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Introduction 
Estonia has set ambitious climate targets, aiming for climate neutrality by 2050 and an 
interim emissions reduction goal for 2035 [1]. Achieving these targets while maintaining 
energy security and system flexibility requires highly efficient utilization of locally 
available energy resources, particularly biomass and oil shale. Biomass is a renewable 
source of carbon. For Estonia, oil shale remains an important domestic energy resource 
with established infrastructure. Therefore, the development of efficient thermochemical 
conversion pathways for both biomass and oil shale feedstocks is of considerable 
interest. 

Biomass-based energy systems can reduce fossil fuel usage and support climate 
neutrality if biomass is sustainably sourced and managed. In Estonia, the contribution of 
bioenergy, a key source of district and household heating and derived mainly from 
domestic forestry biomass, has grown from 14% to 24% of the total energy supply 
between 2010 and 2022 [1]. As a widely available renewable resource, biomass is 
expected to remain an important component of the future energy system of the country. 

Estonia’s energy system has historically relied on domestic oil shale, which has 
contributed to energy security but is also associated with high carbon intensity. Oil shale 
is an important and complex natural resource. Energy, shale oil, and various chemical 
products can be derived from oil shale. Maximizing its value requires the full and 
integrated utilization of all its components, including organic matter, mineral fraction, 
and by-products. Oil shale pyrolysis has been extensively studied, with a primary focus 
on shale oil production and upgrading [2]-[4]. Estonia has a history of oil shale 
gasification; however, its industrial production has declined several decades ago because 
of economic competition with imported natural gas [5]. Despite limited industrial 
application, research into oil shale gasification continues in the country, particularly for 
meeting climate targets, developing modern gasification technologies, and resource 
valorization [6]. 

Biomass and oil shale have different chemical and mineral compositions. Biomass 
composition is inherently heterogeneous and varies with species, anatomical fraction, 
and growing conditions [7], which may highly influence gasification behavior and 
interaction effects. Some key characteristics influencing gasification include elemental 
composition, heating value, volatile matter, and ash composition [8]. Alkali and alkaline 
earth metals (AAEMs) such as K and Ca are known to act as catalysts in char gasification 
and tar conversion reactions, while high silica and ash contents may inhibit reactivity [9], 
[10]. Therefore, understanding the physicochemical characteristics of regionally 
available biomass feedstocks is essential for interpreting gasification performance and 
potential interaction effects. 

Estonian oil shale is characterized by a high mineral content, especially carbonate 
minerals such as CaCO3 and CaMg(CO3)2, which decompose between 600 and 900 °C to 
form CaO and MgO [11]. These oxides may influence char–CO2 reactions during 
gasification. In coal and biomass co-gasification, inorganic constituents, particularly 
AAEMs in biomass, have been reported to promote gasification of coal-derived char and 
alter the product distribution [12]-[16]. The catalytic effects of such inorganic species are 
particularly relevant when CO2 or H2O is used as the gasifying agent [16]. However, 
reported interaction effects in co-gasification studies are often inconsistent and strongly 
dependent on feedstock composition and operating conditions [16]. 



10 

In Estonia, thermochemical gasification remains largely at the research and 
development stage, with no large-scale industrial deployment of biomass gasification to 
date, despite its potential for syngas production and higher-value energy and chemical 
applications [17]. Co-gasification of biomass with coal, plastics, and waste materials has 
been extensively investigated because of its potential to improve conversion efficiency 
and product quality [18]-[20]. Oil shale is a promising feedstock for co-processing with 
biomass owing to its high mineral content and distinct composition from those of 
conventional fossil fuels [20], [21]. Previous studies on the co-combustion and co-
pyrolysis of biomass and oil shale in Estonia have demonstrated that combining 
feedstocks with contrasting organic and mineral compositions can influence the 
conversion behavior [22]-[24]. Co-gasification therefore represents an opportunity to 
combine the renewable carbon content of biomass with the mineral-rich features of oil 
shale, potentially enhancing char conversion and producer gas composition. However, it 
remains unclear whether beneficial interactions occur during biomass and oil shale co-
gasification and what factors influence their occurrence and extent. 

Use of CO2 as a gasifying agent is of particular interest. CO2 gasification enables the 
production of CO-rich producer gas through char–CO2 reactions, thereby providing a 
potential pathway for CO2 utilization [25], [26]. In addition, the gasification behavior in a 
CO2 atmosphere is strongly influenced by feedstock composition and mineral matter 
[16], [27]-[29], making it a suitable medium for investigating interaction effects between 
biomass and oil shale. These characteristics make CO2 gasification both scientifically 
relevant and a promising pathway for integrating carbon utilization with thermochemical 
conversion [26]. 

To address these gaps, this study combines comprehensive chemical characterization 
of woody biomass species grown in Estonia with controlled laboratory-scale co-
gasification experiments under a CO2 atmosphere. A multimethod approach, comprising 
thermogravimetric analysis coupled with mass spectrometry (TGA–MS), fixed-bed 
gasification, gas chromatography, and surface area analysis, was applied to evaluate the 
effects of oil shale addition on the producer gas composition, synergistic behavior, and 
solid residue properties. 

By integrating physicochemical characterization with experimental gasification 
results, this research investigates how feedstock composition influences gasification 
behavior under CO2 and whether mineral-rich oil shale can improve biomass conversion 
through synergistic effects. The findings contribute to advancing the understanding of 
biomass and oil shale interaction mechanisms and support the development of targeted 
thermochemical conversion strategies for both renewable and mineral-rich feedstocks. 

Research Objectives 
Alongside biomass, oil shale is a key component of Estonia’s energy landscape. 
Therefore, their co-combustion is gaining increasing acceptance in the country. However, 
alternative thermochemical pathways, such as gasification, remain underdeveloped. In 
particular, biomass and oil shale interactions during CO2 co-gasification remain 
insufficiently understood, including the influence of feedstock properties and mineral 
composition on gasification behavior. Therefore, investigating their co-gasification under 
a CO2 atmosphere is both scientifically relevant and strategically important. 
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The scope of this work is limited to laboratory-scale CO2 co-gasification of Estonian 
woody biomass and kukersite oil shale, with particular emphasis on feedstock-
dependent interaction effects, producer gas composition, and solid residue behavior. 

This study had three objectives. The first was to establish a conceptual and 
methodological foundation for the co-processing of biomass and oil shale (Paper I). This 
involved reviewing existing literature on co-gasification and co-pyrolysis, conducting 
preliminary experiments, and defining experimental conditions for subsequent 
investigations. Specifically, this involved: 

• identifying knowledge gaps in biomass and oil shale co-gasification; 
• characterizing thermal decomposition behavior relevant for co-gasification; 
• establishing a methodological framework for subsequent co-gasification 

studies; and 
• defining the initial experimental conditions reactor configuration. 

 
The second objective was to characterize the woody biomass grown in Estonia and 

evaluate its suitability for thermochemical conversions (Paper II). Specifically, this 
objective focused on: 

• performing comprehensive proximate, ultimate, and elemental analyses of 
19 woody species, with separate treatment for wood and bark; 

• application of chemometric methods for identifying patterns, clustering, and 
relationships between feedstock properties; 

• evaluating how species-specific characteristics may influence gasification 
behavior; and 

• providing a regional compositional baseline for feedstock selection and 
interpretation of co-gasification experiments. 

 
The third and primary research objective was to experimentally evaluate whether the 

co-gasification of biomass and Estonian kukersite oil shale under a CO2 atmosphere 
deviated from the linear additive behavior and to investigate the potential role of 
feedstock composition and mineral-related interactions in the observed behavior (Paper 
III). Specifically, this objective included: 

• quantifying gaseous and solid products to evaluate gas composition and 
residue yield; 

• comparing the results obtained from a fixed-bed reactor along with gas 
chromatography and TGA–MS; 

• investigating feedstock-dependent behavior in biomass blends containing 
10–30 wt% oil shale; and 

• evaluating whether oil shale addition resulted in additive, synergistic, or 
inhibitory effects during co-gasification. 

Novelty 
This work provides the first systematic experimental investigation of biomass and 
Estonian oil shale co-gasification under CO2 conditions, combining comprehensive 
feedstock characterization with complementary thermochemical analyses. Although 
biomass and coal co-gasification has been extensively studied, interactions between 
biomass and kukersite oil shale under CO2 gasification have received little experimental 
attention. By combining thermogravimetric and fixed-bed experiments, this study 
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demonstrates that interaction effects observed during fixed-bed gasification are not 
apparent from thermogravimetric mass-loss behavior alone. This demonstrates the 
importance of the experimental environment in evaluating feedstock interactions. 

Additionally, this work establishes a comprehensive compositional dataset for woody 
species grown in Estonia, covering 19 species, with wood and bark fractions 
characterized separately. The integration of physicochemical characterization with 
chemometric analysis provides a compositional basis for evaluating biomass variability 
and interpreting feedstock-dependent gasification behavior. 

A key finding of this thesis is that the effect of oil shale addition is strongly feedstock-
dependent rather than universal. Positive nonadditive effect on CO formation was 
observed for bark-based blends, whereas wood-based blends showed mainly additive or 
inhibitory behavior. Pine bark provided the strongest combined evidence of enhanced 
gasification, with increased CO formation accompanied by a lower-than-additive residue 
yield. Together with the compositional differences between the feedstocks, these results 
provide evidence that biomass properties play an important role in determining the 
interaction with oil shale during CO2 gasification. 

The mechanistic interpretation further links the observed behavior to carbon 
availability and mineral-mediated effects involving inherent biomass AAEMs and oil 
shale-derived mineral species. Although their individual contributions and the specific 
catalytic pathways could not be distinguished experimentally, the results provide a 
mechanistic framework and identify targeted approaches for further verification of these 
mechanisms. 

Finally, the study demonstrates the value of integrating feedstock characterization, 
TGA–MS, fixed-bed gasification, gas analysis, solid residue characterization, and additive 
modeling with uncertainty analysis to identify and interpret nonadditive behavior in 
chemically dissimilar feedstocks. 

Methodology 
The methodological framework of this thesis was designed to address the defined 
research objectives through a combination of feedstock characterization and controlled 
thermochemical experiments conducted at different scales. 
 

Feedstock characterization 
Standardized laboratory procedures were applied to characterize all feedstocks, 
including woody species grown in Estonia and kukersite oil shale (Paper II, Paper III). 
Proximate and ultimate analyses and elemental composition were determined using 
validated methods. This comprehensive characterization afforded consistent baseline 
data and enabled the interpretation of feedstock-dependent behavior in subsequent co-
gasification experiments. 

 
Drop-in batch and fixed-bed reactor gasification 

Two reactor configurations were employed to address different experimental objectives. 
The preliminary study utilized a preheated drop-in batch reactor to achieve high heating 
rates and investigate devolatilization behavior under rapid thermal conditions, providing 
information on the initial thermal decomposition of the feedstocks (Paper I). 

Subsequent co-gasification experiments were conducted in a laboratory-scale fixed-
bed reactor (Paper III), which provides controlled heating and extended gas–solid 
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contact. Gasification was performed under a CO2 atmosphere to promote char–CO2 
reactions and to evaluate potential synergistic effects between biomass and oil shale. 
Experimental parameters such as temperature, heating rate, residence time, particle 
size, and blending ratio were selected based on previous studies and relevant literature. 

Producer gas composition was quantified by gas chromatography, while solid residues 
were characterized using BET (Brunauer–Emmett–Teller) surface area analysis (Paper 
III). 

Gasification performance was evaluated using a linear additive model applied to gas 
composition and residue yields to identify potential nonadditive interaction effects 
between biomass and oil shale (Paper III). 

 
TGA–MS experiments 

TGA–MS was used to investigate thermal decomposition and gas evolution under 
controlled microscale conditions (Paper I, Paper III). The heating program and gas 
atmosphere were aligned with fixed-bed experiments to facilitate the comparison. TGA–
MS enabled detailed evaluation of mass-loss behavior and qualitative assessment of gas 
evolution trends, providing insights into the thermal behavior and potential interaction 
effects between feedstocks. 

 
These methodologies allowed a systematic comparison of feedstock-dependent 

behavior across scales and supported the investigation of potential interaction effects 
during biomass and oil shale co-gasification under a CO2 atmosphere.  

Research Contribution and Dissemination 
This thesis contributes to the understanding of thermochemical conversion processes by 
investigating biomass and oil shale co-gasification under a CO2 atmosphere and 
integrating compositional analysis with the experimental evaluation of interaction 
effects. 

First, this work provides a comprehensive compositional baseline for Estonian woody 
biomass. A total of 19 woody species grown in Estonia were systematically characterized, 
including separate analyses of wood and bark. Proximate and ultimate analyses and 
mineral and trace-metal composition were combined with chemometric methods to 
identify correlations relevant to gasification behavior. This dataset provides a regional 
reference dataset for feedstock selection and future thermochemical conversion studies. 

Second, the study provides a systematic experimental evaluation of biomass and oil 
shale co-gasification in a CO2 atmosphere. By combining TGA–MS and fixed-bed 
experiments, it demonstrates that synergistic interactions can be clearly observed under 
fixed-bed conditions, although they remain largely absent during TGA. 

Third, the study demonstrates that synergistic behavior is governed by feedstock 
composition, not by oil shale addition alone. Enhanced CO formation was observed only 
for bark samples with elevated AAEMs and fixed carbon contents, which indicates that 
the catalytic influence of oil shale depends on the intrinsic properties of the biomass. 
These findings further demonstrate that the gasification behavior cannot be explained 
by individual feedstock properties alone; instead, it arises from the combined influence 
of mineral composition, fixed carbon, and interactions between biomass and oil shale 
during gasification. 
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Finally, this thesis applies a systematic methodology combining linear additive 
modeling with uncertainty analysis to distinguish additive, synergistic, and inhibitory 
behaviors during co-gasification with chemically dissimilar feedstock mixtures. 

The results of this work have been disseminated through three peer-reviewed journal 
articles, ensuring scientific validation and contributing to the broader research 
community in thermochemical conversion and sustainable energy systems. 
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Abbreviations and Terms 
A Ash 
AAEMs Alkali and alkali earth metallic species 
BET Brunauer–Emmett–Teller 
BirchB Birch (Betula pendula) bark  
BirchW Birch (Betula pendula) wood 
BM Biomass 
db Dry basis 
FC Fixed carbon 
FTIR Fourier transformation infrared 
GC Gas chromatography 
GCV Gross calorific value 
ICP-MS Inductively coupled plasma mass spectrometry 
IPA Isopropanol 
m/z Mass-to-charge ratio 
MS Mass spectrometry 
OS Oil shale 
PineB Pine (Pinus sylvestris) bark 
PineW Pine (Pinus sylvestris) wood 
ppm Parts per million 
SSA Specific surface area 
t Time, s 
T Temperature, °C 
TGA Thermogravimetric analysis  
TIC Total inorganic carbon 
VM Volatile matter 
VOC Volatile organic compounds 
W Moisture 
WD-XRF Wavelength dispersive X-ray fluorescence spectrometry 
wt% Weight percent 
%db Mass percentage on dry basis 
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1 Literature Review 

1.1 Biomass as Gasification Feedstock 
BM (biomass) is a renewable feedstock that can be climate-neutral if sustainably sourced, 
as the CO2 released during conversion is offset by carbon uptake during plant growth 
[30]. It can produce syngas, bio-oil, biochar, heat, and hydrogen through thermochemical 
conversion [31]. Furthermore, integrating BM gasification with carbon-capture 
technologies may allow low-carbon hydrogen production and improved carbon 
utilization [32]. 

BM includes herbaceous plants, agricultural residues, aquatic plants, animal and 
human wastes, refuse-derived fuel, and other organic wastes [33]. The present study 
focuses on woody lignocellulosic BM because of its abundance, established utilization 
pathways, and relevance to the Estonian energy sector. 

Estonia is among the most forested countries in the European Union, with forests 
covering 51.8% of its land area in 2024 [34]. Forestry BM contributed 23% of the national 
energy supply in 2022 and is a primary fuel for both district and household heating [1]. 

Lignocellulosic BM consists mainly of cellulose (40–44 wt%), hemicellulose (20–30 
wt%), and lignin (18–35 wt%), whose relative proportions govern the thermochemical 
conversion behavior of the BM [31], [35]. Hemicellulose decomposes at relatively low 
temperatures, promoting the early release of volatiles, followed by the main 
decomposition of cellulose, while lignin decomposes gradually over a broader 
temperature range and contributes more strongly to char formation [26], [31], [35]. 
These differences influence gas yield, tar formation, and char reactivity during 
gasification. 

BM is characterized by a high volatile matter and hydrogen content, which are 
responsible for its high reactivity during thermochemical conversion [36]. However, its 
high moisture and oxygen contents reduce its energy density and increase the heat 
demand, while alkali, halogens, and trace elements may cause operational problems 
such as corrosion, slagging, and fouling [36], [37]. 

Mineral matter plays a key role in BM gasification. Concentrations of ash-forming 
elements vary with BM type, growth conditions, and plant fraction (e.g., bark, wood, and 
foliage) [38]. AAEMs, particularly Ca and K, catalyze char gasification [9]. Their catalytic 
activity depends on their chemical forms, which typically occur as water-soluble salts, 
calcium compounds, and ions bound to functional groups within the BM structure [29]. 
In contrast, silica and alumina may suppress gasification reactivity by immobilizing 
AAEMs through the formation of stable silicate and aluminosilicate compounds [9], [39], 
[40]. 

1.2 Oil Shale as Gasification Feedstock 
OS (oil shale) has attracted considerable interest as an energy and chemical resource 
[41], [42]. In Estonia, it remains an important source of domestic energy, although the 
country aims to reduce its use for energy production and adopt low-carbon technologies 
[1], [43]. For now, however, the country aims to focus on improving OS utilization and 
valorization. 

Dictyonema argillite and kukersite are the two main OS types found in Estonia. 
Kukersite is more commonly used because of its higher organic matter and lower sulfur 
concentration [44]. It is a calcium-rich, low-grade sedimentary rock characterized by high 
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ash content and complex mineral composition [45]. Its organic matter, kerogen (~30%), 
occurs in layers of varying thickness within the mineral matrix and is classified as Type I–
II kerogen (H/C = 1.26; O/C = 0.09), reflecting its algal origin and high oil-generating 
potential [11], [46]. As a result, pyrolysis has become the dominant conversion route, 
and both research and industrial utilization have traditionally focused on shale oil 
production. 

The inorganic fraction of kukersite is dominated by carbonate minerals (~41%) and 
sandy-clay components (~26%) [11]. These carbonates, primarily calcite (CaCO3) and 
dolomite (CaMg(CO3)2), decompose at 600–900 °C to form CaO and MgO [11], [47]. The 
resulting CaO is particularly relevant for gasification, as it may promote char–CO2 
reactions under suitable conditions [48]. In addition, OS minerals and trace metals 
influence thermal conversion behavior and product quality [20]. 

Compared with higher-rank coals dominated by stable aromatic structures, OS 
contains a greater proportion of saturated aliphatic hydrocarbons with long straight-
chain alkanes [21]. Consequently, its thermal conversion is more complex than that of 
coal, because of the strong association between organic matter and the mineral matrix 
[49]. 

Although technically feasible, OS gasification has received less attention than pyrolysis 
owing to its high ash content, low volatile yield, and complex organic–mineral 
interactions, which reduce process efficiency and increase operational complexity [46]. 
Nevertheless, OS gasification has historical precedent in Estonia, where gas produced in 
chamber furnaces was used as a household fuel until the 1970s, before being replaced 
by imported natural gas [5].  

The high mineral content of OS may also promote thermochemical conversion. Tang 
et al. [50] showed that although a higher ash content decreases the reactivity, elevated 
K2O and CaO concentrations enhance pyrolysis and CO2 gasification. Similarly, minerals 
in OS semicoke have been reported to exhibit catalytic activity [5]. These findings suggest 
that OS minerals can greatly influence thermochemical conversion behavior, particularly 
in blended systems. 

1.3 Gasification Fundamentals 
Gasification is a thermochemical process in which solid carbonaceous feedstock is 
transformed into combustible gas through reaction with a gasifying agent at elevated 
temperatures (typically 800–1000 °C) [51]. In BM conversion, gasification follows drying 
and pyrolysis and occurs under controlled oxidizing conditions that are insufficient for 
complete combustion. The process redistributes chemical energy from the solid matrix 
into gaseous intermediates suitable for combustion or chemical synthesis [31]. 

Pyrolysis is the initial stage of gasification, during which BM decomposes into char, 
tar, and gases in the absence of oxidizing agents [16], [31], [52]. The distribution of 
pyrolysis products is influenced by the reaction temperature and heating rate, with fast 
pyrolysis favoring bio-oil formation and slow pyrolysis promoting biochar production 
[53]. Pyrolysis gas mainly consists of H2, CO2, CO, CH4, C2H6, and C2H4, along with trace 
amounts of heavier organic vapors and water vapor [35], [54]. Pyrolysis char retains 
oxygen-containing functional groups and residual organic structures that influence its 
subsequent reactivity [31]. 

Gasification technologies are commonly classified according to the reactor type (e.g., 
bubbling or circulating fluidized beds, fixed-bed, updraft, or downdraft), operating 
pressure (atmospheric or pressurized), gasifying agent (air, steam, CO2 or mixtures such 
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as O2-enriched air, CO2-steam, O2-steam, and O2-CO2), and gas-cleaning method (wet, 
hot filtration, or catalytic) [55]. Consequently, gasification behavior and product 
composition are governed by multiple interacting parameters, including fuel 
composition, temperature, pressure, gasifying agent, reactor design, and catalysts [56], 
[57]. Heat and mass transfer also play an important role, particularly in BM systems with 
low thermal conductivity, where particle size affects conversion behavior and product 
distribution [39], [58], [59]. Temperature is a key parameter, with higher values favoring 
endothermic reactions and promoting tar cracking [21], [60]-[62]. 

