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Introduction 

Global climate concerns and the ever-increasing worldwide demand for energy have 
encouraged extensive research into clean alternative energy sources [1]. Moreover, the 
European Union aims to significantly reduce greenhouse gas emissions by 2050 through 
the EU Green Deal. The implementation of clean energy technologies is imperative to 
achieve these objectives. A promising approach to achieving carbon neutrality involves 
the co-conversion of renewable fuels and fossil fuels, such as biomass and oil shale. 
Both biomass and oil shale are utilized in thermochemical conversion processes, 
yielding solid, liquid, and gaseous products with various applications in the energy 
sector and chemical industry [2]. 

Biomass, a carbon-neutral renewable resource, is used extensively and has been 
investigated as a source of energy and for the production of valuable products, such as 
bio-oil, absorbent materials, biogas, and chemicals. Biomass resources could potentially 
meet up to 14% of the world’s energy demands [1]. Furthermore, the use of biomass 
could contribute to a reduction of over one billion tons of carbon dioxide emissions [2], 
mitigating some of the environmental impact related to the utilization of traditional 
fossil fuels [3], [4]. Biomass is cleaner than coal and is the only renewable carbon 
resource that can be directly converted into fuel. Accordingly, biomass can contribute 
significantly to the world’s energy needs if harnessed sustainably. However, there are 
certain problems associated with the thermal conversion of biomass, including its high 
moisture and oxygen contents, while bio-oil is subject to problems associated with its 
high-density viscosity, water content, and oxygenated-compound content, which 
decrease its energy density, shelf life, and stability, increase its corrosiveness, and 
necessitate additional processing and refining [5], [6]. 

Oil shale is an unconventional fossil fuel extracted from geological deposits found in 
various regions worldwide, including Estonia, the United States, Jordan, and China [7]. 
Oil shale is characterized by high contents of kerogen, inorganic matter, and ash. 
Kerogen, the organic component of oil shale, can be converted into valuable products 
such as shale oil, which is a valuable product for the chemical industry [8] owing to its 
high content of aliphatic hydrocarbons and its potential for conversion to shale gas 
through thermochemical processes [9]. However, there are also challenges in the 
thermal conversion of oil shale, including its low contents of C and H, high sulfur 
content (above 1.7 wt%), high ash content (above 50 wt%), and emissions of NOx and 
SOx [10], [11]. 

The co-pyrolysis of oil shale and biomass is a promising strategy to mitigate 
problems associated with the unfavourable properties of bio-oil while simultaneously 
decreasing the generation of unfavourable products and pollutants by oil shale 
pyrolysis. Oil shale and biomass share similarities in the operational and thermal 
conditions required during their pyrolysis, facilitating their co-conversion by co-pyrolysis, 
as well as study of the thermal behaviour and yields of the solid, liquid, and gaseous 
products [12]. During co-pyrolysis, oil shale can influence oxygen distribution in the 
biomass products, causing an increase of CO2 and CO in the gaseous products and a 
reduction of unwanted oxygen-containing compounds in the biomass oil. Biomass, on 
the other hand, can participate in heat transfer mechanisms to improve pyrolysis of the 
oil shale.  

Clearly, researching the co-pyrolytic behaviour of these two fuels has great potential. 
Specifically, the co-pyrolysis of oil shale and biomass may result in a more 
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environmentally friendly alternative for the production of energy and chemicals, 
reducing emissions from oil shale utilization and increasing the use of biomass waste 
resources [13]. The results of such research could be used to better understand the 
pyrolytic behaviour of oil shale and biomass blends for the proper design of industrial 
thermal conversion systems.  

Figure 1 shows the yields of products from pyrolysis, as well as the advantages and 
disadvantages of oil shale and biomass utilization. 

 

 

Figure 1. Yields of products and advantages (green) and disadvantages (red) of biomass and oil 
shale 

Research topics 

Thermochemical conversion processes are widely used and essential for the 
production of heat, power, and valuable fuels and chemicals. An in-depth study of the 
thermal breakdown of the organic components of fuels into solid, liquid, and gaseous 
products allows the characterization of these products and the optimization of the 
process to achieve cleaner and more efficient conversion. 

Pyrolysis is a thermochemical conversion process where fuel is decomposed under a 
controlled temperature and atmosphere environment to produce high-heating-value 
oils, gases, and solids. 

Due to the similarity in their thermal and operational pyrolysis conditions, biomass 
and oil shale are potentially suitable for co-pyrolysis processes, as both biomass and oil 
shale pyrolysis occur in the same temperature range. 

In the co-pyrolysis of biomass and oil shale, both fuels can interact and/or influence 
the yields and quality of the co-pyrolysis products. This results in products with 
combined properties, such as a reduction in the oxygen-containing compounds present 
in the bio-oil, increased yields of oil and gas, a reduction in the yield of solids (from the 
high ash content of oil shale), and a reduction in the sulphur content derived from oil 
shale, among others. 
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Aims and objectives 

This research aims to investigate the co-pyrolytic behaviour of biomass and oil shale,  
as well as the co-pyrolysis products. The research objectives proposed are the following: 

• Review important research on the co-pyrolysis of oil shale and biomass 

• Conduct experiments on co-pyrolysis of oil shale and biomass under different 
operational conditions and at different experimental scales 

• Characterize and study the products obtained from co-pyrolysis of oil shale 
and biomass  

 
Through these objectives, the research aims to study: 

• The feasibility of co-pyrolysis as well as the improvement of the pyrolysis 
process and of the yields and composition of the co-pyrolytic products 

• The mitigation of problems associated with individual pyrolysis, including the 
undesirable properties of bio-oil and the environmental impact of oil shale 
pyrolysis 

• Co-pyrolysis behaviour, i.e., possible interactions in co-pyrolysis through 
chemical reactions and heat-transfer mechanisms to yield products with 
enhanced properties 

Research tasks 

• Publication I: Conduct a literature overview of oil shale and biomass co-pyrolysis 
including: 

o Individual pyrolysis of oil shale and biomass 
o Co-pyrolysis processes and the effects of co-pyrolysis 
o Oil shale and biomass co-pyrolysis 
o Interactions in co-pyrolysis 
o Effects of fuel mixing ratios, hydrogen content, and catalytic effects 
o Yields and composition of co-pyrolysis products 
o Effects of temperature, heating rate, particle size, and different gas 

atmospheres 

• Publications II–IV: Conduct laboratory-scale experiments on co-pyrolysis of oil 
shale and biomass, including: 

o Selection, preparation, and characterization of fuels 
o Publication II: Experiments with Thermogravimetric Analysis 

Equipment 
o Publication III: Experiments with a Batch Reactor 
o Publication IV: Experiments with a Continuous Feed Reactor 

• Collect and characterize co-pyrolysis products 
o Characterize solid and liquid products in terms of elemental, 

proximate analysis, and calorimetry 
o Determine the chemical compounds present in co-pyrolysis oil, using 

analytical methods 

• Publication II: Determine kinetics and model the process 
o Kinetic modelling of co-pyrolysis to determine apparent activation 

energies and activation energies at different conversion stages 
o A process model to predict the co-pyrolysis mass loss curves 
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Methodology 

The methodology follows the structure of the research tasks, where the core of the 
research is based on the literature overview, from which the experiments are planned. 
The experimental conditions are derived from the optimal conditions required to 
maximize the yields and quality of co-pyrolysis products, as determined based on the 
literature on individual pyrolysis of oil shale and biomass, and from co-pyrolysis of oil 
shale, biomass, and other fuels. The literature overview identifies the research trends 
to propose a novel work. Based on the literature overview, the fuel characteristics are 
chosen, including particle size, mixing ratios, and fuel preparation. The co-pyrolysis 
experimental conditions are also chosen based on thorough research of the required 
operational parameters (temperature, heating rate, gas atmosphere, and residence 
time). The experiments are followed by characterization of the products and analysis of 
their yields and composition. The results from fuel decomposition (mass loss) obtained 
from thermogravimetric analysis studies are implemented in a model to determine the 
kinetic parameters and predict the mass-loss curves for co-pyrolysis. A schematic of the 
structure of the research methodology is shown in Figure 2. 
 

 

Figure 2. Structure of the methodology implemented in this doctoral research 

Novelty 

The current work was structured based on an in-depth literature overview. The purpose 
of the overview was to identify the main factors affecting the pyrolysis and co-pyrolysis 
of oil shale and biomass, and additionally to identify research gaps in the co-pyrolysis of 
oil shale and biomass. The framework of the experimental methodology was arranged 
based on this literature overview. 

Previous research has focused on the study of interactions between fuels in  
co-pyrolysis, which can have a synergetic effect or an inhibiting effect on the pyrolysis 
decomposition or the yields and quality of products. While some studies have observed 
a synergetic behaviour, other research has demonstrated an additive behaviour in the 
yields and quality of co-products. This previous research has not had a conclusive result 
on interaction in co-pyrolysis (See Publication I for details). Therefore, thorough 
research is necessary to determine the existence of interactions and study the benefits 
of co-pyrolysis, i.e., whether the behaviour is additive or synergistic. 

The current study is unique in its approach, employing three distinct experimental 
setups at three different scales, each utilizing specialized equipment and analytical 
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methods. This comprehensive approach enables an in-depth investigation of the  
co-pyrolysis of oil shale and biomass at multiple experimental scales. The experiments 
are conducted with the same operational conditions, optimized for high product yields 
(gas and liquid products). The research includes an analysis of interactions or additive 
behaviour in the three types of experiments, using various mixtures of oil shale and 
biomass, and a comparison of the results between the experiments. This contributes to 
obtaining more conclusive results on the existence or absence of interactions in oil 
shale/biomass co-pyrolysis. 

The research comprises a comprehensive set of analyses to fully characterize the  
co-pyrolysis products. From thermogravimetric analysis with kinetic and process 
modelling and analysis of the composition of liquid and solid products to analytical 
methods to identify the chemical compounds and functional groups present in the  
co-pyrolysis liquid products. 

A novel aspect of this research is the use of kinetic data and thermogravimetric 
results in a process model. Most kinetic studies on co-pyrolysis calculate kinetic 
parameters based on different models but do not proceed to apply these valuable 
results. The current research uses the thermogravimetric results and kinetic parameters 
in a process model to predict the mass loss (fuel decomposition) in co-pyrolysis. This 
allows the use of these results for design and optimization with larger-scale equipment. 

The current work also studies the yields of co-pyrolysis at different residence times 
to identify the differences in the pyrolysis behaviour between oil shale and biomass. 
Moreover, various alternative co-pyrolysis atmospheres are tested to study the effect 
of different carrier gases in the decomposition process.  

A detailed analysis of the composition of the products is conducted, especially of the 
liquid products, allowing the characterization and comparison of pyrolysis oils from oil 
shale and biomass, thus identifying the advantages of co-pyrolysis in terms of product 
composition. The study compares the results obtained with various characterization 
and analytical techniques to verify the characteristics of the oils and analyse the 
existence of interactions during co-pyrolysis. 

The current study aims to demonstrate the benefits of oil shale and biomass  
co-pyrolysis, regardless of whether synergistic interactions exist between the fuels or if 
the process follows an additive behaviour. Several studies have concentrated on 
synergistic effects. However, a comprehensive study of oil shale and biomass  
co-pyrolysis behaviour and the yields and composition of its products is of great 
importance if we are to achieves sustainable and efficient biomass and oil shale 
valorisation and a valuable alternative to the thermochemical conversion of individual 
fossil or renewable fuels. 
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1 Literature overview 

This section contains a summary of the co-pyrolysis of biomass (BM) and oil shale (OS). 
The first publication (Publication I) is an extensive literature overview of all the most 
relevant aspects for consideration in OS and BM co-pyrolysis, including the pyrolysis of 
OS and BM individually, co-pyrolysis processes and the effects of co-pyrolysis, OS and 
BM co-pyrolysis, the effects of operational conditions and fuel characteristics, and 
interactions during co-pyrolysis. 

1.1 Thermochemical conversion processes – Pyrolysis and co-pyrolysis 

Pyrolysis is a type of thermochemical conversion process that occurs in a controlled 
inert atmosphere (absence of oxygen), where fuels are thermally decomposed. 
Decomposition of the large organic molecular structures in the fuel results in the 
production of solid, liquid, and gas products [12], [14]. The pyrolysis of fuels results in 
high-heating-value liquid oils, which are used in the energy and chemical industries for 
various applications, including, turbines, engines, and furnaces, and in the petrochemical 
industry [15]. Pyrolysis gas also has valuable applications as a high-energy-content gas 
with numerous uses in heat and power generation [16]. The solid products from 
pyrolysis have high carbon contents and high porosity, making them suitable for 
applications as adsorbent chars or biochar. Figure 3 shows the different products and 
applications of pyrolysis and other thermochemical conversion processes. 
 

 
Figure 3. Schematic showing the products and applications of the thermochemical conversion of 
fuels 

The co-conversion of fuels is a type of pyrolysis process whereby two or more fuels 
are pyrolyzed in the same reactor under the same operational conditions. The thermal 
degradation in co-pyrolysis occurs through several chemical reactions and heat transfer 
mechanisms [17], resulting in co-pyrolysis products with combined properties [12].  
The study of co-pyrolysis allows the identification of possible interactions between the 
fuels as well as analysis of the yields and composition of the pyrolysis products.  
Co-pyrolysis can potentially result in products with improved properties, a sustainable 
solution for the use of waste residues, and a reduction of the environmental effects of 
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pyrolyzing fossil fuels [13], [18]. Thus, there is need to study the co-pyrolysis of fuels in 
terms of the effects of operational conditions and the yields and composition of  
co-pyrolysis products; which properties and yields are the result of additive behaviour 
or/and depend on interactions between the fuels; and which factors can promote or 
inhibit the co-pyrolysis process [19]. 

