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The chemical industry feedstocks and energy sources are currently dominated by fossil fuels.
Advances to decarbonize the chemical industry have been made by studying the production
of chemicals from renewable sources and applying carbon capture and utilization to existing
technologies. In this master’s thesis, a Power-to-X application towards chemicals was
studied. Contribution to circular economy was also considered, as potential waste-based
fractions were used as a feedstock.

The objective of the thesis was to study carbonization of waste-based fractions, and the
conversion of the produced char and CO> to carbon monoxide with the Boudouard reaction.
The aim was to achieve a production route to reduce impurities in the feedstock and
minimize tar formation compared to direct gasification.

In the literature part of the thesis, research on waste materials and current waste utilization
methods was performed. In addition, carbonization of waste and gasification methods of
char were researched in more detail. In the experimental part, the carbonization of the wood
pellet, wood waste, and energy waste followed by the Boudouard reaction was studied. In
addition, the thesis includes analysis of the obtained results, focusing on the suitability for
further applications of the products, and the set objectives.

Based on the results, the waste materials are a feasible feedstock for relatively clean CO
production. The yield of CO from more heterogeneous waste materials was smaller
compared to lignocellulosic biomass, but as waste materials are generally free, the method
Is a promising solution for improving waste management, as well as a method for CO>
conversion. More experiments for lower quality wastes in larger applications and improving
process efficiency would be required to study the feasibility and optimization of the method.
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Kemianteollisuuden raaka-aineet ja energialdhteet koostuvat talla hetkellad fossiilisista
polttoaineista. Alan hiilidioksidipaastdja on yritetty véhentdad esimerkiksi tutkimalla
kemikaalien tuotantoa uusiutuvista raaka-aineista, seka integroimalla hiilidioksidin
talteenotto- ja hyddyntamisteknologioita olemassa oleviin prosesseihin. Téassa diplomitydssa
tutkittiin - Power-to-X teknologian hyddyntamistd kemikaalien tuotannossa. Myds
Kiertotalouden nékdkulma otettiin huomioon, silla tutkimuksen materiaaleina kéaytettiin
jatepohjaisia raaka-aineita.

TyoOn tavoitteena oli tutkia jatejakeiden hiilestystd, sekéd tuotetun hiilen ja hiilidioksidin
reaktiota hiilimonoksidiksi Boudouard-reaktiolla. Tyon tarkoituksena oli saavuttaa prosessi,
jossa mahdollisia epapuhtauksia ja tervan muodostumista saataisiin vahennettya verrattuna
suoraan kaasutukseen.

Tyon Kirjallisuusosassa tutkittiin jatemateriaalien késittely- ja hyodyntdmismenetemia, seké
eri materiaalien hiilestystd ja hiilen kaasutusta. Tyodn kokeellisessa osassa tutkittiin
puupelletin, puujatteen ja energiajatteen hiilestystd, sek& Boudouard-reaktiota tuotetun
hiilen ja hiilidioksidin véalilla. Lis&ksi saatuja tuloksia tarkasteltiin tuotteiden jatkokayton ja
asetettujen tavoitteiden ndkokulmasta.

Tulosten perusteella jatemateriaalit soveltuvat suhteellisen puhtaan hiilimonoksidin
tuotantoon. Heterogeenisemmistd jatemateriaaleista tuotetun hiilimonoksidin maara oli
pienempi verrattuna lignoselluloosapohjaiseen biomassaan, mutta koska jatemateriaalit ovat
yleensd ilmaisia, menetelmd on lupaava ratkaisu seké jatteenkasittelyn parantamiseksi etta
hiilidioksidin  konversioon. Menetelmén  soveltuvuutta tulisi  kuitenkin  tutkia
huonolaatuisemmilla materiaaleilla, sekd suuremmassa mittakaavassa. Lisdksi prosessin
tehokkuutta tulisi kehittaa.



SYMBOLS AND ABBREVIATIONS

Symbols
AH Reaction enthalpy [kJ/mol]
X Mean of measured values

Roman characters

A Ash content/peak area in gas chromatography calculations [%/-]
M Moisture content

m Mass [0]

n Amount of substance/number of measured values [mol/-]
S Standard deviation

\Y Volume [L]

X Measured value

Y Yield

Subscripts

ar As received

daf Dry ash-free basis

d/db Dry basis

Abbreviations

C(0) Carbon-oxygen surface complex

Cras Carbon-free active site

CxHy Hydrocarbon

CCUS Carbon capture, utilization and storage
CDW Construction and demolition waste
DOE Design of experiments

ER Equivalence ratio



EW

FC

FID

FT

GC
GDP
GHG
HCI
HHV
HTC
IPA
K2COs3
LHV
MSW/MW
Na2COs
P2X, PtX
PLS
RDF
REF
SRF
TCD
TGA
VM

wC

Energy waste

Fixed carbon

Flame ionization detection
Fischer-Tropsch synthesis
Gas chromatography

Gross domestic product
Greenhouse gas

Hydrogen chloride

Higher heating value
Hydrothermal carbonization
Isopropyl alcohol

Potassium carbonate

Lower heating value
Municipal solid waste, municipal waste
Sodium carbonate
Power-to-X

Partial least squares

Refuse derived fuel
Recovered fuel

Solid recovered fuel

Thermal conductivity detector
Thermogravimetric analysers
Volatile matter

Wood char



WGS Water-gas shift reaction
WP Wood pellet
WILE Waste-to-Energy

Ww Wood waste
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1 Introduction

Oil and gas are currently the most used feedstock in the chemical industry, used to produce
hydrogen and carbon for further utilization. The demand and activity in the sector have risen,
leading to an increase in energy and other feedstock consumption. As energy is also needed
for the production of materials, the chemical sector is the world's largest energy-consuming
industry. In addition, it is the third-largest subsector in industry, when it comes to producing
direct CO2 emissions. Therefore, the industry is in need of decarbonization, increased
implementation of circular economy, and more sustainable production methods. (IEA,
2023.)

Advances have been made in terms of chemical industry feedstocks and processes. For
example, electrolytic hydrogen is according to IEA (2023) one of the main “decarbonization
pathways” in the chemical industry. In addition, developments in carbon capture, utilization,
and storage (CCUS) technologies and designing more sustainable concepts that decrease
emissions, are in the focus when decarbonizing the chemical sector and improving circular
economy. (Londofio and Cabezas, 2021) (IEA, 2023). When it comes to chemical industry
processes, the utilized feedstocks would preferably be a waste or side stream from other
applications, so that circular economy would be also applied in the process (Londofio and
Cabezas, 2021).

One of these concepts is Power-to-X (P2X, PtX), which aims to reduce greenhouse gas
(GHG) emissions while also improving energy security by transforming renewable
electricity into different products. (Foit et al., 2017). In this thesis, the main research focus
is on Waste-to-X or on Waste-to-Chemicals, as the carbonization and gasification of
different waste materials and CO> to carbon monoxide (CO) and its further applications in
the chemical industry are researched. The studied process scheme is illustrated in Figure 1.
CO is an important material in many manufacturing processes the chemical industry, as it
acts as a precursor in the production of propionic, acetic, formic, and acrylic acids, as well
as in dimethyl carbonate and acetic anhydride production (Medrano-Garcia et al., 2019). CO
is commonly separated from synthesis gas (syngas) (Medrano-Garcia et al., 2019), but it also
takes part in many industrial syntheses that utilize syngas, such as the Fischer-Tropsch

synthesis (FT), methanol synthesis and ammonia synthesis (Chan et al., 2021).
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. Gasification
Raw material Char Boudouard reaction Gaseous product

i 1 b -
Carbonization 100% steam reaction >

Bergius-Pier reaction

Figure 1. Process scheme of the waste utilization process applied in the thesis

Different thermochemical routes such as incineration and gasification have been researched
for converting waste to for example heat and syngas and have been stated to improve the
sustainability of the waste management sector compared to for example landfilling (Santos
et al., 2023a). However, waste-to-energy (WtE) facilities face some critique regarding the
contribution to circular economy (Karim and Corazzini, 2019.) In gasification, the
heterogeneous nature of some waste feedstocks is stated to be a technical challenge (Santos
et al., 2023a). For example, municipal solid waste (MSW) and its derivatives might cause

toxic emissions or difficulties in the operation of the processes (Edo et al., 2017).

According to Edo et al. (2017), pre-treatments of the feedstock, such as torrefaction could
decrease the challenges of the feedstock variability in WtE plants. In addition to char
combustion, char gasification has been previously studied, although the number of studies
compared to direct gasification is small. Many studies are also performed using
thermogravimetric analysers (TGA), which do not resemble actual industrial-size reactors
used for gasification, making scale-up difficult. However, char gasification is a possible
route for direct syngas production, as the produced gas is cleaner compared to for example

raw biomass gasification. (Moreira et al., 2020.)

1.1 Objectives of the research

The objective of the thesis is to study and propose a method for carbon monoxide production
from carbonized waste materials with the Boudouard reaction. The method utilizes CO2 in

the gasification step and enables a route for direct CO production. Carbonization and
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gasification are studied separately to optimize and study both processes for the intended
purpose. Furthermore, the aim of the research is to enable impurity removal in the
carbonization step and reduce tar formation compared to direct gasification. The focus is

also on the further utilization possibilities of the produced gas.

1.2 Structure of the thesis

This thesis contains a literature and an experimental part. The literature part presents the
background regarding waste fractions and current waste management systems and
technologies. The research in the literature part also covers the basis of carbonization and
gasification theory and technology, with a focus on waste and char as the material.

The experimental part is divided into two parts, where in the first part the carbonization of
wood pellet, wood waste, and energy waste are studied. The characteristics of the raw
materials are analysed by ultimate, proximate, and calorimetric analyses before
carbonization. Wood pellet is used as the reference material and to optimize the process. The

gas from the carbonization step is characterized by gas chromatography (GC).

In the second part, gasification of the produced chars with COz is studied. The optimization
of the process is also done with the wood pellet. In addition, a wood char sample received
from a pilot-scale company is analysed and gasified. The experiments in the gasification step
also include testing of a KoCOs catalyst. The produced gas is collected and analysed with
GC. Finally, the results of the experiments, derived conclusions and further proposals are

discussed at the end of the thesis.
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Literature part

2 Waste fractions, sources, and characteristics

The global municipal solid waste production was reported to be approximately 2.01 billion
tonnes in 2016, which calculated based on population and gross domestic product (GDP)
growth expectations is by 2030 expected to be 2.59 billion tonnes and by 2050 3.40 billion
tonnes. Out of the 2.01 billion tonnes, approximately 33 % is openly thrown away without
any form of waste management and 37 % to a type of landfill. If considering the more
environmentally safe options, recycling, and composting account for approximately 19 %,

and modern incineration or WtE facilities around 11 %. (Kaza et al., 2018.)

MSW and waste in general possess a great energy source, but also have potential as material
to be turned into valuable products. Especially biomass-based waste fractions such as wood
waste has a great recirculation potential. European Union generated approximately 2600
million tonnes of waste in 2014, out of which 60 MT was wood waste. This only accounts
for the wood waste in MSW, construction and demolition woods, and woody industry
byproducts. (BioReg, 2018.)

When observing the amounts and contents of waste it is important to remember that the
numbers vary regionally. For example, wood waste is generally generated more in higher-
income countries (BioReg, 2018). Also, when observing the shares presented in the first
paragraph it is critical to remember that the numbers are global, and that the shares for more
environmentally safe waste disposal methods are lower in low-income countries, while being
higher in high-income countries. As population and GDP growth are commonly linked to
waste production, the amount of waste is also reported to almost triple by 2050 in low-
income regions. However, high-income regions have currently a much higher average per
capita waste production compared to low-income countries. There are also differences

between upper- and lower-middle-income regions. (Kaza et al., 2018.)
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2.1 Current management methods

When examining the shares for different waste treatment and disposal methods presented in
the opening paragraph of this chapter more in detail, according to Kaza et al., (2018), the
methods can be divided into “recycling, composting, anaerobic digestion, incineration,
landfilling, open dumping and dumping in marine areas or waterways”. Keeping in mind the
purpose of the thesis, for this research the waste can be roughly divided into recirculating
and non-circulating waste. Out of these, the first contains recycling and composting, and the
second one anaerobic digestion, WtE incineration, open burning, landfills, and openly
dumped waste. However, anaerobic digestion, gas-collection landfills, and incineration are

used to recover energy in some regions (Kaza et al., 2018).

Waste incineration is applied in many countries of the European Union (EU) as the primary
waste management method for mixed municipal waste, while the share of landfilling has
been reduced (European Parliament, 2018). For example, in Finland, the share of
incineration of mixed waste was nearly 99 % in waste-to-energy facilities and approximately
0.1 % in end-of-life incineration in 2021. As the share of mixed municipal waste in Finland
was almost half of the total annual waste production, the share of incineration as a waste
management method in Finland was approximately 60 %. The approximate also includes

other waste fractions that were combusted. (Tilastokeskus, 2024.)

In comparison, the share of separately collected wood waste out of all collected waste in
Finland in 2021 was approximately 4 %. Out of the collected wood-based waste, nearly 55
% was used in material recirculation and nearly 45 % was incinerated in WtE facilities, while
the share of end-of-life burning was 0.8 %. (Tilastokeskus, 2024.)

Although WIE facilities generally make use of waste and help to switch energy production
from fossil-based materials to other options, there has been some opposition regarding waste
incineration. One of the arguments opposed to WHE is that it discourages recycling, as many
combustible materials could also be recycled. Another mentionable argument is that WtE
would possibly profit from increased waste generation, as WtE facilities are able to create
more energy from the waste generated. (Karim and Corazzini, 2019.) In addition, waste
incineration even in WtE facilities is discussed to cause emissions, although the CO:>
emissions from a waste incineration are according to Karim and Corazzini (2019) only half

of the emissions from fossil-based energy facilities per MWh of electricity. According to
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Shah et al. (2023), the CO2 emitted from incinerating one tonne of municipal waste is
approximately 0.7-1.7 tonnes and according to IEA Bioenergy (2003) 1.1 tonne, while
landfilling generates approximately 50-100 kg of methane (CH4) (IEA Bioenergy, 2003) or
1.4-2.8 tonnes of CO, (EPA, 2023a). The emissions from incineration are moderately
smaller, although avoided emissions from energy recovery are not included in either of the
cases. Also, approximately half of the produced methane can be used as energy in modern
landfills. It is worth noting also that a large amount of the emitted CO, from combusting
MSW is biogenic, and the share of fossil-based carbon is approximately 20-40%. (IEA
Bioenergy, 2003.) Another discussion topic has been the formation of cancer-causing
chemical dioxin, although the production can be minimized with suitable technology

solutions (Karim and Corazzini, 2019).

2.2 Wood-based waste

Wood-based waste can be utilized as for example energy source or new products such as
building materials instead of being disposed or combusted (Mancini and Rinnan, 2023).
Despite this, landscaping, tree maintenance operations, and gardening residues such as
needles, bark, and chips (Safarian et al., 2021) are often handled as waste instead of a
resource (Mantau et al., 2010). Another mentionable source of wood waste is construction
and demolition waste (CDW), which among other waste from construction sites consists of
timber waste (Jahan et al., 2022). Other sources of wood-based waste include for example
industries that use wood as a raw material, waste treatment centres, and larger wood

packaging such as one-way pallets (Hague et al., 2023).

One affecting factor in the reuse possibilities of waste wood is the quality of the material.
For example, chemically or mechanically treated wood might be hazardous, and thus not
suitable for safe reuse. Even if not hazardous, the wood might contain contaminants that
could lead to soil, water, or air contamination. (Mancini and Rinnan, 2023.) Some examples
of moderately treated wood waste would be for example coated or glued wood, whereas
highly treated wood waste includes wood coated and impregnated with chemical
preservatives. Highly treated wood waste is often disposed by incineration or to hazardous
waste landfills. Moderately treated wood waste could possibly be used for other purposes as

well, but it needs to be well-examined so that it does not contain too many hazardous
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substances. However, the line between clean and too hazardous wood waste is difficult to

determine. (Junginger et al., 2019.)

The reuse possibilities of different waste depend also on the characteristics and properties of
the selected material. These include the elemental composition, moisture and ash content,
and the heating value of the material (Ronsse et al., 2015). Affecting parameters also include
volatile matter (VM), and fixed carbon (FC) contents (Ronsse et al., 2015), which measure
the amount of gaseous matter that volatilizes during heating, and the carbon in the biomass
that remains after, without the presence of moisture or ash (Basu 2013). Defining the
characteristics of non-treated wood waste is generally easy, as for example, waste from
wood-utilizing industries is usually good quality and thus less complicated to recycle and
reuse, while other types of wood waste might be more difficult to categorize and utilize
(Faracaetal., 2019). Examples of the proximate analysis results and elemental compositions

of different wood waste materials are presented in Table 1.