The gasifying agent strongly influences producer gas composition. Air gasification 
typically yields 5–25 vol% H2, whereas steam gasification may produce 20–60 vol% H2 
due to enhanced water-gas and water-gas shift reactions [63]. In contrast, CO2 
gasification promotes the Boudouard reaction, increasing CO concentration while 
lowering the H2/CO ratio [56], [64]. BM gasification produces gas consisting mainly of CO, 
H2, CH4, H2O, CO2, light hydrocarbons, tar, and ash particles [53], [65], [66]. Syngas 
consists primarily of H2 and CO. 

Producer gas also contains contaminants, including ash and char particles, sulfur and 
chlorine compounds, trace metals, and condensable hydrocarbons (tar) [37]. Tar is a 
major technical challenge in gasification systems, because it fouls downstream 
equipment and deactivates reforming catalysts. Tar yield depends on temperature, 
pressure, gasifying medium, equivalence ratio, residence time, and gasifier design [31]. 
Operating temperatures above 800 °C, longer residence time, and catalysts reduce tar 
formation through enhanced thermal cracking and reforming reactions [31], [67], [68]. 

Char yield depends mainly on ash, lignin, and extractives contents [69]. During 
gasification, approximately 70–80 wt% of BM is volatilized, leaving a reactive char residue 
[70]. BM char is generally more reactive than coal char because of its less-ordered carbon 
structure, higher surface area, and catalytic influence of AAEMs. 

Char reactivity depends on pore accessibility, the density of active sites, surface area, 
mineral dispersion, structural evolution during gasification, and operating conditions, 
such as temperature, CO2 partial pressure, and catalyst presence [71], [72]. For example, 
demineralized char exhibits low reactivity despite a measurable surface area, whereas 
the presence of catalytic species such as K and Fe significantly enhances both active-site 
availability and gasification rate [73]. 

1.3.1 CO2 Gasification 
In recent years, increasing research attention has been directed toward CO2 as a gasifying 
agent because it enables CO2 utilization, production of CO-rich syngas, avoidance of 
nitrogen dilution, and integration with carbon-capture strategies [26], [56], [64], [72], 
[74]-[77]. Compared with steam gasification, CO2 gasification is less corrosive and 
enables dry reforming pathways that enhance VOC cracking and reduce tar formation 
[78]. In addition, recirculation of process-derived CO2 streams supports the development 
of more resource-efficient and circular thermochemical conversion systems [79]. 
However, CO2 gasification generally requires higher temperatures and longer residence 
times than steam or oxygen-assisted gasification [66]. Compared with steam gasification, 
CO2 gasification produces CO-rich gas with a high CO/H2 ratio, which makes it more 
suitable as a fuel rather than a raw precursor for the synthesis of industrial products, H2 
production, or Fischer–Tropsch synthesis without an additional water-gas shift step [66]. 
To overcome this limitation, CO2 is often combined with steam to improve H2 yield and 
adjust syngas composition [56], [77]. 
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Consequently, air- and oxygen-based gasification processes are more widely applied, 
as they afford higher reaction rates with simpler thermal management systems [56], [66]. 
From a carbon management perspective, CO2 gasification may be particularly attractive 
when a suitable CO2 source is readily available, as the extraction, separation, capture, or 
production of CO2 can otherwise increase process costs compared with air gasification 
[56]. 

CO2 gasification is an allothermal process in which heat is supplied externally rather 
than generated by partial fuel oxidation [37], [56]. Unlike O2, CO2 is a relatively weak 
oxidizing agent and reacts with char through an endothermic Boudouard reaction. This 
reaction requires elevated temperatures and is strongly influenced by char structure, 
mineral composition, surface reaction kinetics, and gas-phase diffusion [47], [66], [80]. 
CO2 gasification can generate a highly microporous and amorphous char structure that 
enhances CO2 diffusion and access to reactive sites, thereby promoting char conversion 
[64], [66], [81]. However, steam gasification generally produces chars with higher specific 
surface areas because of the stronger pore-developing effect of steam [64]. 
Furthermore, CO2 gasification is sensitive to catalytic effects from the feedstock mineral 
matter [16], [27], [28]. In particular, AAEMs, especially Ca and K, promote char–CO2 
gasification by enhancing CO formation and char reactivity at elevated temperatures 
[29].  

Below approximately 600 °C, CO2 behaves similarly to N2, whereas at higher 
temperatures, it participates in gasification reactions and alters the producer gas 
composition [77]. Accordingly, studies comparing CO2 and N2 atmospheres have 
reported higher production of CO, CH4, alkanes, and hydrocarbon gases in the presence 
of CO2 [82], suggesting that CO2 participation in gasification and reforming reactions can 
significantly affect product distribution. 

Studies on CO2 gasification of OS remain limited, with most co-processing research 
focusing on co-pyrolysis rather than gasification. Previous studies indicate that OS 
exhibits similar pyrolysis behavior under N2 and CO2 at lower temperatures, which 
suggests that CO2 acts largely as an inert medium during devolatilization [79], [83]. Above 
800 °C, however, CO2 becomes reactive through the Boudouard reaction, thereby 
enhancing char gasification [47], although higher activation energy may be required than 
that needed under N2 [83]. Tang et al. [50] further showed that CO2 reduced the 
activation energy and enhanced the decomposition of alkali-rich OS compared to that 
achieved with N2, highlighting the importance of mineral composition for CO2 
gasification. These findings suggest that CO2 gasification is particularly sensitive to 
mineral-mediated effects and may amplify interactions between BM-derived AAEMs and 
carbonate-rich OS minerals.  

1.3.2 Reactions 
The principal reactions involved in BM and OS co-gasification are summarized in Table 1. 
Pyrolysis initiates the process by decomposing the feedstock into char, tar, and gaseous 
products under heating [31].  

Table 1. Main reactions in the BM and OS gasification process [31], [84], [85] 

Reaction name Reaction equation ΔH at 25 °C 
(𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚) 

 

Pyrolysis 𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚𝑂𝑂𝑝𝑝 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = � 𝐶𝐶𝑎𝑎𝐻𝐻𝑏𝑏𝑂𝑂𝑐𝑐
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

+ �𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦𝑂𝑂𝑧𝑧 + � 𝐶𝐶
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔

 >0 (1) 

Boudouard reaction 𝐶𝐶 + 𝐶𝐶𝑂𝑂2 ↔ 2𝐶𝐶𝐶𝐶 +172 (2) 
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Reaction name Reaction equation ΔH at 25 °C 
(𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚) 

 

Water-gas reaction 𝐶𝐶 + 𝐻𝐻2𝑂𝑂 ↔ 𝐶𝐶𝐶𝐶 +  𝐻𝐻2     +131 (3) 
Hydrogasification 𝐶𝐶 + 2𝐻𝐻2 ↔ 𝐶𝐶𝐻𝐻4     -74.8 (4) 
Water-gas shift 
reaction 

𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 -41.2 (5) 

Methanation 2𝐶𝐶𝐶𝐶 + 2𝐻𝐻2 ↔ 𝐶𝐶𝐻𝐻4 + 𝐶𝐶𝐶𝐶2 
𝐶𝐶𝐶𝐶 + 3𝐻𝐻2 ↔ 𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 

-247 
-206 

(6) 
(7) 

Dry tar reforming  𝑇𝑇𝑇𝑇𝑇𝑇 �𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦�  + 𝑥𝑥𝑥𝑥𝑂𝑂2 → 2𝑥𝑥𝑥𝑥𝑥𝑥 + (
𝑦𝑦
2

)𝐻𝐻2 +980⁓+3112 (8) 

Tar cracking 𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦𝑂𝑂𝑧𝑧  + 𝐶𝐶𝑂𝑂2 ↔ 𝐶𝐶𝐻𝐻4 + 𝐻𝐻2 + 𝐻𝐻2𝑂𝑂 + 𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚 >0 (9) 
Carbonate 
decomposition 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 ↔ 𝐶𝐶𝐶𝐶𝐶𝐶 +  𝐶𝐶𝐶𝐶2 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀3 ↔ 𝑀𝑀𝑀𝑀𝑀𝑀 + 𝐶𝐶𝐶𝐶2 

+178.1 
+117.3 

(10) 
(11) 

 
In CO2 gasification, the Boudouard reaction is the dominant gasification reaction. 

Owing to its high activation energy, the char–CO2 reaction proceeds slowly below ~1000 
K (727 °C), and it is generally considered the rate-limiting step [31], [66], [72], [74], [86]. 
Its rate depends on temperature, surface heterogeneity, and the relative partial 
pressures of CO2 and CO [87]. The reaction proceeds via the formation of surface C–O 
complexes, which subsequently decompose to release CO and regenerate active carbon 
sites [62], [74], [87]. 

During gasification, the feedstock undergoes drying (<200 °C), devolatilization (200–
600 °C), and char gasification (>700 °C) [88]. During devolatilization, volatiles may 
undergo reforming reactions (the reverse of Reaction 6) [74]. Increasing the temperature 
enhances the reaction rate according to Arrhenius kinetics, while simultaneously shifting 
the reaction equilibrium toward CO formation in accordance with Le Chatelier’s principle 
[31], favoring endothermic reactions such as Boudouard and dry reforming, while 
suppressing exothermic reactions such as methanation [52], [89]. 

In addition to the Boudouard reaction, secondary reactions may occur depending on 
process conditions (Reactions 3–9) [31], [84]. Under CO2 gasification, dry reforming and 
catalytic cracking contribute to tar reduction and syngas formation, particularly in the 
presence of Ca- or alkali-based catalysts [31], [55], [90], [91]. Thermal cracking requires 
temperatures above 1000 °C [31], [91]. 

The decomposition of dolomite and calcite is described by Reactions 10 and 11. At 
elevated temperatures, carbonation of CaO and MgO becomes thermodynamically less 
favorable, shifting the equilibrium toward carbonate decomposition [92], [93], although 
carbonate stability remains strongly dependent on CO2 partial pressure [94], [95]. 

Gas–solid reactions occur at active sites on the char surface, where AAEMs enhance 
the catalytic activity by increasing the availability of reactive sites [62], [96], [97]. 
Consequently, gasification reactivity depends more strongly on the concentration of 
active carbon sites and the dispersion of catalytic species than on the total surface area 
[98]. The interaction of CO2 with char is commonly described by the oxygen exchange 
mechanism, in which CO2 forms oxygenated surface complexes that subsequently 
decompose to release CO [99], [100]. AAEMs enhance catalytic gasification by facilitating 
oxygen transfer to active carbon sites through a redox cycle [101], [102]. 

1.3.3 Catalysts and Additives 
Although catalysts are not essential for BM gasification, they are still widely employed to 
enhance tar reforming, methane conversion, and overall syngas quality [31], [32]. 
Effective gasification catalysts must exhibit high activity, resistance to carbon deposition 
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and sintering, mechanical stability, and economic feasibility. Nevertheless, the use of 
conventional catalysts in BM gasification is often limited by their cost and tendency to 
deactivate. Consequently, naturally occurring BM minerals and low-cost additives are 
attracting increasing attention as alternative catalytic materials for improving 
gasification performance and syngas composition. 

Natural mineral catalysts such as dolomite and olivine have been extensively studied 
for BM gasification. Dolomite [(CaMg(CO3)2], after calcination, typically consists of 30%–
35% CaO, 15%–21% MgO, and 40%–41% CO2 [31], [90], [103]. It begins to decompose at 
approximately 700 °C in a CO2 atmosphere [94]; however, its effective catalytic activity 
is typically observed only above approximately 800 °C [31], [90], [103]. Calcination 
considerably increases the catalytic activity of dolomite by transforming the carbonate 
phases into more active CaO and MgO phases [104], which enhance tar reforming, 
promote dry reforming with CO2, and reduce tar yield at high temperatures [31], [55]. 
Although dolomite gradually deactivates because of carbon deposition, its low cost 
makes it an attractive catalyst for BM gasification. 

Olivine [(Mg,Fe)2SiO4] exhibits catalytic performance comparable to that of calcined 
dolomite [31]. The catalytic activity of Ca-based materials strongly depends on intimate 
contact between Ca species and the carbon matrix, with organically associated Ca 
exhibiting enhanced char–gas interactions [105]. CaO has been shown to increase CO 
yield during CO2 gasification [93] by promoting CO2 chemisorption and facilitating C–CO2 
and C–H2O reactions [48], [105]. In addition, CaO may function as an in situ CO2 sorbent, 
increasing the heating value of producer gas [39]. Besides natural minerals, Ni-based 
catalysts are also highly effective for tar reforming and dry reforming, enhancing CO 
generation. However, their practical application is limited by carbon deposition and 
particle agglomeration [31], [106]-[108]. 

In addition to externally added catalysts, AAEMs can also be used as intrinsic catalysts 
for BM gasification and pyrolysis that enhance char reactivity, modify product 
distribution and the composition of liquid and gaseous products, and reduce the 
activation energy [9], [14], [18], [50], [52], [61], [62], [74], [75], [105], [107], [109]-[112]. 
They promote both heterogeneous char gasification reactions and homogeneous 
reactions, including the water-gas shift reaction and hydrocarbon reforming reactions 
[12], [75]. Their catalytic activity depends on the chemical form: solid AAEMs mainly 
catalyze heterogeneous reactions, whereas volatilized species contribute to 
homogeneous gas-phase reactions [100]. The relative catalytic activity generally follows 
the order: K > Na > Ca > Mg [74], [113], [114] or the following order for salts: K2CO3 > 
Na2CO3 > other alkali salts [31]. Accordingly, K is generally considered the most active 
catalyst for char gasification and methane reforming [52], [62], [115]. The higher catalytic 
activity of K than that of Ca is attributed to its monovalent nature and greater mobility, 
whereas divalent Ca forms stronger bonds with the carbon matrix and is retained more 
strongly within char [70], [75], [110], [113], [116]. 

Several mechanisms have been proposed to explain the catalytic activity of AAEMs in 
heterogeneous catalysis, including the oxygen transfer, active site, and catalytic 
desorption mechanisms. All of these mechanisms together describe how AAEMs 
promote char–gas reactions and facilitate the formation and release of gaseous products 
[100]. AAEMs have been reported to promote the formation of active carbon sites and 
enhance CO2 adsorption and dissociation through chemical interactions [62], [96], [97]. 
Their catalytic role is further supported by acid-leaching studies, which showed that the 
removal of these metals greatly reduced char reactivity [117], [118]-[120]. However, acid 
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leaching may also modify the char structure, making it difficult to distinguish the effects 
of AAEM removal from treatment-induced structural changes [121]. 

AAEMs occur in BM as water-soluble, ion-exchangeable, and residual fractions [112], 
either as inorganic salts or bound within the organic matrix [31]. During thermal 
conversion, they migrate within the char and alter the carbon matrix, reducing activation 
energy and enhancing gasification rates [52], [110]. Therefore, their catalytic 
effectiveness depends not only on their concentration but also on their chemical form 
and interactions with other mineral phases. Therefore, gasification reactivity is related 
to inorganic elemental composition, particularly the K/Si ratio, whose higher values 
indicate catalytic promotion by K and inhibition by Si [12], [62], [122], [123]. Catalytic 
behavior may also be modified through interactions between AAEMs and other mineral 
species. For example, synergistic effects between K and Fe have been reported to 
enhance gasification reactivity through complementary catalytic effects [62]. 

Alkali species can increase the surface area and porosity of BM-derived char, thereby 
improving gasification reactivity [124], [125]. Biochar itself may also exhibit catalytic 
activity, particularly when enriched with AAEMs [39], [75], [107], [116], [126]. However, 
the catalytic roles of individual AAEMs can differ; for example, K does not always enhance 
the overall gasification rate, whereas Ca has been reported to act as an active catalyst 
during biomass gasification [80] . The catalytic activity depends strongly on ash chemistry 
[70] and the gasification atmosphere, because the chars produced under inert and 
reactive conditions differ in both their structures and catalytic properties [81]. However, 
excessive alkali may lead to surface deposits that block pores and reduce reactivity [31]. 
In addition, alkali metals are difficult to handle and may cause agglomeration in fluidized-
bed reactors [29], [31], [59], [105]. 

1.3.4 Co-gasification 
Co-gasification is a thermochemical conversion approach in which two or more 
feedstocks are simultaneously processed. Similar to co-combustion, which is widely 
applied as a cost-effective strategy for reducing CO2 emissions in fossil fuel power plants 
[127], co-gasification uses interactions between different fuels to improve conversion 
performance and product quality. Although gasification technology is commercially well 
established, most co-gasification studies have been conducted at the laboratory or bench 
scale only. 

A wide range of feedstock combinations for co-gasification has been investigated, 
including different combinations of coal, BM, plastics, and waste materials, to improve 
conversion efficiency and syngas quality [16], [18], [52], [53], [84], [126], [128]-[130]. In 
blended systems, differences in devolatilization behavior, ash chemistry, and mineral 
dispersion may cause additive, synergistic, or inhibitory effects. Positive synergy may be 
reflected by tar reduction, enhanced gas production, improved syngas quality, and 
increased carbon conversion [126]. Catalytic species from one feedstock may alter the 
reaction kinetics of another, making the interplay between feedstock composition, 
mineral chemistry, and reactor conditions essential for interpreting co-gasification 
performance [16]. 

Reactor configuration also plays a crucial role in co-gasification studies, as it influences 
heat and mass transfer, gas–solid contact, and reaction kinetics. Various experimental 
investigations have been conducted using different reactor systems, including fluidized-
bed reactors [68], fixed-bed reactors [21], [68], [84], [109], [131]-[133], batch or semi-
batch reactors [109], and TGA [35], [84], [105], [109], [133]. Fluidized-bed reactors 
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provide efficient mixing and heat transfer, whereas fixed-bed reactors offer well-
controlled gas–solid contact and are particularly suitable for investigating reaction 
mechanisms and char conversion. Semi-batch systems employing preheated gasifying 
agents and drop-in feeding approaches have also been used to achieve rapid heating 
rates [109], [134]. Producer gas composition is typically analyzed using GC or FTIR 
methods [109], [131], [132]. TGA–MS is frequently used to study devolatilization and gas 
evolution because of its reproducibility and precise control of experimental conditions 
[20], [135], [136]. However, the small sample size and well-controlled thermal conditions 
in TGA–MS may not fully represent the reaction environment encountered in larger-scale 
reactors [69], [86], [137]. 

Whether solid-fuel blends, especially coal and BM systems, exhibit synergistic 
behavior remains a matter of debate. While some studies have reported no significant 
interaction, others have identified measurable synergistic effects [20], [121]. Mineral 
interactions are frequently proposed as one of the governing mechanisms of synergistic 
behavior. AAEMs present in BM can catalyze char–gas reactions and increase the 
reactivity of coal-derived char [16], [126]. For example, a study on cotton stalk and high-
ash coal co-pyrolysis/gasification reported temperature-dependent synergistic 
enhancement of gas yields and highlighted the role of AAEMs and volatile–char 
interactions [131]. Increasing the BM proportion generally enhances the overall 
reactivity in blended systems [19], [52], [138]. 

Following the observation of synergy in BM and coal systems, similar concepts have 
been explored for other fossil fuels too, including OS [20]. However, limited experimental 
studies are available on OS co-gasification, especially in a CO2 atmosphere. Consequently, 
the influence of mineral interactions on gas-phase reactions and producer gas 
composition has received comparatively little attention. To provide a broader 
understanding of feedstock interactions, previous co-pyrolysis studies involving BM and 
OS are also considered. Although these studies primarily focused on liquid products and 
pyrolysis behavior, they provide a valuable insight into the occurrence of additive and 
synergistic effects. The main observations from these studies are summarized in Table 2 
and are later compared with the results obtained in the present work. 

Table 2. Summary of previous studies on OS and BM co-processing 

Feedstocks Conditions Main observation Proposed 
mechanism 

Ref. 

OS + woody BM N2, CO2, low T 
(≤630 °C)  

No interaction 
between 
feedstocks, 
similar behavior 
in N2 and CO2  

Additive behavior Ceron et 
al. 2024 
[139] 

OS + woody BM CO2, low T (520 
°C) 

Enhanced 
decomposition 
and increased CO 
production; 
overall 
conversion 
remained close to 
linear 

Predominantly 
additive behavior 
with slight 
interaction effects 

Ceron et 
al. 2023 
[140] 
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Feedstocks Conditions Main observation Proposed 
mechanism 

Ref. 