A valuable fuel with applications in co-pyrolysis is BM. BM has been studied as a fuel 
for use in co-pyrolysis with fossil fuels to reduce the environmental impact of the 
energy and fuel industries. BM has been implemented in co-pyrolysis to not only 
decrease the use of fossil fuels, but also to reduce emissions of gases such as CO2, H2S, 
NOx, and SOx [20], [21]. The composition of BM, including its H/C ratio, high volatile 
matter, and low ash content, can result in improved pyrolysis of fossil fuels, increasing 
the yields of desirable products and enhancing the pyrolytic process [22]–[25]. 

1.2 Utilization of solid fuels – Biomass 

BM is a renewable resource that is considered carbon-neutral when sourced and used 
sustainably. BM is one of the most important renewable resources, as it can potentially 
supply 14% of the world’s energy needs [1], [26], [27]. Its utilization has the potential to 
contribute to a decrease in use of fossil fuels, and thus a reduction of up to 1.3 billion 
tons of CO2 emissions [2]–[4], [28]. BM has a high content of volatile matter, an LHV of 
15–19 MJ/kg [29], and a low content of ash. These properties allow its use for the 
production of valuable bio-oils, biogas, fuels, chemicals, petroleum substitutes, semi 
coking products, and activated carbons [21], [30], [31]. 

As a sustainable fuel, BM can be utilized in various thermochemical conversion 
processes. Of these processes, the pyrolysis of BM is converts it into valuable solid, 
liquid, and gaseous products [32], [33]. BM is composed of hemicellulose, cellulose, and 
lignin. These three components define the pyrolysis decomposition behaviour of BM,  
as well as the yields and composition of the pyrolysis products [34]. Woody BM, a type 
of BM from wood resources, is mostly composed of hemicellulose and cellulose  
(50–80 wt%) [34]. Hemicellulose and cellulose pyrolysis occur at temperature ranges of 
220–315 °C and 350–400 °C, respectively. Lignin, the remaining component of woody BM, 
decomposes at temperatures above 400 °C [35]. 

The yields and composition of the BM pyrolysis products depend upon, among other 
factors, the operational conditions (temperature, heating rate, particle size, type of 
reactor, etc). The effect of the operational parameters in BM pyrolysis has been widely 
studied [36], [37], [46]–[48], [38]–[45]. In addition to the operational parameters, the 
type of pyrolysis (torrefaction, carbonization, conventional pyrolysis, intermediate 
pyrolysis, fast pyrolysis, and flash pyrolysis) defines the yields and composition of 
products. Conventional pyrolysis results in 50 wt% of liquids, 20–25 wt% of gas, and  
20–25 wt% of solids. Fast and flash pyrolysis favour the yields of liquids, with up to  
75 wt% of liquids, below 20 wt% of gas, and 13–25 wt% of solids [49]. Pyrolysis 
temperature is one of the most important parameters defining the yields of products. 
For BM, a maximum yield of bio-oil is typically achieved at 520 °C [49]. Above this 
temperature, the process will result in lower yields of oils (favouring the yields of gas 
products), and with inferior quality due to higher moisture and oxygen contents [39].  

Bio-oil is considered a valuable product from BM pyrolysis and it has various 
applications. It can be refined into biofuels like biodiesel and bioethanol. Additionally, 
its chemical compounds make it valuable for producing plastics, solvents, and 
adhesives. Bio-oil can also be burned directly for heat and power generation, used as a 
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soil amendment for agriculture, and processed into chemicals and carbon materials. 
Furthermore, it serves as a precursor for bio-based polymers [35], [50], [51]. Bio-oil is 
dark and viscous and it has certain unfavourable properties owing to its high contents 
of water (15–35 wt%) and oxygenated compounds, acids, ethers, and sugars [52]. 
Additionally, bio-oil is unstable, requiring further processing to reduce its unfavourable 
properties, such as high corrosiveness, chemical volatility, and viscosity [5], [6]. Thus, 
bio-oil requires refining and upgrading to enhance its suitability as a fuel and ensure 
compatibility with existing energy conversion technologies. Nevertheless, bio-oil has 
notable advantages, such as low toxicity and biodegradability.  

1.3 Utilization of solid fuels – Oil shale 

OS is a sedimentary rock found in geological formations that is composed of organic 
matter (kerogen), ash, and inorganic matter. There are large deposits of OS all over the 
world, exceeding those of crude oil reserves [53], [54]. The United States, China, 
Estonia, Morocco, Canada, Jordan, and Brazil are among the counties with the largest 
proven OS reserves [7], [55], [56]. Depending on the type of OS, it can have an LHV of 
5–20 MJ/kg, an organic matter content from 5 to 80 wt%, and up to 70 wt% of ash [57]. 

The high content of organic matter in OS allows its use in thermochemical 
conversion processes, such as direct combustion, gasification, and pyrolysis, resulting in 
the production of heat and valuable products [9], [57]–[59]. During pyrolysis, the 
kerogen in OS is transformed into shale oil, shale gas, semicoke, and ashes [60]–[62] 
with yields of up to 20 wt% of shale oil, 5-20 wt% shale gas, and 60 wt% semicoke [63]. 
The yields and composition of OS pyrolysis products depend on the operational 
parameters [64], including temperature, heating rate, reactor, and particle size, among 
others. The effects of these parameters have been previously studied in depth [11], 
[17], [73]–[80], [65]–[72] 

Shale oil is a valuable product obtained by the conversion of oil shale, with high 
energy content, versatility and stability, a viscosity and density comparable to those of 
crude oils, a high content of aliphatic hydrocarbons, high C and H contents, and a lower 
moisture content than that of BM [8], [81], [82]. However, there are challenges in the 
pyrolysis of OS. Some of these challenges include reducing its environmental effects,  
as the retorting of OS can produce high amounts of polluting gases, such as CO2, while 
OS pyrolysis also produces a lot of ashes. Additionally, improving the quality and 
composition of the pyrolysis products is necessary [10], [11]. For instance, OS has 
certain unfavourable properties [10], [11], including high contents of nitrogen and 
sulphur, and emissions of NOx and SOx from its utilization [82]–[84]. Numerous 
initiatives have been taken to utilize the solid products from OS conversion and to shift 
from OS combustion to shale oil production [84]–[88] due to the decrease in the 
environmental impact and the increased profitability, compared to utilizing OS for 
power generation. 

1.4 Oil shale and biomass co-pyrolysis 

The co-pyrolysis of BM and OS has great potential to produce more sustainable and 
improved pyrolysis products. Co-pyrolysis of OS and BM is a more environmentally 
benign alternative for the production of fuels and chemicals due to the reduction of 
solid residues and emissions of pollutant gases, as well as the utilization of BM waste 
[13], [25], [70], [89]. During co-pyrolysis, the fuels go through degradation under the 
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same operational conditions, which can result in interactions from chemical reactions 
and heat-transfer mechanisms, improving the yields and quality of the products.  
The co-pyrolysis products can exhibit a combination of properties imparted by OS and 
BM pyrolysis [12]. The study of OS and BM co-pyrolysis is thus essential to 
understanding the its products and characteristics.  

BM and OS share similarities in the thermal conditions required for their pyrolysis, 
allowing their use in co-pyrolysis. This co-compatibility allows for the use of BM in 
existing large-scale equipment used for OS conversion. Both fuels decompose at  
350–520 °C to produce high yields of liquid products (bio-oil and shale oil) [70]. 
However, most BM pyrolysis occurs at lower temperatures than that required for OS 
pyrolysis (See Publication II), which can result in heat-transfer interactions that enhance 
the OS pyrolysis [33] in terms of the yields and properties of the pyrolysis products [74], 
[75]. BM's low ash content and high volatile-matter content result in OS-BM mixtures 
with lower yields of ash-containing solid products and higher yields of liquid and 
gaseous products [12]. Additionally, the high hydrogen content of BM allows it to act as 
a hydrogen donor, enhancing OS pyrolysis [90] and promoting thermal cracking [91]. 
Some studies on OS and BM co-pyrolysis have noted an increase in product yields, 
improved product properties, and enhanced thermal cracking [69], [75], [92]. However, 
improvements due to such interactions are not observed in all studies and appear to 
depend strongly on the co-pyrolysis conditions and the fuels utilized [93]. Error! 
Reference source not found. summarizes reported studies on the co-pyrolysis of OS 
and BM, including that of peanut shells, wheat straw, alkaline lignin, spirulina, pine 
sawdust, and corn stalks  
[92]–[98]. The effects of synergy, OS:BM ratios, catalysts, and hydrogen are shown in 
Publication 1. 

 

Table 1. Biomass and oil shale co-pyrolysis studies, fuels utilized, yields of products, and observations 
(From Publication 1) 

BM type OS type 
Blend 
ratio 

BM:OS 

Oil 
yield 

(%wt) 

Gas 
yield 

(%wt) 

Water 
yield 

(%wt) 

Solid 
yield 

(%wt) 

Main co-pyrolysis 
observations 

E. rigida 
[10] 

Seyitomer 
(Turkey) 

1:0 25–30 
50–55 
(water+gas) 

15–20 

- Higher oil yields 

- No synergy* 
1:1 15–20 

55–60 
(water+gas) 

20–25 

0:1 5–10 
40–55 
(water+gas) 

30–35 

Terebinth 
berries 
[74] 

Goynuk 
(Turkey) 

1:0 
40–41 
(total 
liquid) 

22–26 - 32–37 

- Improved oil 
quality 

- No synergy 

1:1 
38–44 
(total 
liquid) 

18–25 - 36–44 

0:1 
37–46 
(total 
liquid) 

10–16 - 37–52 

Spent 
mushroom 
[75] 

Huadian 
(China) 

1:0 9–11 37–40 9–14 36–50 - Synergy 

- Higher yields of 
usable product  

1:1 7–17 24–40 2–4 50–61 

0:1 7–17 15–20 0–2 65–76 

Wheat Huadian 1:0 17 12.5 9 61 - Improved oil 
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BM type OS type 
Blend 
ratio 

BM:OS 

Oil 
yield 

(%wt) 

Gas 
yield 

(%wt) 

Water 
yield 

(%wt) 

Solid 
yield 

(%wt) 

Main co-pyrolysis 
observations 

straw 
grain [69] 

(China) 3:1 18 10 8.5 63 quality 

- Synergy 

- OS acted as a 
catalyst 

1:1 18 8 8 64 

1:3 19 7 7.5 65 

0:1 20 5 7 66 

Wood 
pellet [70] 

Huadian 
(China) 

1:0 8 65 10 27 - Improved oil 
quality 

- Synergy 

- Higher oil yields 
up to 520 °C 

3:1 10 42 8 40 

1:1 13 30 6 50 

1:3 17 20 4 60 

0:1 20 13 1 67 

Pine and 
spruce 
[64] 

Kukersite 
(Estonia) 

1:0 16–26 20–21 24–26 28–39 - Significant 
differences in OS 
and BM pyrolysis 
oils 

0:1 28 8 6 58 

C. vulgaris 
Microalgae 
[99] 

Guandong 
Maoming 
(China) 

1:0 89 (liquid+gas) 10 - Synergy 

- Solid residues 
acted as 
catalysts 

- Higher yields of 
usable product 

9:1 78 (liquid+gas) 21 

7:3 68 (liquid+gas) 32 

1:1 59 (liquid+gas) 41 

0:1 30 (liquid+gas) 70 

*Existence of promotion or inhibition effects due to interactions between fuels. Synergy existed 
in experiments where there was a difference in the experimental and calculated yields of 
products. The yields displayed are from experimental results. 
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2 Materials and methods 

The experimental studies were organized in a structure that allows analysis and 
comparison of the co-pyrolysis of BM and OS at different experimental scales. These  
co-pyrolysis experiments apply different OS and BM mixtures in thermogravimetric 
analysis equipment (Publication II), a batch reactor (Publication II), and a continuous 
feed reactor (Publication III). Table 2 Displays the scale of experiments conducted on 
each type of equipment. 

 

Table 2. Co-pyrolysis experiments conducted 

Experimental Equipment  Fuel used Capacity 

(Publication II) Thermogravimetric analyser Woody BM and OS 5–20 mg 

(Publication III) Batch reactor Woody BM and OS 1–5 g 

(Publication IV) Continuous feed reactor Woodchips and OS 0.01–0.5 kg/h 

 
A detailed methodology for each type of experiment is shown in Publications II, III, 

and IV. Overall, for each experimental setting, the research methodology was divided 
into: 

• Materials 
o Selection and preparation of fuels: Grinding, sieving, mixing, storage 
o Fuel characterization: Elemental and proximate composition, and 

calorimetry 

• Experimental setup 
o Operational conditions: Temperature, heating rate, particle size, carrier 

gas, residence time 
o Collection of pyrolysis products: Mass balance, yields, condensations 

• Characterization of pyrolysis products: 
o Elemental and proximate composition, and calorimetry 
o Physicochemical properties 
o GC-TCD, GC-MS, FTIR 
o Analysis of interactions: calculation of theoretical yields 

• Kinetics and computational modelling (Publication II) 
o Kinetic analysis 
o Input of model parameters 
o Model validation and prediction of mass-loss curves 

2.1 Materials 

Two types of fuel were used in co-pyrolysis: OS and BM. For BM, woodchips and woody 
BM species including Norway spruce (Picea abies), grey alder (Alnus incana), Scots pine 
(Pinus sylvestris), and silver birch (Betula pendula) were used as a BM mixture. For OS, 
Estonian OS was used. 

2.1.1 Selection and preparation of fuels 
BM and OS samples were ground and sieved to the required particle size. The prepared 
samples were dried to remove moisture and mixed into the specified mixing ratios. The 
prepared samples were stored in airtight bags. Details on the sample preparation and 
the standards followed can be read in Publications II–IV. Table 3 shows the sample 
preparation conditions used for each case. 
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Table 3. Sample preparation 

Experimental 
equipment  

BM  OS 
Particle 

size 
Drying 

Mixing 
deviation 

Thermogravimetric 
analyser 

Spruce 
(25 

wt%) 

Alder 
(25 

wt%) 

Pine 
(25 

wt%) 

Birch 
(25 

wt%) 

OS 
100 
wt% 

< 0.125 
mm 

105 °C 
for 3 h 

±1% 

Batch reactor 
Spruce 

(25 
wt%) 

Alder 
(25 

wt%) 

Pine 
(25 

wt%) 

Birch 
(25 

wt%) 

OS 
100 
wt% 

0.5–1 
mm 

105 °C 
for 3 h 

±2% 

Continuous feed 
reactor 

Woodchips 
OS 
100 
wt% 

0.25–1.3 
mm 

105 °C 
for 3 h 

±2% 

2.1.2 Fuel characterization 
OS and BM were characterized in terms of elemental composition (C, H, N, S) using a 
Vario MACRO CHNS Cube system Proximate analyses (ash content, moisture content, 
fixed carbon, and volatile matter) and calorimetry (HHV and LHV) were performed 
using bomb calorimeters (IKA 2000C, and IKA 5000C). 

