, according to the reaction pathway shown in Figure 

14A. The resulting fuel product would contain only trace amounts of hydrogen (0.2 %, mass 

basis) and achieve, with ∆ୡℎ° = −33.0 MJ kgିଵ,  𝐸ଢ଼ = 100 %, and ∆𝐸୕ = 112 % (Table 3). 

Alternatively, complete deoxygenation may be achieved by generating COଶ (i.e. 

decarboxylation, Figure 14B) instead and would result in a fuel product with an average 

molecular formula of Cଵ.଴଴Hଶ.ସଷ. Such a product would have an HHV of  ∆ୡℎ° = −49.3 MJ kgିଵ 

and 𝐸ଢ଼ = 100 %, and ∆𝐸୕ = 181 %.  

For both routes of deoxygenation, energy yields of 100 % were achieved, even though the 

mass of some of the elements of which hydrocarbon-based fuels are comprised was removed 

to do so. The reason for this is that these two routes of deoxygenation remove carbon 

(decarboxylation) and hydrogen (dehydration) that have already undergone oxidation and 

 

Figure 12: Ternary plot with bounded regions between HଶO ↔ C, C௩ి
H௩ౄ

↔ Oଶ, and 

CHସ ↔ COଶ tie lines 
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would not have participated in the combustion process. This may be demonstrated further 

by rearranging the molecular formula of biomass in the following reaction equations: 

 dehydration:  Cଵ.଴଴Hଵ.ହଶO଴.଻ହ ↔ Cଵ.଴଴H(ଵ.ହଶି଴.଻ହ×ଶ) ∙ 0.75(HଶO) → Cଵ.଴଴H଴.଴ଷ + 0.75HଶO 

 decarboxylation:   Cଵ.଴଴Hଵ.ହଶO଴.଻ହ ↔ C(ଵ.଴଴ି଴.ଷ଼)Hଵ.ହଶ ∙ 0.38(COଶ) → Cଵ.଴଴Hଶ.ସଷ + 0.38COଶ 

 

 

Figure 13: (A) Upgrading region (yellow) for biomass to the liquid alkanes bounded by 

pentane (CହHଵଶ) and heptadecane (Cଵ଻Hଷ଺); (B) overlapping upgrading regions dominated 

by dehydration (blue) and decarboxylation (red). 

A 

B 
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Table 3: Average biomass composition and calorific value 

Mass Distribution Calorific Value, ∆ୡℎ° 

C (%) H (%) O (%) (MJ kgିଵ) 

47.1 6.0 46.9 −17.5 

If oxygen is removed from biomass using a compound that is not completed oxidized, such as 

with the liberation of CO via the decarbonylation reaction pathway, the energy yield in the 

main product would be reduced, even if the change in energy quality increases due to the 

decrease in oxygenates. Such is the case for the third example of Table 4 for deoxygenation 

via CO, which attains a lower energy yield of 63 %, while increasing energy quality by 251 %. 

The much higher change in energy quality is achieved since this reaction pathway utilized is 

closer in relation to that of the Hଶ ↔ CO tie line than for other reaction pathways, which leads 

to the production of energy-rich hydrogen. If dehydration, decarboxylation, and/or upgrading 

 

 

Figure 14: Deoxygenation tie lines for biomass via dehydration (A) and decarboxylation (B) 

A 

B 
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decarbonylation occur together, the by-product of deoxygenation, collectively as HଶO, COଶ, 

and/or CO, would lie on its own tie line. Figure 15 shows the HଶO, COଶ with the by-product 

composition forms when deoxygenation occurs equally by dehydration and decarboxylation 

(see also example 4 in Table 4). Various liquid transportation fuels are also shown as yellow 

squares (Theodore, et al., 2009; Reed, 2014). An example of a process utilising all three 

deoxygenation mechanisms of dehydration, decarboxylation and decarbonylation is given in 

the 5th example in Table 4 and is also shown in Figure 15B. Here, 25 % of the oxygen present 

in the biomass is removed via dehydration, while the balance of 75 % is removed as COଶ and 

CO at a ratio of 1/3. The resulting product lies between pentane and heptadecane.   

If production of a transportation fuel from biomass is desired, this method of analysis suggests 

that the overall trend of upgrading pathways should ideally lie within a small region between 

pentane and heptadecane, according to Figure 13. The average molecular formula of the 

primary product located at the midpoint between these two bounds would be Cଵ.଴଴Hଶ.ଶ଺, or 

between heptane and octane. It is possible to achieve this composition with the conditions of 

the 5th example of Table 4, namely that 75 % of oxygen removed from biomass leaves as a 

 

 

Figure 15: Different combinations of dehydration and decarboxylation routes for biomass  

A 

B 
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1-to-3 ratio of COଶ and CO with the remaining leaving as water. This results in an energy yield 

of 79 % due to the formation of CO, and a change in energy quality of 177 %. It is however 

possible to produce the same transportation fuel composition via decarboxylation and 

dehydration while avoiding decarbonylation, as shown in Figure 16. This yields the desired 

product with an HHV of  ∆ୡℎ° = −48.6 MJ kgିଵ while retaining the full energy yield of 100 % 

and increasing the energy quality by 177 %. It must be stressed that these examples 

represent the ideal outcomes for upgrading procedures using model feeds and products, and 

by no means prescribe what must be. What these examples do quantify the maximum 

attainable outcomes possible for upgrading procedures if ideality could be achieved in some 

way or another. It is highly unlikely that a hydroxyl group of cellulose would have a high 

selectivity towards liberation as carbon dioxide, since the best leaving group would be water, 

and this reflects the reality of most biomass constituents.  

 

 

 

Figure 16: Optimal upgrading routes (AB) for producing liquid transportation fuel from 

biomass 

A 

B 
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3.6. Comparisons between energy and mass metrics: total mass yield 

Maximizing oil yields for biomass pyrolysis is a major objective cited in the literature, as this 

satisfies the reasoning that the higher production rates of oil correspond to higher profit 

margins and higher conversion efficiency of the biomass (Akhtar & Amin, 2012; Czernik & 

Bridgwater, 2007; Mohan, et al., 2006).  It is well-known that lower yields in pyrolysis oil are 

obtained in exchange for higher biochar yields when the pyrolysis temperature is below the 

optimum range of 450 °C– 550 °C. The same is true when this optimum range is exceeded, 

and results in higher production of gaseous products due to cracking of the pyrolysis vapours. 

The yield in pyrolysis oil also depends on the operating conditions such as residence time, 

particle size distribution, heat transfer rate, and feedstock composition (Akhtar & Amin, 2012; 

Mohan, et al., 2006). Again, as with the carbon yield metric, the mass yield metric underlying 

the objective of maximizing pyrolysis oil production is often applied to pyrolysis processes yet 

is poorly substantiated. The following question arises: are these mass-based metrics correctly 

assumed by the proponents of fast pyrolysis research? Assume that pyrolysis oil is produced 

from cellulose via a pyrolysis process according to the following reaction: 

𝑛C଺Hଵ଴Oହ → 𝑛𝑣ଵC + 𝑛𝑣ଶCO௫ + 𝑛𝑣ଷHଶ + 𝑣𝑛ସHଶO + 𝑛C(଺ି௩భି௩మ)H(ଵ଴ିଶ[௩యା௩ర])O(ହି௫௩మି௩ర)  

Table 4: Data for various scenarios of upgrading biomass to a primary fuel product via deoxygenation 

Deoxygenation 

route 

Mass distribution ∆𝐜𝒉° 𝑬𝐘 ∆𝑬𝐐 Carbon yield 

C (%) H (%) O (%) (𝐌𝐉 𝐤𝐠ି𝟏) (mass %) (mass %) (mass %) 

via HଶO 99.8 0.2 0.0  −33.0* 100 112 100.0 

via COଶ 83.1 16.9 0.0 −49.3 100 181 62.7 

via CO 66.5 33.5 0.0 −61.4 63 251 25.3 

1/1: HଶO/COଶ 92.6 7.4 0.0 −42.4 100 142 81.3 

1/3: HଶO/CO௫ with 

1/3: COଶ/CO 
84.1 15.9 0.0 −48.6 79 177 51.0 

95.5 % via COଶ 78.9 15.6 0.0 −45.6 100 160 64.3 

95.5 % via COଶ & 

balance to HଶO 
84.1 15.9 0.0 −48.6 100 177 64.3 

* calculated using individual ∆ୡℎ° values for carbon and hydrogen  
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where 𝑛C(଺ି௩భି௩మ)H(ଵ଴ିଶ[௩యା௩ర])O(ହି௫௩మି௩ర) is the average molecular formula of the pyrolysis 

oil constituents. The maximum oil yield is obtained when all of the mass of cellulose is 

converted into oil. This occurs when 𝑣ଵ = 𝑣ଶ = 𝑣ଷ = 𝑣ସ = 0, and the chemical composition 

of pyrolysis oil becomes: 

𝑛C(଺ି௩భି௩మ)H(ଵ଴ିଶ[௩యା௩ర])O(ହି௫௩మି௩ర)ห
௩భ,௩మ,௩య,௩రୀ଴

= 𝑛C଺Hଵ଴Oହ 

Staying with the previous assumption, this results in a pyrolysis oil made up of organic 

molecules that together exhibit the same average chemical formula as the feedstock that 

produced them. Obviously, the energy yield would remain the same while no change in 

energy quality would occur. What would have occurred is a change in morphology from 

cellulose to pyrolysis oil accompanying a change in phase from solid to liquid, and the 

generation of a plethora of value-adding chemical products. If the end use of this pyrolysis oil 

is as an intermediate for generating high-value chemical products, then maximizing the 

pyrolysis oil yield would be favourable. If, instead, production of a biofuel is the intention, 

then this process would result in the production of a biofuel with the same energy quality as 

its feedstock, and much lower compared to conventional transportation fuels. This inferior 

quality is well-known, and much effort has gone into improving the quality of biomass 

pyrolysis oils, with a focus on the reduction of oxygenates and physical properties brought on 

by their presence (Oasmaa & Czernik, 1999; Krutof & Hawboldt, 2016; Bridgwater, 2012). 

Clearly, directing the process outcomes towards a maximum pyrolysis oil does not result in a 

biofuel of adequate energy quality. To illustrate this point further, data are presented in 

Table 5 with the corresponding mass yields for comparison. The highest mass yield of 47.2 % 

is obtained for the dehydration of biomass to char, but this also achieves the lowest energy 

quality of 112 %. In contrast, the lowest mass yield of 17.9 % is obtained via decarbonylation 

and also results in the highest change in energy quality of 251 % being achieved. In fact, 

plotting the change in energy quality against the total mass yield for biomass (Table 5) 

undergoing various degrees of dehydration, decarboxylation and decarbonylation produces a 

generally negatively correlated cluster of data (Figure 17, green points).  
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The data are plotted in sets that are distinguishable as trends moving from left to right within 

the boundaries of the cluster. The top most data set coincides with the purple trendline 

indicating the maximum deoxygenation that can be achieved through decarboxylation and 

decarbonylation. The boundary that corresponds to the maximum energy yield 

(𝐸Y|୲୭୲ୟ୪ =  100 %) lies along the red trendline (representing decarboxylation) and the black 

dotted trendline (representing dehydration), while the minimum energy yield lies along the 

boundary indicated by the blue trendline (representing decarbonylation). From a general 

perspective, any improvement in energy quality of the biomass feedstock is accompanied by 

an overall decrease in mass yield. More specifically for each data set, small increases in mass 

yield locally correspond to slight increases in energy quality for data located below 

∆𝐸୕ ≅ 111 % (±1 %), while the opposite is true for data sets above this location. The local 

change in mass yield corresponding to the largest change in ∆𝐸୕ occurs along the green 

trendline of Figure 15, where ∆𝐸୕ changes by 69 %. It should be remembered that shifts in 

data from left to right are also accompanied by increases in energy yield due to deoxygenation 

shifting from decarbonylation to decarboxylation. Therefore, although it is possible to achieve 

maxima in energy yield and total mass yield locally, a decrease in mass yield is nevertheless 

required in order to increase the energy quality of the product produced via pyrolytic 

deoxygenation. This is obvious when considering that all data lie to the left of and diverge 

from the biomass datum.   

Table 5: Comparisons between mass and energy metrics for various pyrolysis scenarios 

Deoxygenation 

route 

∆𝐜𝒉° 𝑬𝐘 ∆𝑬𝐐 Primary product mass yields 

(𝐌𝐉 𝐤𝐠ି𝟏) (mass %) (mass %) (carbon yield %) (total yield %) 

via HଶO −33.0* 100 112 100.0 47.2 

via COଶ −49.3 100 181 62.7 35.5 

via CO −61.4 63 251 25.3 17.9 

1/1: HଶO/COଶ −42.4 100 142 81.3 41.4 

1/3: HଶO/CO௫ with 

1/3: COଶ/CO 
−48.6 79 177 51.0 28.6 

95.5 % via COଶ −45.6 100 160 64.3 38.4 

95.5 % via COଶ & 

balance to HଶO 
−48.6 100 177 64.3 36.1 

* calculated using individual ∆ୡℎ° values for carbon and hydrogen 
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How do these results compare to variations in biomass composition? Figure 18 plots 

trendlines for changes in biomass oxygen content (solids lines of varying colour) together with 

a hydrogen-free (black dashed lines) and carbon-free (red dotted and dashed line) 

 

Figure 17: Plot of primary pyrolysis product mass yield against change in energy quality as 

a result of pyrolytic deoxygenation 

 

Figure 18: Upgrading boundaries for pyrolytic deoxygenation of biomass of varying 

composition 
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composition with respect to the average biomass composition of Table 5. Firstly, irrespective 

of the biomass composition, the location of the decarboxylation-dehydration boundary 

remains unchanged, albeit increasing in scale as the percentage of oxygen present in the 

biomass is increased. Secondly, the location and degree of curvature in the decarbonylation 

boundary changes in various ways with changes in the biomass composition. An increase in 

biomass oxygen content shifts the decarbonylation boundary upwards and to the left while 

increasing the degree of curvature proportionally. Variations in carbon content bring about 

similar changes, but the proportion by which the degree of curvature changes is not the same 

as for the changes brought about by varying the oxygen content. The absence of hydrogen in 

the feedstock also flattens out the decarbonylation-decarboxylation trendline so that it is 

parallel with the x-axis (black dashed line, and black dashed and dotted line). In other words, 

for hydrogen-free feedstock, changes in mass yield do not affect the energy quality of the 

product. The energy yield however will change proportionally with the amount of partially 

oxidised carbon being removed from the primary product via decarbonylation. If oxygen is in 

excess, the decarbonylation boundary (black dotted and dashed curve) shifts closer to the y-

axis while the decarboxylation-decarbonylation line shifts away from the x-axis. Thirdly, for 

feedstock containing little to no carbon, decarboxylation and decarbonylation are 

negligible/absent (unless carbon is introduced to the process by some other means) and only 

the dehydration is present, shown by the red dotted and dashed curve in Figure 18. Lastly, 

the boundary limit for deoxygenation via decarbonylation is obtained for a feedstock with a 

molar carbon-oxygen ratio (C:O) (i.e. the molecular formula for carbon monoxide), where the 

boundaries are the x-axis and y-axis. The boundary limit for deoxygenation via dehydration is 

obtained for a molar hydrogen-oxygen ratio (H:O) of 2:1 (i.e. the molecular formula for water) 

and is simply the dehydration curve. These boundary limits become much clearer when 

plotting a very large amount of data for the total mass yield of some primary product(s) 

produced from the upgradation of some arbitrary C:H:O-containing feedstock(s) (Figure 19). 