OS + microalgae N2, high T (≤900 
°C) 

BM promoted OS 
liquid and gas 
production, 
whereas OS 
inhibited BM 
conversion; the 
inhibitory effect 
dominated the 
overall co-
pyrolysis behavior 

Catalytic promotion 
of OS by BM char; 
inhibition of BM by 
OS ash 

Hu et al. 
2016 
[141] 

OS + mushroom 
substrate 

N2, low T (≤590 
°C) 

Earlier 
decomposition, 
increased gas and 
oil yield; reduced 
solid residue 

Catalytic effect of 
alkali-rich BM 

Jiang et al. 
2016 
[111] 

OS + wheat straw N2, low T (≤520 
°C) 

Increased gas 
yield; improved 
shale oil quality; 
reduced 
activation energy 
(180–400 °C) 

Calcite-catalyzed 
oxygen transfer and 
biogas-kerogen 
interactions 

Chen et al. 
2017 
[142] 

OS + microalgae N2, high T (≤800 
°C) 

Improved 
pyrolysis oil 
quality; increased 
aromatic 
hydrocarbons; 
reduced 
oxygenates 

Catalytic 
cracking/reforming 

Yu et al. 
2018 
[143] 

OS + pine Inert 
(autoclave), low 
T (≤400 °C) 

Temperature-
dependent 
synergy in gas and 
oil yields; reduced 
solid residue 
under mild 
conditions 

Cross-compound 
formation and heat-
transfer effects 

Johannes 
et al. 2013 
[144] 

OS + peanut shell N2, high T (≤900 
°C) 

Earlier 
decomposition, 
increased 
conversion and oil 
yield 

Proposed 
temperature-
dependent mineral-
mediated catalysis 
(OS minerals at low 
T; BM AAEMs at high 
T) 

Cui et al. 
2023 
[145] 

OS + wheat straw N2, low T (≤521 
°C) 

Enhanced oil 
quality (H/C 
ratio), product 
redistribution 

Temperature-
dependent catalytic 
and free-radical 
interactions (OS 
minerals and BM-
derived free radicals 
at low T; BM AAEMs 
at higher T) 

Chen et al. 
2022 [21] 
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Feedstocks Conditions Main observation Proposed 
mechanism 

Ref. 

OS + corn stalk N2, low T (≤600 
°C) 

Earlier OS 
decomposition; 
reduced 
activation energy; 
suppressed 
release of H2O 
and CO2 

Alkali-metal 
mediated oxygen-
transfer mechanism 

Zhai et al. 
2022 
[146] 

OS + wood N2, low T, fast 
pyrolysis (≤600 
°C) 

Enhanced volatile 
release, reduced 
semicoke yield, 
increased CO2 
formation, 
improved oil 
quality 

Free radical 
interaction and 
mineral-catalyzed 
oxygen transfer 

Chen et 
al. 2020 
[147] 

 
Table 2 indicates that the reported interaction effects range from a predominantly 

additive behavior to clear synergistic responses. While several investigations reported 
enhanced gas or oil production, reduced activation energy, or improved product quality 
[21], [111], [141], [142]-[147], others observed predominantly additive behavior despite 
evidence of increased fuel decomposition [139], [140]. Collectively, these findings 
indicate that the occurrence and magnitude of interaction effects strongly depend on 
feedstock composition, reaction temperature, and operating conditions. Despite this, 
previous studies have focused almost exclusively on low-temperature co-pyrolysis under 
inert or weakly reactive atmospheres, where interaction effects were evaluated primarily 
through changes in shale oil yield and quality, volatile release, or apparent activation 
energy. 

Several mechanisms have been proposed to explain interactions during BM and OS 
co-processing. The most frequently reported mechanisms involve mineral-mediated 
catalysis, in which OS minerals or BM-derived AAEMs promote the decomposition of the 
other feedstock [21], [111], [141], [142], [145]. Other proposed mechanisms include 
catalytic cracking and reforming [143], oxygen-transfer reactions [142], [146], free-
radical interactions [21], [147], cross-compound formation [144], and heat-transfer 
effects [144]. The mineral fraction of OS has also been suggested to exhibit calcite-like 
catalytic behavior, promoting C–O bond cleavage and increasing CO2 and CO formation 
[142]. Collectively, these studies suggest that BM and OS interactions arise from multiple 
overlapping mechanisms whose relative importance depends on feedstock composition, 
temperature, and reaction environment. However, the proposed mechanisms have 
generally been inferred from product distributions and kinetic behavior rather than 
direct verification. 

Synergistic (or antagonistic) behavior is typically evaluated by comparing 
experimental results of blends with theoretical values calculated using linear additive 
(weighted average) models based on individual components [14], [89], [109], [111], 
[121], [131], [138], [142], [148], [149]. Positive deviations from linearity are generally 
interpreted as synergistic effects, whereas negative deviations indicate antagonistic 
behavior [130], [131], [150]. 

Although co-gasification offers opportunities for exploiting complementary feedstock 
properties, blending fuels with distinct thermal and mineral characteristics also 



26 

introduces complexity. BM devolatilizes at relatively low temperatures and contains high 
volatile matter and AAEMs content [31], whereas OS exhibits delayed decomposition 
because of its carbonate-rich mineral matrix [11]. Differences in decomposition 
windows, mineral speciation, and ash chemistry may lead to nonlinear behavior not 
predictable from individual fuel performance. Moreover, variations in particle density 
and ash fusion behavior may influence bed stability and gas–solid contact in reactor 
systems [9], [31]. These factors complicate the interpretation of synergistic or inhibitory 
effects and require careful experimental evaluation. 

Although the understanding of BM and fossil fuel co-processing has considerably 
improved, systematic investigations of BM and OS co-gasification under a CO2 
atmosphere remain scarce. In particular, the effects of physicochemical properties of 
feedstock and mineral-mediated interactions on producer gas composition and 
conversion behavior have not yet been comprehensively evaluated. 
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2 Experimental 
This dissertation is based on three different studies. Fuels and experimental methods are 
described in detail in the respective publications (Papers I–III). This chapter provides a 
consolidated overview of the materials, experimental setups, and methods employed. 

It also describes the Estonian BM and OS feedstocks used (Papers I–II), followed by 
the description of the preliminary batch reactor and TGA–MS experiments (Paper I) and 
CO2 co-gasification study conducted using TGA–MS and a fixed-bed reactor (Paper III). 

2.1 Materials 
Feedstock characterization of 19 wood species grown in Estonia, including separate 
analyses of wood and bark, is presented in Paper II. Proximate, ultimate, and elemental 
analyses were performed using standardized methods. This study included only the 
characterization results for feedstocks used in the gasification experiments (Paper III). 

BM and OS samples were dried and ground into powder prior to co-gasification. 
Samples were prepared in accordance with the ISO 14780 standard for both proximate 
and ultimate analyses. The prepared samples were stored in airtight plastic bags until 
use. 

Birch (Betula pendula) and pine (Pinus sylvestris) were selected as BM feedstocks for 
the gasification experiments because of their abundance in Estonia. For co-gasification, 
the BM samples were blended with OS at weight percentages of 10%, 20%, and 30%. The 
resulting mixed samples were labeled according to their composition; for example, the 
sample denoted as OS–PineB_10 contained 90 wt% pine bark and 10 wt% OS. 

2.2 Methods 
Co-gasification experiments were performed using two different approaches: a fixed-bed 
reactor and TGA–MS. This allowed a comparison of the gasification process at different 
scales while maintaining similar temperatures, gas atmospheres, and heating conditions. 

2.2.1 Fuel Compositional Analysis 
The BM properties were measured following the European standards on solid biofuels. 
Moisture, ash, and volatile matter were measured as per ISO 18134-3, ISO 18122, and 
ISO 18123, respectively. Fixed carbon (FC) was calculated by difference as FC (%) =
100 − ash − volatiles − moisture. The gross calorific value was determined using an 
IKA C5000 bomb calorimeter according to ISO 18125. C, H, N, and S were measured using 
a Vario Macro elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold, 
Germany) following ISO 16948, while O was calculated by difference as O(%) = 100 −
C − H − N − S − Cl − ash. A Primus II WD-XRF spectrometer (Rigaku Corporation, 
Tokyo, Japan) and iCAP Qc ICP–MS (Thermo Fisher Scientific, Bremen, Germany) were 
used to measure ash-forming elements according to ISO/TS 16996 and ISO 16968. 

OS was characterized using standardized methods for mineral fuels. Moisture, ash, 
volatile matter, gross calorific value, elemental composition (CHNS), total inorganic 
carbon (TIC), and inorganic components were determined following ISO 579, EVS 669, 
ISO 562, ISO 1928, ISO 29541, an accredited in-house method (TJ-9) based on acid 
decomposition of carbonates and CO2 quantification, and ISO 29581-2, respectively. 



28 

2.2.2 General Experimental Considerations 
Heating rate and residence time strongly influence product distribution and gas 
composition during pyrolysis and gasification [31]. Low-to-moderate heating rates are 
commonly used in bench-scale studies because they result in higher char formation and 
increased surface area during pyrolysis and, consequently, higher gas production [14], 
[81]. Therefore, a heating rate of 50 °C/min was applied in both TGA–MS and fixed-bed 
reactor experiments to maintain consistency between experimental methods and 
interpretation of gasification behavior. Although higher heating rates may quicken 
devolatilization and reduce processing time [151], the selected heating rate was 
considered more suitable for investigating the potential interaction effects between 
feedstocks. 

Residence time was determined based on mass-loss curves, with gasification 
considered complete when no further mass change was observed. Therefore, a residence 
time of 17 min was selected and applied in both TGA–MS and fixed-bed reactor 
experiments to ensure completion of the gasification process and comparability between 
the two systems. 

A gasification temperature of 850 °C was selected based on literature 
recommendations [47], [51], [66], [125], [133], [141], [152], as this temperature range 
promotes char–CO2 gasification reactions while ensuring sufficient decomposition of 
thermally stable feedstock components. 

2.2.3 Fixed-bed Reactor and Gas Chromatography 
Prior to the co-gasification experiments, a preliminary pyrolysis study (Paper I) was 
conducted using a preheated drop-in batch reactor described by Konist et al. [153] 
(Figure 1), enabling very high heating rates and rapid devolatilization, similar to the 
procedure described by Tong et al. [14]. 

 
Figure 1. Schematic of the drop-in batch reactor (Paper I) 

Although this reactor can also be used to investigate gasification under appropriate 
operating conditions, it was employed here primarily to study fast-heating pyrolysis 
behavior. Therefore, the experimental strategy was refined in Paper III by employing a 
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fixed-bed reactor that allows controlled adjustment of operating conditions, which is 
more appropriate for gasification-focused investigations (Figure 2). 

 
Figure 2. Schematic of the fixed-bed reactor (Paper III) 

In the fixed-bed reactor, the gasification of BM and OS was carried out in a single 
system, allowing simultaneous pyrolysis and gasification. This integrated approach was 
selected to better represent industrial gasifier operation, where pyrolysis and 
gasification overlap within the same reactor and enable the capture of gases released 
during both stages, including CH4, H2, and CO [31]. 

The reactor was equipped with a wire-mesh sample holder to ensure effective heat 
transfer, gas penetration, and gas–solid interactions. For each experiment, 1 g of sample 
was processed using a two-stage procedure. The feedstock was initially heated under a 
N2 atmosphere to allow pyrolysis. The heating rate was set to 50 °C/min (Section 2.2.2). 
Once the reactor temperature reached 850 °C, the gasifying atmosphere was switched 
to CO2 to initiate gasification. A gas flow rate of 100 mLSTP/min was selected based on 
literature recommendations to ensure adequate gas–solid contact and efficient removal 
of volatiles, while avoiding poorly mixed conditions at low flow rates and reduced contact 
times at excessively high flow rates [131]. 

Solid residues were collected after each experiment for mass measurement and 
surface area determination. Tests were conducted in at least two independent runs per 
condition. The replicates showed good agreement. The observed variability, expressed 
as standard deviation, ranged from 0.01 to 1.6 wt%. Gas sampling was performed 
continuously for 34 min. Producer gas was collected in Tedlar® bags, and its composition 
was analyzed using a Shimadzu GC-2014 gas chromatograph with a thermal conductivity 
detector (TCD) and a valve system capable of quantifying H2, CO, O2, N2, CO2, and CH4 in 
a single run. Permanent gas concentrations were determined using packed columns 
(Porapak N/MolSieve 5Å). The oven temperature was programmed from 35 to 120 °C at 
a heating rate of 20 °C/min, using helium (purity 99.996%) as the carrier gas at a flow 
rate of 35 mL/min. The GC was calibrated with certified gas standards. Reported gas 
concentrations are the as-measured volumetric concentrations in the collected gas (vol% 
in the bag) and therefore reflect the sampling/dilution conditions (presence of N2 during 
pyrolysis and CO2 during gasification). The limits of detection (LOD) were estimated using 
the standard deviation of the lowest calibration standard replicates and the calibration 
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slope. The resulting practical LODs were: CO ≈ 0.013 vol% (~130 ppm), H2 ≈ 0.114 vol% 
(~1140 ppm), and CH4 ≈ 0.018 vol% (~180 ppm). 

2.2.4 TGA–MS 
TGA is widely used to investigate thermal behavior and reaction kinetics during pyrolysis 
and gasification at small scales by continuously measuring mass loss as a function of 
temperature and time under controlled atmospheres. While TGA is well suited for 
screening studies and mechanistic comparisons, its small sample size and more uniform 
thermal conditions may not fully represent the reaction environment encountered in 
larger-scale reactors. Therefore, this work primarily used TGA for comparative analysis 
and fixed-bed experiments to evaluate gasification performance under more 
representative conditions. 

The TGA–MS experiments were conducted using a NETZSCH STA 449 F3 Jupiter® TG-
DSC system coupled with a NETZSCH QMS Aëolos® mass spectrometer. Approximately 5 
mg of sample was placed in Al2O3 crucibles with a height-to-diameter ratio <1 to facilitate 
efficient release of evolved gases [154]. The samples were first subjected to pyrolysis 
under a N2 (purity 99.999%) atmosphere, followed by gasification when the temperature 
reached 850 °C, by switching the gas flow to a mixture of 90% CO2 (purity 99.995%) and 
10% N2. The heating rate was 50 °C/min, consistent with the fixed-bed reactor 
experiments. The experiment was terminated when no further mass loss was observed, 
corresponding to a residence time of 17 min. Buoyancy effects were corrected by 
performing blank runs with empty crucibles and subtracting the resulting baseline from 
sample measurements. Each measurement was performed at least in duplicate, with 
standard deviations ranging from 0.05 to 1.7 wt%. 

A coupled mass spectrometer was used to monitor the H2-release profile during 
gasification. The ion intensity at m/z = 2 was selected to evaluate the effect of mixed 
feedstocks, as signals from other producer gas ions overlapped with the background ions 
originating from N2 and CO2. 

2.2.5 Surface Area 
The specific surface areas (SSAs) of the solid residues were determined using N2 
adsorption–desorption isotherms based on the Brunauer–Emmett–Teller (BET) method 
[155]. Although both N2 and CO2 are commonly used for SSA measurements, with 
isotherms at 77 and 273 K, respectively, N2 adsorption is more commonly preferred for 
porous material characterization because of its high stability, availability, and suitability 
over a broad pressure range [156]. 

SSA measurements were performed using a Quantachrome Autosorb analyzer. Prior 
to analysis, the samples were degassed under vacuum at 300 °C for 20 h to remove 
moisture and adsorbed gases. 

2.2.6 Synergistic Behavior Investigation 
Synergistic effects during co-gasification were evaluated by comparing the experimental 
behavior of BM and OS mixtures with theoretical predictions derived from the individual 
components. The assessment focused on two main parameters: mass-loss behavior 
obtained from TGA experiments and gas concentrations measured in the fixed-bed 
reactor. 

The theoretical values of each mixture were calculated using a weighted average 
approach based on the mass fraction of BM and OS in the blend (Equation 12), where 
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𝑌𝑌𝐵𝐵𝐵𝐵 and 𝑌𝑌𝑂𝑂𝑂𝑂 are gas concentrations of BM and OS, respectively, and 𝑥𝑥 is the share of BM 
or OS in the mixture. This linear additive model assumes no interaction between the 
components and therefore serves as a reference for nonsynergistic behavior. 

 
𝑌𝑌𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑥𝑥𝐵𝐵𝐵𝐵𝑌𝑌𝐵𝐵𝐵𝐵 + 𝑥𝑥𝑂𝑂𝑂𝑂𝑌𝑌𝑂𝑂𝑂𝑂 (12) 

 
Deviations between the experimental results and the calculated theoretical values 

were used to identify potential interactions. Positive or negative differences in mass-loss 
profiles or gas concentrations were interpreted as indications of synergistic or 
antagonistic behavior, respectively. To ensure that these deviations reflected genuine 
interactions rather than analytical variability, an uncertainty analysis was performed. 
Only deviations exceeding the combined uncertainty of the experimental and calculated 
values were considered significant. The uncertainty was estimated as follows: 

 
1. Propagation of uncertainty: 

𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �(𝑥𝑥𝐵𝐵𝐵𝐵𝜎𝜎𝐵𝐵𝐵𝐵)2 + (𝑥𝑥𝑂𝑂𝑂𝑂𝜎𝜎𝑂𝑂𝑂𝑂)2 ,    (13) 
2. Combined uncertainty for comparison: 

𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = �𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2 + 𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐2 ,      (14) 

3. Decision rule: 
�𝑌𝑌𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑌𝑌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐� > 𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,      (15) 

 
where 𝜎𝜎𝐵𝐵𝐵𝐵 and 𝜎𝜎𝑂𝑂𝑂𝑂 are standard deviations of the measured gas concentrations of 

pure BM and OS, respectively; 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 is the standard deviation of the measured gas 
concentration for the blend; 𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the propagated uncertainty of the calculated 
(theoretical) value; and 𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the combined uncertainty used when comparing 
experimental vs calculated values. The difference is considered resolvable if it exceeds 
the combined uncertainty and therefore cannot be explained solely by experimental 
variability. 
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3 Results and Discussion 
The results are derived from the characterization of woody BM (Paper II), co-pyrolysis in 
a batch reactor and TGA–MS (Paper I), and co-gasification performed in a fixed-bed 
reactor and TGA–MS (Paper III). 

3.1 Feedstock Characterization 
Paper II demonstrates that woody BM is a heterogeneous resource, with the 
composition strongly influenced by species, plant fraction, and mineral uptake. It 
provides a comprehensive compositional dataset for 19 woody species grown in Estonia, 
including separate characterization of wood and bark fractions involving 27 parameters. 
Detailed results are presented in Paper II, while Table 3 and Table 4 summarize the 
proximate and ultimate analyses and inorganic element composition of the feedstocks 
used in gasification, respectively, presented in Paper III. 

Chemical analyses revealed considerable compositional variability among BM, 
consistent with previous studies reporting differences related to BM type, species, plant 
fraction, and growing conditions [7], [36]. Principal component analysis (PCA) showed a 
compact clustering of wood samples with high VM (volatile matter), H, and O and low 
ash content, whereas bark samples were more dispersed. These results indicate that 
wood samples generally exhibit stable and predictable characteristics, whereas bark 
composition is more variable, which may influence ash-related thermal conversion 
(Figure 3). The loading plot (Figure 4) confirmed that this separation was primarily 
governed by mineral matter, with the first principal component (F1) representing a 
gradient from organic BM characteristics (VM, H, O, C, and GCV) to ash-related 
constituents and inorganic elements (Al, Na, Ca, Si, and ash). Notably, the birch bark 
clustered closer to the wood samples owing to its higher GCV, VM, and carbon content. 

 
Figure 3. Dispersion of wood and bark samples based on the principal component analysis (PCA) 
from 27 variables (autoscaled) (Paper II); B, bark; W, wood; F1, principal component 1; F2, principal 
component 2 
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Figure 4. PCA loading plot showing the relationships between BM properties and elemental 
composition variables (Paper II); VM, volatile matter; H, hydrogen; O, oxygen; GCV, gross calorific 
value; C, carbon; FC, fixed carbon 

Considerable variation was observed among the BMs regarding both total ash content 
and elemental composition, consistent with previous studies [123]. Bark samples 
generally exhibited higher FC, ash, Ca, and K contents than wood samples, whereas wood 
fractions contained higher VM. A notable exception was the markedly elevated Ca 
concentration in PineB, which was several times higher than that in the other BM 
samples. These differences are likely related to the higher mineral content of barks than 
that in wood [74], [157], [158]. 

FC content represents the solid carbon remaining after the release of volatiles and is 
therefore an important precursor for char formation during gasification. Higher FC 
content generally promotes the contribution of the char–CO2 reaction. Rollinson et al. 
[159] similarly reported that higher FC/VM ratios correspond to lower activation energy 
and improved char reactivity. PineB and PineW exhibited FC/VM ratios of 0.30 and 0.17, 
respectively. This difference is consistent with the enhanced gasification performance 
observed for PineB during subsequent CO2 gasification experiments (Section 3.3). In 
contrast, Gonzales et al. [160] reported that higher VM promoted CO formation during 
pyrolysis, indicating that the influence of VM and FC on gas production differs between 
pyrolysis and gasification conditions. 

Trace element analysis (Paper II) revealed species- and fraction-specific differences 
that provide supplementary information for assessing feedstock utilization and potential 
ash-related challenges during thermochemical conversion. Among the investigated BM 
samples, silver birch and gray alder exhibited higher trace element concentrations than 
the other hardwood species, while Norway spruce bark contained approximately twice 
the heavy metal concentration of pine bark. 
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BM and OS represent fundamentally different fuels in terms of their physical and 
chemical characteristics (Table 3 and Table 4). BM is primarily composed of C and O, with 
an ash content of <5%, while OS contains >50% mineral matter. Due to its high mineral 
content and relatively low organic carbon fraction, OS exhibited a substantially lower 
calorific value than BM. The inorganic composition of OS is dominated by Ca and Si, 
followed by Mg, Al, Fe, and K, in various phases such as calcite, dolomite, quartz, pyrite, 
feldspar, and illite [161]. 