2.2 Experimental set-up 

The co-pyrolysis experiments were conducted in three different types of reactors with 
different capacities. All experiments were conducted in temperature ranges of  
500–550 °C, a temperature range previously identified as providing the maximum yield 
of liquid products for OS and BM [71]. As mentioned above, higher temperatures  
can increase the yields of gas and decrease the yields of liquid products [99], [49].  
The purpose of each type of experiment is explained as follows: 

• Thermogravimetric analysis equipment: TGA experiments were conducted to: 
o Understand the decomposition behaviour of OS, BM, and OS:BM 

mixtures. These experiments allow the study of mass loss as the 
temperature increases at a constant rate 

o Identify the differences in pyrolytic behaviour between OS and BM 
o Identify the temperature peaks of decomposition for both OS and BM, 

i.e., where most of the decomposition occurs 
o Study the effect of different carrier gases (N2 and CO2) in co-pyrolysis 
o Determine the kinetic properties of OS and BM 
o Model the mass loss of OS:BM mixtures 

• Bath reactor: Co-pyrolysis in the batch reactor was carried out to: 
o Produce and collect gas and solid products from pyrolysis and co-pyrolysis 
o Study the effect of the residence time in pyrolysis and co-pyrolysis 
o Study the effect of different carrier gases (CO2, H2O:CO2 1:1, Ar) in  

co-pyrolysis 
o Study the possible interactions due to co-pyrolysis in the yield of solid 

products 
o Characterize the solid products in terms of elemental composition and 

surface area 
o Determine the composition of the main gases present in the gas products 
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• Continuous feed reactor: Experiments on the continuous feed reactor were 
conducted to: 

o Produce a sufficiently large sample of solid and liquid pyrolysis products 
for characterization 

o Determine the yields of products in pyrolysis and co-pyrolysis 
o Characterize solid products in terms of elemental composition, 

proximate analysis, and calorimetry 
o Characterize liquid products in terms of viscosity, density, refractive 

index, and elemental composition 
o Determine the organic compounds and functional groups present in the 

liquid products 

2.2.1 Operational conditions 
As shown in Table 2, co-pyrolysis of OS and BM was conducted in three different 
apparatuses, TGA equipment, a batch reactor, and a continuous feed reactor.  
The operational conditions chosen include temperature, heating rate, particle size, 
carrier gas, reaction time, and mixing ratio of OS:BM. Table 4 displays the operational 
conditions for the co-pyrolysis of OS and BM. 

 
Table 4. Co-pyrolysis operational conditions 

Operational 
conditions 

Experimental Equipment 

Thermogravimetric 
analyser 

Batch reactor 
Continuous feed 

reactor 

Equipment 
description 

Netzsch STA 449F3 
thermal analyser 

Prototype batch 
reactor with gas 

cleaning and 
cooling and GC-TCD 

Cylindrical retort 
(feed hopper, screw 

feeder agitator) with 
cooling + condensing 

system 

OS:BM mixing ratios 
1:0, 9:1, 7:3, 1:1, 

3:7, 0:1 
1:0, 9:1, 7:3, 0:1 0:1, 7:3, 1:1, 3:7, 1:0 

Sample size 5 mg ±0.4 mg 1.5 g ± 5.5 % 
0.05-0.2 kg/h 

40-60 min 

Particle size < 0.125 mm 0.5 – 1.0 mm 0.25 - 1.30 mm 

Temperature 80-630 °C 520 °C 520 °C 

Reaction time 55 min 
20 min 

0.5, 1, 3, 5, 7, 10, 20 
min 

40-60 min 

Carrier gas N2 and O2 CO2, H2O-CO2, Ar CO2 

Parallel experiments 2 2 2 

Products obtained - 
Gas 

Solid 
Liquid 

Solid 

2.2.2 Collection of pyrolysis products 
The TGA experiments did not provide sufficient amounts of products (<5 mg) to collect 
samples for characterization. However, the solid and gas products from the batch 
reactor experiments and the liquid and solid products from the continuous feed reactor 
experiments were collected. 
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For the batch reactor experiments, the solid products were collected from the 
sample holder at the end of each experiment. The pyrolysis gas was collected and 
stored in Tedlar® bags after it exited the batch reactor. 

The products from co-pyrolysis in the continuous feed reactor were collected after 
each experiment. Solid products including char, ash, and semicoke gathered in the 
cylindrical retort were collected, while liquid products were collected from the 
condenser. The continuous reactor allowed calculation of the mass balance and yield of 
products by determining the fuel consumption (OS+BM) and by adding up the yield of 
solid and liquid products to determine the yield of gas. 

2.3 Characterization of pyrolysis products 

The co-pyrolysis products required the use of different characterization equipment 
depending on the type of products generated. 

2.3.1 Batch reactor 
The schematics of the batch reactor are shown in Figure 4. The gas products were 
analysed in terms of composition, while the liquid products were analysed in terms of 
elemental composition and surface area. 

The concentration of H2, CO, and CH4 in the producer gas was determined using a 
GC-TCD gas analyser, with two columns for H2, CO, and CH4 detection. The equipment 
was calibrated, and the concentration of gas species in vol% was determined using the 
software Clarity. 

 

 

Figure 4. Schematics of the batch reactor (from Publication III) 

2.3.2 Continuous feed reactor 
The schematics of the continuous feed reactor are shown in Figure 5. The continuous 
feed reactor has the following components: 1. Feed; 2. Motor; 3. Screw feeder; 4. Carrier 
gas; 5. Controller; 6. Reactor; 7. Heater; 8. Chiller; 9. Coolant bath; 10. Condenser. 
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The solid products were analysed in terms of elemental composition, proximate 
analysis, and calorimetry, while the liquid products were analysed in terms of elemental 
composition, physicochemical properties (density, viscosity, and refractive index), 
organic compounds, and functional groups. 

 

 

Figure 5. Schematics of continuous feed reactor (from Publication IV and [100]).  

Table 5 shows the equipment and conditions used for characterization of the 
products from co-pyrolysis in the batch reactor and the continuous feed reactor. More 
detailed conditions are given in Publications II–IV. 

 

Table 5. Characterization techniques used for co-pyrolysis products 

Characterization 
technique 

Equipment 
Analysis on Batch 

reactor 
Analysis on Continuous 

feed reactor 

Elemental 
analysis 

Vario MACRO CHNS Cube 
system 

CHNS of Solid 
products 

CHNS of Solid and liquid 
products 

Proximate 
analysis 

Nabertherm RT120 drying 
oven 
Nabertherm L9 muffle 
furnace 

Ash content, fixed 
carbon, and 
volatile matter of 
solid products 

Ash content, fixed 
carbon, and volatile 
matter of solid and 
liquid products 

Calorimetry 
IKA 2000C and IKA 5000C 
bomb calorimeter 

HHV and LHV of 
Solid products 

HHV and LHV of Solid 
products  

Surface area 

Anton Paar 
Quantachrome Autosorb 
iQ-C surface area and a 
pore size analyser 

BET surface area 
of Solid products 

*n.m. 

Gas composition 
Gazohrom 3101 gas 
analyser 

H2, CO, and CH4 n.m. 

Density 
Anton Paar DMA 5000 M 
density meter 

n.m. 
Density of liquid 
products at 21°C 

Viscosity 
Anton Paar MCR 72 
Modular Compact 
Rheometer 

n.m. 
Viscosity of liquid 
products at 40 °C 
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Characterization 
technique 

Equipment 
Analysis on Batch 

reactor 
Analysis on Continuous 

feed reactor 

Refractive index 
Anton Paar Abbemat HT 
refractometer 

n.m. 
RI of liquid products 
wavelength of 589.3 nm 

GC-MS 
Interspectrum Interspec 
301-X portable 
spectrometer 

n.m. 
Chemical composition 
of the liquid products 

FTIR 
Agilent 7890B Gas 
Chromatograph 

n.m. 
Functional groups from 
IR spectra of the liquid 
products 

*n.m. not measured 

2.3.3 Analysis of interactions 
The possible interactions during co-pyrolysis of OS and BM were studied by comparing 
the theoretical and experimental yields. The theoretical yields were calculated from 
experimental data obtained during the pyrolysis of OS and BM individually. This 
comparison allowed the identification of interactions, in the yields of products, 
including inhibitory and promoting effects, arising from the co-pyrolysis of OS and BM.  

Theoretical and experimental yields were determined using a linear correlation that 
considers the proportions of OS and BM. This correlation was established based on 
experimental yields obtained from individual pyrolysis of both OS and WC, as depicted 
in Error! Reference source not found., where 𝑥 is the share of OS, m𝐵𝑀  is the 
theoretical yields of OS:BM mixtures, while 𝑚𝑂𝑆 and m𝐵𝑀  are the experimental yields. 
The data of mass loss over temperature were used for TGA. For the batch reactor, the 
yields of solid products were used, while for the continuous feed reactor, the yields of 
all products (solid, liquid, and gas) were used. 

 

𝑚𝑡ℎ𝑒𝑜 = 𝑚𝑂𝑆𝑥 + m𝐵𝑀(1 − 𝑥) (1) 

2.4 Kinetics and computational modelling 

The TGA data allowed a detailed study of the decomposition behaviour of OS, BM, and 
OS:BM mixtures. Based on these data, different kinetic models were utilized to 
determine the activation energies. Additionally, these kinetic parameters combined 
with the TGA data allowed the development of a computational model to determine 
the mass loss curves in the co-pyrolysis of OS and BM. 

The TGA data were used to determine the kinetic parameters from pyrolysis and  
co-pyrolysis experiments, including the total apparent activation energy, the activation 
energy vs. stages of conversion, and the average activation energy at different stages of 
conversion. The initial kinetic model used was the Coat Redfern model [101], using a 
reaction order range from 0 to 2, at a step increase of 0.1. The Kissinger model [102] 
and additionally isoconversional models including Friedman [103] and Vyazovkin [104] 
were implemented to study the activation energy at different stages of conversion. 
Details of the equations and procedures for the kinetic studies are available in 
Publication II. 

A model was developed using Aspen Plus®, based on the calculated kinetic 
parameters and the TGA data. The model uses the activation energy and the  
pre-exponential factors for OS and BM. For BM, the model uses the structural 
components hemicellulose, cellulose, and lignin (Lignin-C, Lignin-H, and Lignin-O) based 
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on stoichiometric equations for the pyrolysis of each one of the components. This was 
based on the approaches in Ranzi et al. and Baliban et al. [105], [106].  

For OS, the model uses stoichiometry based on the composition of OS from the 
elemental and proximate analyses from section 2.1.2. The stoichiometric formula for 
OS pyrolysis is calculated based on the approach in Baliban et al. [106], and the 
composition of pyrolysis gas species in Mozaffari et al. [107], to calculate the CO/CO2, 
CO2/CH4, and CO/H2 ratios. A detailed description of Aspen Plus® is available in 
Publication II. (2(3(4(5, (6, and(7 display the stoichiometric OS and BM reactions used for 
the model. 

 
Hemicellulose: 

  𝐶5𝐻8𝑂4 → 2.2𝐶(𝑠) + 1.898𝐻2 + 0.71𝐶𝑂 + 0.525𝐶𝐻4 + 1.284𝐶𝑂2

+ 0.092𝐶2𝐻4 + 0.049𝐶2𝐻6 + 0.722𝐻2𝑂 

(2) 

Cellulose: 
    𝐶6𝐻10𝑂5 → 0.877𝐶(𝑠) + 0.889𝐻2 + 2.163𝐶𝑂 + 1.488𝐶𝐻4

+ 1.067𝐶𝑂2 + 0.175𝐶2𝐻4 + 0.028𝐶2𝐻6 + 0.703𝐻2𝑂 

(3) 

Lig-C: 
    𝐶15𝐻14𝑂4 → 9.675𝐶(𝑠) + 3.685𝐻2 + 1.95𝐶𝑂 + 0.234𝐶𝐻4

+ 0.403𝐶𝑂2 + 1.136𝐶2𝐻2 + 0.234𝐶2𝐻4 + 1.24𝐻2𝑂 

(4) 

Lig-H: 
𝐶22𝐻28𝑂9 → 11𝐶(𝑠) + 5.507𝐻2 + 4.9𝐶𝑂 + 1.443𝐶𝐻4 + 1.05𝐶𝑂2

+ 1.804𝐶2𝐻4 + 2𝐻2𝑂 

(5) 

Lig-O: 
𝐶20𝐻22𝑂11 → 11𝐶(𝑠) + 5.721𝐻2 + 4.9𝐶𝑂 + 0.729𝐶𝐻4 + 1.55𝐶𝑂2

+ 0.911𝐶2𝐻4 + 2𝐻2𝑂 

(6) 

OS: 
     𝐶4.265𝐻5.232𝑂2.472𝑁0.0134𝑆0.117 → 1.6744 C(s) + 0.3058 CO +

0.987 CO2 + 0.0046 H2 + 1.29661 CH4 + 0.0000663 N2 +
0.013456 NH3 +  0.117 H2S 

(7) 
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3 Results 

The experimental results are arranged in a structure that allows analysis and 
comparison of the co-pyrolysis of BM and OS at different experimental scales, as well as 
analysis of interactions in the yields of co-pyrolysis. The experiment results are derived 
from pyrolysis and co-pyrolysis in TGA (Publication II), the batch reactor (Publication 
II), and the continuous feed reactor (Publication III). 