More than 16 million data points were used to produce the plot of Figure 19 by varying the 

mass percentages of carbon, hydrogen and oxygen between 0 % and 100 % (Figure 20, grey 

region) – those compositions that lie within an “unattainable” region are excluded (Figure 20, 

non-grey region). In other words, the data plotted in Figure 19 are applicable to the 

upgradation of more or less all practical compositions of material composed of carbon, 
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hydrogen and oxygen. Note that although this exercise is purely theoretical, it nonetheless 

has real-life implications associated with it. 

Regardless of variations in biomass/feedstock composition, any increase in energy quality 

must be accompanied by a decrease in the mass yield. Since the oxygen content has a 

negative effect on energy quality and biomass invariably will contain oxygen, the mass yield 

must be decreased according to how much oxygen is removed. The ratio of hydrogen to 

carbon in the product too must be adjusted accordingly to bring about changes in energy 

quality and will also contribute to a reduction in mass yield. Since carbon exhibits a lower 

energy quality compared to hydrogen while having a higher mass than hydrogen, an increase 

in energy quality from an adjustment in H/C will result in a substantial reduction in mass yield 

of the product being upgraded. Inevitably, the reduction in mass yield will be required for 

pyrolytic upgrading via deoxygenation since the product datum must fall within the attainable 

region (shown in Figure 21 as red shading). Therefore, it is not possible to increase the mass 

yield beyond a certain limit without affecting the energy quality of the fuel being produced. 

 

Figure 19: Total mass yield of primary product of upgradation for C:H:O-containing 

feedstocks 
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Figure 20: Extent of distribution of C:H:O data (grey 

shading) used to generate Figure 19 

What equation describes the boundary limit presented in Figure 19 & Figure 21: (shown by 

the red curve)? First consider an oxygenated hydrocarbonaceous compound with the formula 

of C௩ి
H௩ౄ

O௩ో
, and where 𝑣୓ ≤ 2𝑣େ and 2𝑣୓ ≤ 𝑣ୌ so that all the oxygen may be removed as 

COଶ and/or HଶO using only endogenous carbon and/or hydrogen. The boundary limit is thus 

approached and may be represented by a rearrangement of the molecular formula as: 

 𝑛C𝑣C
H𝑣H

O𝑣O

𝑚𝑖
↔

𝑛(0.5𝑣OCO2)C𝑣C−0.5𝑣O
H𝑣H

𝑚𝑖 = 𝑚𝜐 + 𝑚𝑓 upgrad.
ሱ⎯⎯⎯ሮ

𝑛C𝑣C−0.5𝑣O
H𝑣H

𝑚𝑓
+

0.5𝑛𝑣OCO2
𝑚𝜐

 39 

The specific energy referred to here is simply the heat of combustion ∆ୡℎ° (and may also be 

expressed as a higher or lower energy value with respect to the heat of vaporisation of water): 

 
∆ୡℎ°ห

ୌୌ୚,௜
=

∆ୡ𝐻°ห
ୌୌ୚,௜

𝑚௜
 

40 

where the subscript 𝑖 denotes the initial form of matter before upgradation has taken place, 

while the subscript 𝑓 denotes the upgraded state of matter:  

 
∆ୡℎ°ห

ୌୌ୚,௙
=

∆ୡ𝐻°ห
ୌୌ୚,௙

𝑚௙
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Subtracting Equation 40 from Equation 41 and dividing by is ∆ୡℎ°ห
ୌୌ୚,௜

 the procedure as what 

was performed with Equation 29: 

 ∆ୡℎ°ห
ୌୌ୚,௙

− ∆ୡℎ°ห
ୌୌ୚,௜

∆ୡℎ°|ୌୌ୚,௜
=

1

∆ୡℎ°|ୌୌ୚,௜
൭

∆ୡ𝐻°ห
ୌୌ୚,௙

𝑚௙
 −

∆ୡ𝐻°ห
ୌୌ୚,௜

𝑚௜
൱ 

42 

since 

 ∆ୡℎ°ห
ୌୌ୚,௙

− ∆ୡℎ°ห
ୌୌ୚,௜

∆ୡℎ°|ୌୌ୚,௜
= ∆𝐸ொ 

43 

Equation 40 is used to simplify Equation 42 and on simplifying yields: 

 
∆𝐸ொ =

𝑚௜

∆ୡ𝐻°|ୌୌ୚,௜
൭

∆ୡ𝐻°ห
ୌୌ୚,௙

𝑚௙
 −

∆ୡ𝐻°ห
ୌୌ୚,௜

𝑚௜
൱ =

𝑚௜  ∆ୡ𝐻°ห
ୌୌ୚,௙

𝑚௙  ∆ୡ𝐻°|ୌୌ୚,௜
− 1 

44 

It is possible to simplify Equation 44 by showing by means of an energy balance that 

∆ୡ𝐻°ห
ୌୌ୚,௙

= ∆ୡ𝐻°ห
ୌୌ୚,௜

 when the initial material 𝑚௜ produces the upgraded product mass 𝑚௙ 

when the mass removed via upgradation 𝑚జ is either COଶ or HଶO: 

 

Figure 21: Boundary limit for pyrolytic upgrading via deoxygenation for biomass feedstock 
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 𝑚௜∆ୡℎ°ห
ୌୌ୚,௜

= ∆ୡ𝐻°ห
ୌୌ୚,௜

= 𝑚జ∆ୡℎ°ห
ୌୌ୚,జ

+ 𝑚௙∆ୡℎ°ห
ୌୌ୚,௙

 45 

As ∆ୡℎ°ห
ୌୌ୚,జ

= 0 for both COଶ or HଶO, Equation 45 becomes 

∆ୡ𝐻°ห
ୌୌ୚,௜

= 𝑚௙∆ୡℎ°ห
ୌୌ୚,௙

 

 ∆ୡ𝐻°ห
ୌୌ୚,௜

= ∆ୡ𝐻°ห
ୌୌ୚,௙

 46 

Consequently, Equation 44 reduces to  

 ∆𝐸ொ =
𝑚௜ 

𝑚௙ 
− 1 47 

Despite it being an ostensibly unremarkable equation, the properties of Equation 47 provide 

the strongest criticism against the objectives of maximizing the mass yields of biofuels that 

have until now been applied prima facie to evaluate the outcomes of biofuel synthesis. The 

greatest increase in energy quality of a material intended for use as a fuel comes from the 

greatest decrease in redundant mass (i.e. energy-deficient mass removed through 

upgradation such as COଶ or HଶO), where ∆𝐸ொ approaches when the upgradation mass 𝑚௜ 

approaches the mass of the material undergoing upgradation (𝑚జ → 𝑚௜), or rather  𝑚௙ → 0: 

 lim
𝑚𝑓→0

∆𝐸𝑄 = lim
𝑚𝑓→0

𝑚𝑖 

𝑚𝑓 
− 1 → ∞ 48 

If no upgradation takes place (in other words, 𝑚జ = 0 and 𝑚௙ = 𝑚௜), then there will be no 

change in energy quality: 

 
∆𝐸𝑄ห

𝑚𝑓=𝑚𝑖
=

𝑚𝑖 

𝑚𝑓 
ቤ

𝑚𝑓=𝑚𝑖

− 1 = 0 
49 

The consistency of Equation 47 is apparent from the limits presented in Equation 48 and 

Equation 49. If an energy yield of 100 % is achieved in all, then a 100 % mass yield would 

simply mean that no change in energy quality was achieved – biomass remained as biomass. 

On the other hand, a 0 % mass yield would result in no mass being associated with the 100 % 
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energy yield – although energy evolution via the combustion reaction requires there to be 

some mass association and attaining this limit would be nonsensical and probably impossible. 

3.7. Comparisons between energy and mass metrics: carbon mass yield 

Analysis of the relationship between the change in energy quality and the carbon yield is not 

as straight forward as for the total mass yield, and the understanding that biofuels are energy-

based products, not mass based is used to aid this analysis. Consider the following example: 

Say a fuel with an HHV of 10 MJ kgିଵ is used for a heating application. In order to 

liberate 1 000 MJ of energy every second, 100 kg of fuel would need to be combusted 

every second: 100 kg sିଵ → 1 000 MJ sିଵ. If a fuel with an HHV of 50 MJ kgିଵ is used 

instead, only a fifth of the amount of this fuel would be required to deliver the same 

amount of energy per second: 20 kg sିଵ → 1 000 MJ sିଵ. Again, this is a hypothetical 

example for the simple purpose of illustrating this point. 

This example describes how the energy quality may be indirectly proportional to the mass of 

the fuel in general, which is the main conclusion of the previous section. What is not apparent 

in this example is what the particular contributions of carbon, hydrogen and oxygen are 

towards the change in energy quality specifically with respect to a product of some 

upgradation process. If the same data used to generate the plot of Figure 19 are used to plot 

the change in energy quality with respect to the carbon yield following upgradation, the plot 

in Figure 22 is generated.  

Unlike the boundary limits evident in Figure 19, Figure 22 presents no such boundary limits 

other than where ∆𝐸ொ = 0 for all values of 𝑚௣ి
, where 𝑚௣ి

 is the carbon yielded to the 

product produced from upgradation. It cannot for instance be concluded that maximizing 

carbon yield results in the highest change in energy quality. Recall that the data used to plot 

Figure 22 represents just about all feed compositions possible based on a composition 

comprising carbon, hydrogen and oxygen. Of these data, 99.9 % of points correspond to a 

maximum change in energy quality of 116 % (Figure 23): 

 ∆𝐸𝑄ห
ୡ୳୫୳୪ୟ୲୧୴ୣ ୫ୟୱୱ ୀ ଽଽ.ଽ %

= 116 % 50 



51 

 

This implies that by achieving a favourable carbon yield in the product following an 

upgradation process, a change in energy quality of no more than 116 % can be expected with 

any higher change being unlikely for most feedstock. If the average biomass feedstock (with 

the elemental composition given in Table 3) is considered for upgradation to a fuel, the 

maximum possible change in energy quality obtained for a 100 % carbon yield is 

∆𝐸ொ = 108 %. The respective ∆𝐸ொ versus mass yield plots are given in Figure 24, and include 

the maximum carbon yield possible as a green line, with the boundary limit of ∆𝐸ொ =
௠೔ 

௠೑ 
− 1 

shown in Figure 24A (red line).  

The elemental mass yield that correlates the best with the data for total mass yield of Figure 

24is with respect to oxygen, which is shown in Figure 24D.  Point 1 represents the upper limit 

of upgradation via the decarboxylation pathway and achieves the second highest ∆𝐸ொ value 

for pure decarboxylation. This point corresponds to a maximum yield of hydrogen (100 %, 

Figure 24C-1), a total reduction in oxygen (with a yield of 0 %, Figure 24D-1), and a carbon 

yield of 62.6 % (Figure 24B-1).  

 

Figure 22: Total mass yield of primary product of upgradation for C:H:O-containing 

feedstocks 
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The decarbonylation upgradation pathway, labelled as point 2 in Figure 24, results in the 

highest attainable ∆𝐸ொ and produces similar outcomes for the hydrogen and oxygen yields 

while achieving the lowest carbon yield possible. The highest ∆𝐸ொ of 108 % is achieved for a 

carbon yield of 100 % (Figure 24, point 3) and leads to a reduction in oxygen of almost 100 % 

via dehydration. This results in a substantial loss in hydrogen with a yield 3.2 % (Figure 24C-

3). At this ∆𝐸ொ the transition through points 3, 4 & 5 corresponds to changes in deoxygenation 

from dehydration (point 3), to decarboxylation (point 4), to decarbonylation (point 5).   

 

 

 

 

 

 

 

 

 

 

 

 Figure 23: Relationship between cumulative carbon mass 

yield and the change in energy quality 

  

  

Figure 24: Comparisons of total mass yield and mass yields on a 

carbon, hydrogen and oxygen basis with respect to the change in 

energy quality using the average biomass composition of Figure 19 
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These results make the choice in the approach to upgradation difficult when considering 

maximizing a yield of one or more of the elements. If, for instance, the carbon yield is 

maximized, the maximum ∆𝐸ொ cannot be achieved as hydrogen is removed almost entirely 

from the product. If instead the highest ∆𝐸ொ is targeted, a reduction in the carbon yield is the 

necessitated result to spare the loss in hydrogen. Yet in both these instances oxygen is 

removed, whether by decarboxylation or dehydration, and is required if ∆𝐸ொ is to be 

increased. Of the points 1,2 & 3, all of which maximize oxygen removal during upgradation, 

point 1 seems to be the compromise between achieving an optimal ∆𝐸ொ and carbon yield 

(Figure 24D-1). This compromise supports the last approach to upgradation of the average 

biomass feedstock mentioned in Table 5 – where 95.5 % of oxygen is removed by 

decarboxylation with the remainder being removed by dehydration – limiting the loss of 

hydrogen from the fuel product. Hence, energy quality may be enhanced by ensuring that 

the hydrogen yield is optimized while decreasing oxygen as much as possible.  

3.8. Summary  

The shift in thinking that was introduced in Chapter 2, namely that oxygen is responsible for 

the exothermicity of combustion reactions, has led to further considerations concerning the 

objectives currently applied to biofuel synthesis and upgradation. By making use of Equation 

23, it is shown that the change in energy quality, ∆𝐸୕, is dependent on the mass of oxygen 

consumed. The equation for ∆𝐸୕, derived with the use of Equation 23 is simply the ratio of 

the mass of oxygen required for combustion with respect to the product and the feed, 

minus 1:  

∆𝐸୕ =
 𝑚O2

ห
product

 𝑚O2
ห

feed

− 1 

This equation implies that improvements in ∆𝐸୕must be accompanied by increases in oxygen 

consumed during combustion. By using this equation in the analysis of more than 16 million 

data points, it is further demonstrated that a boundary limits exists for ∆𝐸୕, described as: 

∆𝐸ொ =
𝑚௜  

𝑚௙ 
− 1 
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This implies that a decrease in the fuel (i.e. redundant) mass must occur in order to improve 

the energy quality for that fuel. These results challenge the prima facie objectives of 

maximizing mass yields of biofuels. It is also shown that maximizing carbon yields is a poor 

metric to use when evaluating the outcomes of biofuel synthesis.   
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Chapter 4: Predicting catalytic activity with pyrolysis-GC/MS data 

Estimating pyrolysis oil energy quality, composition and catalytic activity by 

cumulative atomic ratios applied to py-GC/MS data 

4.1. Introduction 

It is not surprising that the physical dissociation brought about by pyrolysis processes creates 

products that are reminiscent of their parent feedstock – both on a mass and energy basis – 

in accordance with the conservation of mass and energy. Through the primary pathways of 

char formation, depolymerization and fragmentation, biomass is fragmented into the three 

products of biochar, pyrolysis oil and synthesis gas, respectively (Collard & Blin, 2014; Jahirul, 

et al., 2012; Mohan, et al., 2006). The similarities in physical properties pertaining to 

elemental composition and calorific value are very much apparent when comparing the 

biomass feedstock and its resulting pyrolysis oil. According to the law of mass conservation, 

the differences in mass distribution for pyrolysis oil when compared to biomass (i.e. 

percentage differences in 𝑚େ, 𝑚ୌ, & 𝑚୓) will be balanced by the simultaneous formation of 

synthesis gas and biochar (not shown in Table 6). Likewise, pyrolysis oils tend to have calorific 

values similar to those of the feedstock that produced them. However, as a biofuel, pyrolysis 

oil requires upgradation to increase its energy quality relative to its parent feedstock – as 

discussed in detail in Chapter 3 – as well as its physical properties (Bridgwater, 2012). The 

main issues surrounding pyrolysis oil are its inherent instability and incompatibility for use as 

fuel for existing transportation fuel technologies and infrastructure. Several attempts have 

been made to improve the quality of pyrolysis oil. Filtration is used to reduce solid particulate 

matter, especially biochar, while homogenization may be achieved through blending pyrolysis 

oil with solvents; it also decreases both instability and viscosity (Diebold & Czernik, 1997; 

Oasmaa, et al., 2004). An alternative blending technique aims to emulsify pyrolysis oils with 

conventional fuels such as diesel with the addition of surfactants (Ikura, 2003; Chiaramonti, 

et al., 2003).  