Table 3. Ultimate and proximate analyses for the BM and OS samples (Paper III) 

Sample C 
(%) 

TIC 
(%) 

H 
(%) 

N 
(%) 

S 
(%) 

O 
(%) 

War 

(%) 
A 

(%) 
VM 
(%) 

FC 
(%) 

GCV 
(MJ/kg) 

PineB 52.79 N/A 6.08 1.19 0.05 36.89 4.8 3.1 71.1 21.0 21.4 

PineW 50.12 N/A 6.59 0.19 0.01 42.77 8.5 0.3 85.2 14.5 20.04 

BirchB 56.34 N/A 7.00 0.44 0.02 34.83 3.7 1.4 80.1 18.5 24.18 

BirchW 49.31 N/A 6.62 0.08 0.01 43.70 7.7 0.3 86.9 12.8 19.94 

OS 27.49 5.99 2.75 0.06 1.47 16.80 0.5 51.4 47.7 0.9 9.6 

PineB, pine bark; PineW, pine wood; BirchB, birch bark; BirchW, birch wood; OS, oil shale. 
All values are reported on a dry basis (db), unless stated otherwise (ar, as received). 
TIC was determined only for OS, as BM contains negligible inorganic carbon. 

Table 4. Inorganic elements of the fuels (ppm db) (Paper III) 

Sample Ca Mg Al K Si Fe P Cr Ni 

PineB 12 947 459 87 2 095 102 186 310 138.2 91.4 

PineW 718 241 16 530 28 41 103 0.3 0.1 

BirchB 4 489 703 102 606 163 184 195 59.9 31.0 

BirchW 1 036 421 14 473 21 39 51 0.3 0.3 

OS 176 206 18 373 17 960 11 454 67 096 16 998 374 23 20 

3.2 Thermal Decomposition Behavior and TGA–MS Analysis 
The thermal decomposition behavior of BM samples and OS was initially investigated by 
TGA. The resulting mass-loss curves (Figure 5) revealed clear differences in the thermal 
decomposition behavior arising from differences in the organic composition and mineral 
structure of the feedstocks. 

BM samples exhibited two main decomposition stages. In the first stage, the greatest 
mass loss occurred between 200 and 400 °C, owing to hemicellulose and cellulose 
decomposition, while the broader second stage between 400 and 900 °C corresponded 
to gradual lignin decomposition, consistent with previous studies [35], [109]. Similar 
decomposition temperature ranges were reported by Ochieng et al. [162], particularly 
for pine and birch (243–370 °C). 
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Figure 5. Mass loss curves of natural feedstocks (Paper III) 

Mass-loss curves also revealed clear differences in the thermal behavior of wood and 
bark. Although bark decomposition initiated at lower temperatures (~210 °C) than wood 
(~280 °C), its subsequent mass loss was more gradual, resulting in substantially greater 
char retention at the gas-switch point. This behavior is consistent with proximate analysis 
results (Table 3), as bark samples exhibited lower VM and higher FC content. Bark 
generally contains more lignin and extractives than wood [74], [157], [158]. Its greater 
thermal stability likely promotes char formation, providing a larger carbon reservoir for 
subsequent gasification [69], [81]. Although the higher ash content of bark contributes 
to the increased residual mass before gas switch, this phenomenon cannot fully explain 
the observed difference, indicating that bark also forms a larger thermally stable char 
fraction. 

In contrast, OS demonstrated greater thermal stability at lower temperatures, with 
the decomposition of its main organic components beginning at approximately 400 °C, 
nearly 200 °C later than that of BM. The decomposition proceeded through two distinct 
stages: kerogen decomposition (370–560 °C) followed by the decomposition of 
carbonate minerals (600–770 °C). This result is consistent with that of previous studies 
on OS [95], [163], [164]. During kerogen decomposition, cleavage of relatively weak C–
O, C–S, and aliphatic C–C bonds releases volatile products [165]. Due to its low volatile 
content and high mineral matter, the OS retained significantly higher residual mass. 

TGA–MS analysis in N2 atmosphere confirmed that carbonate minerals, mainly calcite 
(CaCO3) and dolomite (CaMg(CO3)2), decomposed at approximately 700 °C, releasing CO2 

(Figure 6). This decomposition behavior strongly depends on the gas atmosphere and 
CO2 partial pressure [94]. Previous investigations using the same OS showed that CO2 
suppressed carbonate decomposition and shifted decarbonation to higher temperatures 
than achieved using N2 [95]. Under CO2, decomposition proceeded in two stages 
corresponding to the decomposition of dolomite and calcite (Figure 7) [95]. Similar 
behavior has been reported by Fang-Fang et al. [83], who observed delayed carbonate 
decomposition above 800 °C in CO2 compared to that in N2 atmosphere. 

0

100

200

300

400

500

600

700

800

900

0

20

40

60

80

100

120

0 5 10 15 20 25 30 35

Te
m

pe
ra

tu
re

, °
C

TG
, %

Time, min

PineB BirchB BirchW OS PineW T

Gas switch 

N2 10 mL/min 
CO2 90 mL/min 

N2 100 mL/min 



36 

 

Figure 6. TGA–MS analysis of the same OS under N2 atmosphere, showing mass change and CO2 
evolution (m/z = 44). The data are obtained from a repeat experiment performed under the same 
conditions as in Paper I 

 
Figure 7. OS decomposition in N2 and CO2 atmospheres [95] 

Based on previous findings [95], the two-stage procedure was selected to promote 
carbonate decomposition before gasification at 850 °C. Under N2 atmosphere, carbonate 
minerals decompose during heating, resulting predominantly in oxide phases (CaO, 
MgO). The experimental design proposed herein was intended to examine the behavior 
of precalcined mineral phases during subsequent CO2 gasification. 

The mass increase observed for OS during the subsequent gasification stage was 
attributed to the carbonation of in situ formed CaO to CaCO3, indicating that CaO reacted 
with CO2 under the studied conditions, consistent with previous studies [47], [93], [142], 
[166]. Although the carbonation of precalcined CaO is thermodynamically limited at 
elevated temperatures [93], the observed reactivity may depend on the chemical form 
of Ca species present during CO2 gasification. 
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A comparison of BM and OS blends (Figure 8) showed that increasing OS content 
progressively increased the residual mass, reflecting the high mineral content of OS. 
However, the main decomposition region remained largely unchanged, indicating that 
thermal decomposition was still dominated by the BM component. 

The synergistic behavior was evaluated by comparing the experimental and calculated 
mass-loss curves. TGA results (Figure 8) showed close agreement between curves, 
indicating predominantly additive behavior under the applied conditions. Previous 
studies also reported similar findings for BM and coal mixtures, where synergistic effects 
were absent, weak, or observed mainly during the gasification stage rather than during 
pyrolysis [14], [20]. 

 

 
Figure 8. Comparison of experimental and calculated curves of TGA (Paper III) 

TGA–MS was employed to monitor gas evolution during gasification (Figure 9). Signals 
commonly associated with H2 (m/z = 2), CO2 (m/z = 44), CO/N2 (m/z = 28), and CH4/O 
containing fragments (m/z = 16) were observed during the experiments. However, due 
to overlapping fragmentation patterns for m/z = 16 and 28, the evolution of CH4 and CO 
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could not be interpreted. Therefore, this analysis focused primarily on H2 (m/z = 2) 
evolution. 

H2 was released in two distinct stages. The first stage coincided with BM 
devolatilization (~250 °C), while the second followed the switch to a CO2 atmosphere. 
Among the investigated fuels, BirchW exhibited the highest H2 ion intensity at 10% OS 
addition, followed by lower intensities at higher OS contents. Because MS ion intensities 
provide only qualitative information, the observed differences should be interpreted as 
relative trends rather than quantitative changes in H2 production. 
 

 
Figure 9. Mass loss curves with the simultaneous evaporation of m/z 2 indicating evaporation of H2 
(Paper III) 

3.3 Producer Gas Composition 
Table 5 summarizes the producer gas composition of the individual feedstocks. Under 
the applied conditions, CO was the dominant gaseous product, whereas H2 and CH4 
concentrations remained comparatively low, consistent with a gasification regime 
dominated by char–CO2 reactions [14], [81]. The CO concentration ranged from 5.35 to 
16.10 vol%, while the H2 concentration ranged from 1.26 to 2.47 vol%, with PineB 
producing more than three times higher CO concentration than PineW. Higher CO 
concentrations observed for bark feedstocks were consistent with the TGA results, which 
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indicated a greater retention of thermally stable carbon, likely associated with the higher 
lignin content of bark. CH4 concentrations remained low for all BM samples (0.43–0.75 
vol%). OS produced substantially lower gas concentrations, reflecting its high mineral 
content and lower fraction of organic carbon for gas formation. 

Table 5. Producer gas composition of BM and OS feedstocks (mean ± standard deviation) 

Feedstock Gas concentration, vol% 

CO H2 CH4 

PineB 16.10±0.10 2.47±0.04 0.62±0.01 

PineW 5.35±0.50 1.26±0.10 0.43±0.03 

BirchB 9.81±0.07 1.88±0.08 0.49±0.07 

BirchW 9.70±1.39 2.05±0.28 0.75±0.16 

OS 4.99±0.18 0.43±0.02 0.14±0.01 

3.3.1 Relationships between Feedstock Properties and Producer Gas 
Concentration 
To support the interpretation of the experimental results, an exploratory Pearson 
correlation analysis was performed using the investigated BM feedstocks. The complete 
correlation matrix is provided in Appendix 2. Due to the limited number of observations, 
the results should be interpreted as indicative trends rather than statistically robust 
relationships. 

The analysis suggested that CO concentration was positively associated with FC, Ca, 
and K, and negatively with VM. Similar trends have been reported in previous studies, 
where feedstocks with a higher FC content exhibited enhanced carbon conversion and 
gasification performance [14], [167]. Positive associations between CO and both FC and 
AAEMs concentrations suggest that the gasification behavior was influenced by a 
combination of char availability and catalytic effects. However, because FC and mineral 
concentrations were strongly correlated across the investigated feedstocks, their 
individual contributions could not be distinguished. 

H2 exhibited generally weaker correlations with feedstock properties than CO, 
whereas CH4 showed little or no correlation with feedstock composition, suggesting that 
its formation likely occurred through a different reaction pathway. 

SSA indicated negative associations with ash content and major ash-forming elements 
such as Ca and K, and a positive association with VM. Similar observations were reported 
by Wu et al. [97], who showed that although naturally occurring AAEMs can influence 
gasification reaction pathways, development of the pore surface area is governed more 
strongly by conversion processes rather than by AAEM concentration. Furthermore, the 
feedstock exhibiting the highest SSA (BirchW) did not yield the largest producer gas 
concentration, which suggests that SSA alone is insufficient to explain the gasification 
behavior. 

These observations are consistent with previous studies reporting that inorganic 
constituents, particularly K, can have a stronger effect on gasification reactivity than SSA 
alone [120] and that high SSA is not necessarily associated with a higher char reactivity 
[80], [99], [168], [169]. Similarly, He et al. [169] also reported that BM char reactivity is 
more strongly related to the catalytic index than to the SSA alone. Nevertheless, 
literature findings regarding the role of SSA remain inconclusive [125], [170], indicating 
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that the relationship between SSA and reactivity is dependent on feedstock 
characteristics and operating conditions. 

3.4 Co-gasification and Synergy Quantification 
To evaluate whether interactions occurred between BM and OS during co-gasification, 
the experimental gas concentrations were compared with the values predicted by a 
linear additive model. Figure 10 presents the CO, H2, and CH4 concentrations obtained 
during the co-gasification of BM and OS blends. Nonadditive behavior was evaluated 
using a linear additive model (Equation 12), where experimental values exceeding the 
calculated ones indicated synergy, agreement indicated additive behavior, and lower 
experimental values suggested antagonistic effects. 
 

 
Figure 10. Gas concentrations and corresponding calculated values during gasification (Paper III) 

According to the additive model, increasing the OS content should decrease the CO 
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showed largely additive or inhibitory behavior. PineB blends displayed the strongest 
synergy, as the experimental CO concentration remained nearly constant (16.0–15.8 
vol%) despite adding more OS, indicating sustained formation of CO beyond theoretical 
predictions. Similar behavior was observed for BirchB blends, particularly at higher OS 
blending ratios. 

In contrast, H2 concentration showed a predominantly additive or inhibitory behavior, 
decreasing systematically with increasing OS addition. However, low H2 concentrations 
do not necessarily indicate the absence of synergy, since CO2 gasification primarily 
promotes CO rather than H2 formation. Although enhanced H2 evolution following OS 
addition to BM was observed in TGA–MS experiments, this effect was not clearly 
detected in fixed-bed experiments. This difference may reflect the different 
experimental environments and the distinct information provided by the two 
techniques. TGA employs small sample masses and minimizes diffusion limitations, 
whereas the higher sample mass used in the fixed-bed reactor may result in temperature 
gradients (the inner regions remain cooler than the surface) that may influence the 
evolution and detection of gaseous products [86]. 

CH4 formation remained limited under the applied conditions because methane is 
mainly generated during pyrolysis and is further suppressed at elevated temperatures 
through reforming reactions [66]. Since CO2 was introduced only after the reactor 
reached 850 °C, VOC-related secondary reactions were likely limited [78]. Synergistic 
behavior would therefore be reflected by a lower experimental CH4 concentration than 
that predicted by the additive model because of enhanced methane reforming (reverse 
reactions 6 and 7). However, no clear systematic deviation from the calculated trend was 
observed. Only the BirchW sample with 30% OS showed a possible suppression of CH4, 
although this would require further confirmation. 

3.4.1 Uncertainty Evaluation 
To evaluate whether the observed deviations exceeded experimental variability, 
uncertainty propagation was applied as described in Section 2.2.6. Deviations larger than 
the combined uncertainty (σdiff) were considered resolvable and therefore 
distinguishable from experimental variability (Table 6). Although the same analysis was 
performed for both H2 and CH4, detailed results are presented only for CO, because H2 
showed predominantly additive or inhibitory behavior, while CH4 showed no consistent 
nonadditive trend across the investigated blends. 

Table 6. Experimental and calculated CO concentrations for BM and OS blends with propagated 
uncertainties 

Sample Yexp (vol%) σexp Ycalc (vol%) σcalc σdiff Yexp-Ycalc (vol%) 

OS-PineB_10 16.71 0.83 14.99 0.09 0.84 1.72 

OS-PineB_20 15.96 0.20 13.88 0.08 0.22 2.08 

OS-PineB_30 15.79 0.11 12.77 0.09 0.14 3.02 

OS-PineW_10 5.47 0.19 5.31 0.45 0.49 0.16 

OS-PineW_20 5.44 0.19 5.27 0.40 0.44 0.16 

OS-PineW_30 5.31 0.39 5.24 0.35 0.52 0.07 

OS-BirchB_10 9.75 0.56 9.32 0.07 0.57 0.43 

OS-BirchB_20 10.56 0.26 8.84 0.07 0.27 1.72 
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Sample Yexp (vol%) σexp Ycalc (vol%) σcalc σdiff Yexp-Ycalc (vol%) 

OS-BirchB_30 9.67 0.29 8.36 0.13 0.31 1.31 

OS-BirchW_10 9.31 1.33 9.23 1.25 1.82 0.08 

OS-BirchW_20 6.76 0.92 8.76 1.11 1.44 -1.99 

OS-BirchW_30 6.49 0.18 8.29 0.97 0.99 -1.79 

𝑌𝑌𝑒𝑒𝑒𝑒𝑒𝑒, experimentally measured CO concentration; 𝑌𝑌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , value calculated using the linear additive 
model; σexp, standard deviation of measured CO for the blend; 𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, the propagated uncertainty 
of the calculated value; 𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑, the combined uncertainty used for comparison 
Bold values indicate deviations exceeding the combined uncertainty (|Yexp-Ycalc|>σdiff), 
representing synergistic or antagonistic effects depending on the sign of the deviation 

Table 6 reveals positive deviations exceeding combined uncertainty for all PineB 
blends, indicating synergistic behavior. PineW blends remained largely additive. BirchB 
blends showed positive deviation at higher OS blending ratios (20–30 wt%), whereas the 
10 wt% blend remained within the combined uncertainty. In contrast, BirchW blends 
containing 20% and 30% OS exhibited negative deviations (-1.99 and -1.79 vol%, 
respectively), indicating antagonistic behavior and suppression of CO formation. 

3.5 Solid Residue Characteristics 
Solid residue yields provide insights into char conversion behavior during gasification. 
Table 7 summarizes the residue yields and the corresponding BET surface areas obtained 
from the fixed-bed reactor. BM residue yields ranged from 9.7 to 17.2 wt%, indicating 
incomplete char conversion, consistent with previous studies reporting higher char 
residues during CO2 than O2 gasification because of the absence of exothermic oxidation 
reactions [66]. 

Table 7. Residue yield and BET surface area of gasification residues 

Sample  Residue yield, wt% SSA, m2/g 

PineB 17.2 435  

PineW 16.2 672 

BirchB 14.2 505 

BirchW 9.7 682 

OS 56.6 9.7 

Wood-derived chars exhibited higher SSAs than bark-derived chars. BirchW showed 
the highest SSA value (682 m2/g), which indicates that the SSA was influenced more by 
the BM fraction (wood vs. bark) than by species (pine vs. birch). Relatively small increases 
in ash content (0.3–3.1 wt%) substantially decreased char SSA (681–434 m2/g), 
suggesting that ash limited the pore development during gasification. The SSA values of 
woody chars were within the range reported in the literature (220–779 m2/g) [125], 
[169], [171], [172]. 

In contrast to BM chars, OS residue exhibited very low SSA (9.7 m2/g), indicating 
limited pore development during gasification. This behavior is consistent with that 
reported in a previous study showing that the SSA of OS semicoke strongly depends on 
thermal treatment conditions and ranged from 15.5 to 58.8 m2/g at 500–800 °C in N2 
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[173]. Although increasing the temperature initially promotes pore development, further 
heating leads to carbonate decomposition and a subsequent decrease in SSA. The high 
mineral content of OS likely contributes to pore blockage or sintering during thermal 
conversion, limiting the development of porous structures. Similar behavior has been 
reported previously, with OS residues exhibiting an SSA of 4.2 m2/g after CO2 gasification 
compared with 27.5 m2/g for semicoke produced under N2 at 900 °C, despite comparable 
residue yields [95]. In contrast, CO2 and H2O gasification of BM has been reported to 
increase the SSA and pore volume compared to that achieved with N2 pyrolysis because 
of enhanced char conversion and pore development [64]. These findings suggest 
substantial differences in pore development and structural evolution between BM chars 
and OS semicoke during gasification. 

Figure 11 illustrates the relationship between the residue yield and SSA of the solid 
residues obtained from co-gasification. The addition of OS systematically reduced the 
SSA across all blends, which is expected given the substantially lower SSA of the OS 
residue compared with that of BM chars. For comparison, a simple mass-weighted SSA 
was calculated from the individual feedstocks. Experimental SSA values were consistently 
lower than these calculated values, with differences ranging from 73 to 300 m2/g, 
suggesting that the decrease in surface area cannot be explained solely by dilution of the 
OS residue. Instead, mineral-rich OS may additionally influence pore development and 
pore accessibility during gasification. The observed reduction in SSA may be partly 
attributed to the formation of mineral layers on the char surface, which can block or 
restrict access to pore structures. Such a mechanism has been proposed by Perander et 
al. [29], who observed the formation of CaCO3 and K2CO3 deposits on char surfaces during 
CO2 gasification. 

 

Figure 11. Solid residue yield and BET surface area of OS and BM blends obtained in the fixed-bed 
reactor (experimental data from Paper III; calculated SSA values and residue yields added for 
comparison) 
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A comparison of experimental and calculated residue yields showed lower residue 
yields for PineB and OS blends than those predicted by the linear additive model, 
indicating enhanced solid conversion and possible synergistic behavior (Figure 11). This 
observation is consistent with the enhanced CO formation observed for PineB blends 
during co-gasification. However, this correspondence between CO enhancement and 
lower residue yield was not observed for all blends. Although BirchB blends also showed 
enhanced CO formation, this was not accompanied by a corresponding decrease in 
residue yield. For the remaining blends, residue yield deviations either remained within 
experimental uncertainty or indicated reduced conversion relative to the additive model. 

3.6 Factors Influencing Synergistic Behaviour 
The results demonstrate that OS did not influence all BM samples uniformly, indicating 
that the interaction between the two feedstocks strongly depended on the initial 
characteristics of the BM. Bark blends exhibited the strongest enhancement in CO 
formation. Also, PineB differed from the other BM samples primarily owing to its higher 
FC content and inorganic elements (Table 3 and Table 4). 

The higher FC content of PineB may have contributed to its higher CO concentration 
by providing a larger carbon reservoir for subsequent char–CO2 conversion, consistent 
with the greater char retention of bark observed during thermal decomposition (Figure 
5). However, FC alone cannot explain the observed feedstock-dependent behavior, as CO 
concentration did not scale directly with FC content across the investigated BM samples.  

The enhanced gasification behavior of PineB blends may be linked to their relatively 
high concentrations of inherent Ca (1.3 wt%) and K (0.2 wt%). Both elements are well-
established catalysts for the char–CO2 reaction [48], [70], [75], [96], [97], [105], [110], 
[113], [116], providing a plausible mechanistic basis for the enhanced CO formation 
observed. However, the present data do not allow the individual contributions of K, Ca, 
or other AAEMs to be distinguished, as their concentrations varied together across the 
investigated feedstocks. 