3.1 Fuel properties 

Table 6 shows the compositions of BM and OS used in co-pyrolysis. The results shown in 
Table 6 are divided into elemental composition (C, H, N, S, O) proximate analysis 
properties (ash, moisture content, fixed carbon, and volatile matter), and calorific 
values (HHV and LHV). For the TGA and batch reactor studies, Table 6 shows the average 
composition of the woody BM species used (spruce, alder, pine, and birch) as these 
were pyrolyzed as a mixture and the variation in their composition is notably low (See 
Publications II and III). For the continuous reactor, the BM composition results shown 
are from woodchips.  

The BM composition results are in agreement with other studies on woody BM 
[108]. These BM species are characterized by a low ash content (<1.5 wt%), high carbon 
and oxygen contents, and a high content of volatile matter (>80 wt%). These properties 
indicate the potential of using BM in thermochemical conversion processes [34]. OS 
composition differs greatly from that of the BM used, especially in terms of the higher 
contents of ashes (>51 wt%) and sulphur (>1.7 wt%) and the lower contents of volatile 
matter and fixed carbon. Accordingly, different results in the yields and composition of 
pyrolysis products, as well as in the pyrolysis behaviour, were expected. 

 
Table 6. Characterization of co-pyrolysis products (Adapted from Publications II-IV) 

 Characterization 
TGA Batch reactor Continuous feed reactor 

BM OS BM OS BM OS 

Elemental 
analysis, 

wt% 

C 49.9 27.2 49.9 27.2 51.7 27.0 

H 6.6 2.8 6.6 2.8 6.4 2.5 

N 0.2 <0.1 0.1 <0.1 0.4 0.1 

S *n.d. 2.0 n.d. 2.0 <0.1 1.7 

O** 43.2 15.4 43.2 15.4 41.5 15.4 

Proximate 
analysis, 

wt% 

Ash content 0.3 52.4 0.3 52.4 1.5 51.4 

Moisture 7.7 0.9 7.7 0.9 6.4 0.9 

Fixed carbon 13.9 1.5 13.9 1.5 10.6 1.5 

Volatile matter 85.8 46.1 85.8 46.1 81.5 47.1 

Calorific 
value, 
MJ/kg 

LHV 18.4 8.7 18.4 8.7 18.8 8.7 

HHV 19.5 9.7 19.9 9.7 20.2 9.7 

** Calculated, *n.d. not detected 

 
A comparison of the BM used in TGA and batch reactor (blends of spruce, alder, 

pine, and birch), with the woodchips used in the continuous feed reactor, indicates very 
high similarities between the woody BM mixture and the woodchips used in terms of 
elemental composition, proximate analysis, and calorimetry. Accordingly, all BM 
samples used are considered woody BM and can be compared to each other in 
pyrolysis experiments. 
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3.2 Pyrolysis behaviour 

The thermal behaviours of OS, BM, and OS:BM mixtures are shown in Figure 6. These 
analyses facilitate an understanding of the thermochemical decomposition in individual 
pyrolysis and co-pyrolysis. The temperature range selected was based on previous 
studies on OS and BM, where the individual pyrolysis ranges from 250–550 °C for BM 
[49] and 350–550 °C for OS [71].  

 

 

Figure 6. TGA and DTG of OS and BM co-pyrolysis in N2 and CO2 (Adapted from Publication II) 

An analysis of BM and OS pyrolysis individually indicates a clear difference in the 
decomposition temperatures for both fuels. The majority of BM decomposition occurs 
in the temperature range 200–400 °C. This is due to the biochemical components of 
BM, i.e., cellulose and hemicellulose, which decompose in this temperature range [35]. 
The remaining mass losses above 500 °C are related to pyrolysis of lignin and residues 
from pyrolysis [34]. The TGA results for BM are in agreement with those from other 
studies [39]. Conversely, the majority of OS decomposition occurs in the range  
400–500 °C and is related to kerogen transformation into volatile ash and semicoke 
[109]. Above this temperature range, there is mostly decomposition of inorganic matter 
and carbonates [58], [110]. The OS TGA results agree with those from other studies 
[63], [111]. 

As shown in Figure 6 there are three clear pyrolysis zones in all cases: 

• Zone 1: from 100–200 °C, related to drying and pre-pyrolysis 

• Zone 2: from 200–400 °C, where most BM pyrolysis occurs 

• Zone 3: from 400–500 °C, where most OS pyrolysis occurs 
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Figure 6 shows how the co-pyrolysis of OS and BM also occurs in the same three 
zones as the individual pyrolysis, with a zone where most BM pyrolysis occurs, and one 
where most OS pyrolysis occurs. This behaviour is supported by the DTG results 
observed in Figure 6, where the co-pyrolysis of OS and BM results in a combined 
decomposition, where the higher the share of BM, the more similar behaviour to BM 
pyrolysis, and the higher the share of OS, the more similar behaviour to OS pyrolysis. 
From these results, it can be inferred that the co-pyrolysis behaviour is additive, with 
two well-defined pyrolysis zones, one for BM and one for OS. These observations of 
linear additive behaviour have been made in other co-pyrolysis studies of OS and BM 
[10]. 

The addition of BM increases the proportion of decomposition due to its higher 
content of volatile matter and lower content of ash. Nevertheless, the co-pyrolysis can 
result in enhanced decomposition of OS, as BM pyrolysis occurs in a lower temperature 
range. Thus, BM (and its volatiles) can accelerate decomposition due to heat transfer to 
the OS [69], [75] and reduce the activation energy of the process [17]. Figure 7 shows 
additional evidence of the possible heat interactions between BM and OS in co-pyrolysis. 

 

Figure 7. Residual mass from pyrolysis of OS and BM at different pyrolysis times (Adapted from 
Publication III) 

The DTG peaks from Figure 6 and additional studies using the batch reactor (Figure 7) 
indicate how BM pyrolysis occurs in a lower temperature range. The residual masses at 
different pyrolysis times in the batch reactor, as shown in Figure 7, show that BM 
pyrolysis occurs considerably faster than OS pyrolysis, with most decomposition 
occurring within 5 min, compared to 10 min for OS. The faster decomposition of BM 
can result in heat transfer interactions from the BM volatiles released, which can 
enhance the pyrolysis of OS and shift its pyrolysis to a lower temperature region [92]. 
The DTG results for OS:BM mixtures shown in Figure 6 also indicate a shift of OS 
pyrolysis to a lower temperature region by as much as 3–10 °C compared to that 
required for individual pyrolysis of OS. 

The TGA and DTG curves for experiments conducted under H2 and CO2 atmospheres 
are almost identical, with less than 0.7 wt% difference between their residual masses. 
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3.3 Yields of products 

The yields of products were measured for all experiments. For TGA, the yield of solid 
products was determined (uncertainty of ±1 wt%), for the batch reactor, the yield of 
solid products were determined (RSD 0.35%–3.99%), and for the continuous feed 
reactor, the yields of solid and liquid products were determined (RSDs 3.41%–8.73% 
and 1.43%–6.88%, respectively), with the yield of gaseous products being calculated by 
difference. 

3.3.1 Yields of solid products 
Table 7 compares the yields of solid products obtained from TGA, the batch reactor, and 
the continuous feed reactor, using different carrier gases, i.e., N2, CO2, Ar, and CO2/H2O. 
Due to the observed additive behaviour in TGA results, not all the mixtures of OS:BM 
were used in all co-pyrolysis experiments. 

 
Table 7. Yields of solid products in pyrolysis with different gas carriers (Adapted from Publications 
II–IV) 

OS:BM 

Yield of solid products, wt% 

TGA Batch reactor 
Continuous 

feed 
reactor 

N2 CO2 Ar CO2 H2O/CO2 CO2 

1:0 (OS) 67.9 67.7 74.5 74.1 74.6 74.4 

9:1 65.0 63.8 70.3 68.0 71.6 n.m. 

7:3 55.9 56.1 60.0 57.4 57.5 55.1 

1:1 42.8 43.0 *n.m. n.m. n.m. 46.3 

3:7 33.5 33.3 n.m. n.m. n.m. 36.6 

0:1 (BM) 20.5 21.3 18.2 18.4 19.7 21.0 

*n.m. not measured 

 
The yields of solids obtained agree with the TGA data and the expected yield of 

solids obtained from pyrolysis of woody BM [112] and Estonian OS [64], [113]. BM 
pyrolysis results in 18.2–21.3 wt% of solid products, while OS pyrolysis results in  
67.7–74.6 wt% of solid products. A comparison of the results for pyrolysis under 
different gas atmospheres shows that the effect of the carrier gas is almost negligible, 
with less than 1.0 wt% difference in TGA experiments (lower than the measurement 
uncertainty) and below 3.6 wt% in batch reactor experiments (close to the 
experimental RSD). A stronger effect of non-inert atmospheres such as CO2 and H2O is 
likely to be observed at higher reaction temperatures (above 500 °C), when these gas 
species contribute to gasification reactions, resulting in higher yields of gas and 
enhanced thermal cracking [114], [115]. Figure 8 shows a comparison of the average 
yields of products for each type of experiment.  
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Figure 8. Yields of solid products (Adapted from Publication II–IV)  

Figure 8 confirms additive behaviour for co-pyrolysis in all experimental setups, as the 
yield of solid products increases parallelly to the increase in the share of OS. For all 
cases, the yield of solid products has a linear additive behaviour, with linear coefficients 
of determination (R2) of 0.9947, 0.9996, and 0.9955 for TGA, the batch reactor, and the 
continuous feed reactor experiments, respectively.  

3.3.2 Yields of solid, liquid, and gas products 
The continuous feed reactor allows the collection and measurement of solid and liquid 
yields. The yields of pyrolysis and co-pyrolysis products are shown in Figure 9.  

 

 

Figure 9. Yields of solid, liquid, and gas products (Adapted from Publication IV) 

From Figure 9, BM pyrolysis yields 21.0, 43.9, and 35.1 wt%, while OS yields 74.4, 
17.3, and 8.4 wt% of solids, liquids, and gas products, respectively. The obtained results 
are in agreement with those of other studies on intermediate pyrolysis of BM [38], 
[116]–[118]. The yields of products from OS pyrolysis are in agreement with those for 
the pyrolysis of Estonian OS [64]. For co-pyrolysis mixtures, increasing the share of BM 
results in higher yields of gas and liquid products and lower yields of solids. As with the 
yields of solids shown in Figure 8, the liquid products also follow a linear behaviour, with 
a coefficient of determination (R2) of 0.9704. 
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3.4 Chemical composition of solid products 

The characterizations of the solid products produced in the batch reactor and the 
continuous reactor are shown in Table 8 (Elemental composition) and Table 9 (Proximate 
analysis and calorimetry). The solid products for BM are composed mostly of char (>80 
wt% C) alongside a low ash content (<8 wt%). Those for OS are composed of a high 
proportion of ashes (>65 wt%) with a low content of carbon (<13 wt%). Both the OS and 
BM results are in agreement in those for the batch reactor and continuous reactor and 
with the average composition of char from BM pyrolysis [112], [119], and semicoke 
from OS pyrolysis [85].  
 
Table 8. Elemental composition of solid products (Adapted from Publications III and IV) 

OS:BM 

Elemental analysis, wt% 

Batch reactor Continuous feed reactor 

C H N S C H N S 

1:0 (OS) 11.4 0.2 <0.1 1.0 12.9 0.3 <0.1 1.5 

9:1 12.1 0.2 <0.1 0.9 n.m. n.m. n.m. n.m. 

7:3 15.1 0.3 <0.1 0.8 18.8 0.5 <0.1 1.4 

1:1  *n.m.  n.m.  n.m.  n.m. 23.3 0.7 0.1 1.3 

3:7 n.m. n.m. n.m. n.m. 31.7 1.1 0.2 1.1 

0:1 (BM) 78.4 3.4 0.4 **n.d. 81.1 3.1 0.6 0.1 

*n.m. not measured, **n.d. not detected 

 
The co-pyrolysis solid products comprise a mixture of the properties of OS and BM, 

with higher C and H contents as BM share increases, and higher ash and sulphur as OS 
share raises. Due to the high ash content of OS, it has a more significant role in the 
composition of co-pyrolysis solid products. For all cases, especially for OS-containing 
mixtures, the volatile matter (Table 9) indicates an incomplete degradation in pyrolysis 
[120]. Adding BM to OS results in solid products with improved characteristics, such as 
higher C and H contents, higher HHV and LHV values, and lower ash and sulphur 
contents. These improved properties result in solid products with enhanced thermal 
properties, higher heating values, and higher aromaticity and stability. This is highly 
beneficial for its potential application as absorbent materials and biochar [52], [121]. 
Similarly to TGA behaviour and product yields, the composition of solid products in  
co-pyrolysis follows an additive behaviour. 

 
Table 9. Proximate analysis and calorific values of solid products (Adapted from Publications IV) 

OS:BM 

Proximate analysis, wt%  Calorific value, MJ/kg 

Ash 
content 

Moisture 
Fixed 

carbon* 
Volatile 
matter 

LHV HHV 

1:0 (OS) 67.7 0.7 5.3 26.2 1.9 2.0 

7:3 62.1 1.7 9.5 26.7 3.8 4.0 

1:1 58.1 2.9 10.2 28.8 5.7 5.8 

3:7 49.9 5.5 15.0 29.6 9.1 9.3 

0:1 (BM) 7.4 11.4 62.5 18.7 29.5 30.2 

3.5 Composition of liquid products 

The compositions of the liquid products were obtained from various experiments.  
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Table 10 displays the results for elemental composition and physicochemical 
properties (density, viscosity, and refractive index). Figure 10 and  
Table 11 show the results of the chemical compounds present and their classification in 
terms of functional groups obtained from GC-MS. Figure 11 displays the FTIR results 
divided into wavenumber regions that indicate the presence of certain functional 
groups. 