While these methods sought to improve the physical properties of pyrolysis oils, the 

constituents and inherent calorific potential of pyrolysis oils remained unaltered.  Catalytic 

upgradation differs in that it aims to modify the constituents of pyrolysis oils through catalytic 
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vapour cracking (Park, et al., 2011), hydrotreating (Wildschut, et al., 2010), esterification (Li, 

et al., 2011), and gasification for the production of Fischer-Tropsch liquids (Wright, et al., 

2008). Nolte & Shanks are of the opinion that high oxygen contents in pyrolysis oils are the 

cause for the major challenges in utilizing pyrolysis oils, in agreement with my own 

conclusions made in the previous chapters of this thesis. This is partially in contrast to the 

theory developed by Venderbosch who suggests that oxygen is not necessarily a direct 

measure of pyrolysis oil quality since increases in viscosity are observed following dehydration 

(Venderbosch, 2015). Regardless, catalyst development for upgrading pyrolysis oils remains 

the focal point for research in fast pyrolysis. An analysis of the bibliometrics for the field of 

fast pyrolysis may be completed with the aid of the software tools VOSViewer (van Eck & 

Waltman, 2019), CitNetExplorer (van Eck & Waltman, 2019), and publication databases such 

as ScienceDirect, Web of Science and Scopus. A summary of the ten most used keywords in 

publications on the topic of fast pyrolysis is provided in Table 7, and shows both the number 

of hits and the percentage that subordinate keywords are coupled to the main keywords of 

“fast pyrolysis.” These are ranked against the ScienceDirect dataset, as the size of the dataset 

dwarfs that of Web of Science and Scopus. The first three major terms relate to that of the 

process of fast pyrolysis, namely the temperature utilized (95 % relevance), the type of 

technology employed (64 %), and the type of conversion achieved (54 %).  

 

Table 6: Most popular keywords associated with fast pyrolysis publications 
Keywords Total score 

Rank Description 
ScienceDirect Web of Science Scopus 
Count % Count % Count % 

# Fast pyrolysis 55 449 100 7 077 100 6 596 100 
1 fast pyrolysis temperature 52 944 95 3 502 49 3 284 50 
2 fast pyrolysis technology 35 396 64 805 11 711 11 
3 fast pyrolysis conversion 29 726 54 2 065 29 1 150 17 
4 fast pyrolysis kinetics 21 687 39 975 14 950 14 
5 Catalytic fast pyrolysis 20 719 37 1 837 26 1 433 22 
6 fast pyrolysis biomass 17 496 32 4 299 61 2 725 41 
7 Fast pyrolysis catalysis 10 221 18 217 3 407 6 
8 fast pyrolysis fluidized bed 10 217 18 1 152 16 710 11 
9 Fast pyrolysis dehydration 9 101 16 182 3 143 2 

10 fast pyrolysis GC/MS 9 033 16 811 11 722 11 
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Table 7: Data for pyrolysis oils produced from various biomass feedstock 

Reference Feedstock 

Biomass properties Pyrolysis oil properties 
Elemental mass (%) 

HHV (𝐌𝐉 𝐤𝐠ି𝟏) 
Elemental mass (%) 

HHV (𝐌𝐉 𝐤𝐠ି𝟏) 
C H O N S C H O N S 

(Zheng, 2008) maize stalk 49.1 6.1 43.7 0.7 0.1 −17.6 44.3 6.3 47.5 0.6 0.3 −26.6 
(Zheng, et al., 2007) cotton stalk 42.3 7.9 49.4 0.3 0.2 −19.4 42.3 7.9 49.4 0.3 0.2 −17.8 

(Mullen & Boateng, 2008) 
switchgrass 47.5 6.8 42.5 0.5 0.0 −19.8a 47.5 7.0 45.2 0.4 0.0 −19.0a 
alfalfa-early bud 44.3 5.4 38.2 2.5 0.2 −19.4a 53.9 8.5 32.7 4.6 0.1 −26.0a 
alfalfa-full flower 46.0 5.5 40.6 1.6 0.1 −18.9a 56.8 7.9 31.3 3.7 0.1 −26.4a 

(Beis, et al., 2002) safflower seed 60.5 9.1 27.4 3.1 0.0 −23.9 
72.7 11.4 14.5 1.4 0.0 −38.5 
75.5 12.1 10.7 1.7 0.0 −41.1 

(Oasmaa, et al., 2003) 

forestry residue - green 51.4 6.0 40.0 0.5 0.0 −20.8 

43.9 7.5 48.0 0.1 0.0 −22.5 
38.2 7.8 53.0 0.4 0.0 −23.2 
41.2 7.0 52.0 0.3 0.0 −22.4 
38.7 7.4 53.0 0.3 0.0 −22.1 

forestry residue - brown 51.1 5.9 38.7 0.5 0.0 −20.5 43.0 7.4 49.0 0.1 0.0 −22.9 

Pinus sylvestris 50.3 6.0 43.5 0.1 0.0 −20.6 
45.7 7.0 47.0 0.1 0.0 −22.5 
43.5 7.1 49.0 0.1 0.0 −22.6 
46.7 6.7 46.0 0.1 0.0 −22.7 

(Uzun & Pütün, 2006) olive oil residue 49.1 5.6 44.2 1.1 0.0 −16.4 

70.4 8.4 28.3 1.6 0.0 −30.9 
64.7 8.5 25.0 1.8 0.0 −29.7 
69.5 8.6 21.2 0.6 0.0 −32.1 
70.2 8.4 19.7 1.6 0.0 −32.4 

(Acıkgoz, et al., 2004) linseed 61.0 8.5 28.2 2.3 0.0 −28.1 75.4 10.3 13.8 1.5 0.0 −38.5 

(Mullen, et al., 2010) 
corn cobs 47.4 5.9 38.1 0.7 0.2 −21.2 55.1 7.6 36.9 0.6 0.0 −19.5 
corn stover 46.6 5.0 40.1 0.8 0.2 −20.9 54.0 6.9 37.9 1.2 0.0 −22.1 

a Determined using Equation 23 

 



58 

 

The next two major terms relate to the reaction kinetics (39 %) and associated enhancements 

brought on by catalysis (37 %). This simple analysis of the literature affirms the critical link 

between the development of catalysts, upgradation via catalytic fast pyrolysis processes, and 

the intention of producing high-quality liquid transportation fuels. This goal is further brought 

to light by Liu et al. in their analysis of catalytic fast pyrolysis of lignocellulosic biomass (Liu, 

et al., 2014), based on a review of the major publications in the field of fast pyrolysis (Figure 

25). Figure 25 was generated using the CitNetExplorer software and represents 40 of 

the 1 174 core publications identified from 13 887 publications with 5 or more citations for 

the period of 1898 to 2019 – although the first significant publications on fast pyrolysis 

appear in 1997.  

An additional analysis can be completed by identifying what are the main textual terms 

appearing in the title and abstracts published in this area with the aid of the software tool 

VOSviewer (van Eck & Waltman, 2019). A threshold of 1 % of the top terms appearing in titles 

and abstracts was selected, in which 1 023 out of 10 291 terms qualified. Of these, 60 % of 

the most relevant terms was then selected to generate the bibliometric chart presented in 

Figure 26. In this Figure, lines represent a relation between two terms, where the strength of 

the link is weighted as being indicative of the number of publications in which two terms 

appear simultaneously. The terms and their respective links form a network and are grouped 

into and may belong to only one cluster, based on these networks.  The prominence of each 

term is based on its weight and score, and is represented as a variance in size of each sphere. 

The term “catalyst”, for instance, appears to be the most prominent term of relevance to the 

area of fast pyrolysis according to Figure 26. The relationship between catalyst, its structure, 

the feedstock undergoing catalytic upgradation and the resulting fuel is an important aspect 

of catalyst development, as shown in Figure 27. The morphology of the catalyst for instance 

affects its activity toward a certain pathway of upgradation and also the selectivity of target 

molecules. An example is in the catalytic pyrolysis of woody biomass using zeolite-type 

catalysts, where zeolites selectively isomerize aromatics, aromatize low molecular weight 

oxygenates such as acids, alcohols, aldehydes, and deoxygenate aromatic compounds derived 

from the pyrolytic depolymerization of lignin (Naqvi, et al., 2015; Zheng, et al., 2014; Li, et al., 

2012; Rahman, et al., 2018). 
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Figure 25: Graphical representation of the major publications in the field of fast pyrolysis 
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The conversion of glucose, the monomer that constitutes cellulose, to platform chemicals has 

also been demonstrated via zeolite catalysis (Puértolas, et al., 2016).  Zeolites have for some 

time now been the go-to catalyst for upgrading pyrolysis oils, and research in this area has 

focused strongly on their modification, such as the incorporation of transition metals, surface 

modifications by chemical deposition, or altering the acidity of the catalyst by varying the Si:Al 

ratio. But while the development of zeolites has improved their performance in the area, 

more is needed to overcome the limitations that are inherent in zeolites. The search for a 

single-step route for upgrading complex pyrolysis oils is yet another dilemma that may require 

not only bifunctional and/or multiple types of catalyst, but also better process design and 

catalyst handling (Yildiz, et al., 2016; Dickerson & Soria, 2013). What is needed is for catalyst 

design to be more focused on improved catalyst performance towards cracking, with 

deoxygenation via decarboxylation being targeted by limited hydrogen and carbon reduction, 

and by resistance against deactivation via coking, etc. (Yildiz, et al., 2017). 

py-GC/MS is a useful and convenient tool for research in catalytic fast pyrolysis, as 

quantitative investigations of product distributions following catalytic fast pyrolysis are easily 

completed over a wide range of temperatures, residence times, and for screening various 

types of catalysts (Lu, et al., 2011; Zhang, et al., 2015; Mullen & Boateng, 2010; Ohra-Aho & 

Linnekoski, 2015; Lu, et al., 2010).  This technique achieves the quantification of pyrolysis 

volatiles using only small sample sizes in the milligram range, and is especially valuable where 

the manufacture of potential catalysts is expensive and their performance is still uncertain, 

and where materials & equipment available to perform pyrolysis experiments are limited.  

The ability to separate volatile pyrolysis products in the gas phase and identify them via 

GC/MS makes the analytical technique of py-GC/MS a powerful method for analysing product 

distributions and the approximating of syringol-guaiacol ratios associated with lignin 

pyrolysis, as well as catalytic activity and selectivity (Meier & Pereira, 1999; Lu, et al., 2010; 

Mullen & Boateng, 2010), and for identifying or optimizing selectivity for desired compounds 

(Lu, et al., 2013). However, the technique is not without its limitations.  If additional 

information is required with respect to the physical properties of the pyrolysis oil as a whole, 

additional analytical techniques will need to be employed using larger sample/product 

volumes. GC/MS analysis is also limited by the availability of and access to standard reference 

spectra, the successful comparison of these spectra with and identification of the generated 
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spectra, and the sophistication of the software being used to accomplish this (Sparkman, et 

al., 2011).  

 A group of indirect methods of analysis of py-GC/MS data is proposed for estimating the 

calorific value, extent of deoxygenation, elemental composition and the extent of catalytic 

upgradation of pyrolysis oils. The development of such a method is based on the following 

assumptions and approaches: 

 The products of pyrolysis are reminiscent of the parent feedstock. 
 Gaseous compounds that remain in the gas phase at ambient conditions are not considered as 

part of the liquid fraction. 
 Isomeric variations of molecules have a negligible effect on the overall calorific value and 

elemental composition of the pyrolysis oil. 
 For simplicity of the validation and application of the methods, all compounds’ calorific values 

are estimated using Equation 23 – noting that the measured calorific values could also be found 
in the literature if available. 

 The order of the products of pyrolysis does not affect the other assumptions made, i.e. they are 
commutative and associative with respect to each other and do not affect the physical 
properties of the pyrolysis products as a whole. 

Two indirect methods for determination of the elemental compositions and one graphical 

approach to estimating calorific values of the pyrolytic products comprising the pyrolysis oil 

are proposed based on these assumptions. The proposed methods are derived theoretically, 

demonstrated using modelled data, validated with data from the literature, and then applied 

to the catalytic upgrading of pyrolysis oils as follows: 

 The mathematical descriptions for the two methods are derived using the abovementioned 
assumptions and the procedure for their application is described. 

 GC chromatograms are generated for use as “pseudo-GC/MS” datasets from 357 data using a 
randomized approach in the determination of the mass percentages of each compound and the 
efficacy of the two methods are demonstrated. 

 The two methods are applied to 19 sets of data from the literature that described the elemental 
compositions and calorific values of pyrolysis oils. 