Table 1. Proximate and ultimate analysis results of different waste woods (Wilen et al. 1996)
(Zhou et al., 2014)

Forest residue chips Pine sawdust Wood waste as a part of MSW?
(Wilén et al., 1996), wt% | (Wilén et al., 1996), wt% (Zhou et al., 2014), wt%
Proximate analysis
VMab 79.3 83.1 75.87
Ashap 1.33 0.08 6.84
FCub 19.37 16.82 17.29
Moisturear 6.30 15.30 42.95
Ultimate analysis Dry basis (db) Dry basis (db) Dry ash-free basis (daf)
C 51.3 51.0 51.35
H 6.10 5.99 6.39
N 0.40 0.08 1.59
S 0.02 0.00 0.18
) 40.85° 42.828 40.50
Cl 42 ppm-wt <50 42 ppm-wt 0.29
Na 42 ppm-wt 20 ppm-wt -
K 983 ppm-wt 480 ppm-wt -

apy difference

bcalculated as a mean of 1-9 samples
¢ the wood waste fraction contained for example chopsticks, flowers, grass, branches, leaves and bamboo

The ash measured in the samples might contain various inorganic constituents, such as
chlorine, alkali and heavy metals, sulphur, and phosphorus, some of them also visible in
Table 1. Woody biomass generally contains a low amount of ash, whereas crops and other
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biomass might have a higher ash content. These compounds are a result of for example used
fertilizers and contamination with soil particles and might have an effect in further
applications of the biomass. (Ronsse et al., 2015.) The effects of ash content in terms of

carbonization are discussed more in Chapter 4 of the thesis.

The heating value also depends on the composition of the material. The values are often
reported as a calorific or heating value, or as a lower heating value (LHV) or higher heating
value (HHV), depending on the state of water when measured (Alao et al., 2022). The LHV
and HHV values for forest residue chips in Wilén’s et al. (1996) biomass feedstock analysis
were 19.56 and 20.89, respectively. According to Tilastokeskus (2023) the LHV of
demolition-based wood is 12.5 MJ/kg, when it is assumed that the share of biobased sources
in the waste is 90%. Other wood-based fractions that might be considered as waste wood
could be chips from forest residues and stumps, which were reported to have LHV of 10
MJ/kg and 11.5 MJ/Kkg, respectively.

2.2.1 Construction and demolition waste

The production of wood waste from construction and demolition sites is considerable,
approximately 20-30 % of all CDW (Jahan et al., 2022). Generally, CDW such as steel and
concrete are efficiently reused, but according to Jahan et al. (2022), the share of wood waste

recycling is relatively low compared to other CDW constituents.

According to Jahan et al. (2022), construction and demolition wood waste can be separated
into untreated, engineered and preservative-treated, and painted waste, which can be in
different forms such as sawdust, shavings, off-cuts, slabs, and bars. Out of these, untreated
wood waste offers the most unchallenging reuse possibilities, as it is generally high-quality
soft- or hardwood. Engineered wood might refer to for example plywood or laminated
veneers, and might contain resins or glues, making direct reuse more difficult. The coated
and painted wood waste is the most challenging group in terms of reuse, as the used

preservatives and paint might be hazardous. (Jahan et al., 2022.)
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2.2.2 Wood pellets

Composed of different kinds of leftover wood, wood pellets are not technically waste
anymore. The material is compressed into a pellet form held together by lignin. Common
materials for wood pellets include wood shavings and sawdust, which in a compressed form
require less amount of storage and have high combustion efficiency when burned, as the

wood is in a very dense form. (Speight, 2020).

According to Speight (2020), the calorific value of a common wood pellet is approximately
20.5 MJ/kg. The general moisture content of the pellets is 3.5-5.5 % and ash content is 0.2-

0.5 % which makes them a good source of energy.

2.3 Municipal solid waste

Municipal waste is generally defined as household waste, but the sources also include for
example waste from office buildings and institutions that have similar characteristics
(OECD, 2024). In Kaza’s et al. (2018) publication, municipal solid waste is defined as
“residential, commercial and institutional waste” and is kept separate from other types of
waste such as medical, industrial, or hazardous waste. The general composition of different
fractions in MSW are illustrated in Figure 2, while the shares of different municipal waste

fractions in Finland in 2022 are shown in Figure 3.



18

Rubber and leather Wood

2%_| 2%

Metal
4%

Glass
5%

Food and green
44 %

Figure 2. The shares of different waste fractions in MSW globally in 2016 (Kaza et al., 2018)
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Figure 3. The shares of municipal waste in Finland in 2022 (Tilastokeskus, 2024). The names
of the fractions progress clockwise starting from the mixed waste fraction (50%)
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Observing Figure 2, food, and green waste account for the largest share in waste generation.
The bracket includes food, yard, and green waste (Kaza et al., 2018), out of which green
waste is often classified as a “mixture of biomass” (Liu et al., 2023). It is worth mentioning
in this case also, that in low-income countries the share of food and green and other waste
increase, while the shares for the rest of the fractions decrease. The change is contrary in
high income regions. (Kaza et al., 2018.) It can be seen from Figure 3 that in Finland in 2022,
mixed waste accounted for the largest share of all municipal waste, while the share of
biodegradable waste was only 15 %. However, the shares of wood waste, food and green
waste, and biodegradable waste in Figures 2 and 3 could possibly be classified into other
fractions within the mentioned groups.

MSW also contains impurities, such as traces of hazardous wastes like batteries, medicine,
chemicals, or electric waste (Luque & Speight, 2014). Other impurities might include
halogenated hydrocarbons, heavy metals, sodium, nitrogen, chlorine, and alkalis (Arena,
2012). Out of these, chlorine found in PVC and other chlorinated plastic causes issues when
combusted, as it forms HCI and organochlorine compounds which are toxic and corrosive
(Torres et al., 2021). Of course, if specifying impurities in MSW that is intended to be
recycled, every other waste that is not supposed to be recycled in the same fraction could be
considered an impurity. Examples of the elemental composition of MSW are presented in
Table 2, although it is difficult to determine the general composition due to regional
differences and the varying nature of the material.

Table 2. Proximate and ultimate analysis results for MSW samples found in the literature
(Gopu et al., 2018) (Recari et al., 2017) (Berge et al., 2011)

MSW, (Gopu et al., Solid recovered fuel Mixed MSW (Berge et
2018), wt% (SRF) (Recari et al., al., 2011), wt%
2017), wt%
Proximate analysis Dry basis As received Dry basis, as received
for moisture
VM 91.34 72.58 + 0.86 62.0
Ash 5.76 13.24 +1.01 28.4
FC 2.90 5.78 +0.44 9.6
Moisture - 8.39+041 6.3
Ultimate analysis Dry basis As received Dry basis
C 51.96 46.03 + 0.54 28.5
H 6.48 7.49 +0.02 3.8
N 2.56 0.66 + 0.06 0.56
S 2.57 0.26 +0.01 0.05
02 38.55 31.71+0.55 38.7
Cl - 0.59+0.22 -

2 by difference
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Observing Table 2 it can be noticed that both the elemental composition and characteristics
of the different MSW samples vary a lot. Especially volatile matter and ash contents have
significant differences between the MSW and mixed MSW samples presented in Table 2. It
can be concluded that the suitability of MSW for further applications should be evaluated

separately in every case.

When characterizing MSW for further utilization, energy content is also an important
parameter. However, the more detailed characteristics of MSW might be difficult to narrow
into specific numbers due to its heterogeneous and varying nature. As mentioned before,
waste composition varies between regions as well. According to Liikanen (2019), the share
of organic matter and moisture (Alao et al., 2022) in the waste decreases the LHV of the

waste, whereas the share of plastic increases the LHV.

Based on IEA Bioenergy’s (2003) report, the calorific value of MSW is approximately 8-12
MJ/Kkg, although it was not specified if the value was the higher or lower heating value. For
reference, Finnish statistics company Tilastokeskus (2023) reported that the LHV of
municipal/mixed waste is around 10 MJ/kg, while it was assumed that the share of biobased
waste is 50 %. However, these values are most probably evaluated from high-income
countries” MSW, as Alao’s et al. (2022) collection of MSW heating values showed similar
results for high-income countries, and much lower values, varying between 3-9 MJ/kg for

lower-income countries.

2.3.1 Mixed/combustible waste and energy waste

Mixed waste originates from the same sources as municipal waste, and its composition is
also related to the region of collection. In regions where WtE incineration is common, mixed

waste is often referred to as combustible waste, or non-recyclable waste (HSY, 2024).

Generally mixed waste in higher-income regions is low in moisture and organic matter,
which, referencing to the previous chapter results in higher heating values (Kaza et al., 2018).
According to HSY’s (2021) research on mixed waste composition in the metropolitan area
of Finland, the share of biowaste was 39.4 %, which is relatively high considering that mixed

waste in Finland is generally defined as non-recyclable waste. In the same research, it was
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found, that in total 79.8 % of all mixed waste could also be recycled separately, while only
19.6 % was waste that was suitable for mixed. The rest, 0.6 %, was hazardous waste. Ideally
considering WtE and other waste utilization technologies the composition of mixed waste
would differ from MSW more significantly, as all the possible waste fractions would be
recycled.

The energy content of mixed waste is most probably similar to the higher values mentioned
in Chapter 2.3, if the share of biowaste is similar to MSW. However, if the share of biowaste
and moisture decrease, the LHV of mixed waste can be significantly higher, as it was in
Horttanainen et al. (2013) research, where an average of 19 MJ/kg was reported for test
samples collected in Lappeenranta, Finland. However, the portion of biowaste in the samples
was low (23.9%) while the portion of plastic was high (30.8%), which, as mentioned before,
is favourable if aiming toward high LHV. In the same study, the moisture content for the

mixed MSW was reported as 29%, and the ash content of dry matter as 16%.

Similarly to mixed waste, separately collected energy waste contains fractions that cannot
be recycled. Commonly collected from commercial and industrial facilities, energy waste
composition is generally near to mixed waste and in ideal situations not supposed to contain
biowaste, glass, metals, or other recyclables. Additionally, for example, rubber, leather, non-

recyclable glass, and PVC plastics are mixed waste. (Encore Ympéristopalvelut, 2024.)

2.3.2 Waste-derived fuels

MSW and more specifically the combustible part or mixed waste can be used as a so-called
refuse-derived fuel (RDF), which is a more homogenous material compared to non-treated
MSW. RDF is prepared mechanically from MSW by separation of for example glass,
minerals, and other inert materials, followed by shredding and conditioning. Typically, RDF
can be at different forms such as powder, coarse, or densified forms. (Speight, 2020.)
Generally, RDF can be classified as a solid fuel intended for energy recovery, which can be
either from one source or from mixed sources such as MSW and construction and demolition
waste (Santos et al., 2023b). According to Santos et al. (2023b), waste must meet certain
criteria to be classified as RDF. In accordance with EN 1SO 21640:2021, the criteria include

net calorific value and chlorine and mercury contents.



22

According to Zhao et al. (2016), the calorific value of RDF pellets is generally 18 MJ/kg but
also measured an LHV of 23.7 MJ/kg for RDF in their research. Although the heating value
of RDF and other waste-derived fuels might differ depending on the composition and
characteristics of the waste, the heating values of waste-derived fuels are significantly higher
than mixed waste before any processing.

Energy waste is also utilized as a recovered fuel (REF) or solid recovered fuel (SRF) that
could be categorized as a more quality version of RDF, as RDF is, according to lacovidou
et al. (2017) a “non-standardized, low-quality fuel”. SRF can also be in similar forms as
RDF and has an estimated calorific content of 10-25 MJ/kg. An example of SRF composition

is presented previously in Chapter 2.3.
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3 Waste utilization technologies

In addition to traditional recirculation and energy recovery methods, there are also other
waste-utilizing technologies, many of which also aim towards energy recovery or to produce

syngas or other gaseous products for either hydrogen utilization or other products.

Out of the technologies, thermochemical conversion methods are commonly applied. In
addition to incineration, gasification, and pyrolysis have been widely studied for different
applications regarding the production of renewable energy and products such as fuels and
chemicals. The treatments of both MSW and woody biomass have both received a fair
amount of attention in the literature, often referenced as a “more sustainable option for WtE”
(Gopu et al., 2018). In addition to the thermal conversion routes mentioned, there are also
hydrothermal routes such as hydrothermal carbonization (HTC), hydrothermal liquefaction,
and hydrothermal or supercritical water gasification (Venkatachalam et al., 2021). A
collection of some of the thermochemical routes discussed in the thesis and example
products are illustrated in Figure 4. Table 3 summarizes the main advantages and
disadvantages of incineration, gasification, and pyrolysis methods, although incineration

was already briefly discussed in the previous chapter.

— Incineration Heat/energy

Gasification Gas (Syngas, Hy I > Water-gas shift Hydrogen

LB —1—+  Autothermal (O;, Ai) — and CO, CO,, CH,.

Wood-based biomass

Allothermal (H,0, COy) Cy)

5 . Fuels, chemicals,

B SRS dimethyl ether

F
Char Hydro o, Gasoline, diesel
deoxygenation
Pyrolysis
Slow (torrefaction,

— carbonization) Pyrolysis/Bio oil Catalytic cracking ——  Light olefins, BTX

Fast
Flash

Pyrolysis gas S
(H,.COCH,CO, ——,  Watrems

3 —_— Hydrogen
C,-Co) shift/reforming

Figure 4. An illustration of common thermochemical conversion routes for MSW and wood-
based materials (Modified (Arregi et al. 2018), (Ram et al., 2021), (Venkatachalam et al.,
2021) and (Okolie et al., 2021))



24

Table 3. Some of the advantages and disadvantages of some thermochemical conversion
routes for waste (Zhao et al., 2017) (Walling et al., 2019) (Grande et al., 2021)

Thermochemical Advantages Disadvantages
conversion
method
Incineration - Energy production - Does not promote circular economy
(WLE) - Process simplicity - Particulates and NOy and SOy
- Current infrastructure in power compounds from combustion
plants does not necessarily need - Other pollutants including tars, CO,
adaption and PAHs
- Reduction of waste volume - The emitted gas might require
- Low-quality feedstocks are also cleaning
acceptable, not necessarily - Ash fouling and slagging
suited for example recycling
Gasification - Contribution to chemical and - Formation of tar, dust and other
fuel production by producing contaminants
syngas - More complicated technology and
- More emission-free technology little large-scale applications
- High energy recovery - High operating and investment costs

- Syngas cleaning often required
- More high-quality feedstock
required; often suitable for recycling

Pyrolysis - Direct production of liquid - Formation of tar, dust and other
fuels, syngas and char contaminants
- More emission-free technology - High energy consumption
- By-products can be utilized in - High initial investment costs
other applications - Product gas cleaning often required

- Product distribution - More quality feedstock required,;

controllable with process often suitable for recycling

conditions

As mentioned before, the downside of incineration is that the method does not promote
circular economy well enough, although energy and heat production are an improvement of
landfilling. When compared to gasification and pyrolysis, the gaseous, solid, and liquid
products from the processes can be purified and used as feedstock in various applications
(Luque and Speight, 2014), as seen in Figure 3. However, the feedstock for incineration can
be lower quality without causing technical challenges, which might be an issue, especially
in gasification (Santos et al., 2023a), where the higher quality feedstocks could also often be
recycled (Grande et al., 2021). For example, RDF, which is often used for heat, energy, and
fuel production has high ash, moisture, and chlorine contents, as well as heterogeneous
composition (Santos et al., 2023b). Out of the thermochemical conversion methods,

gasification is discussed in this chapter and pyrolysis in Chapter 4.
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3.1 Waste gasification

Gasification can be divided into direct and indirect gasification, which both have been
studied for utilizing various feedstocks. In direct gasification, the feedstock reacts with
limited amount of gasifying agent or medium such as oxygen or air, thus providing heat for
the process with the partial oxidation reaction. Indirect gasification requires an external heat
supply, as the presence of commonly used steam or carbon dioxide do not provide heat for
the reaction. (Seo et al., 2018.)

The selection of process parameters affects the compositions of the produced gas, as well as
the energy requirement for the process. The gasification process usually starts with a form
of pretreatment such as drying or grinding (Richardson et al., 2015). In the case of MSW,

there might also be an additional sorting step before the actual process (Sajid et al, 2022).