3.5.1 Elemental composition and physicochemical properties 
OS and BM oil have different properties and characteristics. BM oil is brown, viscous, 
and dense, while OS oil is lighter and of a darker brown colour. The elemental 
compositions of OS and BM agree with the results of previous literature studies [51], 
[84], [122], [123].  

BM has a density of 1.06 g/cm3 (1.0–1.2 kg/m3, a typical range for bio-oil), which is 
higher than those of conventional liquid fuels [51], and a viscosity of 51.1 mPa·s  
(40–100 mPa·s being the typical range for bio-oil) due to the high molecular weight of 
lignin-derived compounds [51], [124]. The BM density, viscosity, and refractive index 
results agree with those from other studies [124]–[127]. 

Compared with BM, OS has a lower density and viscosity of 0.95 g/cm3 and 12.3 mPa·s, 
respectively (values that are lower than the average values for petroleum-derived oils), 
and a higher sulphur content - but one that is comparable to the average sulphur 
content for crude oil (0.01–4.20 wt%) [51]. The density, viscosity, and refractive index 
of OS liquid products agree with those from previous studies [123], [128]. 
 
Table 10. Elemental composition and physicochemical properties of liquid products (Adapted from 
Publication IV) 

OS:BM 
Viscosity, 

mPa·s 
Density, g/cm3 

Refractive index, 
*n.D. 

 Elemental analysis, 
wt% 

C H N S 

1:0 (OS) 12.3 0.95 1.53 80.6 9.2 0.2 0.9 

7:3 17.3 1.01 1.53 78.7 9.4 0.3 0.8 

1:1 29.5 1.02 1.54 65.8 8.5 0.3 0.7 

3:7 38.8 1.05 1.54 68.3 8.8 0.3 0.4 

0:1 (BM) 51.1 1.06 1.52 58.5 8.8 0.4 0.3 

*n.D. adimensional 

 
As with solid products, the co-pyrolysis liquid products represent a combination of 

the properties of OS and BM, with higher C, H, and S contents as the OS proportion 
increases, and higher viscosity and density as the BM proportion increases. OS:BM 
mixtures result in combined enhanced properties; the addition of BM reduces the 
sulphur content, while the addition of OS increases the C and H concentrations. A more 
detailed analysis of the composition of the oils based on GC-MS analysis is shown in 
Figure 10 and  

Table 11. 

3.5.2 GC-MS – FTIR chemical compounds and functional groups 
The chromatograms for the liquid products obtained from GC-MS are shown in Figure 

10. The data was analysed with the MassHunter Qualitative Analysis Software, based on 
two parallel runs per sample and selecting the compounds present in both parallel runs 
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and with a matching score above 70. BM has more and larger peaks at lower retention 
times (15–25 min), and OS at higher retention times (30–50 min). Co-pyrolysis mixtures 
show additive behaviour (a combination of OS and BM chromatograms). Further details 
of the compounds detected are available in Publication IV. 
 

 

Figure 10. Chromatogram for the liquid products from co-pyrolysis of OS and BM (From Publication 
IV) 
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BM liquid products contain mostly compounds from the functional groups of 
ketones (C=O), carboxylic acids, aromatic hydrocarbons, and phenols (OH), especially 
oxygenated compounds, due to BM elemental composition (Table 6Table 5). Most 
compounds are light (C2 to C8). The chromatogram and compounds identified agree 
with those from literature studies of woody BM pyrolysis, which report high contents of 
light-oxygenated compounds [116], [129]–[133]. 

OS liquid products contain mostly compounds bearing the functional groups of 
aromatic hydrocarbons, aliphatic hydrocarbons, aliphatic alcohols, cycloalkanes, and 
polycyclic compounds, with the majority being aliphatic (alkenes, alkanes, and alkynes) 
and aromatic hydrocarbons (benzene, toluene, and o-xylene) from C6 to C11.  
The identified compound results agree with those from literature studies on shale oil, 
which identify aliphatic and aromatic hydrocarbons [10], [74], [122]. 

OS:BM liquid products comprise a combination of the compounds present in OS and 
BM liquid products (Table 11). The amount of oxygenated compounds increases with 
BM proportion, while the amount of hydrocarbon compounds increases with OS 
proportion. As with the previous results, the co-pyrolysis behaviour can be described as 
additive, as also observed in Kiliç at al. [10]. Nevertheless, the co-pyrolysis liquid 
products exhibit improved properties, such as a decrease in the amount of oxygenated 
compounds when increasing the proportion of OS, and a decrease in the amount of 
aromatic hydrocarbons as BM proportion is increased. 
 
Table 11. Functional group distribution in the liquid products from co-pyrolysis of OS and BM 
(From Publication IV) 

 OS:BM 
Functional groups 

Ketones 
Aromatic 

Hydrocarbons 
Aliphatic 

Hydrocarbons 
Phenols Cycloalkanes 

1:0 (OS) 2 10 19 1 12 

7:3 6 9 9 6 0 

1:1 7 9 6 6 0 

3:7 7 7 5 6 0 

0:1 (BM) 8 1 0 8 0 

 
The results from the GC-MS measurements were confirmed with FTIR analysis (Figure 

11). The IR spectra identified different vibration ranges: O-H stretching from phenols, 
C–H stretching and bending from aliphatic hydrocarbons, C=O stretching from ketones 
and alkenes, and C–O stretching from phenols. As with the chromatogram,  
the IR spectra identified more intense vibration signals for phenols and ketones in the 
BM liquid products and more intense vibration signals for aliphatic hydrocarbons in the 
OS liquid products. The results agree with the IR spectra of OS and BM pyrolysis and  
co-pyrolysis [10], [75], [123]. 
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Figure 11. IR spectra of co-pyrolysis of OS and BM (From Publication IV) 

3.6 Interactions in co-pyrolysis 

Table 12 shows a comparison of the experimental and theoretical solid and liquid 
product yields for co-pyrolysis. For all cases (TGA, batch reactor, and continuous feed 
reactor) the differences in experimental and theoretical yields are not significant 
enough to conclude any synergistic behaviour between OS and BM, considering the 
experimental RSD and uncertainties shown in section 3.3. This lack of synergy can also 
be strongly supported by the additive behaviour identified in the TGA data, the yields of 
products, the composition of solids and liquids, and the chemical and physicochemical 
compositions of liquid products. All these experiments demonstrate an additive rather 
than synergistic behaviour in OS:BM co-pyrolysis. Similar observations have been made 
in other research [74], [93], where an additive behaviour and minimal to no synergistic 
effects were observed. Nevertheless, a more detailed analysis was performed based on 
the TGA data to evaluate the differences in experimental and theoretical data at 
different stages of decomposition (Figure 12). 

Table 12. Comparison of experimental and theoretical yields of solid and liquid products (From 
Publications II–IV) 

Experimental-Theoretical yields of solid products, wt% Experimental-
Theoretical 

yields of liquid 
products, wt% 

OS:BM 
TGA Batch reactor Continuous feed reactor 

N2 CO2 Ar CO2 H2O-CO2 CO2 

9:1 1.8 0.7 1.5 -0.5 2.4 n.m. n.m. 

7:3 2.2 2.3 2.5 0.0 -0.7 -3.3 -3.0 

1:1 -1.4 -1.5 *n.m. n.m. n.m. -1.4 -3.7 

3:7 -1.2 -1.9 n.m. n.m. n.m. -0.4 -2.8 

* n.m. not measured 
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Figure 12. Experimental-theoretical TGA curves for OS:BM co-pyrolysis (From Publication II) 

Figure 12 shows the differences in the experimental and theoretical TGA curves for 
pyrolysis and co-pyrolysis of OS and BM. The following was observed: Below 250 °C 
there are negligible interactions, but there are stronger interactions at 350–370 °C and 
440–460 °C, which coincide with the DTG peaks for BM and OS, where the most 
significant decomposition occurs. 

3.7 Kinetics and modelling 

The results in this section detail the kinetic features of BM and OS pyrolysis, as well as 
OS:BM co-pyrolysis. The kinetic parameters were calculated using the TGA results, 
proceeded by a process model based on kinetic parameters and TGA data.  

3.7.1 Kinetics 
A detailed description of the kinetic models and their respective equations used, as well 
as the determination of the apparent activation energies, is available in Publication II. 
The kinetic parameters were calculated using four models: Coats–Redferns models with 
reaction orders from 0 to 2, Kissinger models for determining apparent activation 
energies, and Friedman and Vyazovkin isoconversional models for determining 
apparent activation energies and activation energies at different stages of conversion. 
The results are shown in Table 13. 

 
Table 13. Activation energies in the co-pyrolysis of OS and BM (From Publication II) 

OS:BM 
Coats-Redfern Kissinger Friedman Vyazovkin 

E, kJ/mol E, kJ/mol E, kJ/mol A, min-1 E, kJ/mol 

1:0 58.9  160.2 167.4 2.34E+09 171.5 

9:1 66.1 172.9 153.6 2.94E+08 153.4 

7:3 69.9 145.9 197.3 7.39E+11 193 

1:1 77.4 152.9 164.3 5.25E+11 163.1 

3:7 85.3 179.4 154.7 5.95E+09 156.8 

0:1 96.7 147.4 139.3 2.95E+09 140.4 

 
Table 13 displays the apparent activation energies determined using four different 

models. The Kissinger, Friedman, and Vyazovkin models result in similar results, with 
activation energies from 139–147 and 160–172 kJ/mol for BM and OS, respectively, 
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which are in agreement with those from other studies [69], [92], [113], [134], [135]. 
The Coats–Redfern model resulted in values that differ from those of the other three 
models. The activation energies obtained for OS:BM mixtures range between 145 and 
193 kJ/mol. There is, however, a higher activation energy obtained for OS:BM 7:3. 
Figure 13 shows the apparent activation energies at different stages of conversion. 

 

 
Figure 13. Apparent activation energies forn the co-pyrolysis of OS and BM at different conversion 
stages (From Publication II) 
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A more detailed study with the isoconversional models (Figure 13) identified two 
separate regions for the co-pyrolysis mixtures, one for BM pyrolysis and one for OS 
pyrolysis. This indicates a clear two-stage additive decomposition, which is supported 
by the previous TGA results, the yields of products, the composition of products, and 
the interactions. The two-stage decomposition allowed the identification of apparent 
activation energies for OS (170–198 kJ/mol) and BM (114–201 kJ/mol) in co-pyrolysis 
mixtures. 

3.7.2 Modelling 
An Aspen Plus® simulation was modelled based on the stoichiometric equations 
obtained for BM and OS, and the associated kinetic parameters determined. OS is 
considered a non-conventional component, while BM is considered as its biochemical 
components (hemicellulose, cellulose and lignin-C, lignin-H, and lignin-O), based on 
Debiagi et al. [136]. The estimated mass-loss curves for OS:BM mixtures are shown in 
Figure 14. 

 

 

Figure 14. TGA behaviour vs. mass-loss curve in co-pyrolysis of OS and BM modelled in Aspen 
Plus® (From Publication II) 

Figure 14 shows a close match between the TGA data and the Aspen Plus®-modelled 
results, with mean absolute errors between 1.8% and 3.8% for all OS:BM mixtures.  
The sensitivity analysis showed how the pre-exponential factor and the reaction order 
have a greater influence on the predicted mass losses for OS and BM pyrolysis and 
OS:BM co-pyrolysis. 
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4 Conclusions 

This study investigated the co-pyrolysis of BM and OS. First, a comprehensive literature 
review was performed to explore the current status of research on the co-pyrolysis of 
BM and OS. This review encompassed the most significant studies, with a focus on  
co-pyrolysis parameters, interactions, and products.  

Second, an experimental section included kinetic modelling and analyses of  
co-pyrolysis with optimized operational parameters. 

Co-pyrolysis of OS and BM is a promising alternative for reducing the technical 
challenges associated with properties of bio-oil and the environmental effect of OS 
utilization, as well as being a means to increase its yields of liquid and gaseous 
products.  

Considering the similarities in the thermal decomposition behaviour of OS and BM, 
implementing the currently available large-scale processing technologies used in OS 
conversion is a feasible alternative for their co-pyrolysis.  

The operational parameters for co-pyrolysis, such as temperature, heating rate, 
particle size, reactor, and gas atmosphere, among others, are of the greatest 
importance, significantly affecting the yield and quality of the pyrolysis products. It is 
essential to optimize these parameters for each specific case in order to maximize the 
yield and quality of co-pyrolysis products, whether the priority is oil, char, or gas 
production. 

Alternative atmospheres, such as steam and CO2 can enhance the decomposition of 
fuels, acting as heat and volatile carriers. However, the effects of these atmospheres 
is not significant (minimal) at pyrolysis temperatures below 520 °C. Alternative 
atmospheres, such as CO2, obtained sustainably from CCUS technologies, can be used 
as a substitute for inert atmospheres in co-pyrolysis without affecting the pyrolysis 
process. 

Due to its higher decomposition temperature, the pyrolysis of OS occurs more slowly 
than BM decomposition, as evidenced in experiments performed using a batch reactor 
and thermogravimetric analysis experiments. As BM reaches an isothermal condition 
more rapidly, it can enhance OS pyrolysis through heat-transfer mechanisms, 
accelerating its decomposition. Shifts of up to 10 °C in the thermal decomposition 
peaks of the OS share in co-pyrolysis mixtures are evidence of this enhanced pyrolysis. 

The co-pyrolysis of OS and BM follow a linear additive behaviour and a two-stage 
decomposition (first BM, followed by OS) without significant promoting or inhibiting 
interactions in the yield or quality of products. The yields of solid, gaseous, and liquid 
products are additive in all the studied scenarios, i.e., those using thermogravimetric 
analysis, a batch reactor, and a continuous feed reactor. 

The kinetic studies confirmed an additive behaviour in co-pyrolysis, as the apparent 
activation energies and the activation energies at different stages of conversion (from 
the Friedman model) confirmed two-stage pyrolysis.  

The compositions of the co-pyrolysis oils also confirmed an additive behaviour, with 
oxygenated compounds derived from BM bio-oil and aromatic and aliphatic hydrocarbons 
derived from OS. 