 Lastly, the two methods are lastly used in the analysis of catalysts evaluated for their 
effectiveness in upgrading pyrolysis oil produced from Eucalyptus grandis wood.
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Figure 26: Graphical bibliometric analysis of major text data appearing in titles and abstracts of fast pyrolysis publications 
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Figure 27: Graphical bibliometric analysis of fast pyrolysis showing main linkages with respect to the catalyst-related cluster 
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Indirect methods for the determination of mass distribution and HHV 

4.1.1. Method 1: Graphical analysis using atomic ratios 

If all compounds comprising pyrolysis oil are identifiable, then the atomic ratios with respect 

to hydrogen and oxygen, denoted as 𝑣ୌ 𝑣େ⁄ |୮୷୰୭.୭୧୪ and 𝑣୓ 𝑣େ⁄ |୮୷୰୭.୭୧୪, are assumed to be 

approximated by the average atomic ratios of the individual components (i.e. on a mole basis) 

multiplied by the respective mass fraction of their parent molecule, respectively as: 
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where 𝜔௜ is the mass fraction of each compound in the pyrolysis oil and  ∑ 𝜔௜
௡
௜ୀଵ = 1, and the 

first terms on the right-hand side of approximations 51 & 52 represent the average atomic 

ratios (note that these equations are self-derived).  If the left-hand side of approximations 51 

& 52 represent true atomic ratios for pyrolysis oil, then the right-hand side is the 

approximation based on an average of all the atomic ratios of the components of the pyrolysis 

oil. In the unlikely event that every component has exactly the same atomic ratio as in the 

parent feedstock, then the approximations may instead be described by equations. The error 

𝜖 is defined as the difference between the left- and right-hand sides of approximations 51 and 

52: 
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and 
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Applying Equations 53 and 54 to Approximations 52 & 53 and rearranging yields the following 
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௡
௜ୀଵ ) and ∑

௩ో೔

௩ి೔

𝜔௜
௡
௜ୀଵ = 𝑓(∑ 𝜔௜

௡
௜ୀଵ ), with 𝑣ୌ 𝑣େ⁄ |୮୷୰୭.୭୧୪ and 

𝑣୓ 𝑣େ⁄ |୮୷୰୭.୭୧୪ being the gradients of Equation 55 and Equation 56 respectively. As not all 

compounds would be known, Equation 55 and Equation 56 can only be applied to 𝑗 number 

of compounds with the rest remaining unknown according to the expressions 

෍
𝑣ୌ೔

𝑣େ೔

𝜔௜

௝

௜ୀଵ

+ ෍
𝑣ୌ೔

𝑣େ೔

𝜔௜

௡

௜ୀ௝

=
𝑣ୌ

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௝

௜ୀଵ

+
𝑣ୌ

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௡

௜ୀ௝

+ 𝜖 

 
෍

𝑣ୌ೔

𝑣େ೔

𝜔௜

௝

௜ୀଵ

=
𝑣ୌ

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௝

௜ୀଵ

+
𝑣ୌ

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௡

௜ୀ௝

− ෍
𝑣ୌ೔

𝑣େ೔

𝜔௜

௡

௜ୀ௝

+ 𝜖  

and if  

𝑣ୌ

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௡

௜ୀ௝

≅ ෍
𝑣ୌ೔

𝑣େ೔

𝜔௜

௡

௜ୀ௝

 

then  

 
෍

𝑣ୌ೔

𝑣େ೔

𝜔௜

௝

௜ୀଵ

=
𝑣ୌ

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௝

௜ୀଵ

+ 𝜖 57 

and similarly 
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෍

𝑣୓೔

𝑣େ೔

𝜔௜

௝

௜ୀଵ

=
𝑣୓

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௝

௜ୀଵ

+ 𝜖 58 

Equation 57 and Equation 58 may be used to estimate the atomic ratios 𝑣ୌ 𝑣େ⁄ |୮୷୰୭.୭୧୪ and 

𝑣୓ 𝑣େ⁄ |୮୷୰୭.୭୧୪, which are the respective gradients of Equation 57 and Equation 58, by plotting 

data for ∑
௩ౄ೔

௩ి೔

𝜔௜
௝
௜ୀଵ  and ∑

௩ో೔

௩ి೔

𝜔௜
௝
௜ୀଵ  against their respective mass fractions ∑ 𝜔௜

௝
௜ୀଵ . 

4.1.2. Method 2: Graphical analysis using elemental mass fractions 

The total mass fraction for entity 𝐴 is given by 

 𝑚஺

𝑚
= 𝜔஺ 59 

and the mass fraction of entity 𝐴 for molecule 𝑖 is similarly defined as 

 𝑚஺೔

𝑚௜
= 𝜔஺೔

 60 

Equation 59 and Equation 60 relate to each other by the following equation: 

 𝑚஺

𝑚
=

𝑚஺భ
+ 𝑚஺మ

+ ⋯ + 𝑚஺೙షభ
+ 𝑚஺೙

𝑚ଵ + 𝑚ଶ + ⋯ + 𝑚௡ିଵ + 𝑚௡
=

∑ 𝑚஺೔

௡
௜ୀଵ

∑ 𝑚௜
௡
௜ୀଵ

= ෍
𝑚஺೔

𝑚௜

௡

௜ୀଵ

 61 

Equation 61 may be rewritten into sum notation and rearranged as 

 
෍ 𝑚஺೔

௡

௜ୀଵ

=
𝑚஺

𝑚
෍ 𝑚௜

௡

௜ୀଵ

 62 

where 𝑚஺ 𝑚⁄  is constant and represents the gradient, while ∑ 𝑚஺೔

௡
௜ୀଵ = 𝑓(∑ 𝑚௜

௡
௜ୀଵ ). This 

describes an ideal case where all n number of compounds are known, whereas in reality 

only 𝑗 number of compounds are actually known, according to the expression 

 
෍ 𝑚஺೔

௡

௜ୀଵ

=
𝑚஺

𝑚
෍ 𝑚௜

௝

௜ୀଵ

+
𝑚஺

𝑚
෍ 𝑚௜

௡

௜ୀ௝

 63 
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with the last term ௠ಲ

௠
∑ 𝑚௜

௡
௜ୀ௝  representing the sum of the masses for all unknown 

compounds. Equation 63 may be rewritten using Equation 60 as 

 
෍൫𝜔஺೔

𝑚௜൯

௡

௜ୀଵ

=
𝑚஺

𝑚
෍ 𝑚௜

௝

௜ୀଵ

+
𝑚஺

𝑚
෍ 𝑚௜

௡

௜ୀ௝

 64 

Since ௠ಲ

௠
 is constant and can be written as  ௠ಲ

௠
=

∑ ௠ಲ೔
೙
೔సభ

∑ ௠೔
೙
೔సభ

=
∑ ௠ಲ೔

೙
೔సೕ

∑ ௠೔
೙
೔సೕ

, Equation 64 may also be 

rewritten and rearranged as follows: 

෍൫𝜔஺೔
𝑚௜൯

௡

௜ୀଵ

=
𝑚஺

𝑚
෍ 𝑚௜

௝

௜ୀଵ

+
∑ 𝑚஺೔

௡
௜ୀଵ

∑ 𝑚௜
௡
௜ୀଵ

෍ 𝑚௜

௡

௜ୀ௝

=
𝑚஺

𝑚
෍ 𝑚௜

௝

௜ୀଵ

+ ෍ 𝑚௜

𝑚஺೔

𝑚௜

௡

௜ୀ௝

 

෍൫𝜔஺೔
∙ 𝑚௜൯

௡

௜ୀଵ

=
𝑚஺

𝑚
෍ 𝑚௜

௝

௜ୀଵ

+ ෍ 𝑚௜𝜔஺೔

௡

௜ୀ௝

 

෍൫𝜔஺೔
∙ 𝑚௜൯

௡

௜ୀଵ

− ෍ 𝑚௜𝜔஺೔

௡

௜ୀ௝

=
𝑚஺

𝑚
෍ 𝑚௜

௝

௜ୀଵ

 

 
෍൫𝜔஺೔

𝑚௜൯

௝

௜ୀଵ

= 𝜔஺ ෍ 𝑚௜

௝

௜ୀଵ

 65 

The first assumption applied in the derivation of Equation 65 is that the pyrolytic products are 

reminiscent of their parent feedstock. This is only an approximation and some deviation with 

respect to ∑ 𝜔஺೔

௝
௜ୀଵ  and 𝜔஺ is expected from the ideal such that  

 
෍൫𝜔஺೔

𝑚௜൯

௝

௜ୀଵ

≈ 𝜔஺ ෍ 𝑚௜

௝

௜ୀଵ

 66 

An expression describing this deviation, 𝜖, may be derived as follows: 

𝜖 = 𝜔஺ ෍ 𝑚௜

௝

௜ୀଵ

− ෍൫𝜔஺೔
𝑚௜൯

௝

௜ୀଵ
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𝜖 = ෍ 𝜔஺೔

௡

௜ୀଵ

෍ 𝑚௜

௝

௜ୀଵ

− ෍൫𝜔஺೔
𝑚௜൯

௝

௜ୀଵ

 

𝜖 = ቌ෍ 𝜔஺೔

௝

௜ୀଵ

+ ෍ 𝜔஺೔

௡

௜ୀ௝

ቍ ෍ 𝑚௜

௝

௜ୀଵ

− ෍൫𝜔஺೔
𝑚௜൯

௝

௜ୀଵ

 

𝜖 = ෍ 𝜔஺೔

௝

௜ୀଵ

෍ 𝑚௜

௝

௜ୀଵ

+ ෍ 𝜔஺೔

௡

௜ୀ௝

෍ 𝑚௜

௝

௜ୀଵ

− ෍൫𝜔஺೔
𝑚௜൯

௝

௜ୀଵ

 

 
𝜖 = ෍ 𝜔஺೔

௡

௜ୀ௝

෍ 𝑚௜

௝

௜ୀଵ
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Adding Equation 67 to Equation 66 yields the following: 

෍൫𝜔஺೔
𝑚௜൯

௝

௜ୀଵ

= 𝜔஺ ෍ 𝑚௜

௝

௜ୀଵ

+ ෍ 𝜔஺೔

௡

௜ୀ௝

෍ 𝑚௜

௝

௜ୀଵ

 

 
෍൫𝜔஺೔

𝑚௜൯

௝

௜ୀଵ

= ෍ 𝑚௜

௝

௜ୀଵ

ቌ𝜔஺ + ෍ 𝜔஺೔

௡

௜ୀ௝

ቍ 68 

Similar to the Equation 57 and Equation 58 of the first method, Equation 68 may be used to 

estimate the mass fraction for component 𝐴 in the whole pyrolytic product, 𝜔஺, by plotting 

the sum of the known elemental mass fractions of 𝐴, ∑ ൫𝜔஺೔
𝑚௜൯

௝
௜ୀଵ , against the sum of the 

respective mass fractions, ∑ 𝑚௜
௝
௜ୀଵ . 

4.2. Generation of pseudo-GC/MS data 

Three randomized sets of data are generated to model three GC chromatograms with peak 

areas all known quantitatively, the data of which are collectively referred to here as pseudo-

GC/MS data. To generate these three sets of data, the same 327 data points that produced 

Figure 7 are used, but with compounds containing non-typical atoms being excluded (such as 

Cl, Br, P, etc.). Firstly, the 357 data are sorted relative to their oxygen content on a molar 
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basis, where compounds with 𝑣୓ 𝑣େ⁄ < 0.21 are classified as being low in oxygen content, 

compounds with 0.21 ≤ 𝑣୓ 𝑣େ⁄ < 0.67 are moderately oxygenated, and compounds with 

0.67 ≤ 𝑣୓ 𝑣େ⁄  are classified as being high in oxygen content. Secondly, each compound is 

allocated a randomly generated peak area. The compounds are thirdly sorted into three 

groups based on their oxygen content classification of low oxygen, moderate oxygen and high 

oxygen. Fourthly, for every group, each compound area is plotted consecutively at 

randomized time intervals, as shown in Figure 28. As the mass percentages and calorific values 

are easily determined for the 357 data used to generate the three pseudo-GC/MS data sets, 

it is easy to test the two indirect methods proposed here against that of the pseudo-GC/MS. 

The implementation of the first indirect method estimates all the atomic ratios for each set 

of compounds with the use of Equation 57 and Equation 58. These are presented as six plots 

in Figure 29. The data for each set of low, moderate, and high oxygen content shows adequate 

linearity for both atomic ratios. The estimation of the O/C ratios are similar, with average 

absolute errors of 0.01 for both the low and high oxygen datasets, and 0.03 with respect to 

the high oxygen dataset. It is an easy task to convert these H/C & O/C ratios to mass 

percentages for the elements by selecting a basis of 1 mole of carbon, using the following 

calculation: 

𝑚஺ =
𝑣஺ × 𝑀஺

ቀ1 +
𝑣ୌ

𝑣େ
+

𝑣୓

𝑣େ
ቁ

× 100 % 
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Figure 28: Plot of randomly generated pseudo-GC/MS chromatograms 
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Low oxygen content Moderate oxygen content High oxygen content 

   

   
Figure 29: Plot of cumulative H/C and O/C ratio fractions against the respective cumulative 
mass fractions for three sets of model data for low, moderate, and high oxygen-containing 
compounds 
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Figure 30: Sensitivity analysis of estimating atomic ratios using Equations 57 and 58  
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These data of elemental mass percentages, calculated at the various oxygen contents and for 

different portions of the pseudo-GC/MS datasets specified, are summarized (Estimation-1) 

with the known compositions (Model data) in Table 8. The absolute error more or less 

increases with a decrease in the percentage of data used or available. For example, with the 

low oxygen-based dataset, if between 60 % and 80 % of data is used to estimate the 

elemental mass composition in this estimation, an error of roughly 5.5 % is obtained. If, 

however, only 20 % of data is used or available instead, the error almost doubles to 12.6 %. 

This is expected, as the total elemental masses always have to be extrapolated regardless of 

the linearity presented in the data plotted in Figure 29. The maximum absolute error is, 

however, lower in the case of the high oxygen-based data (7.2 %) and more so for the dataset 

with moderate oxygen (2.9 %).  

The second method of estimating the elemental masses is more direct and concise compared 

to the first, since the latter first requires the determination of the atomic ratios graphically 

and then a conversion of these ratios to the respective masses. The second indirect method 

plots the mass percentages immediately with the aid of Equation 68 and extrapolates the 

elemental masses using the trendline equation obtained from the data trend. The plots for 

the application of this second method applied to the pseudo-GC/MS data, where 100 % of 

each data set is used, are given in Figure 31.  The same linearity is observed using this method 

as was observed with the first. Likewise, the magnitude of absolute errors for the second 

indirect method, shown in Table 8 as Estimation-2, is similar to the first for all three of the 

pseudo-GC/MS datasets.  In this theoretical demonstration, it appears that both indirect 

methods provide reasonably good approximations of the elemental compositions of the 

pseudo-GC/MS datasets. Where less than 100 % of data is used for evaluating the accuracy 

of the second indirect method, the respective plots are provided in Figure A5 to Figure A13 in 

the Appendix. Subsequently, if a close approximation of the elemental composition is 

possible, this may be used in the determination of the calorific value. For this we may either 

make use of the accurate one parameter Equation 23 to determine the higher heating value, 

or source measured calorific values from the literature. The cumulative calorific values for 

each component may be used in a similar fashion as the cumulative atomic ratios are used in 

Equation 57 and Equation 58, where the cumulative higher heating values are directly 

substituted, being described as a function of the cumulative mass fraction as follows: 
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෍∆cℎ°ห

HHV,𝑖
𝜔௜

௝

௜ୀଵ

= ∆cℎ°ห
HHV

෍ 𝜔௜

௝

௜ୀଵ

+ 𝜖 69 

where Equation 69 adopts the same form as Equation 57 and Equation 58. Also, as with 

Equation 57 and Equation 58, the gradient of Equation 69 represents the total calorific value 

for the pyrolytic product being assessed, and is taken as an estimate if less than 100 % of 

compounds are used to determine this value. 