According to Arena (2012), gasification temperature is approximately from over 550°C to
1600°C. However, the physical and chemical interactions during gasification typically take
place in temperatures over 600 °C (Arena, 2012), but the temperature depends for example
on the feedstock and type of gasifier used (Basu, 2013). For example, according to Devi et
al. (2003), the typical gasification temperature of woody biomass is approximately 850-950
°C, and for RDF 800-900 °C. Generally, the increase in temperature reduces char, tar, and
methane content in syngas. Temperature increase also improves the heating value of syngas
and carbon conversion in the process. The downsides of temperature increase are the
decreased energy efficiency and increased inconveniences related to ash. (Richardson et al.,
2015.)

According to Richardson et al. (2015), the increase in pressure generally reduces char and
tar content and produces compressed syngas, but also increases uncertainty and requires
more expensive equipment. However, according to Mayerhofer et al. (2012), pressure
increase resulted in higher tar content, although it was reported to be due to increased

naphthalene.

One affecting process parameter is also the equivalence ratio (ER) which refers to the air-
fuel ratio in gasification (Al-Salem, 2019). According to Richardson et al. (2015) increase
in ER reduces the amount of char and tar but decreases the heating value of the produced

gas.
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As mentioned previously, the gasification of various materials faces some challenges,
especially regarding lower-quality feedstocks (Luque and Speight, 2014). Other mentionable
difficulties during gasification include high moisture content in feedstocks, which affects the
gasifier's efficiency by reducing the temperature inside. The high moisture also affects the
product composition and quality, as more CO and less H2 and CO might be produced, which
is not preferable regarding chemical or hydrogen production. (Luque and Speight, 2014.)

Ash and mineral content might also cause problems during gasification, as melting of ash
might cause corrosion, deposition, and sintering of equipment, especially in fluidized bed
gasifiers. Varying size distribution and composition of many feedstocks might also be an

issue during gasification. (Luque and Speight, 2014.)

The difficulties in gasification might be solved with pretreatments that lower the moisture
content and make the feedstock more homogenous. One option could be a form of pyrolysis
before gasification, which according to Moreira et al. (2021), allows more types of
feedstocks to be used in gasification, and enables the recovery and reuse of tars formed
during the pyrolysis process.

3.2 Char gasification

In char gasification, a solid carbon material reacts typically with CO5, steam or O> to produce
a gaseous product. Char gasification could be an opportunity regarding the gasification of
more difficult feedstocks (Luque and Speight, 2014). According to Moreira et al. (2021), the
gas produced from char gasification has had less tar content compared to direct gasification
of biomass and could thus be a solution to minimize the need for cleaning and conditioning

the produced gas.

3.2.1 The Boudouard reaction

The Boudouard reaction (Eqg. 1) is an endothermic reaction of solid carbon or char and carbon
dioxide producing carbon monoxide (Luque and Speight, 2014). The reaction is widely
applied in gasification, ranging from usage as a gasifying agent and post-treatment of CO»-
rich flue gases to industrial smelting operations. Although the reaction does not directly
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produce syngas or hydrogen, the CO can be utilized further with a water-gas shift reaction
(WGS) to produce hydrogen and be used either as a carbonylation reagent or as a part of FT

and methanol synthesis reactions towards chemicals and fuels. (Lahijani et al., 2015.)

C(s) + CO,(g) = 2C0(g) AHZg = 172 kJ/mol (1)

The process begins with film diffusion, where CO. diffuses onto the surface of the carbon.
The COz then diffuses into the pores of the carbon particle and the actual reaction occurs on
the surface producing CO. The produced carbon monoxide then diffuses from the surface
and the pores of the char into the bulk gas. (Lahijani et al., 2015.) The reaction can also be
described by the following reactions, where the carbon-free active site is presented as Cfas,

and carbon-oxygen surface complex as C(O) (Basu, 2013):

Cras + CO, > C(0) +CO 2)
C(0) +CO - Cgy + CO, (3)
C(0) = CO 4)

As described in the previous chapter, the Boudouard reaction occurs in the gas-solid
interface. Thus, pores and larger specific surface area increase the area where the reaction
could occur. However, the specific surface area and porosity do not affect the gasification
rate alone without the effect of other parameters such as active reaction sites or catalytic
activity. The contents of the char also matter when examining the reactivity in gasification.
For example, minerals such as alkaline metals have been studied to have catalytic behaviours

during char gasification. (Roncancio and Gore, 2021.)

According to Basu (2013), the reaction rate of the Boudouard rection is “insignificant below
1000 K” or 726.85°C. According to Lahijani et al. (2015), at low gasification temperatures,
the rate of the reaction is controlled by the surface reaction whereas in high temperatures the
dominant mechanism is the pore diffusion phase, which makes the reaction rate more

difficult to analyse. The high temperatures in the study are stated to be typically over 700°C.
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However, the exact temperature for the shift might be hard to define. A study by Lahijani et
al. (2015) suggests that the shift between the two happens in the range of 850-1150°C,
although many of the studies compared suggested the range to be lower, approximately 850-
950°C. However, reaction temperatures over 700°C are needed to favour CO production in
the equilibrium reaction, although according to Luque and Speight (2014), the increase of
temperature also decreases the active surface area of the char thus also decreasing the

gasification rate.

According to Lahijani et al. (2015), total pressure during the gasification of char does not
largely affect the rate of surface reaction. However, the reaction pressure might affect the
pore diffusion rate of the gases during gasification, although, the effects of changing the total
pressure or the partial pressure of CO2 have been variable. For example, in Fermoso’s et al.
(2009) research, the rise from 1 bar to 10 bar was observed to decrease the reactivity of the
used char, whereas in Malekshahian’s and Hill’s (2011) research, no significant change in
the reaction rate was observed, when the total pressure was changed between 0.1 MPa and
2.4 MPa. However, the highest reaction rates were obtained when the total pressure was 2.4
MPa, but the difference to other tested pressures was minor. In Malekshahian’s and Hill’s
(2011) and Fermoso’s et al. (2009) studies, the reaction rate increased when the partial
pressure of CO, was increased. Table 4 summarizes some CO experiments found in
literature and their reaction conditions.

Table 4. Comparison of process parameters in the CO; gasification of different feedstocks
(Porada et al., 2017) (Lampropoulos et al., 2020) (Xie at al., 2019) (Gupta et al., 2018)

Process Coal and coal | Olive kernel char Cotton stalk | Raintree and mango
parameter char (Porada | (Lampropoulos et char (Xie et leaves char (Gupta
etal, 2017) al., 2020) al., 2019) etal, 2018)
Temperature, 850-950 Increased from 750, 800, 850 800
°C 300 to 1000
Pressure 0.1-1.1 MPa 1 atm - -
Particle size 0.315-0.5 100-200 pm 0.1-0.25 mm -
mm
Catalyst - - Molten salts No catalyst &
(Na2003, K>,CO3 (0-7Wt%)
K2COs)
CO ~1500-3800 70.3-137 CO release 5300-5450 ml ©
production cmd/g(char), mmol/g(char) rate
96.4-224.3 <6 mmol/g
mmol/g(char) min 2,
<11.5 mmol/g
min ®

2 without catalyst addition at 850°C
bwith catalyst addition at 850°C (char-catalyst ratio of (1:1)
¢ the yield was lowest at 7 wt% catalyst addition and highest at no catalyst experiment
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Catalysts have been widely studied to improve CO- char gasification and tar elimination.
For example, in Gupta’s et al. (2018) research also presented in Table 4, 3 and 7 wt% of
K2COs catalyst was added to the char before gasification. While the catalyst did not have an
effect on the yield of CO, the total conversion with 7 wt% catalyst was reached at 110 min
whereas non-catalytic gasification took 225 minutes to complete. The applied K>COs
catalyst was also stated to improve the gasification rate up to a certain point, as the addition
of more catalyst did not improve the reaction further.

In addition to the catalysts mentioned in Table 4, the application of the nickel catalyst has
also been studied. For example, in Zhang’s et al. (2020) research pine sawdust char was wet
mixed in water-ethanol with the catalyst and was proved to improve the reactivity of the
char. In Gupta’s et al. (2018) research, the catalyst was also added to the char by continuous
stirring in water for experiments in a TGA apparatus. For fixed bed experiments the catalyst
was blended with the raw biomass before pyrolysis and gasification. Other mentionable

catalysts include iron and alkali catalysts (Lahijani et al., 2015).

3.2.2 Steam reaction and Bergius-Pier process

Steam is often applied in indirect gasification due to increased Hz values in the produced gas
and availability. The steam gasification or water-gas reaction (Eg. 5) is also endothermic,
similarly to the Boudouard reaction (Basu, 2013).

C(s) + H,0(g) = CO(g) + Hy(g) AHZ9g = 131 kJ/mol (5)

In steam gasification, a surface oxide complex of carbon is formed, as the water molecule
dissociates on the active sites of the carbon, followed by the formation of new free active
sites (Basu, 2013). The water-gas reaction can also be described as the following steps (Di
Blasi, 2009):
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Csas + H,0 - C(O) + H, (6)
C(0) + H, — Cg + H,0 (7)
C(0) » Cco (8)

Cras + Ha = C(H), 9)
C(H), > Cos + Hy (10)
Ceas + %Hz - C(H) (11)
C(H) ~ Cos + 5 Hy (12)

Generally, steam gasification rates are faster compared to the Boudouard reaction, although
the reaction commonly occurs with the presence of a catalyst. Common catalysts include for
example alkaline oxides and salts such as Na and K compounds and alkaline earth metals
like Ca and Mg. (Di Blasi, 2009.)

Steam gasification is also applied at various high temperatures. Similarly to the Boudouard
reaction, a shift in the controlling reaction mechanism happens at certain temperatures
(Hemati and Laguerie, 1988). According to Hemati and Laguerie (1988), the shift happens
around 750°C, when the reaction was investigated between 650°C and 1000°C. Below
750°C, the reaction was reported to be controlled by the chemical reaction, whereas the

diffusion of steam and gas in the particle was the controlling parameter above 750°C.

According to Di Blasi (2009), the partial pressure of H-O in steam gasification experiments
has been studied in different ranges in experiments found in the literature. While in most of
the reported experiments the pressure was atmospheric or under, some studies were stated
to have used the partial pressure of over 1000 kPa. The temperature in the Kinetic
experiments in various literature sources was reported to be approximately in the range of
650-1000°C.

Another char gasification reaction is the Bergius-Pier process (Eq. 13), which refers to the
hydrogenation of solid carbon and produces gas, gasoline and heavy- and middle oils (Luque

and Speight, 2014). Figure 5 illustrates an advanced direct coal liquefaction process.

nC(s) + (n+ 1) Hy(g) » ChHzpyo (13)
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Figure 5. Advanced coal liquefaction process (Hoffert and Caldeira, 2004)

A solvent is usually used as the hydrogen donor to the coal, which is less difficult to achieve
than directly using Hz gas (Hoffert and Caldeira, 2004). The process typically begins with
grounding the solid feedstock and mixing it with a suitable catalyst such as Ni, Sn, Mo, or
W containing compounds, and a heavy oil retrieved from the process. The reaction
temperatures vary approximately from 400°C to 500°C and pressures between 20 MPa and
70 MPa. (Luque and Speight, 2014.)

3.3 Products

Generally, the desired products of gasification are gaseous, such as syngas. Solid products
or impurities left after gasification include ash, which contains non-volatile metals and
inorganic compounds. Liquid product fraction from gasification includes oil and tar.
Especially tar is often discussed as an unwanted side product, due to polymerization and
condensation, which might cause fouling and blocking of process equipment (Devi et al.,
2003). (Shah et al., 2023.)
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The gaseous products commonly range from syngas or Ho/CO mixtures to pure Hz, CO or
CO2 (Luque and Speight, 2014). The produced gas often requires purification and a type of
conditioning before it can be used for further utilization. Purification can be for example
pollutant, sulphur or particulate matter removal (Luque and Speight, 2014). Some common
impurities, their effects and removal techniques are presented in Table 5.

Table 5. Some impurities and their effects and removal techniques (Gupta et al. 2023)

Contaminant
Particulate (e.g. ash, char)

Effect
Erosion

Removal
Filter, cyclone, electrostatic precipitator

Tar Clogging, deposit Physical, chemical and catalytic methods
Alkali metals (Na & K Hot gas corrosion Gas cooling and cyclone or electrostatic
compounds) precipitator

Nitrogen (e.g. HN; & NCN)
Sulphur (e.g. H2S & SO»)
Chlorine (e.g. HCI)

NOx pollutants
Corrosion
Catalyst poisoning, corrosion

Scrubbing
Scrubbing, activated carbon
Scrubbing, activated carbon

Gas conditioning step can include Hz or CO> separation, catalytic synthesis or water-gas shift
reaction. The catalytic routes (see Figure 3) can be for example Fischer-Tropsch synthesis
(FT) or methanol synthesis. (Richardson et al., 2015.) Some of the concentration limits for
different impurities in the gaseous products are presented in Table 6. The gaseous products
of gasification that do not meet the impurity limits of the presented applications, could
potentially be utilized in for example gas turbines or engines, or steam cycle power stations
(Richardson et al., 2015).

Table 6. Impurity limits for different applications of syngas and other gaseous products in
two different literature references

Application Tar Nitrogen Sulphur Alkali Particles Halides
(HCN, NH3) (H.S, metals
COS)
FT (Richardson et <1 ppmV <0.02 ppmV <0.01 <0.01 Not <0.01 ppmV
al., 2015) ppmV ppmV detectable
FT (Guptaetal., <0.1-1 0.02 ppmV | 0.01 ppmV | 0.01 ppmV - 0.01 ppmV
2023) mg/m3
Methanol <0.1 mg/m® | <0.1 mg/m® | <1 mg/m? - 0.02 <0.1 mg/m?3
synthesis mg/m?3
(Richardson et al.,
2015)
Methanol <1 mg/m? 0.1 ppmv <1 ppmV Not - 0.1 ppmV
synthesis (Gupta applicable
et al., 2023)
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As presented in Table 5, some impurities can contribute to catalyst poisoning, in which
contaminants in the gas adsorb to the catalyst’s active sites. For example, the sulphur
contaminants often cause the poisoning of a metal catalyst. (Richardson et al., 2015.) Other
issues caused by different contaminants are corrosion, which is caused mainly by tar, alkali
metals, sulphur and chlorine compounds and clogging, which results from tar formation. In

addition, particulate matter such as ash can cause erosion. (Gupta et al., 2023.)

In addition to the impurity limits, according to Basu (2013), the required content of H> for
FT synthesis is 60%, and of CO 30%. The shares for H, and CO required for methanol

synthesis are 71% and 19%, respectively.

3.4 Equipment

According to Luque and Speight (2015), commercial gasifiers can be divided into
fixed/moving-bed gasifiers, fluidized-bed gasifiers, entrained-flow gasifiers, and processes
that use molten salts or metals to generate heat. However, the first three can be classified as
“the basic” gasifier types (Luque et al., 2016). Fixed bed gasifiers can be further divided into
updraft, downdraft and cross-draft gasifiers, and fluidised bed gasifiers into circulating
fluidised bed gasifiers and bubbling fluidised bed gasifiers. Downdraft fixed-bed gasifiers
are the most applied and make up approximately 75% of all commercial gasifiers. Updraft
fixed bed gasifiers make up approximately 2.5% of commercial gasifiers, while the share of
fluidised bed gasifiers is around 25%. While being the most applied fossil fuel gasification
technology, entrained flow gasifiers are not commonly used for biomass gasification, as

there are some limitations to the method. (Luque et al., 2016.)

The operation of gasifiers depends on the previously mentioned and reported characteristics
of the feedstock, and Kkinetics of the char gasification reaction. These on the other hand
depend on the conditions of the carbonization step as well as the conditions of the
gasification step, as coal kinetics are affected by both coal characteristics and process
conditions. (Luque and Speight, 2015.) In addition to feedstock reactivity, the feedstock
characteristics affecting gasifier selection according to Luque and Speight (2015) are
“energy content, moisture content, volatile matter production, mineral matter content, ash
forming propensity, composition and reactivity, feedstock size and size distribution, bulk

density of the feedstock and feedstock propensity for char formation”. In terms of kinetics
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and reactor selection, fluidised bed gasifiers require highly reactive feedstocks due to lower
operating conditions, while fixed/moving bed gasifiers can handle longer residence times
and thus be suitable for lower reactivity feedstocks also. Entrained flow gasifiers can be
modified to different reactivities (Osborne, 2023). Some of the most common commercial

gasifier types are presented in Figures 6-8.
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Figure 6. Schematics of updraft, downdraft, and cross-draft fixed-bed gasifiers, respectively
(Luque et al., 2016)
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Figure 7. Schematics of circulating and bubbling fluidized bed gasifiers, respectively (Luque
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Figure 8. Schematic of an entrained flow gasifier (Luque et al., 2016)

A variety of different reactors have been applied for char gasification, although many of the
laboratory-scale experiments are done in different equipment than mentioned before. For
example, according to Wang’s (2017) research on coal/char gasification systems, fixed-,
fluidized- and entrained-flow reactors were all applied in recent studies on char gasification,
but a large part of the experiments in literature were performed thermogravimetric analysis
systems (TGASs), which do not have similar conditions to actual gasification reactors
(Moreira et al., 2021).