The additive behaviour in co-pyrolysis can result in improved pyrolysis, as blending 
BM and OS results in pyrolysis products with improved properties and a lower yield of 
solid residues and sulphur in the pyrolysis products. 
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Adding BM to OS can contribute to addressing the environmental impact of OS 
utilization, while adding OS to BM can increase the energy density of the mixture and 
decrease the unfavourable properties of the resultant bio-oils. This improvement in  
co-pyrolysis products demonstrates the potential of using this process as a more 
sustainable alternative to produce valuable fuels and chemicals. 

The liquid fraction obtained from BM pyrolysis oils primarily consists of oxygenated 
compounds (ketones and phenols), whereas that from OS consists of aromatics, 
aliphatic hydrocarbons, and cycloalkanes. When BM and OS are co-pyrolyzed, the 
resulting liquid fraction is a blend of compounds from both sources. Incorporating OS 
into BM decreases the production of oxygenated compounds, while adding BM to OS 
decreases the production of aromatic compounds. Co-pyrolysis can yield a liquid 
fraction with improved characteristics, including enhanced stability and heating value, 
making it suitable for potential applications as a fuel or chemical. 

The use of thermogravimetric data in kinetic studies and process modelling, such as 
that using Aspen Plus, allows prediction of the decomposition behaviour in co-pyrolysis. 
A combination of experimental and thermal data with these types of tools provides the 
opportunity to use actual experimental data in reactor design. 

 
The following suggestions are beneficial for future research: 

• Many studies have already been conducted based on TGA and kinetic analysis. 
Studies that make use of the kinetic data for computational modelling and 
reactor design will contribute to defining the most optimal conditions required 
for co-pyrolysis 

• The effects of alternative atmospheres in co-pyrolysis at temperatures above 
520 °C may evidence a promoting effect in the co-pyrolysis process 

• The catalytic effect of the inorganic components of OS and BM should be 
studied in more depth, as these can result in enhanced pyrolysis and its products 

• As shown in this work, the scale of the equipment affects the yield and 
composition of pyrolysis products. The use of larger-scale equipment such as 
fluidized bed reactors and fixed bed reactors is suggested as the next step in 
studying co-pyrolysis and its products 

• Future research could involve exploring variations in process parameters such 

as temperature, residence time, and catalyst usage 

• While qualitative analysis of the liquid fraction in co-pyrolysis provides highly 

valuable data, a detailed quantitative analysis of co-pyrolysis oils will 

contribute to an understanding of the co-pyrolytic behaviour, interactions, and 

composition of the oils 

• Study of the pyrolysis gases is also recommended as a means to obtain a more 

comprehensive analysis of the whole process 

• Conducting economic and environmental evaluations as well as lifecycle 

assessments will better assess the viability and environmental impact of the 

co-pyrolysis of OS and BM for commercial purposes 
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Abstract 

Co-pyrolysis of biomass and oil shale 

Substituting fossil fuels partially with biomass offers a promising alternative for 
generating cleaner and more sustainable energy and fuels. Biomass and oil shale  
co-pyrolysis offers a feasible means for the shift toward carbon neutrality. Considering 
the similarities in their thermochemical behaviour in pyrolysis, the existing 
infrastructure from conventional shale oil production has the potential to be used for 
co-pyrolysis with biomass, reducing oil shale usage and mitigating its environmental 
impact. Furthermore, co-pyrolysis of oil shale and biomass yields products with 
enhanced yields and improved properties. 

This study investigates the potential benefits of the co-pyrolysis of biomass and oil 
shale, as well as their interactions. Starting from a comprehensive review of recent  
co-pyrolysis studies, it analyses various experimental and operational parameters, as 
well as the yields and composition of co-pyrolytic products. The overview extends to 
the effects of co-pyrolysis on different fuel blends and the effects of different pyrolysis 
parameters—such as alternative atmospheres, heating rate, reaction temperature, and 
particle size—on enhancing the pyrolysis process and its product quality. Co-pyrolysis 
demonstrates the potential to achieve higher yields of products with improved 
properties while mitigating the environmental impacts associated with fossil fuel usage.  

Experimental analyses were conducted using thermogravimetric analysis equipment, 
a batch reactor, and a continuous feed reactor. The co-pyrolysis behaviour; the yields 
and composition of solid, gaseous, and liquid products; and possible interactions 
between biomass and oil shale were studied.  

A comparison between theoretical and experimental residual mass yields of oil 
shale-biomass mixtures demonstrated an additive behaviour, indicating no significant 
interactions between the fuels. In thermogravimetric studies, the use of biomass in oil 
shale mixtures led to a reduction of up to 34.4 wt% in solid residues compared to 
individual oil shale pyrolysis. Additionally, as the biomass ratio increased, the thermal 
decomposition curves shifted to lower temperatures by up to 10 °C. Kinetic analyses 
confirmed a two-stage pyrolysis process, where the most significant decomposition of 
biomass and oil shale occurs at different stages of conversion. Aspen Plus® was utilized 
with kinetic data derived from thermogravimetric analysis from co-pyrolysis. The model 
closely matched experimental thermogravimetric data, with absolute errors ranging 
from 1.7% to 3.8%, highlighting the significance of thermal analysis in simulating  
co-pyrolysis processes and reactor design. 

In the batch reactor experiments, the differences between the experimental and 
theoretical mass balances of the fuel blends were found to be less than 2.5 wt% (close 
to the experimental uncertainty), indicating an additive behaviour and minimal 
interactions between the fuels. The use of biomass and alternative atmospheres was 
observed to enhance pyrolysis by promoting increased fuel decomposition, a higher 
proportion of combustible gases, and a reduced fraction of residual mass. 

In the continuous feed reactor experiments, the highest yields of liquids and gases 
were achieved with increasing proportions of biomass, reaching 43.9 and 35.1 wt%, 
respectively. The maximum yield of solids was observed with higher proportions of oil 
shale, reaching 74.3 wt%. Analysis of elemental composition, as well as FTIR and GC-MS 
data, confirmed an additive rather than synergistic behaviour in the yields and 
composition of co-pyrolysis products. The combined properties of co-pyrolysis resulted 
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in improved liquid products, characterized by reduced oxygenated compounds (ketones 
and phenols) from biomass and decreased aromatic hydrocarbons from oil shale.  
Co-pyrolysis liquids contained more aliphatic hydrocarbons ranging from C6 to C11, 
contributing to enhanced stability and heating value of the liquid products. 

Overall, this work succeeded in furthering our understanding of the co-pyrolysis of 
biomass and oil shale, potentially contributing to a paradigmatical shift in the way these 
valuable resources are utilized. The thesis was divided into two sections. First,  
an overview to study the developments, findings, and advancements in biomass  
and oil shale co-pyrolysis. The second section consisted of experimental, kinetic, and 
modelling work on the co-pyrolysis of oil shale and biomass, in optimized operational 
parameters using experimental equipment over three different scales. This allowed the 
characterization of the pyrolytic behaviour and the characterization of the co-pyrolysis 
products. 
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Lühikokkuvõte 

Biomassi ja põlevkivi koospürolüüs  

Fossiilkütuste osaline asendamine biomassiga pakub võimalusti puhtama ja säästvama 
energia ning kütuste tootmiseks. Biomassi ja põlevkivi koospürolüüs võib pakkuda üht 
võimalikku lahendust süsinikdioksiidi neutraalsusele üleminekuks. Võttes arvesse nende 
lähtematerjalide termokeemilise käitumise sarnasust pürolüüsil, on võimalik juba 
olemasolevat infrastruktuuri, mis pärineb tavapärasest põlevkiviõli tootmisest, 
kasutada biomassi koospürolüüsiks, vähendades põlevkivi kasutamist ja leevendades 
selle keskkonnamõju. Põlevkivi ja biomassi koospürolüüsil on võimalik saada tooteid 
millel on paremad omadused ja suurem saagikus. 

Käesolevas doktoritöös uuritakse biomassi ja põlevkivi koospürolüüsi võimalikke 
eeliseid ja koostoimet. Alustades hiljutiste koospürolüüsiuuringute põhjalikust 
ülevaatest, uuring analüüsib erinevaid katse- ja tööparameetreid ning koospürolüüsil 
saadavate produktide saagikust ja koostist. Ülevaade hõlmab ka koospürolüüsi  
mõju erinevatele kütusesegudele ning erinevate pürolüüsiparameetrite – näiteks 
alternatiivsete atmosfääride, kuumutamiskiiruse, reaktsioonitemperatuuri ja osakeste 
suuruse – mõju pürolüüsiprotsessi ja -produktide kvaliteedi parandamisele. 
Koospürolüüs näitab potentsiaali, et sellega on võimalik saada suurema saagikuse ja 
paremate omadustega õlisid, vähendades samal ajal fossiilsete kütuste kasutamisega 
seotud keskkonnamõjusid.  

Katsed viidi läbi termogravimeetrilises analüüsiseadmes, portsjonreaktoris ja 
pidevvoolureaktoris. Uuriti biomassi ja põlevkivi käitumist koospürolüüsil, tahkete, 
gaasiliste ja vedelate produktide saagikust ja koostist ning pürolüüsivõimalikke 
sünergilisi efekte. 

Põlevkivi ja biomassi segude teoreetilise ja eksperimentaalse jääkmassi saagikuse 
võrdlus näitas aditiivset käitumist, mis näitab, et kütuste vahel ei ole olulisi 
vastastikmõjusid. Termogravimeetrilistes uuringutes vähendas biomassi kasutamine 
koos põlevkivi tahkeid jääke kuni 34.4 massiprotsendi võrra võrreldes puhta põlevkivi 
pürolüüsiga. Lisaks sellele nihkusid biomassi osakaalu suurenemisel termilise 
lagunemise kõverad kuni 10 °C võrra madalamale temperatuurile. Kineetiline analüüs 
kinnitas kaheetapilist pürolüüsiprotsessi, kus biomassi ja põlevkivi kõige olulisem 
lagunemine toimub eri muundamisetappides. Töös kasutati Aspen Plus® tarkvarakoos 
termogravimeetrilisest analüüsist saadud koospürolüüsi kineetiliste andmetega. 
Valminud mudel vastas täpselt eksperimentaalsetele termogravimeetrilistele 
andmetele, kusjuures absoluutsed vead olid vahemikus 1.7-3.8%, mis rõhutab termilise 
analüüsi tähtsust koospürolüüsiprotsesside ja reaktori projekteerimise simuleerimisel. 

Portsjonreaktori katsetes leiti, et kütusesegude eksperimentaalse ja teoreetilise 
massibilansi erinevused olid vähem kui 2.5 massiprotsenti (mis on lähedane 
eksperimentaalsele määramatusele).See  näitab, et kütused käituvad aditiivselt ja 
nende vastastikmõju on minimaalne. Täheldati, et biomassi ja alternatiivsete 
atmosfääride kasutamine tõhustab pürolüüsi, soodustades kütuse suuremat 
lagunemist, suuremat põlevate gaaside osakaalu ja väiksemat jääkmassi osakaalu. 

Pidevvoolureaktori katsetes saavutati suurim vedelike ja gaaside saagis biomassi 
osakaalu suurendamisel, ulatudes vastavalt 43.9 massiprotsendi ja 35.1 
massiprotsendini. Maksimaalne tahkete ainete saagis saavutati suurema põlevkivi 
osakaalu korral, ulatudes 74.3 massiprotsendini. Elementkoostise analüüs ning FTIR- ja 
GC-MS-andmed kinnitasid, et koospürolüüsitoodete saagis ja koostis on pigem aditiivne 
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kui sünergiline. Koospürolüüsi kombineeritud omaduste tulemusena saadi paremaid 
vedelaid tooteid, mida iseloomustab biomassi hapnikuühendite (ketoonide ja 
fenoolide) vähenemine ja põlevkivi aromaatsete süsivesinike vähenemine. 
Koospürolüüsi vedelikes oli rohkem alifaatseid süsivesinikke vahemikus C6 kuni C11, mis 
aitas kaasa vedelate toodete stabiilsuse ja kütteväärtuse suurenemisele. 