The application of Equation 69 to the three pseudo-GC/MS datasets yields the plots shown in 

Figure 32. The coefficients of determination for the three sets of data are very close to 1.00, 

which suggests almost no deviation from the linear correlation proposed by Equation 69— 

since low residual variances accompany high coefficients of determination. The effects of 

using a smaller portion of the pseudo-GC/MS datasets for calorific predictions on the absolute 

error and variances in these estimations are only slight (Table 9, Estimation-1), with no clear 

or obvious increases or decreases in the estimated HHVs.  

 

Table 8: Summary of elemental mass percentages determined directly (model) and indirectly 
(estimated) for three pseudo-GC/MS datasets using two indirect methods 

Oxygen 
content 

Known 
compounds 

Model data Estimation-1 data Estimation-2 data 
Elemental mass Elemental mass AE Elemental mass AE 

% C % H % O % C % H % O % % C % H % O % 

Lo
w

 

100 

79.5 11.7 8.8 

79.5 11.6 8.9 0.42 80.3 11.2 7.9 5.34 
80 78.7 11.4 10.0 5.45 79.4 11.2 8.8 1.59 
60 78.1 11.8 10.1 5.46 79.2 11.9 7.8 4.46 
40 77.9 12.1 10.0 6.17 79.0 12.2 8.4 3.32 
20 76.6 11.6 11.8 12.63 76.8 11.3 11.5 12.35 

M
od

er
at

e 

100 

62.1 8.6 29.2 

62.2 8.7 29.1 0.40 62.6 8.7 28.7 1.19 
80 62.5 8.6 28.9 0.74 62.9 8.6 28.5 1.35 
60 62.4 8.0 29.6 2.94 62.8 8.1 28.9 2.86 
40 61.0 8.6 30.3 1.90 61.4 8.6 30.0 1.34 
20 61.1 8.6 30.2 1.75 61.6 8.6 29.8 0.98 

H
ig

h 

100 

41.9 6.0 52.1 

41.9 5.9 52.3 0.97 42.6 5.9 51.4 1.47 
80 42.1 5.9 52.0 0.98 43.0 6.0 51.1 1.69 
60 41.6 5.6 52.9 3.15 42.4 5.7 51.8 2.32 
40 42.3 6.4 51.3 3.23 43.0 6.5 50.5 4.63 
20 44.1 6.6 49.2 7.22 44.7 6.6 48.7 7.90 

             



73 

 

Comparable results are produced when the estimations of elemental mass composition 

obtained by the second indirect method are used to predict the HHV’s for the three pseudo-

GC/MS datasets. The average absolute errors and variances of the three datasets are very 

similar, and it is therefore not easy to decide whether the first or second indirect method is 

more suitable in predicting calorific values for pyrolysis products from GC/MS data. The small 

deviation in estimating calorific values, even when only 20 % of data is used to do so, was not 

expected. Unlike real data for pyrolytic products produced from a more homogeneous 

feedstock such as woody biomass, the data used to produce the three sets of pseudo-GC/MS 

data vary considerably, from various forms hydrocarbons (some containing nitrogen and/or 

oxygen too), to coals, to biodiesel and biomass.  

Together, these results support the notion that a linearity exists between the cumulative 

fractions of atomic ratios and their respective cumulative mass fractions, and is a validation 

of the assumption that products of pyrolysis are reminiscent to their parent feedstock on a 

mass and energy basis. At least on this theoretical basis, the cumulative fractions of atomic 

ratios as well as calorific values as functions of the cumulative mass fractions are good 

predictors of the overall elemental compositions and calorific values, respectively. Such 

methods are characterized by low residual variances and acceptable accuracies, regardless of 

how well datasets are characterized.
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Figure 31: Plot of cumulative elemental mass fractions against the respective cumulative mass 

fractions for three sets of model data for low, moderate, and high oxygen-containing compounds 
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          Low oxygen content          Moderate oxygen content         High oxygen content 

   
Figure 32: Cumulative calorific value of each component plotted against the mass fraction of the 
respective component 

 

Table 9: Accuracy of estimations of heating values for modelled pyrolysis oil of various oxygen contents 

Oxygen 
content 

Known 
compounds 

Model data Estimation-1 data Estimation-2 data 
HHV HHV AE HHV AE 

𝐌𝐉 𝐤𝐠ି𝟏 𝐌𝐉 𝐤𝐠ି𝟏 % Avg. (%) Var. (%) 𝐌𝐉 𝐤𝐠ି𝟏 % Avg. (%) Var. (%) 
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4.3. Model validation: elemental composition estimation 

In the previous section, only pseudo GC/MS data were used to develop and validate the two 

indirect methods proposed for use in estimating the elemental mass compositions and 

calorific values from limited availability of data. Although this was on the theoretical basis, a 

greater variance of data used to generate these pseudo-GC/MS datasets was introduced by 

including materials that were unsimilar in composition and unrelated to one another in 

morphology and/or calorific value. This exercise in the development and validation of the two 

indirect methods is concluded with some favourable results and warrants further validation 

using data from the literature. 

In order to validate both methods of indirect determination of elemental mass composition 

and calorific value, literature sources are sourced based on meeting the following criteria: 

 The elemental compositions for pyrolysis oils are reported. 
 GC/MS data are provided for pyrolysis oils. 
 Calorific values of the pyrolysis oils are reported. 

A total of 10 sources were identified that comply with all these criteria, providing data for 19 

different types of pyrolysis oil, produced from various feedstocks and by various pyrolysis 

processes. Ingram et al. (2008) report four sets of data for wood and bark of pine and oak 

pyrolyzed using an auger reactor. Zheng (2008) reports data for pyrolysis oil produced from 

maize stalk using an electrically heated fluidized bed pyrolyzer with sand as the bed material. 

In a similar setup, Zheng et al. (2007) produce pyrolysis oil from cotton stalk. Zhang et al. 

(2005) carry out pyrolytic upgradation of sawdust in a fluidized bed. A comparison of the 

corrosive properties of pyrolysis oil produced from rice husk, and emulsions of the same with 

diesel, is reported by Lu et al. (2008). In an investigation of improving the properties of 

pyrolysis oils, Scholze (2002) provides an extensive analysis of four different pyrolysis oils 

produced from beech wood, mixed hardwood, Eucalyptus wood, and pine wood. Mullen et 

al. (2009) give an analysis and comparison of three pyrolysis oils produced from barley-based 

substrates, and additional data are reported for two pyrolysis oils produced from corn cobs 

and stover (Mullen, et al., 2010). Ateş & Işikdağ (2008) evaluate the relationship between 

pyrolytic temperature for pyrolysis oils produced from wheat and oat straws. These data 

collectively are summarized in Table 10 with respect to the elemental analyses of pyrolysis 
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oils and in Table 11 with respect to the calorific values. The reported data pertaining to 

elemental analyses are compared in Table 10 to estimations using either the indirect method 

of cumulative HHVs (Estimation 1.1), the determination of atomic ratios using Equation 57 

and Equation 58 (Estimation-1.2), or the second indirect method which estimates the 

elemental compositions directly (Estimation-2). Estimations for nitrogen and sulphur are also 

possible using these two indirect methods of estimation, but are not included as these two 

elements are assumed to contribute negligibly to the overall purpose of validation. Absolute 

errors, given in units of per cent, are shown for each estimation as an average for each of the 

elements, using the formula 

With regard to the elemental analyses, most of the estimations fare well according to the 

absolute errors reported in Table 10. Out of 19, only two estimations have absolute errors of 

greater than 10 % for estimation-1, while three estimations are above this threshold for 

Estimation-2. One of these estimations with an absolute error of 22 % (based on Estimation-

1, and 21 % according to Estimation-2) also presents conflicting data for the HHV reported 

(Table 10; Mullen, et al., 2009). If the elemental analysis is used to calculate the HHV using 

Equation 23, a value of −37.4 MJ kgିଵ is obtained, which is much higher than the reported 

−18.7 MJ. kgିଵ (Table 11; Mullen, et al., 2009). However, when the same estimations of the 

elemental analyses are used to determine the HHV using Equation 23, HHVs are obtained that 

are very similar to the reported value of −18.7 MJ kgିଵ, namely between −19.2 MJ kgିଵ and 

−18.7 MJ kgିଵ for Estimation-1, and −19.2 MJ kgିଵ for Estimation-2 (Table 11, Mullen, et 

al., 2009). It should also be noted that only 9 % of the total mass is characterized, which may 

also have contributed to some of this error. The only other set of elemental mass data that 

produces an absolute error of greater than 10 % is that of Zheng, et al. (2007), which has an 

absolute error of 12 % for Estimation-1 and 16 % for Estimation-2. In the analysis of HHV 

estimations that make use of the two indirect methods previously developed (Table 11), two 

options of estimation are provided for the first method and one for the second indirect 

method.  Estimation-1.1 uses the graphical approach for estimating the HHV, which employs 

69 data points and the resulting data are plotted to fit a linear trendline.  
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Table 10: Comparison of estimations of elemental compositions with measured values reported in the literature 

GC/MS characterization data from literature Elemental composition 

References 
Mass characterized 

(% of total) 

Reported values Estimation-1 Estimation-2 
(mass %) (mass %) AE (%) (mass %) AE (%) 

C H O N S C H O  C H O  

(Ingram, et al., 2008) 

28 53 8 40 0.1 0.0 57 6 37 3 59 6 34 4 
35 47 5 50 0.1 0.0 54 6 40 6 56 6 37 8 
31 54 7 38 0.4 0.0 56 7 37 1 52 6 42 2 
18 45 6 48 0.3 0.3 58 6 36 8 61 6 33 10 

(Zheng, 2008) 23 44 6 48 0.6 0.3 56 7 37 7 58 8 35 9 
(Zheng, et al., 2007) 22 42 8 49 0.3 0.2 60 7 33 12 66 8 26 16 
(Zhang, et al., 2005) 34 60 7 42 0.9 0.0 49 8 43 4 51 8 41 3 
(Lu, et al., 2008) 7 38 8 54 0.6 0.0 40 7 53 2 46 8 46 6 

(Scholze, 2002) 

23 52 8 40 0.37 0.0 47 7 47 4 48 7 45 3 
19 57 6 36 0.32 0.0 45 7 48 8 47 7 46 7 
18 54 6 39 0.39 0.0 44 7 49 7 45 7 48 6 
19 55 6 39 0.47 0.0 46 7 47 6 47 7 46 5 

(Mullen, et al., 2010) 29 55 8 37 0.56 0.0 48 7 45 5 50 7 43 4 
33 54 7 38 1.18 0.0 45 7 48 6 47 7 46 5 

(Mullen, et al., 2009) 
19 51 3 44 1.37 0.0 48 7 44 3 49 8 43 3 
18 55 5 38 1.79 0.0 48 7 45 5 49 7 44 5 
4 74 9 12 5.05 0.4 47 6 46 22 49 6 44 21 

(Ateş & Işikdağ, 2008) 
96 71 9 20 0.5 0.0 71 8 22 1 72 9 19 0 
93 65 7 27 1.3 0.0 73 7 19 5 74 8 18 6 

       Average AE: 6 Average AE: 6 
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Table 11: Comparison of estimations of elemental compositions with measured values reported in the literature 
Data sourced from the literature Estimation of higher heating values 

Reference Reported HHV HHV estimations (𝐌𝐉 𝐤𝐠ି𝟏) Difference (%) Absolute error (𝐌𝐉 𝐤𝐠ି𝟏) 
 Method Value (𝐌𝐉 𝐤𝐠ି𝟏)daf Est.-1.1* Est.-1.2* Est.-2 Est.-1.1* Est.-1.2* Est.-2 Est.-1.1* Est.-1.2* Est.-2 

(Ingram, et al., 2008) 

Measured −26.1 −24.2 −23.7 −24.8 −7 −9 −5 1.9 2.4 1.3 
Measured −24.1 −22.5 −21.9 −22.5 −7 −9 −7 1.6 2.2 1.6 
Measured −22.8 −20.3 −24.7 −20.3 −11 8 −11 2.5 1.9 2.5 
Measured −24.4 −24.9 −24.5 −24.9 2 0 2 0.5 0.1 0.5 

(Zheng, 2008) Measured −26.6 −24.8 −24.6 −24.8 −7 −8 −7 1.8 2.0 1.8 
(Zheng, et al., 2007) Measured −25.7 −29.6 −26.7 −29.6 15 4  15 3.9 1.0 3.9 
(Zhang, et al., 2007) Not specified −21.3 −21.7 −21.9 −21.7 2   3 2 0.4 0.6 0.4 
(Lu, et al., 2008) Measured −22.7 −18.9 −15.3 −18.9 −17 −33 −17 3.8 7.4 3.8 

(Scholze, 2002) 

Measured −19.1 −19.0 −19.1 −19.0 −1 0 0 0.1 0.0 0.1 
Measured −18.5 −18.4 −18.5 −18.4 −1 0 0 0.1 0.0 0.1 
Measured −17.3 −17.2 −17.3 −17.2 −1 0 −1 0.1 0.0 0.1 
Measured −18.6 −18.6 −18.6 −18.6 0 0 0 0.0 0.0 0.0 

(Mullen, et al., 2010) Measured −19.5 −20.5 −20.5 −20.5 5 5 5 1.0 1.0 1.0 
Measured −24.3 −26.9 −18.8 −18.6 11 −23 −23 2.6 5.5 5.7 

(Mullen, et al., 2009) 
Measured −20.9 −20.6 −20.9 −20.6 −1 0 −1 0.3 0.0 0.3 
Measured −20.4 −19.9 −20.4 −19.9 −2 0 −2 0.5 0.0 0.5 
Measured −18.7 −19.2 −18.7 −19.2 3 0 3 0.5 0.0 0.5 

(Ateş & Işikdağ, 2008) 
Calculated −34.0 −33.6 −34.0 −33.6 −1 0 −1 0.4 0.0 0.4 
Calculated −34.6 −33.0 −34.6 −34.0 −5 0 −2 1.6 0.0 0.6 

    Averages: −1.2 −3.2 −2.7 1.2 1.3 1.3 
* Both estimations-1.1 and -1.2 make use of the indirect method to determine HHV. Estimation-1.1 uses the cumulative HHV approach to determine the HHV graphically, while 
estimation-1.2 makes use of the elemental analysis calculated from the atomic ratios estimated using the first indirect method 
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Estimation-1.2 instead uses the elemental masses that are determined by Equation 57 and 

Equation 58 and calculates the HHV using Equation 23. The overall average absolute error 

obtained when using the graphical approach of Estimation-1.1 (1.2 MJ kgିଵ) is only slightly 

better than for Estimation-1.2 (1.3 MJ kgିଵ) and Estimation-2 (1.3 MJ kgିଵ). The average 

error for each estimation is similarly low, where the error is defined as 

 
average error =

1
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௜ୀଵ
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All average errors are also negative, which suggest that on average all methods of estimation 

under predict the HHV, and the estimations are therefore lower than the actual value and are 

conservative. Some estimations deviate significantly from data reported in the literature, and 

a closer analysis offers some insight as to why this is so and also offers possible adjustments 

for using this technique of indirectly predicting these properties. Lu et al. (2008) report an 

HHV of −22.7 MJ kgିଵ, but an HHV of −15.7 MJ kgିଵ is calculated when using their own 

reported elemental analysis – a value that is closer to the values obtained by Estimation-1.1 

(−18.9 MJ kgିଵ), Estimation-1.2 (−15.3 MJ kgିଵ) and Estimation-2 (−18.9 MJ kgିଵ). 