3.5 Current applications

Different conversion routes from biomass and different waste fractions are researched
continuously. This can be observed from the amount of laboratory-scale experiments and
pilot-scale applications available in the literature. According to IEA Bioenergy (2021), there
are many gasification facilities across the EU and the United States, although many of these
facilities are focused on energy production. Some projects and technologies related to
different thermochemical treatments of especially residue materials are presented in Table
7.
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Table 7. Different applications of thermochemical conversion routes available currently

technology
(Plagazi, 2024a &b)

and liquid CO; from waste materials.
Patented technology, where all types of
waste is heated to >3000°C in a plasma
reactor. After cooling and gas cleaning,

syngas containing Hp, CO and CO..

66 000 tons/a of
processed non-
recyclable waste
processed

Company/ Process technology Capacity State of
technology name application
Plagazi, Plagazi Producing syngas and eventually green H; 12 000 tons(Hy)/a. Commercial
scale

Haffner Energy,
Hypergas, patented
technology
(Haffner Energy,
2024a & b)

Producing hydrogen-rich syngas from
biomass residues. The biomass first
undergoes thermolysis at approximately
500°C and anaerobic conditions, which
produces biochar and gas. The gas is then
reformed into syngas. Biochar can be
gasified or used as a carbon sink.
Gasification utilizes steam, and the process
temperature is approximately 1000°C. The
hydrogen-rich syngas is then utilized as
renewable Hy, syngas and methanol, and
sustainable aviation fuel (SAF).

From SYNOCA ®
thermolysis process:
8760 tons(biochar)/a,

10 MWh(syngas)/h.

From HYNOCA ®
thermolysis process:
8760 tons(biochar)/a,

~1580 tons(H.)/a.
Thermolysis +
gasification process: 18
MWh(syngas)/h
(SYNOCA), ~2600
tons(Hz)/a (HYNOCA).
Biomass inlet for both:
~58 700 tons/a.

BlueFLUX Energy,
blueFLUX process,
patented technology
(BlueFLUX Energy
AG, 2024a-c)

Producing Hz from sludge/biowaste or
organic residues. First, the material is
carbonized by hydrolysis for
approximately 2h. The produced char is
gasified, reformed, and cleaned to produce
H. and green methanol. The H; can also be
further converted into green methane by
methanation.

Different process
capacities. The smallest
installation produces
~33 tons(Hz)/a, (1.1
GWh/a), and the
largest ~562 tons(Hz)/a
(18.7 GWh/a).
Biowaste inlets are
1200 tons/a, and 18500
tons/a, respectively.
HTC coal production
from the hydrolysis
process is 300
tons(coal)/a, and 5200
tons(coal)/a with the
same inlet capacities,
respectively.
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Company/ Process technology Capacity State of
technology name application
Green Hydrogen Producing H and liquified CO; from Up to 4000 Pilot scale

Technology, ChemQuench non-recyclable waste (plastic and tons(Hy)/a
process, patented wood waste, sewage sludge in
technology (Green development). The material is first
Hydrogen Technology, injected into a hot gas stream (1500-
2024) 1700°C). The gas is produced by
combusting process-recycled syngas
at the bottom of an entrained flow
reactor. The reactor temperature at
the top of the reactor is 700°C. After
the gasification process, the raw
syngas is purified and separated into
CO2 and Hz. The purification step
also recycles the syngas back to the
entrained flow reactor.
Waste2Value project Produces syngas and eventually fuels Gasifier scale 1 Pilot scale

(Smart City, 2024)

from waste materials, such as sewage
sludge, pulp and paper industry
residues, and waste timber.

MW

Torrgas process, patented
technology (IEA
Bioenergy, 2021)

Production of syngas and eventually
to green Hy, CO,, CH4, methanol,
DME, and plastics from waste
materials (wood and agricultural
residues and sewage sludge for
example). Biochar as a side product.
The process begins with torrefaction
followed by two-phase gasification at
700°C and 1200°C, respectively. The
produced gas is treated and
synthesized.

The plant can be
scaled up to 100
MW

Pilot/commercial
scale (Torrgas,
2024)

GIDARA Energy, High-
Temperature Winkler
(HTW®) Gasification

(Gidara Energy, 2024a &

b)

Producing syngas from waste-based
materials. The possible feedstocks
include biomass, as well as MSW,

RDF, and coal. The technology
utilizes bubbling fluidized-bed
gasifier and uses oxygen or steam as
the gasifying agent. The process
operates in a pressurized, high
temperature reactor, but the actual
conditions are not specified. Syngas
utilization to for example methanol.

90 000 tons
(methanol)/a,
180 000 tons

(processed waste)/ a

Commercial
scale

Piloting possibilities for different solutions are also offered by different research facilities.

For example, the Technical Research Centre of Finland (VTT) has a whole pilot scale

infrastructure Bioruukki for thermochemical conversion methods for waste products such as

carbonization, gasification, liquefaction, and syngas applications. The main focus areas are
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for example on pilot scale fluidized bed gasification, gasification product gas cleaning, and
FT synthesis from lab to bench scale, as well as pyrolysis for bio- and activated char
production and other pyrolysis applications. (VTT, 2024.) VTT also researches new piloting
options themselves. For example, Kurkela, E. et al. (2023) tested the gasification of biomass
waste in pressurised fixed-bed gasifier on a pilot scale, successfully producing syngas for
ultra purification and FT applications. The process also included gas filtration with metal
filters and catalytic steam reforming of hydrocarbon gases and tars before the ultra-
purification. The process was extensively tested for in total of 347 h in separate experiments,
when the used pressure for the experiments was 0.20-0.25 MPa at the top of the gasifier, and
the temperature at the gasifier outlet was 776-804°C, depending on the experiment. (Kurkela,
Eetal., 2023.)
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4 Carbonization

Carbonization is a thermochemical conversion method, where a feedstock is decomposed
into solid, liquid, and gaseous fractions. Carbonization is often referred to as slow pyrolysis,
although slow pyrolysis might also refer to torrefaction, which on the other hand is often
used to describe the pyrolysis process used for pretreatment. (Ronsse et al., 2015.) The
characteristics of slow pyrolysis methods and the previously mentioned fast pyrolysis
method are presented in Table 7. In addition to the methods mentioned in Table 8, pyrolysis
can also be classified as for example flash, ultrarapid, vacuum hydro- or methanopyrolysis
(Basu, 2013).

Table 8. Reaction conditions of different pyrolysis methods (Ronsse et al., 2015) (Basu,
2013) (Abdulyekeen et al., 2021)

Process parameter Torrefaction Carbonization Fast pyrolysis
Temperature <300°C ~400°C >500°C
Pressure Atmospheric Atmospheric or <1 MPa | Atmospheric (vacuum)
Residence time 15-60 min, <2h Hours to days Seconds
Heating rate <50°C/min <80°C /min Fast, <1000°C/min
Atmosphere Oxygen-free, inert (N2) Oxygen-free or limited Oxygen free
conditions

The solid product of carbonization is often the desired one, referred to as char, biochar, or
charcoal, which differs a little depending on the planned usage of the product. For example,
biochar is pyrolysis char from organic materials, but the name refers to the intended use as
a soil additive improving soil fertility and acting as a carbon storage. Other mentionable
products include activated carbon, which is utilized as an absorbent for pollutants in gas and
liquids due to its microporous nature and high specific surface area. However, out of
different pyrolysis, fast pyrolysis is more researched along with pyrolysis oil utilization.
(Ronsse et al., 2015.) There is also a method called hydrothermal carbonization, which
despite the similarities in name is a different process than carbonization by pyrolysis.
Hydrothermal carbonization is an aqueous conversion method under elevated temperatures

and pressures, typically 180-220°C and 20-25 bar, respectively (Venkatachalam et al., 2021).

Carbonization can be done as a batch or a continuous process. Batch reactors for the system

include kilns and retorts, while the continuous process is generally applied in retorts,
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multiple-hearth kilns and rotary kiln and screw pyrolyzer systems. (Ronsse et al., 2015.) An

example of a rotating cone and screw pyrolysis reactor are presented in Figures 9 and 10.
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Figure 9. Schematic of a type of rotating cone reactor Sharifzadeh et al. (2019)
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Figure 10. Schematic of a type of screw pyrolysis system Sharifzadeh et al. (2019)
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Carbonization could also be applied in modern pyrolizers such as fixed or moving bed,
bubbling fluidized bed, or circulating fluidized bed reactors, although they have been

mentioned to focus on the production of gas and liquid products (Basu, 2013).

Generally, woody biomass has been a common feedstock for carbonization, as it can be
relatively easy to homogenize and has a low ash content. (Ronsse et al., 2015.) However,
carbonization has been researched on a laboratory scale for various materials including

MSW containing both organic and inorganic fractions.

4.1 Feedstocks

As mentioned in the previous chapter carbonization and further applications of the produced
char have mostly been studied with biomass. Although generally carbonization could be
done to almost any material, but the selected feedstock does affect the yield and properties
of the char, thus limiting the selection of the raw material (Ronsse et al., 2015).

According to Ronsse et al. (2015), the composition of the feedstock is an important part
when considering the yield and properties of the char. Generally, the affecting factors are
the elemental composition and the moisture, ash, volatile matter, and fixed carbon contents.

Table 9 presents some of the characteristics of feedstocks and the effects to carbonization.
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Table 9. Characteristics of feedstocks and the effects in carbonization and other thermal
applications (Ronsse et al., 2015) (Basu, 2013)

Characteristic of
feedstock

Effect during carbonization

Effect in char applications

Moisture content

Feedstocks with high moisture content
might need drying before the actual
process

Latent heat from the vaporization of
water, which might result in increased
combustion of the feedstock and
decreased yields of char in processes
that utilize partial combustion in heat
production

- Dilution of pyrolysis gases

- Steam can enhance
the internal surface
development of the
char by acting as a

mild oxidant,
resulting in higher
BET surface areas.
The higher surface

areas (820 m?/g)
might be
preferable in some
applications
compared to char
prepared from dry
feedstocks, which
typically have a
surface area of
<500 m?/g

Ash content

Might act as a catalyst in primary
vapor reactions producing more char
and gases

- Biochar
applications might
favour the nutrients
of ash

- Ash in the

produced char
might limit further
applications.

Limitations

include equipment
fouling and
corrosion  under

high temperatures

Morphology (size
distribution, shape,
density, strength)

Internal heat transfer in the feedstock
particles might be a limiting factor in
the process. In slow pyrolysis,
feedstock is typically in large
particles, in which the internal heat
transfer could be limiting

- Slower processing rate of large
particles

Differences in resistance to the escape

of condensable gases. Might result in

higher liquid yield with small particles
compared to large pieces

- The differences in
the carbonization
rate of the particles
varying in size
might affect the
char’s
homogeneity

The composition could also be characterized as biological extractives such as sugars, fats,

waxes and resins or cell wall compounds such as cellulose, hemicellulose and lignin. When
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considering biomass as a carbonization feedstock, woody biomass is preferable if aiming
towards char as a main product. Especially coniferous woods have a high lignin content
resulting in better char yields due to the aromaticity and lower decomposition reaction rates
If compared to other types of wood more content with cellulose and hemicellulose. (Ronsse
etal., 2015.)

Different feedstocks might also require some preparations or pretreatment before the actual
process. When observing Table 9, it could be stated that desirable feedstock would be
relatively uniform in size and low in moisture and ash content, although the effect of
moisture and ash content could possibly be an advantage considering char yield and surface
area. To achieve these conditions, at least a type of shredding or grounding and drying could
be preferable before carbonization. More specific pretreatment has not been often described
in literature either. However, according to Ronsse et al. (2015), large particles might be
preferable regarding overall char yield, as secondary cracking reactions that produce

secondary chars happen more frequently within large particles.

4.2 Process parameters

Organic matter is carbonized during pyrolysis between 280-1000°C. Carbonization is
typically carried out in oxygen-limited or -free conditions in temperatures higher than 400°C.
(Basu, 2013.) According to Amer and Elwardany (2020), carbonization temperatures are
higher than 300°C, whereas temperatures ranging from 200°C to 300°C are considered
torrefaction. Temperatures over 500°C are considered as fast pyrolysis and increase the share
of liquids and gas in the products. (Ronsse et al., 2015.)

The heating rate in the process is also considered to be low. Lower temperatures and heating
rates in pyrolysis result in longer reaction times, which can vary from hours to days, while
the heating rates are approximately <80°C per minute. (Ronsse et al., 2015.) Generally, the
“rule” in slow pyrolysis applications is that the heating time is longer than the pyrolysis
reaction time at the desired temperature. Lower heating rate and temperature and longer
residence time better the yield of the solid product during pyrolysis. (Basu, 2013.) According
to Basu (2013), the residence time during torrefaction, carbonization, and fast pyrolysis are
10-60 min, days and <2 s, respectively. However, carbonization reaction times observed in

the literature are most often shorter than days. For example, in Mafu’s et al. (2017)
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experiments, at 400°C, the reaction was left isothermal for 60 min, which with the used
heating rate of 10°C/min totals in a reaction time of 100 min. However, the used biomass
was also pre-torrefied at 260°C with a heating rate of 10°C/min, so the total treatment time

could be specified as 126 min.

Catalysts for especially carbonization and improving solid yield are not commonly
mentioned in literature. However, it has been discussed that the char itself has catalytic
properties to secondary cracking reactions and char formation (Ronsse et al., 2015).
Pyrolysis catalysts have been studied for fast pyrolysis, to upgrade bio-oil, which offers a
route to liquid fuel production, as illustrated also in Figure 3. For example, metal-supported
catalysts are typically used in pyrolysis bio-oil and vapor upgrading. (Sharifzadeh et al.,
2019)

According to Sharifzadeh et al. (2019), using soluble minerals as pyrolysis catalysts result
in higher solid and gas formation. Russell et al. (2017) investigated the use of a
montmorillonite clay catalyst (Sigma Aldrich’s Fullers Earth), which was mixed with the
biomass before pyrolysis. The catalyst was detected to improve the solid product yield while
decreasing the share of liquids in the products. The effect seemed to increase with the
increase of temperature from 400°C to 700°C. However, at the highest solid yield, the added

concentration of clay was 60 wt%, which is a relatively large amount.

4.2.1 Temperature and heating rate

The temperature and the heating rate of the carbonization have also been studied to affect
the reactivity of the chars in further processing. According to Di Blasi (2009), fast heating
rates and/or low temperatures result in higher reactivity of the produced char. The exact
heating rates were not specified, but it could be assumed to be within the limits presented in
Table 7 for slow (torrefaction and carbonization) and fast pyrolysis. However, Varhegyi et
al. (1997) specified a low heating rate as 2°C/min and a high heating rate as 50-80°C/min.
The temperature and heating rate also affect the product distribution of the pyrolysis. Figures
11-13 illustrate the effect of temperature and slow/fast pyrolysis on the product distribution

of pyrolysis of different woods in fluidized- and fixed-bed systems.
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Figure 11. Pyrolysis char yield in different temperatures and slow and fast heating rates (Di
Blasi, 2009)
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Figure 12. Pyrolysis gas yield in different temperatures and slow and fast heating rates (Di
Blasi, 2009)
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Figure 13. Pyrolysis liquid yield in different temperatures and slow and fast heating rates
(Di Blasi, 2009)

Researchers have investigated the heating rate typically between 5-20°C/min, although some
studies have been made with faster heating rates. For example, in Williams’s and Besler’s
(1996) research on temperatures and heating rates of slow pyrolysis of wood, the rates were
investigated between 5°C/min and 80°C/min, and temperatures between 300°C and 720°C.
The highest char yield of 60.8 % in the experiments was achieved with a temperature of
300°C and a heating rate of 80°C/min, although the effect of the heating rate was not nearly
as significant as the temperature change. Also, at the heating rate of 80°C/min, the increase
of temperature from 300°C to 720°C decreased the mass loss and thus the yield more
significantly than in heating rates of <80°C/min. The residence time in all experiments was
2h.