Üldiselt oli käesoleva doktoritöö eesmärk uurida biomassi ja põlevkivi koospürolüüsi. 
Uurimistöö oli jagatud kahte ossa. Esiteks ülevaade, et uurida biomassi ja põlevkivi 
koospürolüüsi arenguid, järeldusi ja edusamme. Ülevaade hõlmas kõige olulisemaid 
uuringuid, keskendudes koospürolüüsi parameetrite tähtsusele, koostoimetele 
koospürolüüsis ja koospürolüüsi toodetele. Teine osa koosnes põlevkivi ja biomassi 
koospürolüüsi eksperimentaalsetest, kineetilistest ja modelleerimist käsitlevatest 
töödest, kolme erineva suurusega proovide optimeeritud tööparameetritega 
katseseadmetes. See võimaldas iseloomustada pürolüüsi käitumist ja iseloomustada 
koospürolüüsi tooteid. 
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Appendix (Publications) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
 
Cerón, A.L.; Konist, A.; Lees, H.; Järvik, O. (2021). Current status of co-pyrolysis of oil 
shale and biomass. Oil Shale, 38 (3), 228−263. DOI: 10.3176/oil.2021.3.04.  
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���	����	���	 !"�	#��	$�!�	#��	$��	%��	&!'�	(�	)*+,-�.	�"/	0�"+1�2	2*�,�21+,�31�23	'4	56,'.63�3	�"/	2'-7!31�'"	'4	1*,++	'�.	3*�.+3�	89:;<=	>?9@:;AB	CD9D<��	EF�G�	HI�	JK�LJM���E�	N0�3*�	��	N��	O�7+,�	O�	P�	Q*�,�21+,�R�1�'"	'4	3*�.+	'�.	�3	2'-5�,+/	1'	2,!/+	'�.	STU	VWXY	ZY[TYU	\Y]ZŴY_X	\ZWU_̀]Va	89:;<B	b?c;d:B�	EFFJ�	efg�Eh�	��K�L��ME��J�	&�i,�.'i��	P��	j�.!�	k��	j�.."+,�	$�	N	.�4+	262.+	+"i�,'"-+"1�.	�-5�21	�33+33-+"1	'4	'�.	3*�.+	5,'/!2+/	�"/	2'"3!-+/	�"	l31'"���	m:A?c;B	>?9A:;@B	m:d=��	EF�F�	ffgEh�	EJELE�G����	k�31�2�	n�	o��	op'0�2�	(�	k��	q'"�31�	N��	j�"	&++-�	q�	(��	(�,�"�	&�	��	%!�"r1�1�1�i+	2'-5'3�1�'"�.	�"�.63�3	'4	l31'"��"	3*�.+	'�.	!3�"s	2'-5,+*+"3�i+	1t'	/�-+"3�'"�.	s�3	2*,'-�1's,�5*6�	uvwx	yz{|w}}~	�w|��{x��	EF�K�	��I�	E��LE����G�	o+-�,7�3�	(�	���	��.�1�	(�	k+2+"1	�/i�"2+3	'"	1*+	5,'/!21�'"	�"/	!1�.�R�1�'"	1,+"/3	'4	7�'r4!+.3�	N	s.'7�.	5+,35+21�i+�	89:;<=	>?9@:;AB	CD9D<��	EFF��	�I��GL��h�	EJK�LEJM�����	$��	 ��	Q*+"�	���	$�!�	N��	��"s�	$��	#!�	&�	 1!/6	'"	2'r56,'.63�3	2*�,�21+,�31�23	W�	Z�̀Y	V]ZS�	STU	��YT�_	��]_X�TW_V	̀WŜ	�̂YTUV	�T	S	[�YU	�YU	ZYS̀]WZa	��?;:A?c;B	�:d�9?���	EF���	�ff�	EGELEGK��K�	��"s�	%��	$��	���	��"s�	q��	�*!�	#��	��"s�	 �	Q'--+,2��.�R�1�'"	�"/	2*�..+"s+3	4',	1*+	"+�1	s+"+,�1�'"	'4	7�'4!+.3�	��'-�33	4�31	56,'.63�3�	�"�	����	�}�� y�|�¡|	y{¢wz	��£	¤�wz¥¦	¤�¥��wwz��¥	§{�̈wzw�|w�	Q*+"s/!�	Q*�"��	EMLJ�	(�,2*	EF�F�	�lll�	EF�F�	�L���M�	©!�	���	&*'.�R�/+*�	(�	��'-�33	56,'.63�3�	N	,+i�+t	'4	1*+	5,'2+33	/+i+.'5-+"1	�"/	2*�..+"s+3	4,'-	�"�1��.	,+3+�,2*+3	!5	1'	1*+	2'--+,2��.�3�1�'"	31�s+�		ªB	89:;<=	>�:«��	EF���	¬H�	�F�L��J����	��SZ��­SUY�®	̄a®	 �SUY°­SUY�®	̄a®	 ±_W®	̄a®	 ²WZ�ST�®	³a	́a®	(!,1*6	q'"/��	n�	j�	 �	n��	&�,2���	(�	Q��	��"s�	$��	©�..+11�	O��	 *�*�	n�		)*+	-!.1�r32�.+	2*�..+"s+3	'4	7�'-�33	4�31	56,'.63�3	�"/	7�'r'�.	!5s,�/�"s�	k+i�+t	'4	1*+	31�1+	'4	�,1	�"/	4!1!,+	,+3+�,2*	/�,+21�'"3�	yz{¥~	¤�wz¥¦	§{µ¶v}·~	bd���	EF���	I��	�LMF�GF�	�!�	Q��	$�!�	k�	Q�,7'"	/+5'3�1�'"	7+*�i�',	�"	31+�-	,+4',-�"s	'4	7�'r'�.	-'/+.	2'-5'!"/	4',	*6/,'s+"	5,'/!21�'"�	̧9¹B	ªB	º=»;?<:9	89:;<=�	EF�F�	¬fg��h�	KJM�LKJ�M�G��	j+03*��	N��	(2$�!s*.�"�	©��	$�6R+..�	o�	���	©�..�	O�	(�	¼6,'.63�3	'4	t''/	1'	7�'2*�,�	�"2,+�3�"s	6�+./	t*�.+	-��"1��"�"s	-�2,'5','3�16�	��?;:A?c;B	�:d�9?���	EF���	�f¬�	�KJL�K��GE�	(�s!6'"�	(�	Q�	Q��	Q�5�,+/��	 �	Q�	li�.!�1�"s	1*+	+44+213	'4	1+-5+,�1!,+	'"	5,+33!,�R+/	56,'.63�3	'4	½D99?d��?;?¾A�A	?dc�D¹D	7�3+/	'"	5,'/!213	6�+./3	�"/	2*�,�21+,�31�23�	89:;<=	>?9@:;AB	CD9D<��	EF�J�	I��	K��LKKJ�GJ�	��"s�	 ��	$!'�	���	y¦z{x¦}�}	{̈	¿�{µ�}}�	�"�	&klln	L	N.1+,"�1�i+	l"+,s6	k+3'!,2+3�	��.1+,	/+	&,!61+,	&-7©�	EF�K�	E�M�G��	ÀYX�Z�SÁ®	Âa	�_V]S�TS�̂Y	̀W[Z�TÃ	W�	��WXSVV	��]�	̀WŜa	89:;<=	>?9@:;AB	CD9D<��	EFFJ�	��g�h�	���GL��K��GG�	N,-+31'�	$��	��*�..'�	N��	Q�7�"�..�3�	N��	j+�p'"+"�	q��	P1+,'�	O��	¼.!-+/�	N��	�ŜÄSUWZ®	Åa	ÆWÇ̀WX�_V]�WT	W�	̀WŜ	STU	Ŵ�ÄY	W�̂	�TU_V]ZÈ	ZYV�U_YV	�T	É_�U�VYU	7+/�	Êc:��	EFFJ�	ËegMh�	��JL�FFF�
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Co-Pyrolysis of Woody Biomass and Oil Shale—A Kinetics and Modelling Study. Energies,  
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����� ���������������������� �!"# �!�����$%��!��&���'(�)��*%&�+����, ����������-.�./������% �)�����������&!0���%&!��1 2��'&����2������! � �$� ���!���1/3(�����(�)����1&% ����� %%�,��'�����������)�� ������ ��& %2������! � ��)��!��������4)0��%0���$�� ���&���!��������$%��!�./���$� ���!�5)���1��� % �!2���������&%��)%&����1�!�%,�%%$�&��!��������&��&��������� ����������4)0��%0������� �!"#��% �'��4�� %��6&�)1���.�789:;<=9>?9@A8;:BCA?DE�EFGH���GI�/��,��!�������&�2�,����&�$ �2����&������1�����11��J����� �"#�)�����, �&��!����4)0��%0���KL��, 0�)�&��MN�O�GGP���Q�'��0 %!��MRI�S���OG�GQ������)���MN��S��TIU��H���Q� �!��%���$����MV�HSIGW��XSIGQ./�����1�� %�)�0��� %� �!����1�!0� 1��)��)�����������"#�)�����,���)�����&�%0�$� ���!����&'��%�1��4� % � %0���� ����!��'��Y���Z[\�K-���]-�̂ �!�Z[[\K-��Z]--̂�)��5�1 �� � %0����$ ��!��Y������\4-K-��_]-�̂ �!���--K-�--]-\̂� �!� %���̀�� %&��� ����!��'��Y�����-�K-��_]-��-Ẑ����)������%0./��$� �� ��)������ ����� 1)%��� 1�5�&����J����� �"#�)������� ���)�����, �'��&�! �!�����!���� ) ����%���a�$�%�,�.�-�11���%%�,��'Y���\_��K-��_]-_̂./�������!� 1)%��,���1�5�!���6& %) ���M-�,�b��� ��,��!�)�����Q.J����� ���, ��� � �����a�!�����1����%�1��� % � %0��� �!� %���1���0� ����!��'��Y��-[�\�K-���]-�̂ �!Y���[-�K-�-�]-[̂����)������%0./�� ���������, �!����1���!��%%�,��'Jc�ZZ[K-�--]��̂./����� 1)%�, ������!���� ) ����%���a�$�%�,�.�-�11.d�������4)0��%0����5)���1�����Z� ��������4"#,���)��) ��! �!1�5�!1 �& %%0K�K��[K��_K���K���K_� �!�K�M����_�������� �!��,�b"#Q,��� !��� ������e�b.DEDE�fW���g��Hh�HijW/3(��4)0��%0����5)���1������"# �!��1�5�&���,������!&���!&���' L��a����/(\\[d�����1 % � %0���MLJ/k�lmY����&1����L����(1���� �"&�%��'����n����!�� ���Q./���6&�)1���� � ��1)�� �&������%&�������.���o �! $ % �������%&�������.�p'./��� 1)%�� ��)0��%0a�!�� %&1���&1�5�!���&��$%���&���'�,�' ����� 1�%0L- �!l�-� ���� �1��)������&))%��!,��� q�,� �����.��rs1��./��1 �������� 1)%��, ��1'e�.\1'./����4)0��%0����5)���1����,���� ����!�&�,��� ������ %)&�'��'�� '����1 1$������1)�� �&��&���%��tl�����1�����%%�,�!$0����5)���1��� %��'1���,��� �� ���'� ������tls1������1����Z��tl���� ��� %����1��� ��������1 %��'1�����-�1��� �!�̀� %%0� ���%��'��'1����� ��&�!Z�1��&���%�����1)�� �&�������� 1)%��, �$�%�,[�tl./������!& %1 ���&��������K"#[K��_K���K�� �!�K_$%��!��$� ���!�5)���1��� %%0,�����1) ��!�������������� %����!& %1 ������K"#$%��!��� %�&% ��!���1����5)���1��� %/3(! � �����!���!& %)0��%0������� �!"#�,���� %%�,�!&���!����1�������5�������������� ����������%&!��'�������$����0 �!)��1����'�����������4)��������'�� �!"#./����������� %/3(�&������$%��!�,���� %�&% ��!&���'J6& ����M�Q�,����1b�������1 ��)������ '������1b"# �����1 ��)������ '���"#� �!5������� ���������./����K"#$%��!� ����,�����%����!���$���������������� !!��' �� ����"#������������'����1�% ���������'���!������&��!�������!&���0������!����'���� %���̀�� %&�� �!!����������� ���&�%.1b����u1b��5v1b"#w�x5y M�QDEzE{���H�OhHSX���/������1 %!���1)���������"# �!��� �$���&!��!����&'����4�������1 %2������1����!�]��̂.d������&��������� ����2�������1����!�,���&��!��!����1������ )) ���� ���� ��������'0�����)0��%0����� '���"# �!��./��2������) � 1�����,����$� ���!&���'���/3(! � ��l�- �1��)������ ����-�� �!��tls1������1-��|�-�tl." ��!�������! � ��������������!�'���}, �� %�&% ��!./������������



���������	�
��
����� ���������������������������� !��� ��������� !��� ����"����"���� �� �������#����!��� ������������"#�#$%�����#&'()*+ !�,!�!�,!- &'("����!�������#���� !����������!. ��!-�����/#� !����������!. ���#�!����������� !����������!. ��������!��01��������.2�� 2��������#����#������������#��#3�����#��#����#&�4*5(&$%�����#&6((�#������!.�������7��.�#��#�������#���#�8415���������9��92���:����#����%�����#&$%�����#&�((0�*��+8415�4*5 &6(8415+:�,$;1 &�(:����#���#������#�����<���#�#7�������!� ��#�����#��$%�����#�&6(�#�&�(��#9��=.��������$%�����#&�()�*�1+�<8415�4*5+:<�,$;1�4*5 &�(:�����.��7�=.�#�#��� ������&!�#,�(�$���������3����#�#���2&>?@!� (�;������#�3���� �����#���#�&>?@!� 8(��#�1�������!.�����������!��01���#����� ���!��$%�����#&�(��#9��� 3����������������#��..��=�!����#�A6'B0C����������#�����2����D����E;�����#!�����A66B"���!. �!�#����������9�#�����������#��#3�����#��#����#&�4*5+4�,*5#(�"����#������������#�����������"#�#$%�����#&F(0�*�1+:<�,$;14�,*5# &F(1��D����E;�����#$%�����#&F(��#9�"�����#���#G��#�#H+������  �"�&$%�����#�&I(�#�&�(() #J�,4�,*54�,#51'4�,#5 K+ #L:;<$L�,';1$ MM, $;1�#H+� &I( #L, #4�,*51' M+ #L:;<$L�,';1$ MM, $;1�#+� &�($%�����#�&I(�#�&�(��#9��=.��������� �#������������#2G!=N9�"�������3� �����������3����#�#���2$"���� �� ���������� �.�!������%�����#0C��D����E;�����#�����������#������������������ �� ����#�"������!���'������.�#���������0�01���������#������"������������������ ����#����/���#�;'�#�  �����#������"����� ������������� �� ����#���������3����#�#���2$�����.2�� 2������  ���OP)QR9 �#��0S#�������#�����D����E;�����#!�����������#3�����#� !��� ��#� ���#�C����!�#�"��� 2�������QR>�#�������#�T2�U�3>�#"����������3� �������>�#�������QR�#�OP01��8����#���!��� "��� ���������/�������!����#�����>�#����.���!�����01��>�#����.���!�������������!��� �"��������!�#�����#���������.�#7����������!�>�#��������"���1VSW8PT�����#6�0��0'���������#3�����#� �#� 2�����3� �.��92R���32�3��� 0A6�B01����!��� �������"#�#$%�����#�&X(E&��(0C����!�#A6�B  #<Y*�1Z+ #4�4*5:5, $;1 &X(