The catalytic effectiveness of AAEMs may depend not only on their concentration but 
also on their chemical form and association with the carbon matrix and other mineral 
species. Organically associated AAEMs can exhibit higher catalytic activity than externally 
added minerals owing to their better dispersion and closer contact with the carbon 
matrix. This may help explain why the bark samples, which contained higher 
concentrations of inherent AAEMs, showed greater CO formation. In contrast, for 
biomass samples with lower inherent AAEM concentrations, the addition of mineral-rich 
OS did not produce the same degree of enhancement, despite the high Ca content of OS. 
This suggests that Ca concentration alone may not determine the catalytic response and 
that the original association and dispersion of AAEMs within the biomass matrix may also 
be important. This interpretation is consistent with previous studies. Lin et al. [105] 
reported a stronger catalytic effect of organically bound Ca2+ than added CaO, and 
Perander et al. [29] similarly observed higher reactivity for organically bound Ca species 
than that of externally added crystalline Ca-oxalate. Likewise, Tong et al. [14] reported 
that enhanced CO formation during coal and BM co-gasification was strongly associated 
with the catalytic role of BM-derived K. Thus, the relatively high inherent AAEM content 
of PineB may be particularly important, because AAEMs naturally associated with the 
biomass are generally better dispersed and in closer contact with the carbon matrix than 
mineral species introduced with OS, potentially making them more catalytically effective. 
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The addition of OS clearly modified the gasification behavior of the bark-based blends. 
Given the high mineral content of OS, its mineral fraction represents a plausible 
contributor to this effect. Although the role of mineral matter in OS gasification remains 
less extensively studied than in BM gasification, previous studies indicate that mineral 
composition is more important than total ash content alone. Tang et al. [50] reported 
that high total ash content may suppress reactivity, whereas specific oxides such as K2O 
and CaO can promote pyrolysis and CO2 gasification of OS. 

The presence of CaO is particularly relevant under the conditions applied in the 
present study. During the preceding pyrolysis step, carbonate minerals in OS decompose, 
resulting in the formation of oxide phases, including CaO, which is therefore available 
when the atmosphere is subsequently switched to CO2 for gasification. CaO has been 
reported to promote the chemisorption of CO2 and participate in oxygen-transfer 
mechanisms during char gasification [105], [174], [175], providing a plausible catalytic 
pathway for OS-derived CaO to enhance char-CO2 conversion. However, the magnitude 
of this effect depended strongly on the biomass type, with the clearest enhancement 
observed for the bark-based blends. This suggests that OS-derived Ca species alone 
cannot fully explain the observed behavior and that their effect may depend on 
interactions with the biomass-derived char and its inherent mineral matter. 

Previous BM and OS co-processing studies (Table 2) have proposed several mineral-
mediated mechanisms, including oxygen transfer, catalytic cracking and reforming, and 
interactions between BM-derived AAEMs and OS minerals. These studies indicate that 
interactions may occur in both directions, with BM-derived minerals affecting OS 
conversion and OS-derived minerals affecting biomass conversion. The present results 
are consistent with such a combined mineral effect, although the direction and relative 
contribution of these interactions cannot be distinguished from the present experiments. 
The observed synergy is therefore interpreted as a collective mineral-mediated effect 
rather than a unidirectional catalytic process. 

A common catalytic pathway that could link these mineral effects is AAEM-assisted 
oxygen transfer during char–CO2 conversion [100], [101], [102], [176]. AAEMs have been 
reported to facilitate CO2 adsorption and increase the availability of reactive carbon sites 
on the char surface [62], [96], [97]. In these mechanisms, AAEM species can act as 
oxygen-transfer mediators between CO2 and reactive carbon sites through successive 
oxidation and reduction steps, facilitating oxygen transfer from CO2 to reactive carbon 
sites. The resulting C–O surface complexes subsequently decompose and release CO, 
while the catalytic species are regenerated. Similar mechanism has been proposed by 
Zhai et al. [146] for BM and OS co-pyrolysis, where BM-derived alkali metals were 
suggested to facilitate oxygen exchange between oxygen-containing surface groups and 
reacting species. 

The specific mineral-mediated pathways cannot be resolved from the present 
experiments. Targeted experiments would therefore be required to distinguish the 
contribution of individual mineral species and verify the proposed mechanism. Ash 
leaching of BM followed by controlled doping of individual AAEM species could help 
determine whether the observed enhancement originates from biomass-derived 
minerals and identify the relative contributions of K and Ca [29], [80]. Similarly, 
separating or modifying the OS mineral fraction would help distinguish the catalytic 
contribution of OS-derived minerals from that of BM-derived AAEMs [122]. Surface-
sensitive techniques, such as XPS (X-Ray Photoelectron Spectroscopy), Raman or FTIR 
spectroscopic methods could further provide information on changes in the chemical 
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states, carbon structure, and the formation of oxygen-containing surface intermediates 
during char–CO2 conversion [104], [112], [171], [172]. 

The different behavior observed in the TGA and fixed-bed experiments suggests that 
the manifestation of nonadditive effects is also influenced by the experimental 
environment. One important difference is the sample mass: approximately 5 mg was 
used in the TGA, compared with 1 g in the fixed-bed reactor, corresponding to a 200-fold 
difference. The small and thin sample layer in the TGA allows uniform and well-controlled 
heating with short heat transfer distances, but provides relatively limited opportunity for 
contact between BM and OS particles. In contrast, the substantially larger sample mass 
and bed volume in the fixed-bed reactor provide greater opportunity for particle–particle 
contact, although temperature gradients, thermal lag, and longer transport distances 
may also occur. The higher-than-predicted residue yields observed for some blends 
(Figure 11) may indicate that these conditions also limited the extent of solid conversion, 
leaving part of the char less completely gasified. Thus, the fixed-bed environment may 
simultaneously promote feedstock interactions through greater particle contact while 
limiting overall conversion through heat transfer effects. These competing effects may 
partly explain why the manifestation of nonadditive behavior differed between the two 
experimental systems. 

Particle properties may further contribute to these differences. OS exhibits 
substantially higher bulk density (1.22–1.72 t/m3 [44]) compared to woody BM (typically 
0.4–0.7 t/m3 [177]), which can influence bed packing and contact between BM and 
mineral-rich OS particles. These observations suggest that reactor configurations 
providing more intensive particle mixing and feedstock contact, such as fluidized beds, 
could be particularly useful for further investigating the interaction effects observed in 
this study. 

Overall, the present work extends previous studies, which have inferred BM and OS 
interactions largely from changes in pyrolysis products, such as shale oil yield, volatile 
release, and activation energy (Table 2), by demonstrating that these interactions also 
influence producer gas composition during high-temperature CO2 gasification. The 
manifestation of these interaction depends on both feedstock characteristics and the 
experimental environment, supporting a combined rather than a single-factor 
explanation. Further targeted experiments are required to distinguish the individual 
contributions and verify the proposed catalytic mechanisms. 
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4 Conclusions 
The transition toward climate-neutral energy systems requires the development of 
highly efficient and sustainable methods for utilizing both renewable and fossil fuel 
resources. In Estonia, where biomass and oil shale remain key domestic energy sources, 
improving their thermochemical conversion pathways is of particular importance. Co-
gasification in a CO2 atmosphere is a potential route for both enhanced resource 
utilization and carbon management while promoting CO-rich producer gas formation 
through char–CO2 reactions. However, the occurrence and extent of interaction effects 
between biomass and mineral-rich oil shale under such conditions remain insufficiently 
understood. 

This work provides a systematic experimental investigation of feedstock-dependent 
interactions during the co-gasification of lignocellulosic biomass and Estonian oil shale in 
a CO2 atmosphere. A multimethod approach combining fixed-bed gasification, 
thermogravimetric analysis, and surface area analysis of gasification residues was used 
to evaluate the producer gas composition, residue yield, and synergistic behavior. 

Comprehensive chemical characterization of 19 woody species grown in Estonia, 
including dominant forest species and less common or ornamental species, revealed 
clear compositional differences between wood and bark fractions. Wood samples 
formed a relatively homogeneous group characterized by high volatile matter and low 
ash content, whereas bark samples exhibited greater compositional variability and 
higher fixed carbon and ash contents. In contrast, oil shale was characterized by a high 
mineral matter content dominated by Ca and a comparatively low organic-carbon 
fraction. 

TGA revealed predominantly additive thermal decomposition behavior of biomass 
and oil shale blends, whereas fixed-bed experiments showed clear synergistic 
interactions, demonstrating that their manifestation depends on the experimental scale. 
Co-gasification behavior was strongly feedstock-dependent, and the most pronounced 
synergistic effects were observed for bark blends. These results highlight the importance 
of feedstock selection for enhancing CO production during CO2 gasification. The 
interaction effects were expressed primarily through enhanced CO formation, while H2 
and CH4 showed limited evidence of systematic nonadditive behavior. PineB blends 
exhibited the strongest combined evidence of enhanced gasification, with increased CO 
formation accompanied by lower residue yield than predicted by the additive model. In 
particular, addition of 10% oil shale afforded a CO concentration of up to 16.7 vol%, 
exceeding the additive-model predictions. In contrast, wood samples exhibited largely 
additive or inhibitory behavior. Uncertainty analysis further confirmed that the observed 
CO enhancements in bark blends exceeded experimental variability and represented 
measurable synergistic behavior. 

The feedstock-dependent response was associated with differences in both carbon 
availability and mineral composition. Bark samples generally contained more fixed 
carbon and higher concentrations of inherent AAEMs than the corresponding wood 
fractions. The relatively high Ca and K contents of bark provide a plausible basis for 
enhanced char–CO2 conversion, while literature evidence suggests that inherently 
associated AAEMs may be particularly effective because of their close contact and 
dispersion within the carbon matrix. OS provided an additional mineral contribution, 
particularly through Ca-containing phases. The formation of CaO during the pyrolysis 
stage is especially relevant, as CaO can promote CO2 chemisorption and participate in 
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oxygen-transfer mechanisms during char gasification. Overall, the observed behavior is 
consistent with a combined mineral-mediated effect involving biomass-derived AAEMs 
and OS-derived mineral species, although their individual contributions could not be 
distinguished experimentally. 

The comparison between TGA and fixed-bed experiments further indicates that the 
experimental environment influences how strongly nonadditive effects are expressed. 
Despite the more uniform thermal conditions in the TGA, non-additive effects were more 
clearly observed in the fixed-bed reactor. The larger sample mass and different bed 
environment may increase opportunities for feedstock interactions, while also 
introducing greater thermal gradients that can affect the extent of solid conversion. 

This study establishes a compositional baseline for Estonian woody biomass and 
advances the understanding of feedstock-dependent interactions during biomass and oil 
shale co-gasification in CO2. It demonstrates that oil shale addition can enhance biomass 
gasification, but the effect is not uniform and depends on both biomass characteristics 
and the experimental environment. These findings provide a useful basis for selecting 
suitable biomass feedstocks to promote the production of CO-rich producer gas. The 
findings provide a basis for targeted mechanistic and kinetic studies, optimization of 
feedstock combinations and process conditions, and, ultimately, evaluation of the 
potential for scale-up to larger co-gasification systems. More broadly, the results support 
further investigation of biomass and oil shale co-gasification as a potential alternative 
pathway for resource utilization. 

The proposed mechanistic interpretations were inferred from experimental 
observations and feedstock characteristics rather than directly verified. Further 
mechanistic studies, including multirate experiments and selective demineralization, are 
therefore needed to distinguish intrinsic catalytic effects from structural and reactor-
related influences. 

 Future work should also explore alternative gasification atmospheres, particularly 
combined CO2–steam systems, to assess their influence on gas composition, carbon 
conversion, and potential synergetic effects. The introduction of steam may alter 
gasification pathways by promoting gas-phase and heterogeneous reactions, potentially 
enhancing gas production and increasing the H2 concentration in the producer gas. 

A more complete characterization of the product distribution would also be valuable. 
Separating pyrolysis and gasification product streams and extending the analysis to tar 
formation could provide further insight into stage-specific reaction pathways and the 
influence of oil shale on biomass conversion. Finally, integrating experimental results 
with kinetic and equilibrium modeling could improve the understanding and prediction 
of nonadditive behavior. 
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Abstract 
Co-gasification of Biomass and Oil Shale in a CO2 Atmosphere 
The transition of Estonia toward climate neutrality requires reducing the carbon intensity 
of its energy system while maintaining energy security. Oil shale and biomass are key 
domestic energy resources. Therefore, their efficient utilization and valorization remain 
strategically important. While oil shale has been extensively studied for obtaining liquid 
fuels, its gasification, as well as that of biomass in Estonia, remains underexplored. 
Hence, development of gasification represents a promising alternative for more 
sustainable utilization of these resources. Co-gasification of biomass and oil shale under 
a CO2 atmosphere offers a potential route for simultaneous energy production and 
carbon utilization. 

CO2 was selected as the gasifying medium because it participates directly in char 
conversion and promotes the formation of CO-rich producer gas through the char–CO2 
reaction. In addition to its relevance for CO2 utilization, CO2 gasification provides a 
reaction environment dominated by char–CO2 interactions, making it suitable for 
investigating feedstock-dependent and mineral-mediated effects. 

Synergistic effects have been widely reported for biomass co-gasification with coal 
and other feedstocks, suggesting that interaction effects can greatly influence the 
conversion behavior. Given the high mineral content of oil shale, similar mineral-
mediated interactions may occur in biomass and oil shale systems. However, the 
occurrence of such interactions under CO2 gasification conditions remains poorly 
understood. 

This thesis provides a systematic investigation of feedstock-dependent interactions 
during the co-gasification of lignocellulosic biomass and Estonian kukersite oil shale. The 
work includes comprehensive chemical characterization of 19 woody species. The wood 
and bark fractions were analyzed separately. Laboratory-scale gasification experiments 
were conducted using pine and birch wood and bark samples. A multimethod approach 
involving fixed-bed gasification, gas chromatography, thermogravimetric analysis 
coupled with mass spectrometry (TGA–MS), and structural characterization of the solid 
residue was applied to investigate the gasification behavior, producer gas composition, 
and nonadditive behavior. TGA indicated predominantly additive behavior, whereas 
fixed-bed experiments revealed clear nonadditive effects, highlighting the importance of 
reactor-scale conditions in the manifestation of synergy. 

The compositional analysis revealed significant heterogeneity between wood and 
bark fractions, with bark exhibiting higher fixed carbon and ash content, while wood 
showed higher volatile matter, providing a basis for interpreting feedstock-dependent 
gasification behavior. The gasification results demonstrated strong feedstock-
dependency, with bark-based blends exhibiting clear nonadditive enhancement of CO 
concentration, most notably for pine bark with 10 wt% oil shale addition, reaching up to 
16.7 vol%, with deviations between experimental and calculated values exceeding the 
combined uncertainty, whereas wood-based samples showed largely additive or 
inhibitory behavior. Under fixed-bed conditions, H2 showed mainly additive or inhibitory 
behavior, while CH4 concentrations remained low and showed no consistent interaction 
pattern. 

Surface area analysis showed that wood-derived chars had significantly higher surface 
areas (up to ~680 m2/g) than bark-derived chars (435–505 m2/g), and yet the former 
generated lower CO concentrations during gasification. Despite a systematic decrease in 
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surface area with increasing oil shale ratio, bark-based blends maintained higher 
reactivity, indicating that feedstock composition and mineral content exerted a stronger 
influence over surface area in controlling the gasification performance. 

The feedstock-dependent response was associated with differences in both carbon 
availability and mineral composition. Higher fixed carbon content provides a larger 
carbon reservoir for subsequent char–CO2 conversion, while inherent biomass AAEMs 
and OS-derived mineral species provide plausible catalytic contributions. The results are 
therefore consistent with a combined mineral-mediated effect involving both 
feedstocks, although their individual contributions and the specific catalytic pathway 
could not be distinguished experimentally. The comparison between TGA and fixed-bed 
experiments further indicates that the experimental environment influences how 
strongly these interactions are expressed. 

This work establishes a compositional baseline for Estonian woody biomass resources 
and advances the understanding of biomass and oil shale interactions during CO2 co-
gasification. The findings highlight the importance of feedstock selection and provide a 
basis for targeted mechanistic and kinetic studies, optimization of feedstock 
combinations and process conditions, and ultimately evaluation of the potential for 
scale-up. More broadly, the results support further investigation of biomass–oil shale co-
gasification as a potential alternative pathway for resource utilization. 
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Lühikokkuvõte 
Biomassi ja põlevkivi koosgaasistamine CO2 keskkonnas  
Kliimaneutraalsusele üleminek eeldab tõhusamate ja jätkusuutlikumate meetodite 
arendamist nii taastuvate kui ka fossiilsete ressursside kasutamiseks. Eestis on biomass 
ja põlevkivi peamised energiaallikad, mistõttu on nende väärindamine kaasaegsete 
termokeemiliste muundamisprotsesside abil jätkuvalt strateegiliselt oluline. Kuigi 
põlevkivi kasutamist vedelkütuste tootmiseks on põhjalikult uuritud, on nii põlevkivi 
gaasistamist kui ka biomassi gaasistamist Eestis seni vähe käsitletud. Biomassi ja põlevkivi 
koosgaasistamist CO2 keskkonnas ning nendevahelist koosmõju on väga vähe 
eksperimentaalselt uuritud, kuigi selline lähenemine pakub võimalust ressursside 
jätkusuutlikumaks kasutamiseks ja CO2 väärindamiseks. 

Gaasistusagensina kasutati CO2, kuna see võimaldab samaaegselt CO2 väärindamist ja 
CO-rikka generaatorgaasi tootmist. Kirjanduse põhjal on CO2-gaasistamine tundlik kütuse 
mineraalse koostise suhtes, mistõttu sobib see hästi erinevate kütuste koosmõju 
uurimiseks. 

Varasemates uuringutes on biomassi koosgaasistamisel teiste kütustega täheldatud 
sünergiat, mida on muu hulgas seostatud kütuste mineraalse koostisega. Põlevkivi suure 
mineraalse koostise tõttu võivad sarnased koostoimed esineda ka biomassi ja põlevkivi 
koosgaasistamisel, kuid varasemalt pole neid uuritud. Käesolev töö on esimene 
eksperimentaalne uuring Eesti biomassi ja kukersiitpõlevkivi koosgaasistamise kohta CO2 
keskkonnas. Töö eesmärk oli uurida lignotselluloosse biomassi ja põlevkivi 
koosgaasistamise käitumist, generaatorgaasi koostist ja mitteaditiivseid efekte. Selleks 
kombineeriti mitut eksperimentaalset meetodit, sealhulgas gaasistamist fikseeritud 
kihiga reaktoris, gaasikoostise määramist gaaskromatograafiaga, termogravimeetrilist 
analüüsi koos massispektromeetriaga (TGA–MS) ning tahke jäägi eripinna määramist.  

Töö hõlmas 19 Eestis kasvava puuliigi keemilist iseloomustamist, analüüsides eraldi 
tüvepuitu ja koort. Analüüsid näitasid puidu ja koore koostise selgeid erinevusi, kus 
kooreproove iseloomustasid suurem seotud süsiniku sisaldus ja tuhasus, puiduproove 
aga suurem lendosade sisaldus. Kasutatud põlevkivi iseloomustati samuti analoogselt 
biomassiga. Kütuste põhjalik karakteriseerimine võimaldas hinnata nende omaduste 
seoseid generaatorgaasi koostise ja tahke jäägiga ning tõlgendada gaasistamisel 
täheldatud erinevusi. 

Koosgaasistamiseks kasutati männi ja kase tüvepuitu ja koort. TGA tulemused viitasid 
valdavalt aditiivsele käitumisele, samas kui fikseeritud kihiga reaktoris tehtud katsed 
näitasid, et biomassi ja põlevkivi vahel esineb koosmõju (sünergia), mille ulatus sõltub 
kasutatavast biomassi liigist ja taime osast. Kahe katsesüsteemi erinevad tulemused 
näitavad, et mitteaditiivsete efektide avaldumine sõltub ka eksperimentaalsest 
keskkonnast. Positiivne koosmõju avaldus kõige selgemalt koorepõhistes segudes, kus 
täheldati arvutuslikust suuremaid CO kontsentratsioone. Erinevused ületasid 
eksperimentaalse määramatuse, kinnitades mitteaditiivset käitumist. Suurim CO 
kontsentratsioon (16.7 vol%) määrati männikoore segus, mis sisaldas 10% põlevkivi. 
Seevastu tüvepuidupõhised segud näitasid valdavalt aditiivset või inhibeerivat käitumist. 
H2 kontsentratsioon üldiselt vähenes põlevkivi sisalduse suurenemisega, samas kui CH4 
kontsentratsioon jäi madalaks ja ei näidanud selget muutustrendi. 

 Tahke jäägi eripinna analüüs näitas, et tüvepuidust saadud söe eripind oli oluliselt 
suurem (kuni ~680 m2/g) võrreldes kooreproovidest saadud söega (~435–505 m2/g), kuid 
sellele vaatamata oli tüvepuidu gaasistamisel CO kontsentratsioon madalam. Põlevkivi 
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osakaalu suurenedes vähenes eripind süstemaatiliselt, kuid koorepõhised segud 
säilitasid kõrgema reaktsioonivõime, mis näitab, et gaasistamise efektiivsust mõjutasid 
eripinnast enam lähteaine koostis ja mineraalainete sisaldus. 

Tulemused näitavad, et lähteaine koostis mõjutab oluliselt biomassi ja põlevkivi 
vahelist koosmõju. Kooreproovide suurem seotud süsiniku sisaldus tagab pürolüüsi järel 
suurema süsinikuvaru järgnevaks söe–CO2 reaktsiooniks, samas kui biomassile omased 
leelis- ja leelismuldmetallid võivad katalüüsida süsiniku gaasistamist. Põlevkivi lisab 
süsteemi täiendava mineraalse komponendi, eelkõige Ca ühendid. Tulemused on seega 
kooskõlas kombineeritud efektiga, millesse võivad panustada nii biomassi enda AAEM-id 
kui ka põlevkivist pärinevad mineraalid. Nende individuaalset panust ja täpset 
katalüütilist mehhanismi ei olnud käesolevate katsete põhjal siiski võimalik eristada. TGA 
ja fikseeritud kihiga reaktori tulemuste erinevus viitab lisaks sellele, et koosmõju 
avaldumist võivad mõjutada proovi mass, osakeste vaheline kontakt ning soojus- ja 
massiülekande tingimused. 