However, on closer inspection of the trends for cumulative atomic ratios, the cumulative 

HHVs and the cumulative elemental masses of Figure A13 in the Appendix reveal that the 

initial data points tend to have a larger gradient than the final data points. Since the overall 

gradient is what is being used as the estimation values, the estimations overpredict the actual 

measured value in this case. If these data are split into two trends and their trendlines 

determined, then a weighted average HHV may be calculated using two gradients instead 

across their respective cumulative mass ranges (see Figure A13 in the Appendix, cumulative 

HHV plot for rice husk). An HHV of −24.6 MJ kgିଵ is obtained instead using this approach, 

which reduces the absolute error from 3.8 MJ kgିଵ to 1.9 MJ kgିଵ. The estimation for the 

second HHV reported by Mullen et al. (2010) of −24.3 MJ kgିଵ can likewise be explained by 

considering again the plots of cumulative data (Figure A16 in the Appendix), where the 

gradients of the last part of the data decrease compared to the initial data, and therefore the 

trendlines obtained lead to overpredictions of the HHV. Splitting up the cumulative HHV data 

plot into two once again and using the resulting two trendlines (Figure A16 in the Appendix, 
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cumulative HHV plot) gives a weighted average HHV of −24.1 MJ kgିଵ and reduces the 

absolute errors from 2.6 MJ kgିଵ to 0.2 MJ kgିଵ. In the case of errors observed with respect 

to the data presented by Zheng et al. (2007), it is not possible to determine from an analysis 

of the indirect methods used why these errors in estimation exist. Zheng et al. report a lower 

heating value of −17.77 MJ kgିଵ which is close to the higher heating value of −17.5 MJ kgିଵ 

that is calculated using their elemental analysis. It is also not clear from the experimental 

methods described by Zheng et al. whether the reported value is on a dry and ash free basis. 

These last inconsistencies unfortunately do not allow clarity on the deviations in estimated 

HHVs from the measured values, although they are still acceptably small, with absolute errors 

of 3.9 MJ kgିଵ (Estimation-1.1), 1.0 MJ kgିଵ (Estimation-1.2), and 3.9 MJ kgିଵ 

(Estimation-2). 

4.4. Application of indirect methods of estimation to py-GC/MS catalyst screening 

The use of biofuels such as pyrolysis oils and the stability that they could bring to energy 

security has, moreover, been challenged by food security concerns, since biomass feedstocks 

may compete for agricultural lands and thus for food security. This deliberation has sparked 

much debate as to whether biomass-sourced fuels would improve energy security at the 

expense of food security (Field, et al., 2007; Shortall & Millar, 2012; Doornbosch & Steenblik, 

2007; Yue, et al., 2014). However, present advances in silviculture may help to ease these 

concerns, where demands for lignocellulosic materials have expedited the establishment of 

plantations globally (Evans & Turnbull, 2004). These plantations can be established on 

marginal or degraded land and on land that is not suitable for agricultural use (Behrenfeld, et 

al., 2001).  The most important and abundant tree species grown for tropical and subtropical 

silviculture are from the Eucalyptus and Pinus genera, with their respective species 

contributing 26 % and 42 % of the total tree species internationally (Brown, 2000; Portin & 

Lehtonen, 2012). The Eucalyptus genus in particular is considered to comprise some of the 

fastest-growing species of trees compared to all other wood-type genera, based on rotation 

periods and mean annual increments (Ugalde & Pérez, 2001; Kaipainen, et al., 2004). 

Furthermore, the commercial importance of eucalypts has grown substantially over the past 

60 years as a consequence of the superior fibre and pulping properties that they exhibit. It is 
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their fast growth rates, shorter rotation periods and productivity that make eucalypts an 

attractive renewable source of biomass for energy production (Myburg, et al., 2014). Not 

surprisingly, the thermal decomposition of E. grandis has been well researched. E. grandis has 

been used to evaluate property variations of torrefaction in an oxidative environment (Klass, 

1998).  The energy yield verses mass yield for E. grandis has also been reported (Basu, 2010). 

Residues from E. grandis were therefore selected for investigating their suitability for 

producing pyrolysis oils, as well as for evaluating upgrading possibilities, using the py-GC/MS 

analytical methods already developed in this chapter. Four catalysts were considered for 

upgrading pyrolysis oils, namely ZSM-5 zeolite and bentonite as candidates for acid-based 

catalysis, and the oxide C2013 and the oxide M1213 for alkali-based catalysis.  

4.5. Materials and methods 

4.5.1. Feedstock preparation 

E. grandis was sourced from Sappi Southern Africa as sawdust rejects with a maximum 

particle size of 6.0 mm and was received dry. This size was further reduced using a Retsch 

cutting mill, model SM 100, to obtain a particle size distribution between 150 μm and 

250 μm. Moisture was hereafter measured at 8.88 % using a Mettler Toledo Moisture 

Analyser LJ16.  

4.5.2. Catalysts 

ZSM-5 zeolite (sourced from Acros Organics) with a minimum surface area of 300 mଶ gିଵ 

(BET) and a SiO2:Al2O3 molar ratio between 400 and 570 was used. Bentonite clay was 

supplied in the form of a slurry (19.2 % solids content, pH =  7.4) by G&W Base and 

Industrial Minerals that was sourced from the Boane region in Mozambique. The cation 

exchange capacity was determined by the supplier to be 0.70 meq gିଵ using the methylene 

blue method (Hang & Brindley, 1970). The bentonite slurry was centrifuged and washed using 

deionized water before being dried at 65 °C. All catalysts were placed onto alumina supports 

to assist with catalysis. 
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4.5.3. Methods and equipment 

Pyrolysis oils were produced and characterized by pyrolysis-GC/MS (Py-GC/MS) using a 

Shimadzu multi-functional pyrolyser EGA/PY-3030D from Frontier Laboratories, Japan. 

Evolved gas analysis (EGA-MS) was used to define the thermal desorption zone using a 

thermal programme of 100 °C to 600 °C at 20 °C minିଵ. Sample sizes were in the range of 

1.1 mg ± 0.1 mg. Samples are placed into small cups after which they free fall into the 

pyrolyser furnace and are heated to pyrolytic temperatures in less than 20 ms. 

GC: 

Injection method:   1:50 split 

Column:    polydimethylsioxane, UA1: 30 m ×  0.25 mm ID ×  2 μm film 

    thickness (2.0F) for pyrolysis at 500 °C,    

    30 m × 0.25 mm ID × 1 μm film thickness (1.0F) for pyrolysis 

    at 300 °C 

Flow rate:    Helium, 50 mL minିଵ, 98 kPa  

Temperature programming:  30 °C for 3 min, 20 °C minିଵ to 350 °C, hold for 10 min 

MS: 

Interface temperature:  300 °C  

Ion trap temperature:  250 °C 

Electron ionisation (EI) 

Scan range:    m/z 50 – 650 

4.5.4. Indirect estimation of elemental analysis of pyrolysis oils 

The two indirect methods for estimation of the elemental composition were used to 

determine the composition of pyrolysis oils produced via py-GC/MS under non-catalysed and 

catalysed fast pyrolysis. The fraction of products analysed using these methods was limited 

to those products whose normal boiling points equal or exceed 25 °C to exclude gases from 

skewing the data. The first method pertains to the prediction of the atomic ratios H/C and 

O/C as described by Equation 57 and Equation 58, while the second uses the cumulative 
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elemental masses with respect to carbon, hydrogen and oxygen according to Equation 68. 

Nitrogen and sulphur are taken as negligible in these analyses. Since some deviations from 

linearity were observed during the validation of these two methods, a more carefully chosen 

approach to estimation is applied. In the case of estimating atomic ratios and where a 

bigradient trend is obvious, the plotted data are split into two parts, and two trendlines are 

used instead to determine a weighted average gradient.  

Alternatively, where this bigradient trend is less evident but a deviation from linearity is still 

observed, an estimate may still be made by using the last part of the data trend to determine 

a trendline. This is based on the assumption that the error obtained when using data that lie 

closer to the line of 𝑥 = 100 is smaller than the error obtained when using data closer to the 

origin. This is illustrated in Figure 33, where a larger error is observed when using the first 

part of the data (yellow points, A) taken as the distance from A*  C*, compared to the error 

observed (B*  C*) when using intermittent data (orange points, B). The smallest error is 

obtained (position C*) when the last part of the data is used instead (red points, C). Here, the 

linearity for the first two sets of data together is not strong, and therefore the best approach 

would be to use only the last set of data instead to estimate the quantity in question. 

 

Figure 33: Deviations brought on by selection of compositional data 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 20 40 60 80 100

Cu
m

ul
at

iv
e 

at
om

ic
 ra

tio
 (H

/C
)

Cumulative mass (%)



 

84 

 

Three values for the HHVs of pyrolysis oils produced via py-GC/MS are reported, determined 

indirectly using the estimation of atomic ratios, elemental masses, or graphically by plotting 

the HHVs cumulatively, as in Figure 32. 

4.6. Results 

4.6.1. py-GM/CS results: neat pyrolysis oil 

E. grandis wood typically has 6.0 % hydrogen on average, with the remaining balance 

distributed almost equally between carbon, which accounts for 48.4 % of the mass, and 

oxygen, which accounts for 44.8 % of the mass (Table 12:). This wood species only contains 

residual amounts of nitrogen and sulphur (both ~2.0 % on average), and an average ash 

content of 0.8 %. The average HHV of −18.7 MJ kgିଵis close to most individually reported 

values and close to the average calculated value of −18.4 MJ kgିଵ. The average moisture 

content of 8.4 % reported in the literature is close to the measured value reported for this 

study. 

A total of 74.8 % of the peaks by mass were characterized for neat pyrolysis oil produced 

from E. grandis pyrolyzed at 500 °C. The pyrolysis oil contains the typical products of lignin 

and carbohydrate thermal degradation. The most abundant compounds produced from the 

lignin content of the biomass consist of 2,6-dimethoxy-phenol (5.5 %), 1-(3,4-

dimethoxyphenyl)-ethanone (3.9 %), 2-methoxy-4-vinylphenol (3.4 %), 3-methoxy-1,2-

benzenediol (3.4 %), 1,2,4-trimethoxybenzene (3.3 %) and eugenol (2.6 %). Of the products 

concerning the degradation of the carbohydrate fraction of the biomass, the most abundant 

are 2-hydroxy-2-cyclopentene-one (3.8 %), furfural (3.8 %), formaldehyde (3.0 %), and 

acetic acid (2.5 %).  

The plot of the cumulative atomic ratios against the cumulative masses for neat pyrolysis oil 

shows some deviation form linearity, comprising two distinct linear trends in the data, 

meeting more or less at a mass percentage of 28.7 % Figure 34-A. The initial set of data 

predicts an H/C of 1.81 and an O/C of 0.51, while the rest predicts an H/C of 1.34 and an O/C 

of 0.38. The difference between these two data sets is quite large, and since the second data 

set carries on cumulatively from the first, it would be better to use the second trend for the 
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estimate of atomic ratios. The estimated atomic ratios of the second data set translates into 

elemental mass percentages of 61.6 % for carbon, 6.9 % for hydrogen, and 31.4 % for 

oxygen. These values are similar to what is estimated using the method of cumulative 

elemental masses (Figure 34-D), at 63.6 % for carbon, 7.1 % for hydrogen, and 29.3 % for 

oxygen. The HHV is estimated to be −27.4 MJ kgିଵ using the atomic ratios, −28.1 MJ kgିଵ 

using the elemental mass percentages, and −27.2 MJ kgିଵ using the graphical method 

(Figure 34), translating to an average HHV of −27.6 MJ kgିଵ for neat pyrolysis oil.  

The weighted average of the two points results in the final estimated datum point for neat 

pyrolysis oil, which lies almost on the deoxygenation tie line (drawn with reference to the 

feed point, Figure 35B). What is also obvious from the plot of Figure 35B is that the 

decarboxylation tie line for the feed composition connects the feed point with the region 

representing liquid transportation fuels. Simply put, the conversion of E. grandis to 

transportation fuel would result from the overall decarboxylation of the feed with little to no 

change in the H/C ratio. This is not to say that the production of water, biochar or syngas is 

suppressed or absent, but rather that the ratio of hydrogen to carbon in the pyrolysis oil 

would reach some value comparable to that of some liquid transportation fuel such as diesel.  

It would also be possible to convert the already manufactured neat pyrolysis oil if, say, ex situ 

carbonylation was achieved followed by dehydration (Figure 35B). This would however 

produce a fuel with a high H/C of ≈ 2.16, above what is typical for petrol (H/C ≈ 2.00) and 

kerosene (paraffin) (H/C ≈ 1.88). A better option, although overly simplified and not 

practically possible, would be to remove oxygen as mostly CO2 with some oxygen removed as 

CO. This would reduce the H/C atomic ratio to around 1.87 for the oil product, closer to that 

of kerosene and other distillate fuels that have an H/C of between 1.68 and 2.00 (Reed, 2014). 

The possible reaction pathways that would result in the conversion of E. grandis to a liquid 

transportation fuel together form an upgradation region (e.g. catalytic upgradation, Figure 

35B).  An example of such upgradation attempts is the pyrolysis of E. grandis in the presence 

of bentonite (Figure 36). The plots of the initial data for cumulative atomic ratios and 

elemental masses for bentonite-catalysed pyrolysis oil deviate from linearity, while the last 

portion of the data is close to linear. 
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Table 12: Typical proximate and ultimate analyses for E. grandis 

Ref. 
Elemental analysis (mass %) HHVa HHVb Ash Water 

C H O N S (𝐌𝐉 𝐤𝐠ି𝟏) (𝐌𝐉 𝐤𝐠ି𝟏) (%) (%) 

(Musinguzi, et al., 2012) 48.5 7.5 43.9 0.1 0.1 −19.2 −20.1 0.1 10.9 

(Carrier, et al., 2014) 
48.3 5.9 44.6 0.4 0.1 −18.4 −18.4 0.5 7.9 

53.9 5.6 40.0 0.5 1.0 −20.6 −20.6 0.5 9.8 

(Montoya, et al., 2015) 46.6 5.9 43.4 0.1 0.1 −18.6 −18.5 3.9 5.3 

(Heidari, et al., 2014) 49.8 6.0 43.7 0.1 0.0 −19.4 −19.0 0.6 7.9 

(Louw, et al., 2016) 47.2 5.8 46.6 0.2 0.2 −18.1 −17.4 0.1 n.r. 

(Amaya, et al., 2007) 47.1 5.9 46.6 0.1 0.0 −17.5 −17.5 0.3 n.r. 

(Pereira, et al., 2013) 45.7 5.7 49.4 0.1 0.0 −17.9 −16.2 0.1 n.r. 