���������	�
��
����� ������������������  ��!� �"#!�$%&�'(��)*"$+&�'(�",*� -��./0121$%&�'%3())!43(3(56(1789 5&:'%3);<3 -��.=�>>��?12��@� A�*'B8!A�9C:&;5 &:'8 -�B.'01���������D�<1A�>E�>1<���D���D�>�3���82�F1<G21��&HG�3���-��.��21�F0��AG1��I�G>��?30131D812�3G21��31?2�A��&HG�3���-��.JK�2301=�>>��?12D�<1A�'8�>30131D812�3G21�3301D�7�DGD��30121�F3���17�3012D�F81��JK�2�AA��G2D�<1A>�30131D812�3G212��?1F��>�<121</�>E13/11�B����<�B�LM�>301>3�23��?��<1�<��?31D812�3G21>��28�2�A�>�>��<F�N8�2�A�>�>JOPQPR�ST���USV�WW���X�>1<��30117812�D1�3�A'YC<�3���<301���13�F���A�>�>�2�DZ[��<X\��F�DN8G3�3����AD�<1A/�>D�<1�G>��?C>81�]AG>̂J'01D�<1AG>1>301�F3���3���1�12?�1>�&��<821N178��1�3��A��F3�2>�C���2Z[���<301X\>32GF3G2�AF�D8��1�3>-�J1J�01D�F1AAGNA�>1�F1AAGA�>1���<A�?���.JK2�D'YCF�AFGA�3���>�301&��<C��2301F�D8��1�3>F��E11>3�D�31<1D8A����?&HG�3���>-B.��<-�.�/�30301�<<�3����AF��>�<12�3�����301D�>>���>0D_�>�����F3��18�23��E�30D�312��A>JX�>1<��30�>�301���13�F1HG�3���G>1<��2301D�<1A�>>0�/���&HG�3���-�̀.J5<D3<3!=%D35D_) -��.<D<3!=D�F��>�<12��?�>0�>���F3��1 -�̀.=!Ca17895&:';��<D!D35D_ -��.BJ̀J�JZ�A[0�A1Z[<1F�D8�>�3����>>3G<�1<E�>1<��>3��F0��D132��G>��?301<2��>0N�211-<��.E�>�>21>GA3>�2�D3011A1D1�3�A��<30182�7�D�31���A�>1>J'01F01D�F�A��2DGA���Z[�>1>3�D�31<�>>0�/���&HG�3���-��.�F�AFGA�31</�30>3��F0��D132�E�>1<��301Z[F�D8�>�3���J M̀JB��b�JB�BZBJ̀@Bc�J���̀[�J��@ -��.'0182�7�D�31���A�>�>-���<��E�>�>.�>G>1<3�<1312D��1301D�A�2�D�G�3��F�2E��30�3?�1>��3�F0�2/0�A130121>3��3011A1D1�3�AF�D8��1�3>?���3���A�3�A1>J'01D�A1>��M��F0�2�21<12��1<�2�D301D�>>�2�F3�����d71<F�2E����>>GD��?�D�>>E�>�>�����?J'01>3��F0��D132���Z[8�2�A�>�>/�>E�>1<��301D�<�dF�3�����301�882��F0D�<1E�X�A�E��13�AJ�����/0121Z[<1F�D8�>1>��3�M%>)�MZ�MZB�bB�Mb̀ �cB�bB[���<cb�Je�312�>�>>GD1<3�17�>3��A��>�211/�312-D��>3G21.��301��A>0�A1���<�>30121��21��3F��>�<121<�D��?30182�<GF3>��301>3��F0��D132�F1HG�3���J'01��2DGA�3������E"1F3��1�G�F3�����<�E"1F3��1>/�>F��<GF31<�>��AA�/>f[13>f'01>13���AA�3�D>C��A>0�A1�>�gC��A>0�A1!hM�b�Z�c�[i -�@.'01>13���AA?�>1�G>>81F�1>82�<GF1<�2�D3018�2�A�>�>>318�>?��1��>��AA�/>f>g[��A>0�A1!jM%>)�MZ�MZB�bB�Mb̀ �cB�bB[�cb�k -��.



���������	�
��
����� ��������������������� !�����"�#�$��%����!��#�&���'(�'()�*)�!�+'*,��"���  �%�����!�����!��"�%���-.�!�����/�012/)�1&!�$���3��45"��!����/�1�/)1�!�+/61%��������!��+�����"��!�&��#���������#����+$78�9!��!����! 4:60;4�!���<�=>'(?'() /�01�!���<)=>'()?'*, /)�1�!���<6=>'(?*) /)�1@�A����#!�!������!���"���  �%���BC %!��� �"! �D%���"���!&������!���!��(E�!�# �/+!�1FC �G!D!����&%���"���!&������!���!FC H'!DAI�+&!�$��%���"���!&������(E�!�# �/+!�1FC -!�ED���$����!!�������#�&����FC I�D�� �����#�&����FC 8�� �"! �D%���"���(E/��+!�$!���1FC 8G�D�� �&� !�%���"����#�&����4J!��+���"������ !������"�#��#���+��+� ��!��� ���!��#�����!������+� !�+�!K���"���  �%��������!��"�%���-.�!����/))14���L8�� �"! �M �N�>�8G�OI�P���$Q�&���B /))1'$! !�&�B8�� �"! �R%!�� �"! ��G! M H'!�G!S>N�TE�� �"! �<-!��I�=�!>' /)61*!�+($! !�&�B8�� �"! �R%!�� �"! ��G! S>N�T<-!��I�=�!T��� �"! �<!U>'=�!U>' /),1E� 3����"���+� ��8�5V�J���� �����"�����&"�������&�.�!��������"�+�&��#�����������"����!��&��!&������(E!�+$�&����B',4)��*�4)6)()4,W)X�4��6,E�4��WY �4�W,,'<�=Z�46���'(Z�40�W'()Z�4��,�*)Z�4)0���'*,Z�4������6X)Z�4��6,��X*6Z�4��W*)E /)�1)4,4)4J���!��5"�����&"������7��J8��&! &� !��+$!��+���"�����&���! &��#������B&�  � ����"���&�  � ����!�+ �����45"�+��!� �++���3!�������"�����&"�������&#7�� 7���&���A�&�������$!��+��[!�9���! 4!�+J! �$!���! 4:6��,�;45"��+���3!����&����+���J8&��#������!�&�  � ���/'�*��(�1�"���&�  � ���/'�*�(,1�!�+ �������������BV���'/'��*�,(,1�V���*/'))*)�(01!�+V���(/')�*))(��1�!�+��+� �&"!�!��� �+&!�$���'�!�+&����+���!  �!�&��#��������+�&��#�������"7+��&!�$���4J!��+���"��+���3!������"�����&"�������&�.�!��������!  &��#������!��!��"�%���-.�!�����/)�12/6�14*���&�  � ���B'�*�(,Y)4)'<�=Z�4�0�*)Z�4W�'(Z�4�)�'*,Z�4)�,'()Z�4�0)')*,Z�4�,0')*�Z�4W))*)( /)�1'�  � ���B'�*��(�Y�4�WW'<�=Z�4��0*)Z)4��6'(Z�4,��'*,Z�4��W'()Z�4�W�')*,Z�4�)�')*�Z�4W�6*)( /)W1V���'B'��*�,(,Y04�W�'<�=Z64���*)Z�40�'(Z�4)6,'*,Z�4,�6'()Z�4�6�')*)Z�4)6,')*,Z�4),*)( /)�1V���*B'))*)�(0Y��'<�=Z�4��W*)Z,40'(Z�4,,6'*,Z�4��'()Z�4��,')*,Z)*)( /)01V���(B')�*))(��Y ��'<�=Z�4W)�*)Z,40'(Z�4W)0'*,Z�4��'()Z�40��')*,Z)*)( /6�1



���������	�
��
����� ����������������� !�"���!#�$%�%&'�()*+�+,-����+-�.�/012�34�5676�8��701579:61:5;34<15��=�>?;@54>921�A>1@;<:1>�52�754681�56<B1>C6>20�;8:DE;>14>�B6:1:68/;C<1��682<9:68A1<13187;<;8;<@565�4>�F63;71;8;<@565�;8:2;<�>6G2B;<915HI550�?8�701��9>579:61:JK5;34<150;B17015;31>;8A1��1<13187;<2�34�5676�8�;5?1<<;5;502�87187�3�6579>1�01;768AB;<915�;8:GF1:2;>C�8?6707011F21476�8��56<B1>C6>20�?0�51LM2�87187655<6A07<@<�?1>70;8701>157N/;C<1�OHD87012�87>;>@�701DE5;34<12�87;685;56A86G2;87<@06A01>50;>1��;50�?670�PH�?7Q2�34;>1:7��HR?7Q��>JKH/;C<1�68:62;7150�?701DES51<13187;<2�34�5676�86871>35��M�T�;8:D:6��1>5�>�370�51��JK�;5?1<<;570150;>1��B�<;76<15�?0620;>156A86G2;87<@<�?1>HU�V��W�X<13187;<�4>�F63;71;8;<@565�;8:2;<�>6G2B;<91��>JK;8:DEHY#Z[#�!�!#� \##�]̂ !#Z���_�̀a b!�cd���e#fg�]c[f�"� hf�]i���f c"#��j!�� c!�k�f̂ !f"dX<13187;<;8;<@565l?7Qm M ��HR noHo ��H� noHR P�HPT pHp pHp pHp pHp PH�= �H� �HP �HP �H� q�H�E 8H:H 8H:H 8H:H 8H:H PH�Dr nPH� nRH� nRH� nnH� ��HnK�<;>>;76� TsM �Hp �Hp �Hp �Hp �HRDsM �Hp �Hp �Hp �H� �Hnt>�F63;71;8;<@565l?7Qm I502�87187 �HR �HR �HR �HR �PHnK�6579>1rr pHo �Hp �H� �H� �HoL6F1:2;>C�8 �nHP �nH� �nH� �PH� �H�u�<;76<13;771> ��H� ��H� ��HP �pHo npH�M;<�>6G2B;<91lKvswAm xTu ��Hp ��H� ��Hn ��H� �H�TTu P�H� �oHo �oH� ��H� oH�rM;<29<;71:�8H:Hy8�7:171271:HrrK�6579>12�87187��>>��3:>@5;34<1H$%z%{|}~�*+��.'�/01/�IC10;B6�9>��68:6B6:9;<4@>�<@565��DE;8:JK;8:DE�JKC<18:52;8C1�C51>B1:68L6A9>1�H/0171341>;79>1>;8A1�>�3��7��P��M?;551<1271:;22�>:68A7�70168:6B6:9;<4@>�<@56571341>;79>1��JKNP�������MOlPm;8:DENR�������MOln�mHI71341>;79>1���P��M?;520�518�;5��>C�70�91<5;71341>;79>1A>1;71>70;8����M�;B�9>3�>1A;5@61<:70;8�6<lnPmH/01/�I29>B1��JK4@>�<@56557;>71:?670;4>1�4@>�<@56557;A1�>�3���7�P���M���<<�?1:C@7013�5756A86G2;873;55<�55;770171341>;79>1>;8A1��P���n���M�?670;53;<<1><�55683;552�8768968A;�71>n���MHI51F41271:�701>1?;58�2�856:1>;C<13;55<�55C17?118��;8:�P��MH/01JK4@>�<@56571341>;79>1>;8A1651F4<;681:C@6753;682�34�81875�21<<9<�51�013621<<9<�51�;8:<6A868�?0620:12�34�51;7R���n���M�PP��R���M�;8:P�������M�>1541276B1<@lRmH/013;55<�5529>B1;8:71341>;79>1>;8A168JK4@>�<@565;A>11:?670701:12�34�5676�84;771>8��67570>113;��>2�34�81875�21<�<9<�51�013621<<9<�51�;8:<6A868Nn����Q����R�Q�;8:���P�Q>1541276B1<@OHI5�C51>B1:�7013;��>67@��7013;55<�55�229>>1:68701:12�34�5676�871341>;79>1>;8A1��21<<9<�51;8:013621<<9<�51�;8:7014;>76;<:12�34�5676�8��<6A868lnRmHI771341>;79>15;C�B1�����P��M�701<;5757;A1��JK:12�34�5676�8�229>>1:�?0620682<9:1:701:12�34�56�76�8��<6A868;8:>156:915�>�3682�34<1714@>�<@565H/01G8;<3;55<�5515��>JK?1>1�oH�7���H�?7Q68=P;8:MDP�>1541276B1<@�?0620;>12�34;>;C<17�3;55<�5515�C7;681:



���������	�
��
����� ��������������������� !������"�����!���#"!��$$�%����&��!"'�!()�"�*��!+,-../����!+$��&$�"0�����1���1!+'�!�#�$�����1!$$+�$$!���12�"!�%"�$!&�0�.��3���45,6789:;8<=>?>@A=BCA=D=EFG=HIIG=GIJKIL= M=NO=PQ==
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���������"�$&� f�>
�� �
���
������ ggh� �h����� #� �g� ij� i$�B��
������������"�%&� f�>
�� �
���
������ ghh� k� h�iikh��i�h��ik#�#�#�#k#�$� igk�h� iiki�� ij�<

������������
�"�h&� ����
����
������ �i�� k� #�hki�g� �jk�$� k� ��k���<

����������
��



���"�#&� �����

�����


������

� j�hk%�h� ig� ##k#������
�
��jh�

����� g�kji� #�ki#� i#ki��B��
�����"�i&� A������ �
���
������ ghh� �h����� �� �g� �#� i�������
��������
���������"��&� f�����
� ghh� k� h�gki� gh�� ig� ig�B��
���������"��&� ���
���
������ jhh� j����� #ki� gi� ii� ih������
�"�g&� @�
�������
��
������ gig� k� k� �g� �hk�g� i$���
	
��������"�j&� <������
����� �gh� k� k� �$k��� #$kii� ���'()*+�l-�./01(2(345+�(6(*7848�/9�74+*:8�/9�mn�172/*7848���� =>�
���
������
� ��
��������
��
�����
�"?@&� A
���
��
����
�"���&� B�����

���!
�"��&� C�D�������

��E��
F���
�G�"���&� H�����

��"���&� ��
�����

��"���&�oNp�PM\pW�QoqST�LUVVWXY�PYUKZ� RJXYNXUJUP�[WWK�VW\LYJV� ]̂_� _̀ab_� _ĉ]ad� dr� s� r̀�H���� ���"��&� t����
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