Käesolevas töös esitatud põlevkivi ja biomassi vaheline koosmõju tõlgendus põhineb 
peamiselt kütuste koostise analüüsil ja eksperimentaalsete gaasistamise katsete 
tulemustel. Seega jäi antud töö ulatusest välja tulemuste kineetiline valideerimine, 
sealhulgas kütuste koosgaasistamine erinevatel kuumutuskiirustel ja selektiivne 
demineraliseerimine. Täiendavad uuringud annaksid olulist informatsiooni, et eristada 
katatüütilisi efekte ja täpsemalt hinnata mineraalide rolli gaasistamise reaktsioonides. 

Tulemused näitavad, et põlevkivi lisamine biomassi gaasistamisele võib teatud 
tingimustel soodustada CO moodustumist, kuid mõju sõltub nii biomassi omadustest kui 
ka eksperimentaalsetest tingimustest. Töö loob põhjaliku lähteandmestiku Eesti 
puitbiomassi koostise kohta ning täiendab arusaama lähteaine omaduste ja 
mineraalainete rollist biomassi ja põlevkivi koosgaasistamisel. Saadud tulemused loovad 
aluse sihipärasteks mehhanistlikeks ja kineetilisteks uuringuteks, lähteainesegude ja 
protsessitingimuste optimeerimiseks ning pikemas perspektiivis protsessi skaleerimise 
võimaluste hindamiseks. Ühtlasi toetavad tulemused biomassi ja põlevkivi 
koosgaasistamise edasist uurimist ühe võimaliku alternatiivse väärindamissuunana.
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Abstract – The European Union has set an ambitious goal to transform to a carbon neutral 
economy. The present paper focuses on thermal treatment of oil shale and biomass blends 
that could be considered as an important pathway for achieving the carbon neutral goal 
locally in Estonia. The concept of co-pyrolysis and co-gasification of biomass and oil shale 
offers various advantages such as higher liquid product yield and higher char conversion than 
if the oil shale and biomass particles were processed individually. In the paper, an overview 
of the planned actions for merging oil shale industry carbon neutral economy is given. The 
selected approaches are justified with information found in scientific literature and initial 
experimental results. Further, the possible future developments for gasification and pyrolysis 
in Estonia are also highlighted.

Keywords – CFB (circulating fluidized bed); char; fixed bed reactor; heating rate.

1. INTRODUCTION

Biomass is an abundant raw material and a source for energy, fuels and (organic) chemicals. 
Producing fuels and chemicals allows more economical use of local biomass and waste. This 
is especially attractive for countries, like Estonia, that have large amounts of forested land.

Thermal treatment of different organic (polymeric) materials in an oxygen deprived 
environment, termed pyrolysis or gasification (depending on temperature), has received a lot 
of attention as a promising method to produce oil, chemicals and syngas. Studies have 
indicated that thermal treatment produces fuel (liquid or gas) at a lower cost than other 
common technologies, such as biochemical [1], [2]. Thermal treatment can be applied to a 
wide range of feedstock, including wastes and oil shale [3], which allows the use of different 
feedstock depending on what is economically feasible and readily available [4]. Such 
flexibility also means the raw materials could be varied to produce different types and 
amounts of products to meet changing demands. In addition, a locally important feedstock, 
such as oil shale could be used, either on its own or for co-pyrolysis/co-gasification with 
biomass to optimize the properties of the resulting liquid and/or gaseous product(s).
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Pyrolysis and gasification are complex processes involving hundreds of chemical species, 
many different reactions, and mass and heat transfer processes. The composition and structure 
of the raw materials and the conditions used all play a role in determining the composition of 
the evolving products [5], [6]. Performing co-pyrolysis/co-gasification, by mixing biomass 
with something like plastic wastes, tires or oil shale, also affects the process and the resulting 
products. On one hand, this can improve the yield and properties of the products and enable 
the use of a wider variety of feedstock, but it also adds complexity [7]–[9]. Further, compared 
to thermal treatment of just one raw material (for example coal), synergetic effects in co-
pyrolysis and co-gasification are sometimes reported [10], [11]. It is also suggested that 
inorganic constituents can act as catalysts [6], [12]. 

The data on co-gasification of biomass and oil shale seems to be very scarce [13]. There are 
few studies on co-pyrolysis of oil shale and biomass at temperatures ranging from 340 °C in 
an autoclave [14] to 520 °C in a cylindrical retort [15]. 

The current paper presents a broad range of conditions and techniques that are used in the 
ongoing study intended to develop knowledge in the field of co-pyrolysis and co-gasification 
of oil shale and biomass. The results obtained provide valuable input to the analysis of the 
perspectives of Estonia’s carbon neutrality and also to the oil shale industry for developing 
innovative and environmentally friendly technologies for oil shale processing. Firstly, it will 
provide basic information about the possibilities for further valorisation of feedstock for 
example into platform chemicals and polymer monomers. Secondly, valuable data is obtained 
to cope with the targets of the European Union climate and energy package and Renewable 
Energy Directive. 

2. METHODS AND MATERIALS

2.1. Raw Material 

The selected approaches are applied to Kukersite oil shale, biomass and their mixtures. 
Proximate and ultimate analysis of the biomass (bark of Scots pine; Pinus sylvestris as an 
example) and oil shale are shown in Table 1. To eliminate the effect of moisture content, 
samples are dried at 105 °C and stored in desiccators. Particle size of the sample is in between 
0.25 mm and 0.5 mm. 

TABLE 1. EXAMPLES OF PROXIMATE AND ULTIMATE ANALYSIS OF BARK AND OIL SHALE 

Loss on ignition 
at 550 °C, wt. % 

Ash content at 
815 °C (dry 
matter), wt. % 

Carbonate 
CO2, wt. 
% 

Elemental composition, wt. % 

C H N S O 

Oil shale 41.38 47.35 17.6 33.78 3.71 0.09 1.73 60.69 

Bark (Scots pine) 96.95 52.79 6.08 1.19 0.04 43.10 

2.2. Testing Procedure 

The general test plan is as follows: 
1) Sample preparation – particle size-reduction;
2) Preliminary characterization of fuels – it involves elemental composition, content of

heavy metals, calorific value, ash content, moisture content, adsorption
parameters, etc.;
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3) Thermal treatment of materials in thermogravimetric analyser (TGA) under different 

conditions (pyrolysis or gasification). Different heating rates and carrier gases can 
be used (usually below 40 °C/min) to test a wide range of conditions. As the sample 
amount is limited, it is mostly used for screening, although valuable data on evolving 
gases is obtained; 

4) Thermal treatment of materials in a fixed bed reactor is used to obtain larger amounts 
of material that can be further analysed and characterized. For the solid residue 
(char), the same analyses are carried out as for preliminary characterization of fuels. 
Evolved gases and condensed oil are further characterized. 

2.3. Experimental Set-Up and Equipment 

The experimental part of the research is performed in the Department of Energy Technology 
(DET) of the Tallinn University of Technology. The co-pyrolysis and co-gasification 
experiments are being performed in a laboratory-scale fixed bed reactor (Fig. 1), described in 
more detail in [16]. It is equipped with control (temperature control by means of 
thermocouples and gas flow by means of mass flow controllers) and data acquisition system 
(NI SCXI-1000 chassis with modules NI-1102 and NI-1124). Non-condensable gases may be 
analysed either with Fourier transformed infrared (FTIR) spectrometer (DX-4000, Gasmet) 
which can be configured to measure simultaneously H2O, CO2, CO, NO, NO2, N2O, SO2, 
NH3, CH4, HCl, HF, CxHy. The FTIR is coupled with a Zirconia oxygen sensor for 
determination of the O2 content. Concentration of volatile organic compounds (VOCs) is 
measured using a flame ionization detector (Fidamat 6, Siemens). Samples of the evolving 
gases may also be extracted to the gas sampling bag for the later analysis (of CO, H2 and 
CH4). 

 
Fig. 1. Fixed bed reactor set-up. 
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The kinetics of the gasification and pyrolysis processes including also heat effects are 
measured with a Netzsch STA 449 F3 Jupiter® thermogravimetric analyser. It is equipped 
with a water vapor generator and high-speed furnace to simulate processes under different 
conditions and different heating rates. Evolved gases are analysed with Netzsch QMS 403 D 
Aëolos® mass spectrometer. 

Determination of adsorption parameters (specific surface area and porosity, including 
calculation of multipoint BET, void volume and micropore specific surface area) is performed 
using a Quantachrome Autosorb iQ-C gas sorption analyser. It is useful for physisorption and 
chemisorption studies (former in H2 and oxidizing environments) to fully characterize the 
feed materials and the remaining solid residues. 

The mobility of heavy metals is analysed using ICP-MS (Thermo iCAP Qc Quadrupole) 
after acid digestion and treatment. 

Gases and liquids will be analysed in gas chromatograph (Agilent 7890A GC) with MS and 
FID detectors and LC (Waters e2695) with PID and MS detector, respectively. 

General sample characterisation (including chemical composition of solids) is performed 
in a dedicated accredited laboratory in DET according to international standards and validated 
methods. 

3. RESULTS AND DISCUSSION

Despite the efforts taken to reduce the use of solid fossil fuels, combustion of these fuels is 
still one of the main sources of electricity and heat, both in Estonia and globally. This is 
mainly because these fossil fuels are widely available, and the technologies used are reliable 
and available when needed. Oil shale provides approximately 80 % of Estonia’s electricity 
needs, making Estonia one of the least energy independent countries of Europe [17]. The oil 
shale sector is known from wider publicity about its large environmental footprint. However, 
it is not often known that, during the last 25 years, significant improvements in reducing the 
environmental impact of the oil shale-related industries (both energy and shale oil production) 
has been achieved. This is mainly as a result of utilizing fluidized bed combustion 
technologies. At the same time, new technologies are emerging that could possibly provide 
even more efficient utilization of oil shale and provide cleaner and more economical energy. 
To find the balance between the needs (energy) and expectations (clean environment), it is 
necessary to develop more sustainable ways to utilize local conventional fuels (such as oil 
shale). Also, latest developments in the energy sector are mostly driven by the EU’s 
legislative constraints and climate agreements suggest that further development of the oil 
shale industry is urgently needed. It is suggested that instead of oil shale combustion, its 
gasification or valorisation to shale oil could be more sustainable [18]. 

Estonian oil shale pyrolysis process is rather well studied and shale oil is extensively 
researched [19]–[21]. In the pyrolysis reactors, the conditions have been optimized to 
maximize the yield of shale oil. Shale oil is mostly used as fuel oil and its value depends on 
the crude oil market. To increase the value of shale oil, it should be further processed using 
upgrading (for example with the aid of gas) or separation of valuable compounds to be used 
in the chemical industry. Dibasic phenols have been the main valuable products separated 
from the Kiviter shale oil (low heating rate). Recently a project for oil shale valorisation was 
started with the aim to use partial oxidation of kerogen for production of dicarboxylic acids 
[22], showing the potential of oil shale as a source of valuable products. However, little is 
known about the liquids obtained during its co-pyrolysis with biomass. Based on the coal and 
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biomass pyrolysis liquid characterization, it could be expected that, depending on the type of 
feedstock, the obtained products could be “modified” [23].

The composition and yield of the products obtained during their thermal treatment is 
dependent on the type/composition of the feedstock that is used in the process, process 
temperature, heating rate, reaction time and the feed particle size [24]–[26]. In the following 
sections, a short overview describing the effects of these different parameters on pyrolysis 
and gasification processes is given together with the parameters selected in the current study 
and their possible impact on the process and products.

3.1. Feedstock

Biomass (based on the species analysed as well as storage conditions) could have significant 
variation in its physical as well as chemical properties. The composition of oil shale, mainly 
its organic content, however, also chemical composition of organic matter, is also varying. 
The parameters of feedstock affecting its thermal treatment and composition of obtained 
products are the size of the particles, ratio of oil shale to biomass, ash content, moisture 
content (which determines the concentration of steam in the gas phase). The feedstock 
blending ratio is reported to directly affect the formation of combustible gases (mostly H2, 
CO and CH4 but also higher hydrocarbons) in co-gasification [27]. Additionally, biomass 
blending with coal is reported to initiate gasification process at lower temperatures [28], 
produces more tar and less char [27].

In the course of the research, we have chosen to keep the size of the feed particles small to 
reduce the diffusion related phenomena and to reduce the time needed to heat the particles. 
Also, to avoid adding complexity, the samples are always dried. Rather, moisture (in the form 
of vapour/steam) can be introduced into the reactor in a controlled manner. Steam is a 
commonly used “additive” in gasification of biomass or coal as it allows to effectively change 
the composition (for example H2 or CO content) of obtained gas [29].

An important feature that distinguishes oil shale is its high mineral matter content. This 
mineral matter is largely composed of carbonate minerals that start to decompose at 
temperatures of around 700 °C (Fig. 2). During decomposition a significant amount of CO2
is formed. The extent of carbonate decomposition depends on the final temperature and 
residence time [30].

Fig. 2. Decomposition of oil shale and evolution of CO2 in N2 atmosphere.
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As can be seen from Fig. 2, the sample displays mass loss steps typical for oil shale – the 
decomposition step for organic matter in the temperature range of 370 to 560 °C and the 
decomposition of carbonate minerals in the temperature range of 600 to 770 °C. These have 
respective mass losses of 24.7 % and 21.9 %. Additionally, about 0.5 % of moisture is present 
(mass loss up to 200 °C). The residual mass of the sample is 52.8 %. The blue line on Fig. 1 
shows the evolution of m/z 44, CO2. As it is evolving at temperatures above 700 °C, 
it confirms that the second mass loss step is the decomposition of carbonate minerals while 
little or no CO2 is evolving during decomposition of organic matter. 

3.2. Temperature and Heating Rates 

Temperature is quite influential as far as the results of the pyrolysis products are concerned. 
For example, during the pyrolysis of biomass (and other feedstock) the composition of 
evolving gases changes as temperature is changed as does the amount of char. It has been 
studied that at higher temperatures more non-condensable gases [31]–[33], mainly CO + H2, 
are formed. In contrast, if the process is done with lower temperatures, solid products like 
charcoal, bio-coal or torrefied fuels are produced [23]. 

Together with temperature the heating rate also has a large influence on the yield and 
composition of the product that can be obtained in the processes. For example, if the material 
is heated rapidly to a moderate final temperature, more liquids will be obtained [34] whilst 
increasing the temperature and maintaining the high heating rate results in higher gas yields 
[35], [36]. 

In the current study, the main emphasis is on the gaseous and liquid products. Therefore, the 
sample is introduced to the pre-heated reactor (so-called drop-in method). In this way we 
achieve the highest possible heating rate to increase the yield of gases/liquids (depending on 
the final temperature). It is expected that the study will provide sufficient data for upgrading 
the process. 

Low heating rate thermal treatment studies indicate that there is two-step decomposition 
(pyrolysis) taking place at temperatures below 500 °C (Fig. 3). At higher heating rate 
(in fixed bed reactor) the decomposition of oil shale and biomass seems to be simultaneous 
(Fig. 4). 

 

Fig. 3. Decomposition of oil shale and biomass mixture (80:20 w:w) in N2 atmosphere. 

0

1

2

3

4

5

6

7

8

0

20

40

60

80

100

100 300 500 700 900

H
ea

t f
lo

w
, m

W
/m

g

M
as

s c
ha

ng
e,

 %

Temperature, °C

mass change heat flow



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2020 / 24 

 
630 

 

In Fig. 3, the mass loss and heat flow during pyrolysis of oil shale and biomass mixture is 
shown. Compared to the oil shale decomposition presented in Fig. 2, the mass loss during co-
pyrolysis starts at approximately 100 °C lower temperature (around 280 °C) which 
corresponds to the starting point of wood pyrolysis [37]. Heat effects associated with 
pyrolysis are rather small compared to that of decomposition of carbonate minerals. 

Based on the decomposition data from TGA and gas analysis data (Fig. 4), the estimated 
heating rate (from 25 to 300 °C) of a sample in fixed bed reactor is around 140 °C/min. 

 

Fig. 4. Evolution of different gases during oil shale and biomass co-pyrolysis at 550 °C in the fixed bed reactor. 

At high heating rates there is no possibility to measure real time mass loss, however, the 
process can be monitored through gas analysis. The gas analysis shows that at pyrolysis 
conditions relatively large amount of higher non-condensable (at around 0 °C) hydrocarbons 
is formed. Further studies are underway to determine the possible catalytic effect of oil shale 
on biomass co-pyrolysis (for oil production) and co-gasification (especially for production of 
syngas with high CO and H2 content). 

3.3. Reactors 

There are different reactors available for co-pyrolysis or co-gasification. The selection of a 
reactor for the thermal treatment defines the occurrence of the reactions and exact processes 
involved in different reactor zones which are interrelated with temperature effects. There are 
different types of reactors used for pyrolysis and gasification. Fast pyrolysis reactors have 
been developed for the purposes of laboratories and pilot-scale demonstrations, including 
CFB, free fall etc. types [10]. Operational gasification (pilot) plants are gathered in the 
International Energy Agency (IEA) database [38]. For coal and biomass co-gasification, a 
total of five plants at least in the technology readiness level (TRL) 4–5 have been built. Plants 
utilizing down draft fixed bed gasifier and Integrated Gasification Combined Cycle (IGCC) 
have failed to reach commercial operation. Currently, according to IEA, only two pilot scale 
plants (pressurized entrained flow gasifier and fixed bed gasifier) in the Research Institutes 
of Sweden are operational. Regarding biomass and coal co-pyrolysis, two TRL 6–7 fast 
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pyrolysis plants in the world are operational, however, at least one pilot scale fast pyrolysis 
plant is also operational in the VTT technical research centre of Finland. 

Despite the unfavourable statistic, the studies of pyrolysis and gasification are continuing. 
For this purpose, different reactors are utilized, including fixed bed, downdraft fixed bed, 
updraft fixed bed, (circulating) fluidized bed, tubular, entrained flow and circulating 
radial-flow moving bed reactors [10]. 

The reactor used in the current study is a batch fixed bed reactor which was chosen for its 
simplicity. As this type of reactor is used for developing new processes (or studying for 
example solid-supported catalysts), it serves as an excellent reactor type for oil shale and 
biomass blends gasification and pyrolysis. 

3.4. Char 

Char is sometimes considered as a leftover of pyrolysis or gasification processes, however, 
depending on its properties, bio-char can be used as fertilizer or soil improver [39], [40] or 
other value-added product (e.g. catalyst carrier). Compared to the use of conventional 
fertilizers, the addition of bio-char to the soil will reduce CO2, CH4 and N2O emissions [41], 
[42]. Despite its beneficial properties, it is still advantageous to reduce the amount of char 
formation if the goal is to use fuels as a source of liquids or gaseous products [43], [44]. This 
will be achieved as temperature is increased as is shown in Table 2. As it can be seen for 
pyrolysis of biomass, the mass losses obtained in the fixed bed reactor are between 80–88 % 
which is commonly reported in literature [45]. Interpretation of oil shale thermal treatment 
results is more challenging because of the high content of carbonates in mineral part of oil 
shale. 

The mass losses of co-pyrolysis calculated (based on Eq. (1)) from the obtained losses in 
pyrolysis of biomass and oil shale are 42.62 %, 45.54 % and 56.88 % at 550 ºC, 750 ºC and 
900 ºC, respectively. These values are higher than those obtained experimentally in 
co-pyrolysis, indicating possible synergy between the materials. 

BM BM OS OS
theor

SUM

m ML m MLML
m

, (1)

where 
MLtheor Calculated mass loss at specific temperature, %; 
MLBM Experimental mass loss of biomass at specific temperature, %; 
MLOS  Experimental mass loss of oil shale at specific temperature, %; 
mBM Mass of biomass, g; 
mOS Mass of oil shale, g; 
mSUM Mass of oil shale and biomass blend, g. 

Still, as the easiest option, char can also be beneficially used to extract energy from residual 
carbon. Estonia has extensive experience in utilizing char (called semi-coke) as an energy 
source in solid heat carrier shale oil production processes (so-called Galoter process including 
Petroter and Enefit technologies) [46].  

Oil shale pyrolysis residue, semi-coke (or char), is known by its environmental hazard [47]. 
Still, considering different beneficial options for char utilization, solid residues from co-
pyrolysis and co-gasification experiments needs to be fully characterized. 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2020 / 24 

 
632 

 

TABLE 2. MASS LOSSES DURING THERMAL 
TREATMENT OF OIL SHALE, BIOMASS AND THEIR BLENDS 

Sample Temperature, °C Mass loss, wt.% 

Bark (Scots pine) 550 80.60 

750 85.45 

900 87.62 

Oil shale 550 24.54 

750 26.54 

900 42.24 

Oil shale + bark 550 39.56 

750 46.67 

900 60.46 

3.5. (Co-)Gasification: Current Situation and Future Directions 

Gasification is considered an economically efficient process when it comes to utilization of 
low-grade fuels [48], [49]. Gasification of oil shale was historically carried out in chamber 
ovens and resulted gas which had medium calorific value and relatively high sulphur content. 
High sulphur content of chamber oven gas made it unusable (according to the current 
standards) in most applications. When combining the accumulated knowledge with modern 
gasification processes, it might be possible to reconsider oil shale gasification, and more 
preferably co-gasification with biomass, as an economically and environmentally viable 
process. This could be achieved with CFB gasifiers that have a high fuel flexibility. Based on 
the experience and current trends in combustion related studies, as well as trends in pyrolysis 
and gasification studies, it is generally accepted that CFB technology is the preferred 
technology. This technology is well suited for high ash content fuels like oil shale and allows 
more simple and precise control of gasification environment and temperature control 
compared to other, more conventional gasification technologies. CFB technology also ensures 
uniform temperature distribution which is an important parameter considering the effect of 
temperature on gasification products. Currently, however, there is no information available 
on gasification of oil shale in CFB reactors. The current study is intended to provide data on 
the CFB gasification conditions and resulting gas composition (including tar formation) 
useful for scientists and decision makers. Consequently, the results of the study will be used 
to upgrade gasification to a CFB unit that is currently under development in DET.  