According to Matsuzawa’s et al. (2007) study on MSW carbonization at 435°C, 445°C, and
455°C, the temperature increase decreased the calorific value and the yield of carbonized
MSW. However, the fuel ratio between FC and VM content increased from 1.1 to 2.4 as the
temperature was increased. However, the research also stated that the decrease in the
calorific value is due to the decomposition of plastics in the samples. The temperature
differences in the study were also moderate and the characteristics of the samples varied a
little. Temperature increase might also accelerate the release of VM, thus producing more

gas as a product (Areeprasert et al., 2018).
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The temperature of the carbonization also affects the liquid and gas yield. Based on
Demirbas’s et al. (2016) research on the carbonization of spruce wood, tar yield decreased
from 10.2 to 1.5 as temperature increased from 277°C to 877°C. The units of yields are
assumably in wt%, although not specified in the research. However, the best char yield of
38.3 was achieved at the lowest temperature, and a high gas yield of 66.7 was observed at

the highest temperature.

According to Basu (2013), the highest liquid yield is achieved at moderate temperatures of
450-600°C and high heating rates. The slow heating rate was mentioned to be <0.01-2°C/s
or 6-120°C/min, so the heating rate could be assumed to be higher than that. If the target is
to maximize gas yield, the temperature should be around 700-900°C and the heating rate

from slow to moderate.

When considering gasification as the further application of the char, it could be stated that
the highest amount of elemental carbon to react would be the most suitable option. When it
comes to mass-based yield according to Basu (2013), the highest char yield is achieved at
slow heating rates of <0.1-2°C/s and low final temperatures, which based on the previous
chapter could be assumed to be <450°C. However, the share of elemental carbon has been
stated to be higher in increased temperatures. For example, according to Ronsse’s et al
(2013) research, the share of elemental carbon in pyrolyzed wood samples increased from
71.3 wt% to 92.5 wt%, when pyrolysis temperature was increased from 300°C to 750°C.
The residence time remained at 60 min. However, in the same experiments, the char yield at
300°C was 43.7 wt%, while at 750°C the yield was only 22.7 wt%.

4.2.2 Pressure

The pressure of the reactions is typically atmospheric or up to 1 MPa (Ronsse et al., 2015).
However, there have been some experiments with increasing pressures in slow pyrolysis. In
a study conducted by Varhegyi et al (1997), a char yield was between 36 wt% and 40 wt%
in reaction pressures of 3-14 MPa. According to Ronsse et al. (2015), the yields are higher
compared to yields in atmospheric pressure. Ronsse et al. (2015) discussed that the obtained
results might be more due to the reduced pressure gradient over the processed feedstock

particle and production of secondary chars than directly due to the increased pressures.
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In Greco’s et al. (2020) research, a pressure between 0.2 MPa and 0.9 MPa was detected to
have only little effect on the char yield during pyrolysis. However, the increase in pressure
did seem to increase the portion of gas and decrease the portion of liquids in the product
distribution. (Greco et al., 2020.)

4.3 Product characteristics

According to Amer and Elwardany (2020), the share of char, oil, and gas products in the
carbonization of biomass is approximately 35%, 30%, and 35%, respectively. The produced
gas during pyrolysis contains both condensable, and noncondensable gases. Condensable
gases are considered as vapor, whereas noncondensable gases or the primary gas could for
example consist of CO2, CO, CHs and CzHx-compounds. The liquid fraction consists of

hydrocarbons, oxygen, and water, often referred to as tar or bio-oil. (Basu, 2013.)

As discussed in Chapter 4.2.1, the temperature has an effect to the product distribution
among other process conditions. In addition to the shares of the products, the process
conditions affect the composition of each product. For example, temperature along with
feedstock composition affects the share and composition of volatilizing compounds.
However, the volatile matter and the gaseous product of pyrolysis are not to be mixed (Basu,
2013). An example of suggested decomposition and initiation of pyrolysis temperatures for
woody biomass components are presented in Table 10. The Table also summarizes the

contribution of the compounds to different pyrolysis products.

Table 10. Decomposition temperature and effect of different biomass components to
pyrolysis products (Basu, 2013)

Biomass component (contribution to pyrolysis Decomposition temperature (initiation of
product yield) pyrolysis), °C
Hemicellulose (volatiles, noncondensable gases) 200-300 (150-350)
Cellulose (volatiles, condensable gases) 300-400 (275-350)
Lignin (char, aromatics) 280-500 (250-500)

Generally, CO and CO- and H20O are released at the temperatures of 100-300°C due to their
low molecular weights. At 200-600°C, the biomass decomposes into char and to

noncondensable gases. At 300-900°C, the secondary cracking of volatiles produces char and
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noncondensable gases. The condensable gases then condense into oil and tar outside the
reaction zone. (Basu, 2013.) An example of the composition of the permanent gas fraction
as a function of temperature is presented in Figure 14, and of the tar composition as a
function of temperature in Figure 15, although the shares are presented in relatively high
pyrolysis temperatures.
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Figure 14. The volume of different permanent gases during pyrolysis of wood at different
reactor wall temperatures (Dufour et al., 2009)
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When carbonization is considered, the solid product, char is typically desired. Charcoal is
usually the broad term for char intended to use as a fuel (Ronsse et al., 2015). Similarly to
the used carbonization feedstock, the suitability of charcoal to further applications can be
also evaluated using proximate, ultimate, and calorimetric analyses. Other analyses include
particle size distribution, BET surface area, pH and porosity for example (Ronsse et al.,
2013). A collection of compositions of different carbonized feedstocks is presented in Table
11.

Table 11. Characteristics and composition of different carbonized feedstocks

Softwood chips® | Hardwood chips? MSWP Pine sawdust
(Mafu et al., (Mafu et al., (Matsuzawa et al., (Zhang et al.,
2017) 2017) 2007) 2020)
Proximate analysis mfb, not mfb, not As received Fixed carbon
explained in the explained in the from dry ash-free
research research basis
Ash, wt% 0.8 0.7 41.5 0.56
Moisture, wt% - - 5.2 2.01
Volatile matter, wt% 30.7 30.4 19.3 19.68
Fixed carbon, wt% 68.5 68.9 34.0 79.80
Calorific value, 28.8 28.1 16.6 -
MJ/kg
Ultimate analysis Dry ash-free basis | Dry ash-free basis Dry basis Dry ash-free basis
C, wt% 78.9 77.2 47.8 84.83
H, wt% 4.3 3.9 2.5 2.63
N, wt% not detected not detected 1.3 0.28
S, wt% 0.06 0.04 0.2 0.08
O, wt% 16.7 18.8 4.4 12.18°
Cl, wt% - - 0.3 -

@ Carbonization at T= 400°C, heating rate 10°C/min, reaction time 60 min at 400°C. Torrefaction at 260°C
before the carbonization.

b Carbonization at T= 445°C, heating rate and reaction time not specified

¢ by difference

According to Amer and Elwardany (2020), the moisture content of biomass char is typically
<5%, while the share of fixed carbon is 85% and of volatile matter 10%. As seen from Table
11, the estimated values are higher than those measured in research, although they might be
evaluated based on a high-quality biomass source. Based on the results presented in Table
11, MSW char does not possess as beneficial characteristics in terms of further applications
at least when considering char gasification, as the ash content is high and fixed and elemental
carbon content relatively low. However, low carbon contents usually indicate lower CO>
emissions during biomass conversion (Vassilev et al., 2015), but in terms of further

applications that require carbon in reactions, higher carbon content would be preferable.
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Char characteristics also affect the suitability for further applications. For example, surface
area and porosity affect especially applications where sorption capacity is desired, such as
wastewater treatment or gas pollutant cleaning (Leng et al., 2021). As previously discussed,
the increase in surface area has also been studied to increase the reactivity of chars, including
gasification rates. For example, in Yuan’s et al. (2011) research, the reactivity of char in CO-
gasification increased, when the char’s specific surface area and porosity increased. Some
of the other effects of char characteristics on further applications were previously discussed
in Chapter 4.1 Table 9.
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Experimental part

5 Materials and methods

The objective of the experimental part of the thesis was to produce carbon monoxide from
carbonized materials with the Boudouard reaction. The carbonization and gasification
processes were performed separately, allowing experiments on different process conditions
of both steps. The focus of the study was to homogenize the feedstock and enable impurity
removal in the carbonization step. In addition, the aim of the carbonization step was to limit

tar formation during the gasification process, enabling clean CO production.

5.1 Raw materials and sample preparation

The used raw materials in the experiments were grade A wood pellet (WP), waste wood
(WW), and energy waste (EW). The waste fractions were collected from Eteld-Karjalan
Jatehuolto waste processing centre in Lappeenranta, Finland. The waste fractions were

already crushed into relatively small pieces at the centre.

WP and WW samples were ground with a 0.5 mm sieve using Retsch SM 2000 cutting mill.
EW sample was ground with a 2 mm sieve. However, the particles were not sieved after the
grinding, so it is possible and likely that the particle size distribution varies. The state of the
original and ground samples is presented in Figure 16. To achieve uniform shapes and to
ease the application of the sample to the reactor in the carbonization and gasification steps,

all ground samples were pelletized into 6 mm pellets before the experiments.
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Figure 16. Wood pellet, waste wood, and energy waste samples before and after grinding,
respectively

According to Etela-Karjalan Jatehuolto (2024) recycling instructions, the wood waste should
not have contained any hazardous or for example impregnated wood. However, the recycling
instructions include untreated wood, painted and varnished wood, laminate, parquet and
coated wood, chipboard, plywood, glued wood, and wooden furniture and construction

waste.

Especially the exact composition of the energy waste sample is difficult to determine, since
the fractions were small as seen in Figure 16. However, the sample seemed to contain for
example different types of plastic, textile, and cardboard. According to Eteléd-Karjalan
Jatehuolto (2024), the energy waste could include polystyrene foam, foam rubber, plastic
bottles, boxes and buckets, plastic wrappings, lacing tape, silage wraps, protective
construction plastic, and dirty cardboard and paper. The elemental composition and

properties of both samples are discussed more in Chapter 6.

In addition to the other materials, a wood char (WC) sample (Figure 17) was analysed and
tested for gasification. The sample was received from a company that has a biochar and

gasification plant prototype. Similarly to the other samples, the sample was also ground with
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a 0.5 mm sieve before any analysis. However, the samples were pelletized by hand in these

experiments, and pelletizing the sample was not feasible, as the pellet did not hold.

Figure 17. The wood char sample before and after grinding

According to the company data, the char was prepared from wood chips and recycled wood
in a pyrolysis screw reactor. The temperature at the start of the process at the top of the
reactor was approximately 500°C and at the end 740°C. At the bottom of the reactor, the
temperature was approximately 140°C at the beginning of the process and 220°C at the end.
The residence time was approximated to be 11-30 minutes based on the volume of the fed
material and total processing time. However, the residence time values are a rough
estimation, as they are calculated based on the reactor volume at full capacity, while the
actual amount of the biomass in the reactor was not known. The pressure in the screw reactor

varied between 6 mbar and 43 mbar.

5.2 Raw material characterization

The raw materials were characterized by proximate and ultimate analyses, as well as the
measurement of heating value. The volatile matter and ash measurements were conducted in
a J.P Selecta Select-Horn muffle furnace depicted in Figure 18. The fixed carbon content
was calculated as a difference based on the VM, ash, and moisture contents.
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Figure 18. The muffle furnace used for the proximate analysis of the materials

Ultimate analysis (CHN) was conducted in CNH628 (LECO) ultimate analyser. The shares
of oxygen were calculated by difference. The calorimetric analyses were performed in Parr
6400 Automatic Calorimeter following SFS-EN 14918 (SFS, 2010a). In addition to the
ultimate and proximate analyses, surface area and pore analytics were performed for the

wood char sample using Micromeritics 3Flex system.

The proximate analyses were conducted following the Finnish Standards Association (SFS)
standards for solid biofuels. However, the standards were also used with the energy waste
sample, although the standards were specified for biofuels. Also, the nominal top particle
size of the energy waste sample was larger (<2 mm) than specified in most proximate
analysis measurements (<1 mm). The procedures for the analyses are introduced in the
following chapters. The standard deviation for the experiment results and other variable

parameters was calculated as:
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2 (x; — X)? (14)
n—1
where S standard deviation
X; measured value
X mean of measured values
n number of measured values

5.2.1 Volatile matter

Volatile matter content measurements were conducted close to the procedure in standard
SFS-EN 15148 (SFS, 2010b). First, 1 £ 0.1g of sample was weighed into ceramic crucibles
with lids. The crucibles were then inserted into a pre-heated oven at 900°C for 7 minutes.
After the time had passed, the crucibles were cooled down to near room temperature for a

final weigh-in. Then, the share of volatile matter could be calculated as:

100 - (m, — m3) 100
Vi~ | (1) 15
d m, —my [ \100 — M, (15)
where VMg volatile matter content, %

my mass of empty crucible and lid, g
mz mass of the sample, crucible, and lid before heating, g
m3 mass of the sample, crucible, and lid after heating, g

Mar moisture content determined according to EN 14774-2, %

There are some differences in the methodology compared to the used standard. As mentioned
before, the methodology was also used for the energy waste sample, even though the
standard was intended for solid biofuels. In addition, the average crucible and lid weight in
the experiments ranged between 36.04 g and 54.39 g, which is larger than in the standard,
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where the acceptable crucible and lid weight was from 10 g to 14 g. However, especially the
wood char and energy waste samples required larger crucibles, as the sample layer at 1 g of

sample would have been thick.

5.2.2 Ash content

The ash content was measured close to the procedures mentioned in standard SFS-EN 14775
(SFS, 2009). First, a minimum of 1 g of the sample was measured to similar crucibles used
in the volatile matter analysis, but without the lids. The crucible was then placed into a room-
temperature oven. The temperature was raised to 250°C over a period of 30 to 50 minutes
and then held at 250°C for 60 min. After that, the oven temperature was raised to 550°C over
a period of 30 min and held at 550°C for 120 min. After the residence time had passed, the
crucibles were set to cool down for weighing. It was also checked that the ash did not contain
any signs of incomplete incineration. After weighing the remaining ash, the ash content

could be calculated as:

A, =37 400 ( 100 ) (16)
T m, —my 100 — M,
where Agq ash content, %

m1 mass of empty crucible, g
m2 mass of the sample and crucible before heating, g
ms mass of the ash and crucible, g

Mar moisture content of the test sample, %

There are also some differences in the ash measurements compared to the standard. The
actual heating time to 250°C was approximately 25.83 £ 0.66 min and to 550°C
approximately 36.90 £ 0.82 min, due to the uncontrollable heating rate of the used muffle
oven. In the case of the wood char sample, the residence time at 550°C was prolonged to

150 min, as instructed in the standard in case of incomplete combustion.
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5.2.3 Moisture content

Moisture content was measured from the unground materials close to the procedures stated
in SFS-EN 14774-2 (SFS, 2010c). The samples were first weighed into a metal tray. After
weighing the sample, the trays were set to a preheated oven at 105°C overnight. After that,
the dried sample was weighed once more to determine the loss of moisture. The moisture

content could then be calculated as:

m, —m
Mg, =———2:100 (17)
m; —my
where m; mass of empty tray, g

mz mass of the sample and tray before drying, g

m3 mass of the sample and tray after drying, g

There are also some differences in the measurement of moisture compared to the used
standard. Following the standard, the sample minimum is 300 g, but especially with wood
char and energy waste samples, it was difficult to achieve the amount of sample. Also, it is
to consider that the moisture content of the waste samples highly depends on the time of
measurement, as waste samples were collected outside from wet waste piles. However, for
these measurements, the waste samples were stored in the laboratory inside for several days

before moisture content evaluation.

In addition to the moisture content of the unground samples, an analysis moisture content
was also measured for the ground samples. Analysis moisture contents were measured using
the Shimadzu Electronic Moisture Balance MOC-120H. For the analysis moisture
determinations, the sample was weighed into a metal tray, which was then set into the
apparatus. The apparatus then heated the sample to 120°C and measured the moisture content

until loss of mass was no longer detected.
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5.3 Experimental setup

The experiments were conducted in a vertical quartz tube bench-scale reactor. The gas was
fed from underneath the reactor, and the sample from above the reactor. The length of the
reactor pipe was approximately 85 cm and the diameter was 4.5 cm. However, due to
technical challenges, some of the experiments were conducted in a smaller reactor, which
had a similar height, but the diameter was approximately 2.5 cm The reactor contained a
heated jacket, which was controlled by a computer. Also attached to the computer, three
thermocouples were measuring the temperature at the top, bottom, and surface of the reactor.
The reactor temperature was adjusted by the thermocouple’s measurements. In addition, the
computer was also attached to RS232/FLOW-BUS interface, through which the wanted gas

flows could be adjusted accordingly. A diagram of the reactor setup is depicted in Figure 19.

Sample inlet

b b
Gas flow outlet
Thermocouples

Washing bottles in Gas bag
circulating water bath

CO;

Heater jacket

ol S

I_ ___________ Computer

.