Averages: 48.4 6.0 44.8 0.2 0.2 −18.7 −18.4 0.8 8.4 

aMeasured value 

bCalculated value, using ∆ୡℎ°ห
ୌୌ୚

= −13.87 𝑚୓మ
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Based on these linear trends, the elemental masses are estimated to be between 62.6 % and 

65.8 % for carbon, 7.8 % for hydrogen, and between 26.5 % and 29.6 % for oxygen, with 

H C⁄ ≈ 1.48 and O C⁄ ≈ 0.36. The estimated higher heating value using the atomic ratios 

method is −29.3 MJ kgିଵ, −31.7 MJ kgିଵ for the graphical method (Figure 36C), and 

−29.2 MJ kgିଵ using the elemental mass data. The average HHV is determined to be 

−30.1 MJ kgିଵ, which is  −2.5 MJ kgିଵ more than that of neat pyrolysis oil. The by-products 

leading to the formation of the bentonite-catalysed pyrolysis oil are shown graphically in 

Figure 37A as an equivalent ratio of water and carbon dioxide. This ratio could represent more 

complex mixtures formally referred to as syngas and biochar, in addition to the water and CO2 

that was indeed formed.  However, this equivalent representation of these by-products 

allows an easier interpretation of the main routes of deoxygenation of pyrolysis oils, 

particularly when screening catalysts using the py-GC/MS method developed here.  

  

  

Figure 34: Plot of cumulative atomic ratios (A & B), cumulative higher heating values (C), 

and cumulative mass percentages (D) against the cumulative mass percentage for neat 

pyrolysis oil produced via py-GC/MS at 500 °C 
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The ratio for neat pyrolysis oil achieved an COଶ HଶO⁄  of 1.9, and suggests that almost a third 

of deoxygenation was achieved for neat pyrolysis oil via a loss in carbon from the original 

biomass, whether this led to the production of biochar, CO or CO2. Additionally, just over a 

third of the deoxygenation that was achieved led to the formation of water, or (when 

considered concurrently with the loss in carbon) light oxygenated hydrocarbons.   

Even if the amount of biochar and syngas would not be known using this method, the mass 

balance that concerns the feed and its pyrolysis oil, as represented in Figure 37, may still be 

treated in the same way that state variables are handled, namely that only the changes 

between the initial and final state are of relevance. In comparison, bentonite-catalysed 

pyrolysis oil achieved a reduction in oxygen in relation to its parent feedstock of E. grandis by 

the formation of by-products equivalent to a ratio of COଶ HଶO⁄  is 74.6/25.4 = 2.9. Since 

mass balances are possible with ternary diagrams using the lever-arm rule, an equivalent 

mass of HଶO & COଶ may also be determined, and for the formation of bentonite-catalysed 

  

Figure 35: van Krevelen diagrams showing the pyrolysis of E. grandis in relation to its 

pyrolysis oil and various (liquid) transportation fuels and crude oils 
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pyrolysis oil this equates to 8.9 kgୌమ୓ 100 kgா.  ௚௥௔௡ௗ௜௦⁄  and 26.2 kgେ୓మ
100 kgா.  ௚௥௔௡ௗ௜௦⁄ , or 

a total of 35.1 kgୠ୷ି୮୰୭ୢ୳ୡ୲ୱ 100 kgா.  ௚௥௔௡ௗ⁄ . Conversely, the mass yield of pyrolysis oil may 

be estimated to be 64.9 kg୮୷୰୭୪୷ୱ୧ୱ ୭୧୪ 100 kgா.  ௚௥௔௡ௗ௜௦⁄ . Since additional side reactions that 

reduce the mass yield of pyrolysis oil would invariably be present, this ratio of pyrolysis oil to 

feedstock represents the maximum production of pyrolysis oil possible, as shown in Figure 

37B.  

How do these results compare to zsm-5-catalyzed pyrolysis oil? The zsm-5 runs were 

compared at two temperatures, as the typical fast pyrolysis temperature of 500 °C produced 

poor results for upgradation, and a lower temperature of 300 °C was found to be optimum. 

Based on the mass data presented in Figure 38, pyrolysis at 500 °C of zsm-5 produces a 

pyrolysis oil comprising between 63.6 % and 65.7 % carbon, 7.2 % hydrogen, and between 

27.1 % and 29.3 % oxygen on a mass basis, with the HHV estimated to be −29.1 MJ kgିଵ. 

Pyrolysis at 300 °C (selected using EGA) in the presence of zsm-5 zeolite produces a pyrolysis 

oil with a slightly higher carbon content of between 65.2 % and 71.5 %, and 8.1 % hydrogen, 

  

  
Figure 36: Plot of cumulative atomic ratios (A & B), cumulative higher heating values (C), 
and cumulative mass percentages (D) against the cumulative mass percentage for 
bentonite-catalysed pyrolysis oil produced via py-GC/MS at 500 °C. 
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with a reduced oxygen content of between 20.4 % and 26.6 % (Figure 40). The HHV is also 

improved, and is estimated to be around −32.5 MJ kgିଵ. There is a marked difference in the 

form the data trends when comparing zsm-5 catalysis at 500 °C (Figure 38) and 300 °C (Figure 

40). Whereas zsm-5 catalysis at 500 °C takes on more or less a linear trend for all data sets 

with only slight deviation from linearity for the initial data, zsm-5 catalysis at 300 °C clearly 

has two distinct regions. In the initial portion of data with respect to the cumulative atomic 

ratios and elemental masses, oxygen increases sharply and thereafter drops off in the last 

portion of the data. This suggests that zsm-5 catalysis (at 300 °C) is selective in its activity, 

where the first portion of data assumes an elemental mass distribution closer to that of the 

feedstock (Figure 39), with about 51.4 % carbon, 8.5 % hydrogen and 40.2 % oxygen. The 

second portion of data then reduces the oxygen substantially to 23.5 %.  

 

A

 
B

 

Figure 37: Ternary plot of bentonite-catalysed pyrolysis oil in association with 

neat pyrolysis oil and the feed of E. grandis 
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Figure 38: Plot of cumulative atomic ratios (A & B), cumulative higher heating values (C), 
and cumulative mass percentages (D) against the cumulative mass percentage for zsm-5 
zeolite-catalysed pyrolysis oil produced via py-GC/MS at 500 °C. 
A

 
B

 
Figure 39: Ternary plot of zsm-5-catalysed pyrolysis oil at 500 °C (A) and 
300 °C (B) in association with neat pyrolysis oil and the E. grandis feed 
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Based on a mass balance of Figure 39A & B, the equivalent deoxygenation selectivity 

COଶ HଶO⁄  increases from 65.4/34.6 = 1.9 (which is the same for neat pyrolysis oil) to 

73.2/26.8 = 2.7 and suggests that zsm-5 catalysis at 300 °C favours the removal of oxygen 

from pyrolysis oil via the decarboxylation route rather than via dehydration. At 300 °C, the 

by-products have an equivalent mass of 10.8 kgୌమ୓ 100 kgா.  ௚௥௔௡ௗ௜௦⁄  and 

29.6 kgେ୓మ
100 kgா.  ௚௥௔௡ௗ௜௦⁄  and a maximum pyrolysis oil yield of 59.6 kgୌమ୓ 100 kgா.  ௚௥௔௡ௗ௜௦⁄ . 

In comparison, pyrolysis with zsm-5 at 500 °C comparatively has an equivalence in by-

products of 11.7 kgୌమ୓ 100 kgா.  ௚௥௔௡ௗ௜௦⁄  and 22.2 kgେ୓మ
100 kgா.  ௚௥௔௡ௗ௜௦⁄  with a maximum 

pyrolysis oil yield of 66.1 kgୌమ୓ 100 kgா.  ௚௥௔௡ௗ௜௦⁄  observed, as the M1213 presents much lower 

trends with respect to oxygen. 

The cumulative data for the last two catalysts, namely C2013 and M1213 are shown in Figure 

41 and Figure 42. The data trends for C2013 are very similar to those of bentonite-catalysed 

pyrolysis oil. Atomic ratios of H C⁄ = 1.48 and  O C⁄ = 0.33 are estimated, with the elemental 

masses estimated to be between 64.1 % and 69.9 % for carbon, 7.9 % and 8.4 % for 

  

  
Figure 40: Plot of cumulative atomic ratios (A & B), cumulative higher heating values (C), 
and cumulative mass percentages (D) against the cumulative mass percentage for zsm-5 
zeolite-catalysed pyrolysis oil produced via py-GC/MS at 300 °C. 
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hydrogen, and 21.7 % and 28.0 % for oxygen, with an HHV of around −31.3 MJ kgିଵ. When 

the C2013 data (Figure 41B & D) are compared with the M1213, an immediate difference in 

the cumulative O/C ratio and oxygen mass percentage (Figure 42B & D) is observed, as the 

M1213 presents much lower trends with respect to oxygen. 

Also, the trends are also much more linear for the M1213 data compared to the C2013 data. 

This suggests that the activity of M1213 on upgrading the pyrolysis oil components is not 

isolated to a portion of components, but is active over the full range of components. 

Compared to all the other data sets, C2013 has the highest estimations for carbon (between 

74.5 % and 76.2 %) and hydrogen (between 9.2 % and 9.4 %), and the lowest estimation for 

oxygen (between 12.3 % and 16.0 %). Based on these results, the HHV is also the highest 

predicted, with an average estimation of −39.1 MJ kgିଵ, based on calculated values of 

−39.0 MJ kgିଵ (atomic ratios estimation), −40.1 MJ kgିଵ (cumulative HHV estimation), and 

−37.4 MJ kgିଵ (elemental masses estimation). The equivalent deoxygenation selectivity  

  

  
Figure 41: Plot of cumulative atomic ratios (A & B), cumulative higher heating values (C), 
and cumulative mass percentages (D) against the cumulative mass percentage for C2013-
catalysed pyrolysis oil produced via py-GC/MS at 500 °C. 
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H2O:CO2 is also the lowest compared to the other catalysed- and non-catalysed pyrolysis oil 

data, at COଶ HଶO⁄ = 85.3/14.7 = 5.8, while C2013 has an equivalent selectivity of 

COଶ HଶO⁄  = 3.0 (Figure 43A). The composition of the resulting M1213-catalyzed pyrolysis oil 

is also much closer to that of typical transportation fuels as it achieves a much higher change 

in energy quality, one that is more or less similar to that of coal tar fuel relative to E. grandis 

(Figure 44). Theoretically, as much as 47.7 % of the M1213 catalysed pyrolysis oil could be 

produced, but due to side reactions, this yield is expected to be much lower. Therefore, more 

work on the bench and pilot scale is required. Regardless, if further refinement of the M1213 

pyrolysis oil were to be carried out, any of the main routes could be used. Achieving further 

deoxygenation via the decarbonylation route would produce a transportation fuel close to 

that of the distillate range, while decarboxylation and dehydration would produce a product 

closer in composition to residual fuel oils and crude oils (see Figure 43B, green shading). In all 

  

  
Figure 42: Plot of cumulative atomic ratios (A & B), cumulative higher heating values (C), 
and cumulative mass percentages (D) against the cumulative mass percentage for M1213-
catalysed pyrolysis oil produced via py-GC/MS at 500 °C. 
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cases of catalytic upgrading evaluated here, it seems inevitable that additional refining would 

be required to alter the raw pyrolysis oil into a more useful fuel, while ensuring that other 

physical properties pertaining to transportation fuel are also considered. Herein lies the 

limitation of such an analytical approach as presented in this chapter.  

A

 
B

 
Figure 43: Ternary plot of C2013-catalysed (A) and M1213-catalysed (B) 
pyrolysis oils in association with neat pyrolysis oil and the E. grandis feed 

 

Figure 44: Change in energy quality against mass yield for all pyrolysis oils produced using 

py-GC/MS, compared to conventional transportation fuels and crude oil 
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It would be inappropriate to use estimations of elemental compositions and calorific values 

alone to rate pyrolysis oils in totality, and further work is required on the bench-scale to 

validate these results and test other important physical properties. While it may be possible 

to develop a similar analytical technique to estimate boiling ranges, flash points, specific 

gravities, and viscosities, this would be an overreach of such techniques.  

4.7. Summary 

Catalytic upgradation of fast pyrolysis processes for the valorisation of biomass feedstocks to 

energy products is a major theme of research. The complexity of pyrolysis oils and the 

plethora of reaction mechanisms governing their genesis reflects this. The power of the 

analytical technique of pyrolysis-GC/MS has attracted many researchers in the field to use it 

as a convenient tool for investigating pyrolysis in more depth, and to use it further in the 

screening of various biomass feedstocks and catalysts. The add-on ability to perform evolved 

gas analysis (EGA-MS) to define the thermal desorption zone, and the flexibility in scanning a 

wide range of temperatures under various residence times and atmospheres are some of the 

considerable plus points of this tool. Moreover, these may be achieved while using only the 

smallest quantities of sample. The reliability of the pyrolysis-GC/MS analysis technique is 

taken advance of in this work with the development of a set of novel methods that may be 

used to estimate other properties of pyrolysis oils. In the theoretical derivation, these 

methods are shown to achieve reasonable accuracy even when only 20 % of the GC/MS data 

is utilized in predicting the elemental composition and calorific values for pyrolysis oils, and 

this result is further confirmed in the application of these techniques to data obtained from 

the literature. During this validation, the indirect methods performed surprisingly well as 

most of the data sets obtained from the literature reported only limited peak identification, 

with only minor discrepancies present. Pyrolysis oil data obtained for the pyrolysis of E. 

grandis was generated using py-GC/MS. These data were used to compare the catalytic 

activity of potential catalysts with each other and with uncatalyzed pyrolysis oil. The potential 

catalysts, namely bentonite, zsm-5 zeolite, oxide C2013 and oxide M1213, were compared 

with respect to their abilities to improve the calorific value of pyrolysis oil and reduce the 

presence of oxygen. The comparisons between uncatalyzed (neat) pyrolysis oil and catalysed 
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pyrolysis oils took the order of neat pyrolysis oil (−27.6 MJ kgିଵ and 30.4 % oxygen) < zsm-

5-catalysed pyrolysis oil at 500 °C (−29.1 MJ kgିଵ and 28.2 % oxygen) < bentonite-catalysed 

pyrolysis oil (−30.1 MJ kgିଵ and 28.1 % oxygen) < C2013-catalysed pyrolysis oil 

(−31.3 MJ kgିଵ and 24.9 % oxygen) < zsm-5-catalysed pyrolysis oil at 300 °C (−32.5 MJ kgିଵ 

and 23.5 % oxygen)  < M1213-catalysed pyrolysis oil (−39.1 MJ kgିଵ and 14.2 % oxygen).  