An important goal in future studies is to evaluate the possibility of utilization of CFB 
gasification technologies for oil shale and biomass co-gasification that could easily be 
adopted on a large scale. It is important to comprehensively tackle the currently known 
problems, like de-fluidization of the fluidized bed caused by the agglomeration of biomass 
ash with low melting point and excessive tar formation and accumulation in downstream 
pipes [50] that have resulted in failure of pilot and large-scale installations. 

Additional studies should also focus on environmental aspects of provided processes. 
This includes greenhouse gas and sulphur emission related problems. Because sulphur is a 
dangerous pollutant (for the environment and for catalyst if obtained gases are further used 
in synthesis), its removal from streams is of high importance. Therefore, the fate and 
behaviour of sulphur compounds should be studied to determine the operational conditions 
for maximizing the extent of sulphur bound to the mineral part of oil shale in co-pyrolysis 
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and co-gasification processes. Most importantly, it must be ensured that all environmental 
aspects of the proposed technologies are considered so that the stakeholders and the wider 
public accept the technologies. 

3.6. (Co-)Pyrolysis: Current Situation and Future Directions 

Estonian oil shale chemical industry is relying on an old, out-dated Kiviter process. This 
process is known by its large environmental footprint and issues with pyrolytic water [51], 
however it produces oil with higher content of methylresorcinols. On the other hand, it is 
known that biomass pyrolysis oils have a complex chemical composition and they contain 
many useful oxygen and nitrogen compounds that can be used for producing chemicals [2]. 
Therefore, biomass and oil shale co-pyrolysis oil could potentially contain different valuable 
compounds that would help to extend the chemical industry and make it environmentally 
acceptable. 

After completing this study, an immediate direction for further research would be to 
develop applications in detail for the most valuable chemicals found in the co-pyrolysis oils. 
Certainly, some basic platform chemicals and polymer monomers can be produced [2], but 
beyond this there are a lot of high-tech applications that should be investigated. For example, 
the phenolic compounds can be used to create carbon aerogels, which can then be used in 
capacitors and batteries, insulation, adsorption and filtration and other applications [52]–[54]. 
Such phenols are also valuable precursors of adhesive resins for certain plastics. There is 
large potential to investigate other high value applications of chemicals from co-pyrolysis 
liquids. 

4. CONCLUSIONS

Co-pyrolysis and/or co-gasification of oil shale and biomass seem to be a feasible 
intermittent step for achieving the final goal of transforming Estonia to a carbon neutral 
economy and is meaningful in regards to circular economy goals (effective use of wood waste 
for co-pyrolysis and co-gasification). However, as this conclusion is based on the literature 
reviews on thermal treatment of coal and biomass blends, further oil shale specific 
experimental data is needed. An important feature distinguishing oil shale from most of the 
coals is its high mineral matter content which means careful selection of process parameters 
is needed. Experiments do show that heating rate has a strong effect on the process and the 
main focus should be on thermal treatment of blends at high heating rates. Not only yield of 
products, but also environmental aspects need to be considered. To take full advantage of the 
feedstock, all process streams must be researched. 
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Abstract. This paper provides an extended overview of the chemical characteristics of 19 
different wood species originating from Estonia. The variation of chemical composition in wood 
and bark was investigated using a variety of analytical techniques including WD-XRF, ICP-MS, 
and elemental analysis. Principal component analysis (PCA) was used to observe clustering in 
the sample set. It revealed a clear data clustering in terms of the wood and bark samples. Wood 
characteristics exhibit quite narrow ranges, on the other hand the composition of wood bark 
samples is significantly different and more distributed. The correlations and associations among 
27 chemical parameters, including 16 ash-forming elements, were studied. Several significant 
positive correlations between Cr-Ni-Fe, Ca-Sr, Al-Na-Si-Ti, K-Mg-P, Fe-Zn-Cr-Ni-Cu, Ash-Ca, 
N-S-P and O-volatile matter were found. Most of the metallic components are negatively 
correlated with volatile matter, C, H, O and heating value and are positively related to each other, 
or no significant correlation was identified. Results are compared to literature data and technical 
quality standards for biomass. Biomass feedstocks availability and composition for gasification 
process was discussed. Wood samples had higher volatiles content than in bark which is an 
indication that higher conversion rate and lower gasification temperature can be used. Spruce, 
pine and black alder barks have higher fixed carbon content than other common species that may 
increase biochar yield. Commonly available woods like Scots pine, Norway spruce, aspen, birch, 
black alder and grey alder may considered as suitable feedstocks for gasification because of their 
low N, S, Cl, and ash content together with high volatile matter, however, relatively high total 
heavy metals content were found from birch and grey alder barks compared to other hardwoods. 
 
Key words: biomass, biomass ash, chemical composition. 
 

INTRODUCTION 
 

In order to reduce the share of oil shale in the Estonian energy sector, renewable 
fuels like woody biomass are increasingly becoming a prospective alternative to produce 
energy and reduce environmental impacts like greenhouse gas (GHG) emissions and the 
amount of ash in landfills (Konist et al., 2013). Moreover, renewable energy directive 
sets targets for EU Member States to raise the share of renewable sources to at least 32% 
by 2030 (Official Journal of the European Union, 2009; Amanatidis, 2019). There is a 
huge perspective for increasing natural biomass use and for co-gasification with solid 
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fossil fuels in the energy sector (Vassilev et al., 2013). Via gasification, biomass can be 
converted to synthesis gas (syngas) which is a platform for heat and power production 
and an intermediate to produce chemicals. The co-gasification of many biomass/coal 
combinations were investigated by Koppejan & van Loo (2016), Thengane et al. (2019), 
Ma et al. (2019), Mallick et al. (2020). For Estonian, biomass co-combustion with oil shale 
would be a great alternative and offers near-term solutions to cut down CO2 emissions. 

Biomass is considered a highly reactive fuel (Koppejan & van Loo, 2016) and is 
easy to ignite at relatively low temperatures (García et al., 2012), however in industrial 
plants fuel feeding requires special measures (Caillat & Vakkilainen, 2013). From 
previous work of our research group (Maaten et al., 2019), biomass co-combustion with 
oil shale was found to be technologically promising. However, the characteristics of 
woody biomass and the possible effects of its composition on gasification were not 
included in the previous work. 

Biomass composition is highly variable and depends on many factors, like the type 
of biomass, plant species and part of the plant; growth, transport and deposition 
conditions; geographic location; harvesting time and technique; pick-up of extraneous 
material (dust, dirt, soil) etc (Vassilev et al., 2010). A lot of different data about biomass 
composition are available, especially about major species in Nordic countries (Eriksson 
et al., 2004; Antero, 2006; Werkelin et al., 2010, 2011; Pesonen et al., 2014), but there 
is a lack of information involving Estonian biomass characteristics that may influence 
thermochemical biomass conversion processes like gasification. In order to estimate the 
Estonian renewable energy potential, it is necessary to investigate and map biomass 
characteristics that are related to regional biomass including all major species in Estonia. 
Furthermore, the present work includes also trace elements in local wood species which 
is important because Estonia is one of the major wood pellets exporters (Kaup, 2018). 

A direct link exists between the chemical composition of biomass and the gas 
obtained by gasification. For example, the calorific value of syngas depends on the 
heating value and moisture content of the fuel (Kirsanovs & Žandeckis, 2015). Gil et al. 
(2019) statistically analysed biomass properties that influence gasification and found that 
carbon and hydrogen contents and the heating value of the biomass promote gas 
production. Also, important constituents that should be considered in gasifier selection 
are silica, chlorine, sulphur and alkali metals, which can cause slagging, fouling, 
hazardous emissions and high-temperature corrosion. 

The gasification process is strongly influenced or controlled by the catalyst, which 
leads to high selectivity towards desired products. Catalysts can be expensive and rapidly 
deactivated when in direct contact with biomass, and therefore, are not in common use 
in industrial biorefineries. Using biomass with a suitable mineral composition that acts 
as a catalyst may improve the syngas composition. It is reported that alkali and alkaline 
earth metals are the best catalysts for promoting char gasification (Nzihou et al., 2013). 
K and Ca in feedstocks may exhibit a catalytic effect, enhancing the char gasification 
reactivity and leading to a higher carbon conversion rate. Early work on the importance 
of alkali catalysts was done by Elliott et al. (1984), who claimed the optimum 
concentration of catalyst to be 3×10-4–1.5×10-3 mol of alkali per gram of biomass. 
Sueyasu et al. (2012) soaked feed biomass in a K solution before gasification to minimize 
tar emissions. Also, transition metals can participate as catalysts: Fe accelerates gasification 
and Ni prevents carbon deposition, which helps in conditioning biomass-derived syngas. 
Many studies have reported Ca to be a promising catalyst for increasing the gasification 
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rate of the char (Nzihou et al., 2013; Perander et al., 2015; Link et al., 2018). On the 
other hand, high alkali contents are considered a serious problem in biomass gasification 
due to contamination of equipment and increase maintenance costs (Ren et al., 2019). 

The aim of this study was to analyse different types of wood species harvested from 
Estonia and analyse their suitability as gasification feedstock based on their 
characteristics and chemical composition. The selection of wood species was based on 
the principle that all dominant species harvested in Estonia should be covered in this 
study. Dominant wood species in Estonia are Scots pine (36%), silver birch (25.6%), 
Norway spruce (19.7%), aspen (7.0%), grey alder (6.8%) and black alder (3.8%) 
(Raudsaar et al., 2018). Additional tree species like common laburnum, hawthorn, 
European crab apple, blackthorn, common lilac, European ash, Norway maple, common 
plum, rowan, white willow, bird cherry, wych elm and common juniper were also 
selected for the current study. These generally have a small volume (1.2%) of the total 
growing stock compared to the dominant species. However, the wider selection of wood 
species gives a more detailed overview of biofuel characteristics and their relationships. 

It is known that physicochemical properties of bark and wood differ (Olanders & 
Steenari, 1995; Frandsen et al., 2007; Vassilev et al., 2010; Werkelin et al., 2010; 
Johansson et al., 2016; Koppejan & van Loo, 2016); therefore, a comparison between 
bark and wood was made. Most studies have focused only on common wood species or 
analysed whole tree parts that contains both wood and bark and limited information on 
the separate components. Wood species were characterized by proximate and ultimate 
analysis, like ash content, heating value, volatile matter, C, H, N, S, Cl content and 
concentration of microelements/trace components. The data were compared to literature 
sources where possible. The results are compared with the data of Technical 
Specification (ISO 17225), which defines the biomass requirements and typical values 
and ranges for coniferous and broad-leaf wood and bark (results are obtained from a 
combination of research from Sweden, Finland, Denmark, Netherland and Germany). 
This study enhances our understanding of biomass composition as feedstock for 
gasification and will be beneficial to developing energy efficient processes. 

 
MATERIALS AND METHODS 

 
In total, 19 different wood species were investigated. These include 16 broad-leaf 

species: common laburnum (Laburnum Anagyroides), hawthorn (Crataegus), European 
crab apple (Malus sylvestris), blackthorn (Prunus spinosa), common lilac (Syringa 
vulgaris), European ash (Fraxinus excelsior), Norway maple (Acer platanoides), 
common plum (Prunus domestica), rowan (Sorbus aucuparia), white willow (Salix 
alba), bird cherry (Prunus padus), wych elm (Ulmus glabra), grey alder (Alnus incana), 
silver birch (Betula pendula), aspen (Populus tremula), black alder (Alnus glutinosa). 
3 coniferous wood species were also included: common juniper (Juniperus communis), 
Scots pine (Pinus Sylvestris), Norway spruce (Picea abies). Samples originated from 
northern and southern Estonia in order to represent a wider population of tree species. 

Wood samples were provided as air-dried logs. Wood and bark were separated 
mechanically before further analyses. The wood and bark ratios were determined 
gravimetrically after drying. Samples were grinded with a cutting mill and homogenized 
according to ISO 14780 solid biofuel sample preparation standard. 
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Wood samples were dried at 105 °C to a constant weight (ISO 18134-3). Ash 
content was determined at 550 °C (ISO 18122). Volatile matter was determined by 
burning the sample in a muffle furnace at 900 °C, following the procedure described in 
ISO 18123. Fixed carbon is the mass remaining after volatilization, excluding ash and 
moisture component. It can be calculated as subtracting from 100% the sum of the 
volatile matter and ash in percentage (Telmo et al., 2010). 

Gross calorific value at constant volume (qV,gr) was measured with IKA C2000 and 
IKA C5000 bomb calorimeters (ISO 18125). Gross calorific value on a dry basis (qV,gr,d) 
includes the condensation enthalpy of water. Net calorific value, also called the lower 
heating value (qp,net,d), is obtained when the condensation enthalpy of water is not 
included. 

A Vario MACRO CHNS Elementar Analyser System was used to measure the C, 
H and N contents of the dry matter (ISO 16948). Oxygen content was calculated from 
the C, H, N, S, Cl and ash. Cl and S contents were measured with a Dionex 1000 ion 
chromatograph (ISO 16994). A Rigaku WD-XRF and Thermo Scientific iCAP Qc ICP-
MS were used to determine ash forming elements and trace components in the biomass 
(ISO/TS 16996, ISO 16968). 

Analysis results are presented according to the requirements of ISO standards. 
Uncertainties for every method is determined by the Nordtest (Magnusson et al., 2017) 
or ISO GUM method (Joint Committee For Guides In Metrology, 2008) or the relative 
standard deviation is given. Uncertainty estimations according to (a) the Nordtest 
approach (Uc, k = 2): HV – 3.9%; Ash – 43.0%; S – 3.2%, Cl – 4.2%, Volatiles – 4.6%; 
C – 1.10%; H – 4.1%; N – 19.1%; Mg – 9.4%; Fe – 9,1%; Mn – 5.4%; Zn – 11.4%; 
Cr – 14.8%; Ni – 16.4%; Sr – 6.6%; Ti – 11.3%; Cu – 7.4%; Pb – 8.1%; K – 19.8%; 
Na – 75.5% (b) ISO GUM approach (Uc, k = 2): O – 3.0%, FC – 27.7% and 
(c) RSD (rel%): Ca – 1.1%; Al – 29.2%; P – 2.2%; Si – 14.8%.

PCA was carried out with the aim of highlighting possible clusters of wood types
characterized by similar properties. PCA is a chemometric technique for analysing the 
structure of the observations (wood and bark samples) and the variables (proximate, 
ultimate and trace metal analyses). PCA finds lines, planes and hyperplanes in the K-
dimensional space that approximate the data as well as possible (Jackson, 1991; Jollife 
& Cadima, 2016). PCA was conducted via XLSTAT Statistical Software for MS Excel. 

Chemical correlations between variables were determined in order to understand 
some of the fundamental relationships and trends. Data from the analysed woody 
biomass were subjected to the Pearson’s correlation test (Plata, 2006) to calculate 
correlation coefficient values between 26 characteristics. The calculated correlation 
coefficient values include the statistically significant as well as statistically insignificant 
R2 relationships, at a 95% confidence level. 

RESULTS AND DISCUSSION 

Proximate, ultimate analysis and heating value results are presented in Table 1. 
Minor and trace elements are shown in Table 2. Overall, 26 different parameters were 
measured for every sample. For better understanding, results are grouped as common 
and all wood species. Scots pine, silver birch, Norway spruce, aspen, grey alder and 
black alder are largely the most available resource in Estonia (Raudsaar et al., 2018), and 
therefore, some special attention is given to them. 
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It is noticeable that in most of the species bark is less than 10% of the overall stem 
wood (Table 1). However, there are some exceptions like common plum where the bark 
ratio reached over 42%. This result may be explained by the factors that affect bark 
thickness: wood species, the age and growing conditions (Sonmez et al., 2007; Koman 
& Feher 2015). It should be considered that wood chips are generally produced from 
whole trees; therefore, the prominent component is wood and bark makes only a small 
contribution to the average. However, bark is a main source of ash, different extractives 
and elements that may affect the biomass gasification process and need careful 
consideration. 

 
Ash yield 
Ash content is an important quality parameter of biomass. A high content of ash is 

undesirable in most conversion processes as it causes problems related to utilization and 
process design, reduces the heating value (Elbersen et al., 2017) and affects dust 
emission (Koppejan & van Loo, 2016). Biomass with an ash content over 10% is 
considered to have a high risk of slag formation (Ren et al., 2019). However, there is no 
evidence that the ash content in a gasification process directly influences gas 
composition, although ash can cause a variety of problems like slagging, which is 
influenced by the presence of alkaline metals in biomass. 

Results show that the wood part of most of the species has a relatively low ash 
content ranging between 0.3 to 1.8%. Only hawthorn and wych elm have a higher ash 
content, 1.56% and 1.75%, respectively, compared to typical broad-leaf wood values 
(0.2–1.0%). The ash content of pine and spruce (0.2–0.3%) matches standardized values 
of 0.1–1.0% according to ISO 17225. However, common juniper has a higher ash content 
than other softwoods. Mason et al. (2015) report much higher ash values for pine and 
willow, 1.9% and 2.0%, respectively. On the other hand, the alder ash content is similar 
to that from Pesonen et al. (2014). It is stated that the ash content in untreated wood of 
different species is 0.1% to 0.6% and in bark 3% to 5% (Ragland et al., 1991), but it can 
reach up to 20% for some biomasses (Caillat & Vakkilainen, 2013). In gasification 
mostly a mixture of bark and wood is used; therefore, ash content is primary dependent on 
the bark content of the feedstock. Results show that broad-leaf trees have higher ash 
contents that coniferous wood, which is similar to earlier findings (Alakangas et al., 2016). 

The ash content of bark (1.4–16.9%) was significantly higher than that of stem 
wood (0.3–1.8%). Silver birch, alder and common laburnum have the lowest ash 
contents in the bark: 1.4%, 2.7% and 2.7%, respectively. These values lie between the 
typical broad-leaf wood bark ash content values of 0.8–3.0% according to ISO 17225. 
The bark ash content of birch and European ash, 1.4 and 9.3%, respectively, are similar 
to the values of 2.1% (Bryers, 1996) and 9.14% (Zając et al., 2018) reported in previous 
studies. However, most of the analysed Estonian hardwood barks have higher ash values 
than typical hardwood. The wood species with the highest bark ash content are European 
apple tree 16.9%, hawthorn 13.7%, wych elm 13.4% and Norway maple 10.4%. High 
ash content may be due to mossy bark. Contaminants from soil can lead to severe 
problems like fouling and slagging (Caillat & Vakkilainen, 2013). The ash content of 
3.1% for pine bark was within the typical range of values for softwood bark  
(< 1.0–3.0%) and comparable to the value reported by Antero (2006) (2.3%). Norway 
spruce and common juniper have higher ash contents of 7.9 and 7.2%, respectively. 



287 

A high ash content is normally undesirable since it complicates the operational 
process. Moreover, it is stated that higher ash content promotes the growth of CO and H2 
concentration in the syngas and the decrease of CH4 content (Kirsanovs & Žandeckis, 
2015). On the other hand, it is possible to use biomass with a suitable ash composition 
that may act as a natural catalyst for char gasification and tar removal. Therefore, ash 
yield alone is not a sufficient parameter for estimating the suitability of different woody 
samples. The chemical composition, especially alkali and alkali-earth metals concentrations, 
should additionally be considered (discussed in the following paragraphs). 

Heating value 
Heating value (HV) is an expression of the energy content released when burnt in 

air (McKendry, 2002). HV is not highly variable from one tree species to another 
(Table 1). The HHV of wood lays between 19.07 and 20.65 MJ kg-1. These results are 
similar to earlier findings, where no significant differences in HVs of different wood 
species and barks were found (Pesonen et al., 2014). On contrary, HHV of bark is much 
more distributed and values range between 16.47 and 24.18 MJ kg-1. Moreover, silver 
birch bark has the highest HV of 24.18 MJ kg-1 exceeding a typical hardwood bark HV 
of 20.0 MJ kg-1 (according to ISO 17225). This result may be explained by the fact that 
birch bark is rich in extractives and suberin (Pinto et al., 2009) that may contribute to 
higher HV. Also, it is reported that lignin content has strong positive correlation to HV 
(Demirbaş, 2001). However, Pesonen et al. (2014) states that the HV of silver birch wood 
HV is much lower, 18.46 MJ kg-1, but aspen and alder have very similar results to current 
results. The lowest HV determined was for European crab apple bark, 16.47 MJ kg-1, 
where a negative correlation is seen between ash content (16.91%) and HV. The HV of 
the pine bark analysed is similar to those reported by Antero (2006), McKendry (2002) 
and Phyllis2 Database. In contrast, spruce bark has a lower HV than reported by Antero 
(2006) and the Phyllis2 Database, but still lies between values that are typical for 
softwood barks. Overall, the mean HVs of hardwood and softwood are very similar, 
although softwood samples tend to have a slightly higher HV, as supported by previous 
findings (Ragland et al., 1991; Nurmi, 2000). 