Figure 19. Schematic of the reactor system used for the carbonization and gasification
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After exiting the reactor, the gas flowed through washing bottles in circulating water bath.
After the washing bottles, there was a mass flow meter to measure the outgas flow rate. The
gas was collected into a gas bag for GC analysis.

The heating rate, temperature, and gas inlet flows were controlled from the attached
computer. The controlled temperature setpoint was set to the thermocouple located under the
reactor bed to minimize the effect of chemical reactions. The thermocouple located at the

surface of the reactor was used as a guiding temperature.

5.4 Gas analytics

The collected gases from the carbonization and gasification step were analysed using Agilent
8890 Gas Chromatography system. The system settings are displayed in Table 12.

Table 12. The system settings used for the GC system

Parameter Value
Injection volume 1L
Inlet details 10:1 ratio, split flow 40 mL/min
Heater temperature 250°C
Oven program 35°C (3 min hold)

250°C (30°C/min heating rate)
100°C (120°C/min rate, hold 5 min)

Detector details Front TCD, 20 Hz
Reference flow 23 mL/min
Makeup flow, 6 mL (He)/min
Carrier gas 4 mL (He)/min
Back FID, 20 Hz
Airflow 400 mL/min
Fuel flow 30 mL (Hz)/min
Makeup flow, 6 mL (N2)/min
Aux 2 TCD, 20 Hz
Reference flow 23 mL/min
Makeup flow, 6 mL (N2)/min
Carrier gas 4mL (N,)/min

The peak areas obtained from the chromatograms were compared to two different gases with
known compositions to calculate the concentration of each component. The standard gas

compositions used for the peak comparison in gas analytics in presented in Table 13.
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Gas component Gas 1, vol % Gas 2, mol %
H, 25 -
CO2 20 1
Cco 40 -
Propene (CsHe) 2 -
CH4 13 (for balance) 69 (for balance)
n-Butane (C4H10) - 3
Ethane (CoHe) - 9
Hexane (CsH14) 0.5
Isobutane - 3
Isopentane (CsH12) - 1
N2 - 6
Argon - 0.5
n-Pentane - 1
Propane (CsHs) - 6

The volume of the gas in the gas bag could be determined from the known gas inlet and
outlet flow and recording of bag filling time. The volume of each component in the collected
gas could be calculated from the standards as follows. First, the volume of each gas
component in the injected sample was calculated by comparing peak area sizes, while the

volume of each gas in the injection of the standard gas was known.

Vx sampte 1 = Ast:};am * Vx standard 1 (18)
where Vi sample 1 VOlume of a gas species in the injected sample
Ay peak area of injected sample
Agandard peak area of injected standard

Vi stndard 1 VOlUMe Of a gas species in the injected standard

After calculating the volume in the injected sample, the volume of each gas species in the
gas bag could be calculated by calculating the relation between each species' volume and

total volume.
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V. le_1
Vi sample2 = %' Viot 2 (19)
tot_1
where Vi sample 2 the volume of gas species in the gas bag
Viot 1 total volume of the injection (1 pL)
Viot 2 total volume of the gas bag

5.5 Carbonization

The carbonization experiments were conducted in the bench-scale reactor. The aim of the
carbonization step was to produce as much char and elemental carbon as possible while
trying to minimize tar production. The optimization of the process was done using the wood
pellet as a material. Waste wood and energy waste samples were tested based on the initial

results obtained from the optimization.

The selected parameters for the optimization of the carbonization step were temperature and
residence time. In Chapter 4.2 it was discussed that more char is produced in temperatures
around 300°C compared to carbonization temperatures of 400°C and over. However, the
elemental carbon content in the char is lower at lower temperatures if the residence time is
kept the same. It was also discussed that the residence time affects the result of carbonization,
which is why temperature and residence time were considered as the most important

parameters in the optimization of the process.

Other affecting parameters were discussed to be heating rate, pressure, and feedstock
morphology. The heating rate in the reactor was set to a maximum of 10°C/min. The process
was performed under atmospheric pressure. The grinding and pelletizing of samples were
done to reduce the effects of different morphological differences between the samples,
although the composition of the samples was different. However, the effects of particle size
were not considered during these experiments. Reaction conditions during the experiments

are summarized in Table 14.



Table 14. The reaction conditions during the carbonization experiments

63

Wood pellet (WP) Wood waste (WW) Energy waste (EW)
Temperature, °C 300-700 400, 600 400, 600
Set max. heating rate, °C/min 10 10 10
Residence time, min 30-180 30, 180 30, 60
Particle size (grinder sieve), mm <0.5 <0.5 <2
Pellet diameter, mm 6 6 6
N flowrate, I/s 0.008 0.008 0.008

MODDE® Design of Experiments (DOE) Software (Sartorius AG) was used to create an
experiment plan to test out different residence times and temperatures. The response
parameters were initially set as mass-based yield (%) and CO yield (mmol (CO)/g(char)).
However, an additional design of experiments was done for char yield and elemental carbon
content (wt%) to confirm and back up the gasification results. Also, other performed
experiments and experiment replicates were inputted into the software later when analysing
the results. The objective of the model was optimization, and both parameter objectives were
set as maximum. The used design in the software was D-optimal. The model was fitted with
a partial least squares (PLS) method. The DOE created with MODDE is presented in Table
15. However, the design of experiments was used as a guide, and replicate results as well as
additional experiments were later added to the review of results. The results are discussed

later in Chapter 6 and experiments and results are displayed in Appendix 1.

Table 15. Design of carbonization experiments done in MODDE®

Experiment number |  Temperature, °C Residence time, min
1 300 30
2 300 120
3 300 180
4 400 30
5 400 180
6 500 60
7 500 120
8 500 120
9 600 30
10 600 150
11 700 30
12 700 90
13 700 180
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The samples were first weighted, after which they were inserted into a room-temperature
reactor, which was flushed in N2 flow beforehand. After inserting the samples, the heating
was turned on, and the heating rate was set to a maximum of 10°C/min. The residence time
in the reactor started when the temperature reached the set target. During the experiments,
the sample was kept under a constant N> flow to achieve oxygen-free and inert atmosphere.
After the selected residence time had passed, the reactor was cooled down under constant N2
flow, until the reactor could be touched with gloves. After that, the char and ash were

removed from the apparatus and weighed.

The exact heating rate during the experiments was difficult to measure, as the set rate varied
during the experiments. During the carbonization experiments, the heating rate seemed to be
faster in higher temperatures. The actual heating rate in the experiments was an average of
7.8 £ 1.58 °C/min. The cooling time of the reactor was also longer with higher reaction

temperatures.

The mass balance for the carbonization was calculated based on the share of solids, liquids
and gas formed during the process. Figure 20 illustrates the mass flow in the process.

Raw material in, g N2, out, g

Pyrolysis gas, g
gas, g

Pyrolysis Liquid. g .

Char + ash. g
————»

Y

h

N2in, g

Figure 20. The mass flow in the carbonization process, when N2 is used as a carrier gas

To get the share of solids, the mass of the raw material and char were compared (Eg. 20).
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m _Ad
Ysolid = mcr_ Ad (20)
where Ysolid yield of solid char from carbonization
me mass of solids removed from the reactor
my mass of raw material sample
Ag ash content of the carbonized material

For the gases, all the gas formed during the process was collected into a gas bag and analysed
following the methodology described in Chapter 5.4. The gas collection was begun after
approximately 15 minutes and was continued until the end of the selected carbonization
residence time. The gas collection time was approximately 7-8 minutes. After solving the
volume of each gas fraction following the methodology described in Chapter 5.4, the mass
of the gas was solved using the ideal gas law in NTP conditions.

The share of liquids was determined by difference, as tars tended to condense in the reactor
walls rather than in the washing bottles in the circulating water bath as intended. This was
due to insufficient heating of the top part of the reactor, as there was no heating cable, that
would withstand such high temperatures, and the used insulation alone was not enough.
Preferably, the share of liquids could have also been measured based on the mass condensed
in the bottles.

5.6 Gasification

For the gasification experiments, the reactor was first heated to the desired temperature.
Before starting the experiments, the system was flushed with CO,. The carbonized pellets
were then inserted into the reactor, marking the start of the reaction. The approximate weight
of the used pellets was 0.2 g. However, as the samples were in pellet form and crushing the
pellets into powder was not ideal, the sample size varied a little. However, the results of
gasification are later reviewed for example as unit/g(char) or similar, so the small differences

should not make a difference to the results. For the wood char sample, the weighted sample
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size was a little bit larger, as the material was not in pellet form, and tended to stick to the

edges of the reactor.

The purity of the used CO2 was >99.995 vol-% and the used flowrate was 0.005 I/s, which
was the lowest flowrate possible in the system. The used gas also contained <10 ppm(v) of
02, <25 ppm(V) of N2, <5 ppm(v) of H20 and <1 ppm(v) of CH4 and CO. The GC analysis
also showed some of the other compounds, which was considered while calculating the
results. Reaction conditions for the experiments are summarised in Table 16. The
gasification for the waste materials and wood char sample was done at 850°C since most of
the gasification tests for the wood pellets were done at that temperature, so there was more

data to compare the results to.

Table 16. Reaction conditions during gasification experiments

Process parameter WP WwW EW WC
Temperature, °C 800, 850, 900 850 850 850
Pressure, atm 1 1 1 1
CO;, purity, vol-% <99.995 <99.995 <99.995 <99.995
CO;, flowrate, I/s 0.005 0.005 0.005 0.005
Particle size before carbonization <0.5 <0.5 <2 <0.5?
(grinder sieve), mm
Pellet diameter before carbonization, mm 6 6 6 -
Approximate sample mass, g 0.2 0.2 0.2 0.2

2 Grinder sieve size used for the char sample. Sample was not pelletized

The gas was collected into a 3.8 | gas bag approximately every 20 minutes with an average
bag filling time of 8-10 min. This was mostly due to a limited amount of gas bags, and the
minimum CO> gas flow of the system being 0.005 L/s, which was relatively fast considering
the slow kinetics of the reaction. The gas composition was analysed using the methodology
described in Chapter 5.4. However, in an ideal case the gas could have been collected and
analysed continuously if the CO> flowrate would have been lower and the gas could have
been continuously analysed. This way the actual duration of the reaction could also be
determined, whereas in these experiments the duration of the actual reaction time is a rough

estimate.

A few experiments were also conducted with a K2COs catalyst to examine the effects of a
catalyst to the reaction time and CO yield. The process conditions selected for the catalyst

experiments are presented in Table 17.
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Table 17. The process parameters used in the catalytic gasification experiments

Process parameter WP
Temperature, °C 800, 850, 900
Pressure, atm 1
CO; purity, vol-% <99.995
CO; flowrate, I/s 0.005
Particle size before carbonization (grinder sieve), mm <0.5
Pellet diameter before carbonization, mm 6
Approximate sample mass, g 0.2
K>COj3 catalyst amount, wt% 5
Carbonization temperature for the used char, °C 400
Carbonization residence time, min 30

The catalyst was added by mixing it with the crushed wood pellet biomass. After mixing,
the sample was pelletized and carbonized using the methodology described in Chapter 5.5.
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This chapter presents the results of the raw material analytics and carbonization and

gasification experiments. The results are examined in accordance with the aims of the

experiments and the thesis and compared to results obtained from the literature. In addition,

the reliability and quality of the results are evaluated.

6.1 Raw material analytics

The raw material characteristics were determined to analyse the differences between the

feedstocks and their suitability for the proposed process and their affects to the results. The

results of the analyses for the different materials are presented in Table 18. The volatile

matter, ash, HHV, and analysis moisture contents were calculated as an average of three

samples. The fixed carbon content was calculated by difference.

Table 18. Proximate, ultimate, and calorimetric analysis results for wood pellet, wood waste,

and energy waste samples

Sample Proximate analysis, wt% Ultimate analysis, wt% HHV b,
VMub Ashgp FCi®  Mar  Manaiysis | Cab Hib N Og® MJ/kg
WP 84.95+ | 035+ | 955+ |515| 453+ | 48.16 | 5.89 | 0.12 | 45.83 | 20.08 +0.27
0.47 0.07 0.47 0.08
WW | 7958+ | 3.89+ | 926+ | 727 | 415+ | 47.37 | 595 | 1.23 | 4545 | 19.44+0.08
0.49 0.07 0.49 0.08
EW 80.70+ | 1247+ | 495+ | 189 | 272+ | 52.72 | 6.89 | 0.47 | 39.92 | 23.92+0.67
0.85 0.23 0.85 0.12

2 by difference

Observing Table 18, the wood pellets and waste wood samples had similar characteristics,

although the ash and moisture content were higher in the WW sample. As the ultimate

analysis apparatus only measured the shares of C, H, and N in the sample and O was

calculated by difference, it is possible that the waste wood contained other elements different

from the wood pellet. For example, in Chapter 2.1 Table 1, some of the waste wood samples

contained Cl, S, Na, and K, although in relatively small quantities. It is also to be considered

that the oxygen fraction of the energy waste sample could also contain other compounds,

such as Cl and S, which were detected in sample compositions reported in Chapter 2.3.
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The energy waste sample had a significantly higher ash content compared to the wood-based
samples. The moisture content of the sample was also lower, likely due to the plastics the
sample contained. The share of plastics could also explain the higher HHV of the EW sample
compared to the other two samples, as discussed in Chapter 2.3. Generally, the energy waste
sample can be considered as a relatively high-quality waste material, because of the high
heating value and low moisture content. If comparing the ash content to the waste samples
presented in Table 2 in the literature part, the content is similar to SRF (13.24 wt%), but
much lower than in the MSW sample (28.4 wt%).

As mentioned in Chapter 5, the moisture content of WW and EW samples highly depended
on the time of measurement, as the samples were retrieved from wet waste piles stored
outside. However, the Mg values presented in Table 17 are measured from samples that were
stored in the laboratory environment for enough time for the samples to dry off any excess

moisture. The Manaiysis Value was measured from ground samples.

Similar analyses were done for the received wood char (WC) sample (Table 19). However,
the characteristics of the material before pyrolysis were not known. However, as the material
was stated to be wood chips and recycled wood, the initial characteristics could be assumed
similar to the WW sample. The results of the surface area and porosity analysis are visible
in Table 20.

Table 19. Proximate and ultimate analysis and heating value measurement results for the
wood char sample

Proximate analysis, wt% Ultimate analysis, wt% HHV,
Sample HHVS, dat?hfgom
VMg Ashg  FCi*  Ma Maaysis [ C¢ Ha Ny O MJ/kg company,
MJ/kg
WC 468201“ 1(')93 iy f%%g 4.60 3(')8511“ 87.83 | 1.41 | 0.48 | 10.27 3%%351 335
2 by difference
Table 20. Surface area and porosity analysis
Sample BET surface T-plot T-plot external | T-plot micropore | Single point
area, m?/g micropore area, | surface area, m?/g | volume, cm®/g | total volume of
m?/g pores
(desorption),
pores <94.65 nm
wWC 72.55 37.89 34.65 0.016 0.044
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It can be seen from Table 19 that pyrolysis significantly increases the share of fixed carbon
and elemental carbon content. Similarly, the HHV of the char sample is much larger
compared to the raw wood material presented in Table 18. The HHV of the char is dependent
on the pyrolysis temperature (Ronsse et al., 2015). While the heating value of the WC sample
prepared at approximately 500°C to 740°C increased from approximately 20 MJ/kg to 33.5
MJ/Kg, the increase is most probably not as large in most of the chars prepared in these
experiments, as the temperature was lower. According to Ronsse et al. (2015), the HHV
value of wood char is between 25 MJ/kg and 30 MJ/kg at 400°C, while at temperatures of
approximately >500°C, the HHV is between 30 MJ/kg and 35 MJ/kg. This observation also
supports the results obtained from the WC sample.

When comparing the other WC sample analysis results to results obtained from Ronsse’s et
al. (2013) research, a wood char sample prepared at 750°C with a residence time of 10 min
has similar characteristics. For example, the share of volatile matter in Ronsse’s et al. (2013)
research is 2.6 wt% and the share of elemental C and H are 92.5 wt% and 1.4 wt%,
respectively. The BET surface area of the char was 128 m?/g, which on the other hand is
significantly larger compared to the results obtained from these experiments. However, the
effect of temperature on BET surface area in Ronsse’s et al. (2013) experiments was rather
significant, as the value increased from 4 m?/g to 128 m?/g, when temperature increased from
450°C to 750°C.