By plotting these data onto a ternary plot, the main route(s) of deoxygenation that resulted 

in the pyrolysis oils could be estimated on an equivalence basis of COଶ and HଶO. In principle, 

even though the actual syngas and biochar compositions would be unknown when using the 

technique of py-GC/MS (e.g. if hydrogen is not measurable), these by-products can be 

approximated by an equivalent amount of COଶ and HଶO instead. By applying this 

simplification, a deoxygenation selectivity equivalent to COଶ HଶO⁄  can be expressed for 

comparative purposes. Here M1213-catalyzed pyrolysis oil achieved the highest ratio of 5.8, 

compared to the next highest ratio of 3.0 for C2013-catalyzed pyrolysis oil, with the lowest 

value of 1.9 being produced for both bentonite- and zsm-5-catalyzed pyrolysis oils produced 

at 500 °C. These techniques, of course, have their limitations in providing all the information 

necessary for the proper development of alternative transportation fuels, but are powerful 

tools for the initial phase of R&D towards the advancement of pyrolysis technologies. 
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Chapter 5: Conclusions and recommendations 

5.1. Conclusions 

A lot is owed to the heavy-weight scientists, physicists, chemists, and engineers who helped 

to formulate the modern theory of classical thermodynamics and, in doing so, also 

transformed the once very rudimentary phlogiston theory of combustion hypothesized in the 

1600s by Becher (Bowler & Morus, 2005) into an advanced science. The discovery of oxygen 

by Lavoisier helped pave the way to a better (albeit obsolete) explanation of combustion 

based on the calorific theory. Eventually the modern principle of conservation of energy led 

to a proper, accurate description of combustion. Many attempts have previously been made 

to correlate the properties of particular fuels, starting from elemental composition and 

proximate analyses, and progressing to the magnitude of exothermicity of the combustion 

reaction. Yet only as recently as 2015, with the work of Schmidt-Rohr (Schmidt-Rohr, 2015), 

has anyone come closer to explaining the reason as to why combustion in oxygen proceeds 

exothermally. Schmidt-Rohr correctly identifies oxygen as the main culprit; he relates the 

moles of oxygen combusted to the higher heating value (also on a mole basis) as 

∆ୡ𝐻°
௠ห

୐ୌ୚
= −418 𝑛୓మ

 

and cites oxygen’s weak bonds as the cause of exothermicity. Concerning the first hypothesis 

of this thesis, it is demonstrated that the cause of exothermicity is not simply the weaker 

bonds characteristic of diatomic oxygen, but the changes in energy undergone by all the 

elements during combustion. By applying the fundamental principles of thermodynamics and 

treating bond enthalpies as state variables, a new thermodynamic equation for redox 

reactions (which govern combustion processes) is derived as  

 ∆ୡℎ°ห
ୌୌ୚

= ∆ୡ𝐷ு(fuel) + ∆ୡ𝐷ு(Oଶ) − ∆ୡ𝐷ு(H ∙∙∙ O) + ∆ோௌℎ°  

for the higher heating value. Careful assumptions and analysis of known fuels undergoing 

combustion are used to simplify the general thermodynamic equation of combustion to 
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∆ୡℎ°ห

ୌୌ୚
=

−13.87

𝜔୓మ

ିଵ  −  1
= −13.87 𝑚୓మ

  

which estimates the higher heating value as a strong function of oxygen consumed during the 

combustion process. This important result is crucial in the formulation and testing the 

remaining hypotheses.  

Ternary plots have been demonstrated to be useful in visualizing how biomass as feedstocks 

relate and compare to various fuels. The categorization of the main upgradation pathways 

relating to dehydration/carbonization (HଶO ↔ C), decarboxylation/methanogenesis (CHସ ↔

COଶ) and decarbonylation/hydrogenization (Hଶ ↔ CO) was used to assess the prima face  

objectives of upgrading technologies, namely to reduce oxygenate presence in pyrolysis oils, 

to maximise mass yields (based on either total yields or carbon yields), and to maximize 

energy yields. Biofuels are postulated herein to be energy products first and foremost, and 

from this viewpoint a new definition is proposed with the derivation of an equation that 

describes the change of energy quality ∆𝐸୕ for any fuel or potential fuel: 

 
∆𝐸୕ =

 𝑚O2
ห

product

 𝑚O2
ห

feed

− 1 
 

The implication of this equation is simple: any improvement in energy quality of a combustible 

species must be accompanied by an increase in oxygen consumed by the product, relative to 

the feedstock that was used in its manufacture. Further analysis of this equation using more 

than 16 million data points resulted in the discovery of a boundary limit in the change in 

energy quality, given by the equation  

 ∆𝐸ொ =
𝑚௜ 

𝑚௙ 
− 1  

This equation led to the realization that an increase in energy quality of any combustible 

material must be accompanied by a decrease in redundant mass (i.e. energy-deficient mass 

removed through upgradation, such as COଶ or HଶO). Furthermore, it was found that as 

𝑚௙ → 0, ∆𝐸ொ approaches infinity: 
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 lim
𝑚𝑓→0

∆𝐸𝑄 = lim
𝑚𝑓→0

𝑚𝑖 

𝑚𝑓 
− 1 → ∞  

and where no upgradation takes place (in other words, 𝑚జ = 0 and 𝑚௙ = 𝑚௜), no change in 

energy quality occurs: 

 
∆𝐸𝑄ห

𝑚𝑓=𝑚𝑖
=

𝑚𝑖 

𝑚𝑓 
ቤ

𝑚𝑓=𝑚𝑖

− 1 = 0 
 

These results are in direct conflict with the prima facie objectives of maximizing the mass 

yields of biofuels. The objective of achieving favourable carbon yields is likewise 

demonstrated to be a poor metric to use for evaluating the outcomes of biofuel synthesis. 

About 99.9 % of the possible 16 million fuel compositions investigated have been shown to 

have a limited change in energy quality of 116 % when this metric is applied. This indicates 

that maximizing carbon yields could limit the change in energy quality to just 116 %, which is 

much lower than what could be achieved if this mass-based metric were not adopted. 

The volatility of pyrolysis and combustion products is an advantageous consequence that 

makes the enhancement of pyrolytic processes possible through the use of the powerful 

analytical technique of GC/MS. For this reason, pyrolysis-GC/MS is often employed in biomass 

and/or catalyst screening. A new set of methods for evaluating the performance of catalysts 

for catalytic fast pyrolysis has therefore been developed.  These methods rely on a cumulative 

approach with respect to mass-based quantities and require only part of the total 

components comprising the pyrolysis oil to be characterized. As the cumulative calorific 

values and the elemental masses follow some linearity when plotted as a function of the 

cumulative mass, an accurate estimation of the elemental composition and heat of 

combustion of the pyrolysis oil may be obtained. To estimate the atomic ratios of pyrolysis 

oils using the py-GC/MS method, the following equations may be used:  

෍
𝑣ୌ೔

𝑣େ೔

𝜔௜

௝

௜ୀଵ

=
𝑣ୌ

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௝

௜ୀଵ

+ 𝜖 and ෍
𝑣୓೔

𝑣େ೔

𝜔௜

௝

௜ୀଵ

=
𝑣୓

𝑣େ
ฬ

୮୷୰୭.୭୧୪

෍ 𝜔௜

௝

௜ୀଵ

+ 𝜖 



 

101 

 

The atomic ratios may then be used to determine the heating value and/or elemental masses, 

or these may be determined directly with the following equations, respectively: 

෍∆ୡℎ°ห
ୌୌ୚,௜

𝜔௜

௝

௜ୀଵ

= ∆ୡℎ°ห
ୌୌ୚

෍ 𝜔௜

௝

௜ୀଵ

+ 𝜖 and ෍൫𝜔஺೔
𝑚௜൯

௝

௜ୀଵ

= ෍ 𝑚௜

௝

௜ୀଵ

ቌ𝜔஺ + ෍ 𝜔஺೔

௡

௜ୀ௝

ቍ 

Following the successful demonstration and validation of these methods using 19 sets of data 

from the literature, these four equations were further used in the evaluation of four catalysts 

in the upgradation of pyrolysis oil produced from E. grandis. In this evaluation, the catalysts 

were compared according to their abilities to improve the heating value of pyrolysis oil and 

to decrease the presence of oxygen. The best performing catalyst on both accounts was 

M1213, which improved the HHV from −18.4 MJ kgିଵ for E. grandis to −39.1 MJ kgିଵ and 

decreased the oxygen content in pyrolysis oil from 30.4 % (for neat pyrolysis oil) to 14.2 %. 

This is a 68.3 % reduction in the oxygen content originally present in the feedstock (44.8 %). 

The major routes of deoxygenation were reported on an equivalence basis of water and 

carbon dioxide with the aid of a ternary plot—reported as a mass-percentage-based 

selectivity of COଶ HଶO⁄ . M1213 achieved the highest selectivity towards deoxygenation with 

an equivalent deoxygenation selectivity of COଶ HଶO⁄ = 5.8—much higher than for neat 

pyrolysis oil, which achieved the lowest selectivity of 1.9.  

5.2. Recommendations 

It may be said that the contributions made in this thesis to the theory of combustion are by 

no means limited to this field of science. Indeed, any system comprising matter and energy 

that undergoes thermodynamic changes where redox reactions are concerned may similarly 

be analysed and explained in this way. Such a phenomenon may very well impact the 

development of all energy systems, especially concerning energy storage and utilization. Are 

battery-powered technologies for use in the aviation industry better at managing the 

required energy demands than methane for instance? Scientists Kim et al. recently published 

their research presenting a complex hydride lithium that functions as an all-solid-state battery 

with a realizable energy density of just over 2 500 Wh kgିଵ, or rather 9 MJ kgିଵ—roughly 

half of the typical energy density of woody biomass  (Kim, et al., 2019). Clearly, the answer to 
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the proposed question, for now at least, is an affirmative ‘no’: never mind methane, even 

woody biomass currently outcompetes a marketable class of batteries with the highest 

energy densities developed to date! It is therefore strongly recommended that the 

thermodynamic explanation in this thesis applied to the theory of combustion should be 

further expanded to other energy systems undergoing similar chemical changes that take 

place during combustion. One field that would benefit the most is electrochemistry.  
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Figure A1: Plot of cumulative H/C and O/C ratio fractions against the respective cumulative 

mass fractions for three sets of model data for low, moderate, and high oxygen-containing 

compounds for 80 % of randomly selected data points foe pseudo-GC/MS data sets 
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Figure A2: Plot of cumulative H/C and O/C ratio fractions against the respective cumulative 

mass fractions for three sets of model data for low, moderate, and high oxygen-containing 

compounds for 60 % of randomly selected data points foe pseudo-GC/MS data sets 
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Figure A3: Plot of cumulative H/C and O/C ratio fractions against the respective cumulative 

mass fractions for three sets of model data for low, moderate, and high oxygen-containing 

compounds for 40 % of randomly selected data points foe pseudo-GC/MS data sets 
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Figure A4: Plot of cumulative H/C and O/C ratio fractions against the respective cumulative 

mass fractions for three sets of model data for low, moderate, and high oxygen-containing 

compounds for 20 % of randomly selected data points foe pseudo-GC/MS data sets 
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Figure A5: Plot of cumulative elemental mass fractions against the respective cumulative mass 

fractions for three sets of model data for low, moderate, and high oxygen-containing compounds 

using 80 % of the data 
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 Figure A6: Plot of cumulative elemental mass fractions against the respective cumulative 

mass fractions for three sets of model data for low, moderate, and high oxygen-containing 

compounds using 60 % of the data 
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Figure A7: Plot of cumulative elemental mass fractions against the respective cumulative mass 

fractions for three sets of model data for low, moderate, and high oxygen-containing compounds 

using 40 % of the data 
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 Figure A8: Plot of cumulative elemental mass fractions against the respective cumulative 

mass fractions for three sets of model data for low, moderate, and high oxygen-containing 

compounds using 20 % of the data 

C = 0.7644x + 0.375
R² = 1.000

O = 0.115x + 0.0325
R² = 0.999

H = 0.1166x - 0.3503
R² = 0.973

0

2

4

6

8

10

12

14

16

18

0 5 10 15 20

O
H

C

C = 0.6161x - 0.0444
R² = 1.000

H = 0.0861x + 0.0182
R² = 0.996

O = 0.2978x + 0.0262
R² = 0.999

0

2

4

6

8

10

12

14

0 5 10 15 20

C

O

H

C = 0.4462x + 0.0455
R² = 1.000

H = 0.0661x + 0.0246
R² = 0.996

O = 0.4877x - 0.0701
R² = 0.999

0

2

4

6

8

10

12

0 5 10 15 20

C

O

H



 

128 

 

    

    
Figure A9: (Ingram, et al., 2008) Cumulative atomic ratios and higher heating values as a function of the cumulative mass percentages 
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Figure A10: (Ingram, et al., 2008) Cumulative elemental masses as a function of the 
cumulative mass percentages 

C = 0.5887x + 0.5892
R² = 0.9819

H = 0.0634x + 0.0029
R² = 0.9994

O = 0.348x - 0.5921
R² = 0.9496

0

2

4

6

8

10

12

14

16

18

0 10 20 30

pine wood
C = 0.555x + 0.8204

R² = 0.9782

H = 0.0634x + 0.0029
R² = 0.9994

O = 0.3824x - 0.8107
R² = 0.9552

0

5

10

15

20

25

0 10 20 30 40

oak wood

C = 0.5103x + 0.8238
R² = 0.9802

H = 0.0628x - 0.0109
R² = 0.9997

O = 0.4269x - 0.813
R² = 0.9716

0

2

4

6

8

10

12

14

16

18

0 10 20 30 40

pine bark
C = 0.6029x + 0.3849

R² = 0.9828

H = 0.0641x - 0.0062
R² = 0.9993

O = 0.333x - 0.3787
R² = 0.9453

0

2

4

6

8

10

12

0 5 10 15 20

oak bark



 

130 

 

   

Figure A11: (Zheng, 2008) Cumulative atomic ratios and higher heating values as a function of the cumulative mass percentages 
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Figure A12: (Zheng, et al., 2007) Cumulative atomic ratios and higher heating values as a function of the cumulative mass percentages 

 

  

H/C = 0.0145x + 0.0398
R² = 0.993

O/C = 0.003x + 0.1141
R² = 0.965

0.0

0.1

0.2

0.3

0.4

0 10 20 30

At
om

ic
 ra

tio
s

Cumulative mass (%)

Cotton stalk

y = -0.313x + 1.718
R² = 0.9932

-6

-5

-4

-3

-2

-1

0
0 10 20 30

Cu
m

ul
at

iv
e 

H
H

V 
(M

J.k
g-1

)

Cumulative mass (%)
Cotton stalk

C = 0.6865x - 2.7672
R² = 0.9965

H = 0.0829x - 0.2515
R² = 0.991

O = 0.2306x + 3.0187
R² = 0.9643

0

2

4

6

8

10

12

14

0 10 20 30

Cu
m

. e
le

m
en

ta
l m

as
s 

(%
)

Cumulative mass (%)

Cotton stalk



 

132 

 

 

   

   
Figure A13: (Lu, et al., 2008) Cumulative atomic ratios and higher heating values as a function of the cumulative mass percentages 
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Figure A14: (Scholze, 2002) Cumulative atomic ratios and higher heating values as a function of the cumulative mass percentages 
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Figure A15: (Scholze, 2002) Cumulative elemental masses as a function of the cumulative 
mass percentages 
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Figure A16: (Mullen, et al., 2010) Cumulative atomic ratios and higher heating values as a function of the cumulative mass 
percentages 
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Figure A17: (Mullen, et al., 2010) Cumulative atomic ratios and HHV as a function of the cum. mass percentages 
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Figure A18: (Ateş & Işikdağ, 2008) Cumulative atomic ratios and higher heating values as a function of the cumulative mass percentages 
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