The HHV of the biomass along with C and H content were found to promote the 
concentrations of CO and combustible gas, the calorific value of the product gas and the 
gasification conversion (Gil et al., 2019). Therefore, bark samples that have much higher 
HHV than wood samples may appear to be more suitable feedstocks for gasification. 

Volatile matter 
Data for the volatile matter (VM) of the biomass samples indicates that there is no 

significant difference between broad-leaf and coniferous wood. The same trend is seen 
in bark samples. Wood samples have higher VMs compared to barks (79.9–86.6% versus 
67.5–80.1%). According to the literature, VM in woody biomass lies between 70.20 and 
93.99% (Miles et al., 1996; Koziński & Saade, 1998; McKendry, 2002; Cuiping et al., 
2004; Demirbas, 2004; Eriksson et al., 2004; Grammelis et al., 2006; Saidur et al., 2011; 
García et al., 2012; Miccio et al., 2012; Rizvi et al., 2015; Lu et al., 2018). The VM of 
willow and pine wood is similar to that result reported by Mason et al. (2015). Silver 
birch bark had the highest VM among all barks, similar to results obtained by 
Bryers (1996). The VM content of Norway spruce coincides with the content reported 
by Antero (2006). 
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According to the literature, a higher volatile matter increases the biomass 
conversion rate in comparison to biomasses with higher fixed carbon content (Roldan, 
2018). Therefore, the conversion rate of wood samples in thermochemical processes 
should be much higher than bark samples. Kurkela (1996) found that a lower volatiles 
content decreases the reactivity of pine bark compared to wood, and therefore, pine bark 
gasification needs an extra 100 °C increase in the temperature. These findings suggest 
that samples with higher VM matter, like wood samples, are preferred for gasification 
when a lower gasification temperature is required. 

 
Fixed carbon 
Fixed carbon (FC) is the carbon found in the material that remains after volatile 

materials are emitted. FC content is linked to the biochar yield which is reported to be 
higher for biomasses with high FC (Roldan, 2018). FC in wood and bark samples varies 
between 12.6–18.4% and 13.9–26.9%, respectively. It is possible to hypothesise that 
gasification of bark samples yields more biochar. Biochar may be a valuable by-product 
that can be used as a soil amendment or in carbon sequestration applications (Hansen et 
al., 2015). Therefore, from the analysed data set the most suitable samples for a high 
biochar yield would be spruce and black alder bark that have by far the highest FC, low 
ash content and belong to prevalent wood species in Estonia. 

 
Carbon 
The typical range of carbon (C) content in softwood is between 47–54% and in 

hardwood 48–52%, on a dry basis, according to ISO 17225. The present study shows 
that there is no significant difference in C content between hardwood and softwood 
wood, as in hardwood it varies between 47.0 to 49.9% and in softwoods from 48.8 to 
50.3%. On the other hand, bark samples have a much higher variation between different 
species – 43.9 to 56.3%. Silver birch bark stands out as having the highest C content of 
56.3%, which is similar to results reported in the literature (Bryers, 1996). Wych elm, 
white willow, European ash, European crab apple and Norway maple have C content 
below the typical hardwood bark range of 47 to 55% (ISO 17225). Norway spruce, 
however, has a lower C content than Scots pine, 48.4% and 52.8%, respectively. In the 
literature the same pattern is apparent between pine and spruce bark (Antero, 2006; 
Frandsen et al., 2007; Vassilev et al., 2010; Brunner et al., 2013; Jerzak, 2020). 

 
Hydrogen 
Hydrogen (H) is one of the parameters that has a higher influence on the heating 

value along with carbon, oxygen and sulfur (Telmo et al., 2010). According to the results, 
most of the species have higher H content in the wood than the bark with a few 
exceptions like silver birch, blackthorn, rowan and aspen. The H content of the analysed 
samples in broad-leaf wood is slightly higher than reported in the literature (Pesonen et 
al., 2014; Mason et al., 2015) lying between 6.3 and 6.6%. Hardwood wood, on the other 
hand, have a wide distribution in H content, varying between 5.2–7.0%. The H content 
of softwood bark is similar that reported in the literature (Antero, 2006; Vassilev et al., 
2010; Brunner et al., 2013; Phyllis2 Database). 

A higher H content is preferred in biomass as it results in a higher concentration of 
H2 and a higher H2/CO ratio in the gasification outlet gas according to hierarchical cluster 
and principal component analyses conducted by Gil et al., (2019). 
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Oxygen 
Lignocellulosic fuel has a comparatively high oxygen (O) content that contributes 

to low heating values. Oxygen content is one of the most significant parameters along 
with gasification temperature, that determine the chemical efficiency of the gasification 
(Schuster et al., 2001). O content is very similar in all woods and ranges between 42.1 
to 45.6%, but in bark samples it lies between 31.6 and 41.3%. O content in the literature 
is reported mostly on the basis of the whole wood and the content varies between 40.6 
and 44.6% among different wood species (Miles et al., 1996; Koziński & Saade, 1998; 
Cuiping et al., 2004; Demirbas, 2004; Eriksson et al., 2004; Saidur et al., 2011; García 
et al., 2012; Miccio et al., 2012; Brunner et al., 2013; Lu et al., 2018; Phyllis2 Database). 
Kirsanovs & Žandeckis (2015) point out that lower O content in the feedstock 
necessitates a higher amount of air to be injected into the gasifier in order to achieve the 
required equivalent ratio. In addition, a higher C/O mass ratio in the fuel increases the 
heating value of the syngas. Therefore, common hardwood barks like grey alder, black 
alder, silver birch and aspen that have higher C/O mass ratios, ranging between 1.43 to 
1.62, may be a more suitable feedstock when the highest HV of syngas is required. 

Nitrogen 
Results show that nitrogen (N) content in bark is remarkably higher than in wood, 

varied from 0.1 to 0.3% and 0.4 to 2.5%, respectively. Typical N content in hardwood 
and softwood lays between < 0.01 to 0.5% (ISO 17225). Common laburnum bark differs 
greatly from other species and the N content reaches 2.5%. A relatively high N content 
(1.2%) was also found in Scots pine bark. On the one hand, this is similar to the result 
for pine wood, which has a N content of 1.3%, as reported by Mason et al. (2015). 
However, Brunner et al. (2013), Frandsen et al. (2007), Antero (2006) report much lower 
N contents in softwood bark ranging between 0.05–0.5%. N is an important 
characteristic that should be considered in gasification and design of gas cleaning 
section. N is converted into N2, NH3 and HCN during gasification. The N2 content in the 
syngas decreases the calorific value of the syngas produced. Ammonia can be eliminated 
from product gas by increasing the gasification temperature so it decomposes to nitrogen 
(Devi et al., 2003). Also, NH3 can be separated from the gas flow by adding H2SO4 
(Zisopoulos et al., 2018), where the product ammonium sulphate can be further used as 
fertilizer. Samples that have a higher N value should be avoided if possible, e.g. common 
laburnum, black alder and Scot’s pine bark. 

Sulphur and chlorine 
The advantage of untreated woody biomass is the low content of sulphur (S) and 

chlorine (Cl). The presence of Cl and S in the feedstock often leads to the formation of 
sulphates and facilitates fouling (Miles et al., 1996). The problem is that HCl formation 
and condensation can occur on the cooler parts of equipment, often on heat exchangers, 
which will lead to corrosion of the metal surface. In gasification, S is transformed to H2S 
or COS, but as the concentrations are low, the issue is not very common in biomass 
gasification. It is seen that most of the sulphur originates from the bark as a majority of 
wood samples have an S content below 0.01%. Common laburnurm, hawthorn and 
European crab apple stand out as they have relatively high S contents both in wood and 
bark compared to other tree species, and in order to avoid S and Cl related problems, 
these samples can be excluded from the selection of possible feedstocks for gasification. 
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The S content of fuel increases when the bark content is higher. Cl content in barks is 
slightly higher compared to woods, ≤ 0.01% and 0.01–0.03%, respectively. Higher Cl 
contents can be found  when  woody biomass contains needles or leaves (Alakangas et 
al., 2016), however these parts of the tree were out of the scope of this study. 

 
Minor and trace elements 
According to Zevenhoven & Kilpinen (2001), the elements can be classified as 

follows: major (> 1.0%), minor (0.1–1.0%) and trace (< 0.1%) elements. The present 
results show that elemental classification is slightly different and changeable in the case 
of wood and bark. Major elements in both are C, H, N, O, but also Ca can be classified 
as a major component in bark where its concentration may exceed 6%. However, in stem 
wood Ca is a dominant minor element and all other determined elements: Al, Na, Si, 
Mg, Fe, P, Cu, Mn, Ni, Zn, Sr, Cr, Ti, Pb, belong to the trace elements range. K is found 
as either a minor or trace element depending on the wood type. In the bark samples, there 
is variation between different species and K, Mg, Si can be classified as minor elements. 
All in all, the major and minor elements in biomass, in decreasing order of abundance, 
are C > O > H > N > Ca > K > Mg > P > S > Cl > Si > Na > Fe > Al > Mn > Zn > Sr > 
Cr > Ni > Ti > Cu > Pb. 

Many of the tested wood and bark samples contain high concentrations of Ca, K, 
Mg and Na that, according to different studies, improve the gasification process (Elliott 
et al., 1984; Sueyasu et al., 2012; Perander et al., 2015; Ren et al., 2019). These results 
support earlier findings that the majority of ash forming elements are found within the 
bark (Kleinhans et al., 2018). Also, Werkelin et al. (2011) investigated the chemical 
composition of different parts of Norway spruce and reported lower Al, K, Si and Mn in 
wood than in the present work and much higher values of Mn and K in bark. Scots pine 
and silver birch, on the other hand, show small amounts of Al, Na and Si. Generally, 
common wood species stand out as having relatively low contents of ash-forming 
elements compared to all analysed species. 

Ca is the dominate ash forming element in biomass, especially in bark samples 
where concentrations were up to twelve times higher than those of the wood samples. 
Similar findings have been reported by Kleinhans et al. (2018). The Ca content of the 
wood species ranged within rather wide limits, 718–63,910 ppm, depending on the wood 
type. The highest Ca content of 63,910 and 49,587 ppm was found from the European 
crab apple and wych elm bark samples, respectively. The lowest Ca content was 
observed in Scots pine, aspen and European ash wood samples: 718, 890 and 891 ppm, 
respectively. A higher Ca content in the feedstock is advantageous. In some cases, 
limestone as a source of calcium is added because it acts as a sulphur capture technique 
and prevents agglomeration (Miles et al., 1996). Koppejan & van Loo (2016) indicate 
that ashes of agricultural crops with low concentrations of Ca and high concentrations 
of potassium (K) start to sinter and melt at significantly lower temperatures than woody 
biomass. In this study, the Ca content of most of the samples outweigh K content, but 
there are two exceptions: willow and wych elm wood – these samples have a much 
higher probability to cause lower ash melting behaviour. 

K is the second most abundant alkali element in biomass. K is stated as one of the 
elements that in high concentrations together with the high silica and chlorine content, is 
known to create ash deposit problems (Kurkela, 1996). K is detected as KCl, K2SO4, 
K2CO3, K3PO4 in biomass ash (Mlonka-Mędrala et al., 2020). Results show that broad-leaf 
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wood species tend to have higher K contents than softwood. On the other hand, K is 
reported as an effective catalyst in gasification and it enhances tar reforming (Sueyasu et 
al., 2012; Nzihou et al., 2013). Gil et al. (2019) also found that a high H2 content and high 
H2/CO ratio in the gas product are related to the higher H/O ratio and K2O in biomass. 
Therefore, samples that have a higher K content may be favoured instead, when a low 
content of tar in the syngas is required, although sintering problem should be considered. 

It has been found that the Si content in hardwood bark may reach up to 2% and in 
case of softwood up to 0.5% (ISO 17225). Interestingly, all analysed samples had lower 
Si content than typical values, from 0.002 to 0.41% (except hawthorn bark with 0.9% 
Si). Although, a similar pattern exists where bark has majority of Si content compared 
to the whole wood. These results seem to be consistent with other research which found 
that the silica content of clean bark is higher than that of wood (Ragland et al., 1991). 
The high silica content in bark or wood originates from soil components and sand. 

Iron (Fe) content varied between 38 ppm and 1,377 ppm. It is stated that the typical 
Fe content in woods lies between 0–100 ppm and in bark it may reach up to 800 ppm 
(ISO 17225). European ash wood was enriched in Fe (1,377 ppm), but all other samples 
are comparable to typical values. 

Al content in most of the woods and barks are in accordance to technical standard, 
that propose values of < 10 to 1,200 ppm (ISO 17225). Smallest amount of Al is found 
from common species (< 393 ppm). On the other hand, hardwood barks show higher 
concentrations than recommended values in standard, from 70 to 2,810 ppm. Na content 
in woods and barks are below 200 ppm and 1,200 ppm, respectively and are in 
accordance to typical values. 

Woody biomass has higher amounts of heavy metals than annually harvested crops 
because wood has a longer rotation period for accumulation of heavy metals (Koppejan 
& van Loo, 2016). Barks of hawthorn, European ash, bird cherry, and rowan stand out 
as they have relatively high amount of Mn, Zn, Cr, Ni, Sr, Ti, Cu and Pb. Silver birch 
and grey alder have higher concentration of heavy metals than other common 
hardwoods. In addition, Norway spruce bark has twice as high of a heavy metals 
concentration as Scots pine bark. 

Correlations between characteristics 
The Pearson correlation coefficient was used to assess linear associations between 

biomass parameters in order to elucidate which feedstock features have an impact on 
each other (Table 3). The strength of the correlation is described using the guide that 
Evans (1996) suggests for the absolute value of r: 0.40–0.59 as ’moderate’; 0.60–0.79 as 
‘strong’; 0.80–1.0 as ‘very strong’. Knowing correlations between variables gives the 
opportunity to predict biomass composition without a need to carry out a full set of analyses. 

The present data show very strong positive correlations (r ≥ 0.8) between the 
following characteristics: Cr-Ni-Fe, Ca-Sr, HV-C, Al-Na-Si-Ti, K-Mg-P, Fe-Zn-Cr-Ni-
Cu, Ash-Ca, N-S-P and O-VM. Most of the ash forming elements like Si, Ca, K, P, Al, 
Mg, Fe, S, Sr, Na and Ti have moderate to very strong correlations with ash. Also, Mn 
is classified as an ash-forming element according to Werkelin et al., (2011). Cr and Ni 
together with Ca, Fe and Cu are non-volatile metals that are found to exit principally in 
equal concentrations in the bottom ash and the fly ash (Nzihou & Stanmore, 2013). 
However, this was not supported in the present study where no significant relationships 
between ash yield and Mn, Cr and Ni were determined. 
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Strong positive correlations (0.60 ≤ r ≤ 0.79) occurred also between Ash-Na-Si-
Mg-P-Sr-Ti, VM-H, N-Mg, S-Ash-K-Na-Ca-Si-Mg, HV-H, K-P-Pb, Ca-Si-Mg-P. 
Compared to previous studies there were similar findings, for example strong positive 
correlation for Al-Ti-Si, N-S-P and K-Mg-P (Vassilev et al., 2010), S-N-Cl (Jenkins et 
al., 1998), Ash-Ca-Na-Si, K-P-Mg, Ca-S-P (Monti et al., 2008). 

Very strong negative relationships occur between Ash-VM, Ash-H, VM-Ca and 
Ca-H. Strong negative correlations are mainly associated with VM, C, H, O and HV 
which are mostly negatively correlated with trace elements. VM has a negative 
correlation with most of the parameters, except with O, H, C and heating value. Same 
pattern is seen with O, where a positive correlation is only observed with volatiles and a 
moderate correlation with H. This finding was also reported by Vassilev et al. (2010) 
who stated there is a strong negative relationship between ash-O, O-N, O-S, O-P. In 
contrast to earlier findings, however, no evidence of negative correlations between trace 
elements (e.g. Si-Ca, Si-Mg, Si-K, Si-Mn, Ca-K, Ca-Al, K-Al, Ca-Al, Fe-Ca) was 
detected. In this study, several strong correlations between metallic elements were found, 
for example Al-Na-Si-Ti, Ca-Sr, Ca-Si, Ca-Mg, Si-Pb, Fe-Pb, Zn-Cr-Ni, Cu-Pb. 
According to Vassilev et al. (2012) the Si-Al-Fe-Na-Ti association is related mostly as 
detrital silicates and oxyhydroxides, excluding authigenic opal and Ca-Mg-Mn is 
commonly related to authigenic oxalates and carbonates. 

VM correlates with H content in the data set, which is in agreement with the 
conclusion of Caillat & Vakkilainen (2013) that a higher VM content is due to a high 
hydrogen content and depends on the nature of the material and thermochemical process 
conditions. It has also been suggested that a high VM and fixed carbon content increase 
the heating value (Saidur et al., 2011). This does not appear to be the case and no 
correlation between VM and HV was detected in the current study. 

Figure 1. Graphical dispersion based on the PCA obtained from 26 variables (autoscaled): 
B – bark; W – wood. 
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A principal component analysis (PCA) was conducted on the variables studied in 
order to observe possible groupings and/or separation among wood species. PCA scatter 
plot (Fig. 1) revealed a clear data clustering in terms of the sample type using the scores 
of the first two principal components with a total variance of 57.9%. Generally, a total 
variance of 70% is considered as satisfactory in PC analysis. In this case, a lower total 
variance was accepted as satisfactory because descriptive purpose was desired, and it 
gave sufficient interpretation and scattering of the samples. Wood samples form a 
relative compact cluster that is characterized by high O, H, VM and HHV and low ash, 
while the bark samples are much more diverse and distributed over a wider range that is 
characterized by high ash and ash-forming element concentration. This suggests that 
different woods have similar compositions and there is no significant difference between 
species. It is possible, therefore, that the grouped biomass samples will show similar 
behaviours even if they are namely different. This means that if the process conditions 
are similar, the same behaviour can be expected among wood samples. However, the 
layout of bark samples reflects their variability and differences in composition. 
Interestingly, birch bark belongs to the wood cluster. This can be explained by the very 
high heating value (24.18 MJ kg-1), volatiles content (80.1%) and carbon content 
(56.34%), makes it similar to wood samples. Results show that there are some significant 
differences and exceptions between wood species. For instance, hawthorn bark had 
remarkably high Al, Na, Ca and Si content compared to others. 

It reveals that VM, H and O exhibit negative loadings in the negative side of the first 
principal component (F1). On the other hand, Al, Ti, Na, Ca, S and ash show significant 
positive loading contributions to the first principal component (F1). 

 

The loading plot (Fig. 2) 
illustrates the connections of 
the variables to each other and 
gives an impression about 
correlations between features. 
The loading unravel the 
magnitude (large or small 
correlations) and in which 
way (positive or negative 
correlation) the variables 
contribute to the scores 
(Jackson, 1991; Jollife & 
Cadima, 2016). Sample 
distributions follow the 
loading values that wood 
samples spread in horizontal 
direction due to contents of 
volatiles, hydrogen, oxygen, 
Al, Ti, Na, Si, Ca, S and ash, 
and in the vertical direction 
due to mainly Cr, Ni, K content.  

 

 
 
Figure 2. Correlations between variables according to PCA.
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CONCLUSIONS 

Based on results obtained experimentally and information available in the literature, 
this paper gives an overview of the characteristics of different Estonian wood species. 

Statistical analysis supports the knowledge that woody biomass is heterogenous 
and its composition depends on its origin, growing environment and wood-specific 
mineral uptake. 

Some conclusions based on complete proximate, ultimate and ash analyses of 
19 different wood and bark samples can be made: 

1) Wood samples have a relatively predictable composition where parameters vary
in a narrow range. On the other hand, wood bark composition is more diverse and 
depends on the wood species. 

2) Birch bark composition is more similar to wood samples than other bark
samples, mainly due to its very high heating value, high content of C, H and volatiles 
and low ash content. 

3) Main parameters that cause wood and bark samples clustering are volatiles,
hydrogen, oxygen, ash, Al, Ti, Na, Si and Ca. 

4) Very strong positive correlations were found, namely: Cr-Ni-Fe, Ca-Sr, HV-C,
Al-Na-Si-Ti, K-Mg-P, Fe-Zn-Cr-Ni-Cu, Ash-Ca, N-S-P and O-VM. 

5) Strong positive correlations occurred between Ash-Na-Si-Mg-P-Sr-Ti, VM-H,
N-Mg, S-Ash-K-Na-Ca-Si-Mg, HV-H, K-P-Pb, Ca-Si-Mg-P.

6) Most of the ash forming elements have moderate to very strong correlation with
ash, except Mn, Cr, Ni. 

7) Very strong negative relationships occur between Ash-VM, Ash-H, VM-Ca
and Ca-H. 

8) Results show that not all wood species coincide with typical wood or bark. Most
of the analysed hardwood barks have higher ash yields compared to a typical hardwood. 

9) Gasification feedstock should be chosen considering the aim of gasification. To
increase the yield of biochar, bark should be used because of the high content of fixed 
carbon. When a high reactivity and conversion rate is required, the wood part should be 
used because of its high volatile matter content. 

10) Common wood species (Scots pine, Norway spruce, aspen, birch, grey alder
and black alder) are perspective feedstock for gasification because of the low S, N, Cl, 
and ash content and high volatile matter. 

11) Hardwood species have higher heavy metal contents (Mn, Zn, Cr, Ni, Sr, Ti,
Cu, Pb) than softwoods. Of the common species, birch and grey alder have over three 
times higher total heavy metal content than other common hardwoods. In addition, 
spruce bark has more than two times higher total heavy metals content than pine bark. 
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