When examining surface area and porosity results obtained from the literature, it can be
concluded that the values differ a lot between different biochar samples. For example,
according to Leng et al. (2021), the surface area is often between 8-132 m?/g, and the total
pore volume is between 0.016-0.083 cm®/g. This would support the results from these
experiments (Table 20), as the surface area and total pore volume were 72.55 cm®/g and
0.044 cm?/g, respectively. According to the same research, micropore volume is commonly
from 0.012 cm®/g to 0.060 cm?®/g, while the share of micropores from total pore volume is in
the range of 12.1-58.0%. This would indicate that the total volume of micropores in the WC
sample is relatively low, although the share of micropores (36.24%), falls approximately in

the middle of average results.

As discussed previously in Chapter 4.3, the surface area and porosity affect the material’s
performance in further applications. In terms of gasification, the higher surface area and

porosity might result in higher reactivity of char. Also, other applications such as wastewater
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treatment would benefit from larger surface area and more porous structures. (Yuan et al.,
2011) (Leng et al., 2021.) According to Leng et al. (2021), the increase in porous structure
starts between 400°C and 500°C. This would indicate that the lower temperatures often used
for torrefaction and carbonization are not beneficial if wanting to improve the porosity of
the char. As previously mentioned, in Ronsse’s et al. (2013) research, a significant increase
in BET surface area was observed when the temperature exceeded 450°C. Ash content of
the biomass or other pyrolyzed material also often results in low micropore areas. (Leng et
al., 2021.)

The surface area and porosity could also be affected by other process parameters. Leng et al.
(2021) reported that surface area increased from 295.9 m?/g to 384.1 m?/g and total pore
volume from 0.1659 cm?®/g to 0.2192 cm?®/g, when the heating rate was increased from
1°C/min to 20°C/min. However, it was stated that the heating rate increase has a decreasing
effect on surface area and porosity after exceeding a certain point, which according to one
research was 50°C/min. The residence time was reported to have similar effects, as the
increase of residence time from 10 min to 60 min had an increasing effect on surface area
(46.7 m?/g to 98.4 m?/g) of biochar, but a residence time over 100 min decreased the value
(91.4 m?/g). A similar effect has also been reported for carrier gas flowrate, as N2 flowrate
had an increasing effect on surface area and total pore volume up to 150 mL/min. According
to Leng et al. (2021), pressure increase has had a decreasing effect on char surface areas,

although pressures under 1 bar were not reported.

It can be concluded from the literature results that temperature has the most effect on the
surface area and porosity of the biochar. While the WC sample results present relatively
good values regarding further applications, the surface area and porosity could possibly be
bettered by lengthening the residence time from the current (approximately 11-30 min).
Also, a temperature increase could affect the results, as the temperature was approximately
500°C at the beginning of the pyrolysis. It can also be stated that the chars prepared in this
thesis’s experiments most likely have relatively low surface areas and pore volumes, as the
temperature in most of the experiments was kept under 500°C. For example, in Vincent’s et
al. (2014) research, the measured surface areas for flax straw torrefied at 300°C were
approximately 0.59-1.48 m?/g, and for char pyrolyzed at 500°C between 0.079-0.59 m?/g,
respectively. Although the reactivity of the chars in gasification could have been higher with
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higher pyrolysis temperatures, the optimal carbonization temperature is also affected by

other parameters, which are analysed in the following chapters.

6.2 Carbonization

The aim of the carbonization experiments was to optimize the process to maximize both
mass-based char yield and the share of elemental carbon. Ideally, the carbonization step
would reduce tar formation and enable impurity removal before gasification. As for any
industrial process, the energy efficiency and costs of the process should also be kept in mind

when optimizing a process.

6.2.1 Effect of temperature and residence time on char yield

As described in Chapter 5.5, temperature and residence time were selected as the
experimental parameters for the carbonization process. The experiments were conducted
according to the methodology described in Chapter 5.5 and the gases analysed as described
in Chapter 5.4. The MODDE® design of experiments was used as a base for the experiments.

However, some additional and replicate experiments were also included in the analysis.

The effect of temperature and residence time was first studied on mass-based char yield
(Figure 21). The results are presented as averages. The results of gasification experiments
are later discussed in Chapter 6.3, and the results in Table form with all replicates are

presented in Appendix 1.
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Figure 21. The effect of carbonization temperature and residence time on mass-based char
yield, when the temperature was between 300°C and 700°C and residence time in the range
of 30-180 min

It can be concluded from Figure 21 that the char yield is lower at high temperatures, as

discussed in the literature part of the thesis. However, in temperatures of >400°C, the

decreasing effect of temperature increase on mass-based yield seems to be minor. Also,

residence time does not seem to have a significant effect at temperatures of >400°C. At

300°C the effect of residence time on mass-based yield seems to be the most drastic,

although after 60 minutes the difference between yields is small, approximately 1.4 %
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While some uncertainty can be observed in the values, it can be stated that the results are
uniform. There could be some errors related to sample weighting and reactor heating for
example. As the reactor bed material was porous, it is possible that some sample could have
been stuck there, as some sample separated from the pellet as it was dropped into the reactor.
Also, as discussed earlier, the heating rate could not be adjusted to an exact number, so the

rate could have varied during experiments with the same final temperature also.

When evaluating the results of carbonization, it must be considered that the pelletized form
of the samples in these experiments might affect the result. According to Chen et al. (2022),
the chemical reactions of pyrolysis are more complicated when the used material is
pelletized, compared to a material in powder form. This is a result of “slow internal heat and
mass transfer”. In the same research, it was concluded that char yield from pelletized sawdust
was higher in all temperatures compared to powdered sawdust, when experimenting
pyrolysis at 350-600°C. The phenomenon was explained by the slower release of volatile

matter within the pellet.

It was also observed that when the gas collection was done for the mass balances, the mass-
based yield was moderately larger. For example, the yield of WP_400 30 sample was
approximately 23.9 % when no gas collection was done, and approximately 26.7 % when
gas collection was done. This is likely due to the N2 flow being off between the gas
collections, while during the other experiments, the sample was kept under constant N flow,
increasing the release of volatiles from the material. Ideally, the gas could have been
collected continuously to maintain similar conditions to the other experiments. Another
option would have been to just flush the samples with N2 in the carbonization experiments,
but as the reactor system had a potential to leak and be in contact with oxygen, the N, flow
was kept on. The results of mass-based yield are compared to results found in the literature

in the next chapter.

6.2.2 Effect of temperature and residence time on elemental composition

In addition to the mass-based yield, the effect of temperature and residence time were
evaluated by the elemental composition of char. The effect of temperature is illustrated in

Figure 22. Only the experiments that had over 2 experiments done with the specific residence
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time are shown in the figure. The effect of residence time is shown in Figure 23. The

presented values are averages. The results are presented more in detail in Appendix 1.
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Figure 22. The effect of temperature on the elemental composition of the char in the
carbonization of wood pellet at temperatures between 300-700°C and residence times of 30
min, 60 min, 120 min, and 180 min

It can be concluded from Figure 22, that the share of elemental carbon increases with
increasing temperature. As seen from the experiments conducted with 30 min residence time,
the increase in carbon content seems to slow down at the higher end of the experimented
temperature range, as the difference between experiments conducted at 300°C and 400°C is
approximately 13.4 % and between 600°C and 700°C 1.6 %.
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Figure 23. The effect of residence time on the elemental composition of the char in the
carbonization of wood pellet at temperatures between 300-700°C and residence times of 20-
180 min

It can be observed from Figure 23, that the residence time does not have nearly as large effect
on the elemental composition of the produced char compared to temperature. The increase
of the share of carbon with the increase of residence time also seemed to slow down
significantly at temperatures over 300°C. For example, at 600°C, the difference in elemental
carbon content between 30 min and 150 min residence time was approximately 1.4 %, while
at 300°C, the difference between 30 min and 180 min residence times was approximately
11.3 %.

It can be concluded from the experiments that the effect of residence time on both mass-
based char yield and elemental carbon content were minor at temperatures over 400°C. Also,

the increase in elemental carbon content slowed down significantly after reaching a certain
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temperature. Based on these results, it could be stated that the optimum conditions for
maximizing carbon content do not necessarily require higher temperatures. When
considering the increased mass loss of the materials at >300°C, the optimum conditions for
maximizing both yields is at lower temperatures. If only considering maximal char and
elemental carbon yield, based on these experiments, the optimum temperature and residence
time would be 300°C and 30 min. However, as discussed in Chapter 6.1, the surface area

and porosity, which could result in higher reactivity in gasification increase after 400-500°C.

The char yield and elemental carbon content were also analysed in MODDE® using the DOE
described in Chapter 5.5. The software was used to determine the goodness of the model,
detect possible outliers in the data, and to evaluate the effect of process parameters. The data
for the elemental analysis results was relatively good, but the experiment WP_500_60 was
removed as an outlier based on a residuals normal probability plot, which compares the
response result to a normal probability of the group. The experiment WP_500_60 also stood
out at an observed vs. predicted plot, where the response values are compared to predicted
values by the model. Otherwise, no changes were made to the elemental carbon data.
However, the char yield data was transformed using log-transformation, because the data
distribution showed positive skewness. The residuals normal probably plot and observed vs.
predicted plots used for outlier detection and model goodness evaluation are presented in
Figures 24 and 25.
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Figure 24. Residuals normal probability plot for mass-based char yield (left on the picture)
and elemental carbon content (right on the picture)
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Figure 25. Observed vs. predicted plots for mass-based char yield (left on the picture) and
elemental carbon content (right on the picture)

Observing Figures 24 and 25, the residuals normal probability plot, the fit of the data points
is relatively good, and no additional points stand out as outliers. However, the observed vs.
predicted plot in Figure 25 shows, that the model does not predict the values very accurately,
although the fit of the data points is not bad. In the case of the mass-based char yield, the
data points distribution is most likely affected by the fact that the yield did not change
significantly after a certain point, as discussed previously. Also, the large difference between
the yield of char in temperatures of 300°C and >300°C might affect the result. The model
goodness can also be evaluated based on model R2 and Q2 values, which reflect the model
fit and the prediction precision, respectively. The R2 and Q2 values for the mass-based char
yield fit were 0.96 and 0.7, and for elemental carbon content 0.94 and 0.84. All values

indicate a good model.

The experiments were also evaluated using the coefficient plot (Figure 26), which reflected

the significance of temperature and residence time on the response parameters.
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Figure 26. The coefficient plots for mass-based char yield (left on the picture) and elemental
carbon content (right on the picture), when temperature and residence time were evaluated
as the affecting parameters. Interaction terms between the two are also included.

It can be seen from Figure 26, that the effect of residence time is not nearly as significant as
the temperature, as also discussed in previous chapters. The effect of residence time seems
to affect the share of elemental carbon more significantly compared to mass-based char
yield, so the coefficient plot also supports the previous statement about the insignificance of
residence time to mass-based yield. The significance of residence time is so small that it was
nearly removed as an insignificant factor. However, it was left in the review, as it did have

an effect at a temperature of 300°C, as seen in Figure 21.

The behaviour and predicted behaviour of mass-based char yield and elemental carbon
content in different temperatures and residence times were analysed using a response contour
plot in MODDE (Figure 27).
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Figure 27. Response contour plots for mass-based char yield (left on the picture) and
elemental carbon content (right on the picture), when temperature (x-axis) and residence
time (y-axis) were the affecting parameters.

Figure 27 also shows, that in higher temperatures, a long residence time is not necessarily
needed for increasing elemental carbon content. The figure could possibly be used to predict
results for different temperatures and residence times, but the uncertainty of the model

predictions should be kept in mind.

The accuracy of the experiment results can be compared to those found in the literature. For
example, in Ronsse’s et al. (2013) research, the increase of elemental carbon content in slow
pyrolysis of wood slowed down significantly at temperatures of >450°C, when
experimenting in the range of 300-750°C. Also, the residence time did not have a significant
effect on the elemental carbon content after a certain temperature. Table 21 compares some

literature-found results to results obtained for wood pellets from these experiments.
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Table 21. Comparison of elemental carbon content and biochar yield of these experiments
compared to the literature

Temperature, | Residence Elemental carbon content, % Biochar yield, wt%
°C time, min This Ronsse  Dhar This Ronsse  Dhar et
experiment etal. etal. experiment etal. al.
(2013)  (2022) (2013)  (2022)
300 10 - 54.1 - - 89.8 -
30 61.1 - - 445 - -
60 67.5 713 - 30.5 43.7 -
400 30 74.5 - - 23.9 - -
60 74.9 - 717 23.4 - 40.3
450 10 - 82.5 - - 29.2 -
60 - 86.3 76.8 - 27.0 37.55
500 60 84.4 78.3 20.3 - 34.09
600 10 - 90.0 - - 24.4 -
30 82.9 - - 20.0 - -
60 - 92.3 84.9 - 23.3 29.34
700 30 84.5 - - 18.8 - -
750 10 - 92.5 - - 23.0 -
60 - 92.5 - - 22.7 -

Especially the biochar yields from Ronsse’s et al. (2013) experiments were higher compared
to the experiment conducted in this thesis. This could be explained by a larger sample size,
as Ronsse et al. (2013) used a sample size that formed a 25 cm pellet bed to the reactor,
whereas in these experiments the pellet bed was a maximum of few cm, if even that. A
thicker sample bed could slow the mass loss of the material during pyrolysis and thus result
in higher yield. Also, the used heating rate in Ronsse’s et al. (2013) experiments was
17°C/min, while the average heating rate in this thesis’s experiments was 7.8 + 1.58 °C/min,
which affects how long the samples were on the reactor in total, if the residence time of the
experiment is started, when the reactor reaches the target temperature. However, Ronsse et
al. (2013) used a larger N2 flow compared to this thesis’s experiments (800 ml/min versus
480 ml/min), which on the other hand could result in more efficient mass loss. Also, the
reactor configuration was different. Otherwise, the reaction conditions and setup in the
experiments were relatively similar to these experiments. Higher biochar yields were also
observed for coconut fibre in Dhar’s et al. (2022) research. In these experiments, the reaction

conditions were more similar to the conditions in this thesis’s experiments.

The observed results are likely due to the decomposition temperatures of different
compounds in the material. According to Williams and Besler (1996), hemicellulose
decomposition starts at approximately 250°C, while cellulose decomposition starts around

320°C and lignin at approximately 200°C. According to the same research, the main mass
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loss of hemicellulose and cellulose occurs between 255-400°C, which would support the

observations made of the mass-based yield of carbonization in different temperatures.

As stated previously, the carbonization temperature of 300°C and residence time of 30 min
were ideal, if only focusing on maximizing both parameters. However, if carbonization is
intended to be used as a method to decrease tar formation during gasification, higher
temperatures could be required. For example, Raut et al. (2016), studied the effect of
torrefaction temperature on steam gasification products and tar formation. The produced tar
contents from gasification at 800°C were 6.39 mg/g(biomass) and 3.08 mg/g(biomass), when
the samples were torrefied at 250°C and 300°C for 1 h, respectively. The amount of tar in
raw biomass gasification was 10.12 mg/g(biomass). According to Berrueco et al. (2014), the
tar yield during forest residue gasification decreased from approximately 1.95 g/100g (dry
biomass) to approximately 1.54 g/100g (dry biomass) when the sample was torrefied at
225°C, and to approximately 1.03 g/100g (dry biomass), when the sample was torrefied at
275°C. According to Raut et al. (2016), the reduction is due to hemicellulose and lignin
devolatilization during torrefaction, which leaves less tar to be produced in the gasification.
The decomposition of lignin happens at approximately 200-400°C, as also stated in the
previous paragraph. While the amount of tar decreases even by a low-temperature
pretreatment it can be concluded that the increase in temperature could result in even less tar

formation during gasification.

6.2.3 Waste material behaviour

The carbonization of the waste materials was experimented at 400°C and 600°C with a
residence time of 30 min. The results are illustrated in Figure 28. However, the gas collection

might affect the results moderately, as stated in Chapter 6.2.1.
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Figure 28. The mass-based char yields from the carbonization of different materials

It can be seen from Figure 28 that the waste materials seem to have larger mass-based yields
during carbonization compared to the wood pellet. This is likely due to the lower share of
VM and higher share of ash present in the material, as can be seen in Chapter 6.1 Table 18.
However, a similar connection between mass-based yield decrease and temperature increase
is detected with the waste materials, although the 200°C difference seems to affect the energy
waste sample more significantly compared to the wood-based materials. Similarly to the
wood pellet, the effect of residence time is insignificant at least at the studied temperatures.

The effect of carbonization was also studied with ultimate analysis of a few waste samples.

Comparisons to the wood pellet results are illustrated in Figures 29 and 30.
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Figure 30. Comparison of wood pellet and energy waste ultimate analysis results, when the
samples were carbonized at 400°C for 60 min

It can be concluded from Figures 29 and 30 that the carbonization does not increase the share
of elemental carbon of the waste materials as significantly, when compared to results

obtained for the wood pellet. For example, the share of elemental carbon of the wood waste
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sample increases by 20.7 % as a result of the 3h carbonization at 400°C, while the increase

of the wood pellet after similar conditions was 30.4%.

When observing the share of elemental carbon in the energy waste sample, it can be noticed
that the value decreased from 52.7 % to 51.4%. A similar observation can be made from
Matsuzawa’s et al. (2007) research, where the share of elemental carbon in the municipal
waste sample decreased from 49.6 % to 47.8 % after carbonization at 445°C. However, in
the same research, the share of elemental carbon increased from 49.9 % to 50.7 % after
carbonization at 435°C. The different composition of each waste sample is likely responsible
for the varying results. In Buah’s et al. (2007) research, the pyrolysis of RDF pellets was
studied in the temperature range of 400-700°C and residence time of 1 h. The share of
elemental carbon increased from 40 % to 55.13 % at the pyrolysis temperature of 400°C.
However, the share decreased gradually to 49.91 %, as the temperature was increased to
700°C. In the same research, the volatile matter content of the obtained chars was
investigated, and it was concluded that a pyrolysis temperature of approximately 600°C
would be required for complete pyrolysis of RDF. Also, the increase in temperature
increased the BET surface area from 5.34 m?/g to 82.06 m?/g for 0.5-1 mm particles.

While the wood waste sample seemed to behave similarly to the wood pellet sample, a more
in-depth investigation of energy waste samples in different temperatures and residence times
would be needed to conduct more detailed conclusions. The results obtained from the
literature would suggest that higher temperatures than the ones studied in this thesis could
be beneficial for the further applications of different MSW fractions. However, the
temperature increase might decrease the elemental carbon content, and result in more liquid
yield during pyrolysis (Buah et al., 2007). It is also important to keep in mind that the waste
materials are a free feedstock for the applications, and that even the homogenizing and

removal of tar and impurities would better the further application possibilities of the waste.

6.2.4 Mass balances

The carbonization results could also be analysed by solid, liquid, and gas yields. Differing
from the initial experiment plan, the energy waste mass balances are not included in this
section. The gas collection for the EW samples was not possible due to difficulties and

limitations with the equipment. The gas collection was tried multiple times, but during the
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experiments the system created an under pressure to the reactor, due to which the water in
the washing bottles was sucked out. Consequently, the gas flow out of the system also
stopped. This was likely due to reactor leakage. However, there was also a problem related
to tar and matter condensation, which could have blocked the gas flow through the filter in
the bottles.

The mass balance calculations were performed for the WP samples carbonized at 400°C and
700°C and for WW samples carbonized at 400°C and 600°C. The shares of different matter
in the process were calculated in accordance with the methodology described in Chapter 5.5.
The gas collection for the sample carbonized at 700°C was started later than described in
Chapter 5.5, but as no gas was let out of the system during that time, the amount of each gas

should be comparable to the other experiments.

The share of N2 in the calculations (N2 out in Table 22) was not equal to the N inlet flow in
the system. In the calculations, the missing share of each gas bag was assumed to be the
carrier gas N2, which needs to be considered when reviewing the results. Based on this, the
created amount of N2 during pyrolysis cannot be assumed as the difference between the N>
in and N2 out values in Table 22 and is not included in the amount of produced gas, when
reviewing the results later on. Some N2 was possibly formed in the carbonization process
and some of the assumed “missing” gas was possibly N2, but when comparing the amount

to the amount of other produced gases in Table 22, the mass of N2 does not seem reasonable.

Also, the share of liquids had to be calculated as a difference, which also minimizes the
possible lost matter in the calculations. The mass balances for the mentioned samples are
presented in Table 22 and illustrated in Figure 32.

Table 22. The mass balances for the carbonization process

Sample Raw material N2 Total | Solid, | Gas, | Liquid?, N> Total

in, g in, g in, g g g g out, g out, g

WP_400_30 3.66 22.28 | 2594 098 | 0.26 2.42 22.05 25.70
WW_400_30 3.21 20.68 | 23.89 1.01 | 0.24 1.96 20.47 23.67
WW_600_30 1.86 2156 | 23.41 052 | 0.20 1.14 21.32 23.18
WP_700_30 1.55 19.20 | 20.75 029 | 0.29 0.97 18.77 20.32

a by difference
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Figure 31. The shares of different matters for wood pellet carbonized at 400°C and 700°C
for 30 min, and for wood waste carbonized at 400°C and 600°C for 30 min

When reviewing Table 22 and Figure 31, it can be concluded that the share of liquids in
these experiments was quite large, although the fraction does contain tar and all other
possible liquid matter such as water. When comparing the results to those found in the
literature, it can be noticed that the results vary. For example, in Phan’s et al. (2008) research,
the shares of char, gas, and liquid were 27.4 %, 29.1 %, and 43.5 %, respectively, when a
wood waste sample was pyrolyzed at 400°C for 2 h. At 600°C the shares were 22.2 %, 33.1
%, and 44.7 %, respectively. The shares of solid, gas, and liquid in this thesis’s experiments
for wood waste pyrolyzed in 400°C were 31.4 %, 7.6 %, and 61.0 %, and at 600°C 27.8 %,
10.8 %, 61.5 %, respectively. While the share of solids does not differ much between the
experiments, the liquid yield in these experiments seems large. while the share of gases
seems small. However, the share of gases seems to increase with temperature both in this
research and in Phan’s et al. (2008) research, as discussed also in the literature review
Chapter 4.2.1. In Elhenawy’s et al. (2024) research, the shares of solid, gas, and bio-oil were
approximately 38 wt%, 16 wt%, and 46 wt%, respectively, when sawdust samples were
pyrolyzed at 400°C for 15 min. In these experiments, the share of gas is closer to the results
obtained from this thesis’s experiments, although the shares of solids and liquids are quite
different.
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If reviewing Chapter 4.3, it was discussed that the composition of the material also affects
the product distribution. For example, if the share of lignin is high, the pyrolysis of the
material could result in higher aromatic vyields, although the shares of cellulose,
hemicellulose and lignin for the WP and WW samples are not known. When reviewing
Figures 11-13 presented in Chapter 4.2.1, there is a large variation in slow pyrolysis product
distribution. For example, the share of gas seems to be approximately 10 wt% at
approximately 400°C, while the share of liquids is approximately 40-50 wt%. This would
support the results obtained for the gas fraction in this thesis, although it could be concluded
that the share of liquids is quite large, possibly at the expense of gaseous products. Ideally,
the share of liquids could also be determined by mass, which would leave fewer unknown
parameters to the calculations. This would require modifications to the equipment used in
the experiments, such as more efficient heating and insulation to the top of the reactor.

In addition to the mass of the produced gas, the gas fraction was analysed by volume
fractions of each gas component. Volume fractions for the produced gas are presented in
Figure 32.

50.0
45.0
40.0

S 350
£ 300 WP_400_30
5 250 = \WW_400_30
o
% 20.0 WW_600_30
o
£ 150 m\WP_700 30
o
© 100

5.0

0.0 | 1. R -l [ |

02

CH4 C2H6 C3H8 C2H4 C4H10 C6H14

1-%

Figure 32. The shares of different gases for wood pellet carbonized at 400°C and 700°C for
30 min, and for wood waste carbonized at 400°C and 600°C for 30 min. The share of excess
N2 was not included in the calculation
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When observing Figure 32, there is a large difference in the share of especially H in the
produced gas. At 400°C, CO> seems to be the most produced gas during carbonization, but
at 600-700°C, the share of H2 increases significantly, at the expense of CO. and CO.
Otherwise, the share of different gases seems to be similar, although hexane was detected
only in the carbonized wood pellet samples. The results are compared to research found in
the literature in Table 23.

Table 23. A comparison between the thesis’s pyrolysis gas composition and a pyrolysis gas
composition found in literature

Material Pyrolysis Pyrolysis residence Ha, CO, | CO, CHa, Cos,
temperature, °C time, min vol-% | vol-% | vol-% | vol-% | vol-%

Wood pellet 400 30 2.0 37.3 | 431 | 143 3.3

700 30 384 | 12.0 | 305 | 152 3.9

Rice straw 400 60 0.8 52.8 | 38.7 4.5 3.3

Park et al. (2014) 700 60 275 | 331 | 263 | 11.0 2.1

As presented in Table 23, a similar phenomenon in Hz, CO, and CO> development can be
observed in Park’s et al. (2014) research, although the shares of different gas components
and behaviour of hydrocarbon gases are slightly different. However, it is to be considered
that rice straw is a moderately different material compared to wood pellet, which could
explain the differences in gas composition for example. Other parameters such as process
conditions and reactor configuration could also affect the result.

6.3 Gasification

The aim of the gasification experiments was to study the effect of carbonization process
conditions and feedstock materials in gasification. The focus was on maximizing the
production of CO while focusing on the purity of the produced gas. Temperature of

gasification and the effects of a K.COg catalyst were also studied.

6.3.1 Effect of carbonization temperature, residence time, and material

The feasibility of the gasification experiments was first tested for the wood pellet char

samples in multiple different temperatures and residence times, similarly to the
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carbonization experiments. The results were compared based on CO amount/g of the inserted
sample, which was calculated on ash free basis. The shares of ash measured from the raw
materials were used in the calculations, as measurement from the produced chars was not
possible due to the small amounts of each char. CO yields were also calculated as percentage
yields from the theoretical yield based on the Boudouard reaction stoichiometry and the
elemental carbon content of the char. However, when reviewing the results, it is to be
considered that all samples were not included in the elemental analysis. The results of wood
pellet analysis were used for the wood waste samples, and the results obtained for the
EW_400_60 sample for the rest of the EW samples. The percentage yields are presented in
brackets after the result. All the percentage and theoretical yields are also presented in

Appendix 1.

Although the elemental analysis results and share of carbon foreshadow the results of the
gasification, the evaluation of results highly depended also on the purity of the produced gas.
In addition to CO and excess CO, at least CH4 and H2 were volatilized during gasification.
The chromatograms also showed small other peaks of unknown compounds, but the share
was not significant. Some of the peaks were also detectable on the used CO> gas, as the gas
contained small amounts of other gases also, as stated previously. An example of a GC
chromatogram is depicted in Appendix 2. The purity of gases is discussed more in detail in
Chapter 6.2.3.

The effect of wood pellet carbonization temperature and residence time on the gasification
results are illustrated in Figure 33. The temperature of the gasification was 850°C. The
results for possible replicates are presented as averages, but the results together with the
carbonization results are presented in Appendix 1.
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Figure 33. Comparison of the amount of CO produced at different carbonization
temperatures and residence times, when wood pellet char was gasified at 850°C

It can be seen from Figure 33, that the gasification results do correspond to the results of the
elemental analysis, as expected. Similarly to the results obtained from carbonization, the
differences in the results seem to be more drastic in lower temperatures, whereas at higher
temperatures, the effect of residence time seems to be minimal. Also, the effect of
temperature seems to slow down after approximately 400°C, which is likely a result of

cellulose, hemicellulose, and lignin decomposition temperatures, as discussed previously.

When observing the results, there is some variation. Especially the results obtained for 60
min carbonization residence time seem to be behaving differently. When reviewing the
results of the elemental analysis, it can be noticed that the result for the WP_500_60 char is
high compared to the group. The point was also detected as an outlier in the MODDE
analysis done for the elemental carbon content, as discussed in Chapter 6.2.2. This would
indicate an error already in the carbonization step or the elemental analysis measurements,
as the other samples generally followed a trend where the share of elemental carbon was
increased when temperature and residence time increased. Also, the percentage yield of
WP_500_60 sample was relatively large (88.2 %) compared to the WP_500_ 120 and
WP_600_150 samples, which were 73.4 % and 70.5 %, respectively.
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The results of the gasification experiments were also evaluated by using the MODDE DOE.
Even though it was stated that the gasification results generally correspond to the share of
elemental carbon, the analysis is useful when evaluating the reliability of the gasification
results. Slightly different replicates were used in these experiments compared to the
MODDE analysis for the elemental carbon. Based on the residuals normal probability plot
and observed vs. predicted plots, three data points were removed from the set. Similarly to
the previous MODDE analysis, datapoint WP_500_60 was also removed from this model.
In addition, data points WP_400 180 and WP_600_150 were removed, but as both had
replicate values, the replicates are still visible in the figures. The data points did not stand
out previously in Figure 33, as the presented values were calculated from average values
between the replicates. The residuals normal probability plot and observed vs. predicted

plots for the gasification results are illustrated in Figures 34 and 35.
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Figure 34. Residuals normal probability plot for the yield of CO from char gasification. The
yield is presented as mmol(CO)/g(char sample)
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Figure 35. Oserved vs. predicted plot for the yield of CO from char gasification. The yield
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When comparing figures 34 and 35 to the plots obtained from the elemental analysis
MODDE model, it can be concluded that the model fit is not quite as good. The initial results
were not as good either, as 3 data points were removed from the model. The fit of the data
points after the removal of outliers seems quite good in the residuals normal probability plot,
but predictions of the model are not quite accurate as can be seen from Figure 36. However,
the result is quite expected, as the gasification experiments were more prone to human errors.
The R2 and Q2 values for the model were 0.85 and 0.80, which still indicate a relatively

good model.

A coefficient plot was also analysed for the gasification results. However, the interaction
terms were insignificant in this model, differing from the results obtained from the model

done for the elemental carbon content. The coefficient plot is presented in Figure 36.
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Figure 36. The coefficient plot for the effects of carbonization temperature and residence
time of CO yield from gasification

The gasification yield behaviour and predicted behaviour at different carbonization process

conditions was also evaluated using the response contour plot in MODDE (Figure 37).
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Figure 37. Response contour plot for the yield of CO from char gasification. The yield is
presented as mmol(CO)/g(char sample). Temperature (x-axis) and residence time (y-axis)
were the affecting parameters

Observing Figure 37, the areas in the response contour plot seem to be more linear compared
to the results obtained for the elemental carbon content (see Figure 27). This might be due
to the interaction terms being removed from the model, whereas in the elemental carbon
model, the terms were included. However, similar predictions about CO yield could be made
based on the figure, although the uncertainty of the model prediction should be kept in mind

in this case also.

The gasification results model could also be analysed by comparing the error to the error
obtained from the elemental carbon model. The standard deviation error calculated in
MODDE for the gasification result model was approximately 6.5, whereas in the elemental
carbon model, the error was approximately 1.6. This also indicates that the gasification
results are not entirely reliable, although the results generally correspond to the elemental

carbon content.

The results for exactly similar studies in the literature are limited, as there are many factors
affecting the performance of the chars in gasification. However, when comparing to results
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obtained from the literature, the range of the results is similar and generally support the
results in these experiments. Some of the results are compared in Table 24, the Table also
includes the gasification results for the received WC sample. The results are presented as

averages.

Table 24. Comparison of CO production from pyrolyzed materials with the Boudouard
reaction

Sample Pyrolysis Pyrolysis Heating rate Gasification Gasifying CO production,
temperature, residence (pyrolysis), temperature, agent mmol/g(char)
°C time, min °C/min °C
Olive kernel 300 60 20 300-1100 Pure CO2 70.3
char 500 60 20 300-1100 Pure CO2 123.6
Lampropoulos 800 60 20 300-1100 Pure CO2 137.0
et al. (2020)

This 300 30 7.8+1.58 850 Pure CO2 51.8 (50.9 %)
experiment, 500 60 7.8+1.58 850 Pure CO2 123.9 (88.2 %)
wood pellet 700 30 7.8+158 850 Pure CO2 115.0 (81.7 %)

(WP) char

This 500-740 11-30 - 850 Pure CO2 108.4 (74.3 %)
experiment,
wood char

(WC)

When comparing the results presented in Table 24 it can be noticed that especially this
experiment’s result for WP_500_60 char was very similar to Lampropoulos’s et al. (2020)
experiment. However, as it was previously stated in this chapter, the WP_500 60 sample
yield was high compared to the trend among other results. Otherwise, the results in this
experiment seem lower, which could be explained by longer pyrolysis residence time, as
well as higher gasification end temperature in the literature results. The effects of

temperature are later discussed in Chapter 6.3.3.

Generally, the yield obtained from the gasification of the WC sample seems to be similar to
the other obtained results. However, there was a large variation in the results, out of which
the presented value is an average of. This is mostly due to the previously mentioned technical
issues in the reactor configuration and the sample being in crushed form, as there should not

have been a difference in the sample compositions.

The gasification performance of the waste chars was also evaluated at 850°C and compared
to the results from the WP char gasification. The effects of different carbonization
temperatures were also compared. The results are illustrated in Figure 38. The results are

displayed as average values, but all the results are visible in Appendix 1 with other results.
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Figure 38. Comparison of CO production from different chars with the Boudouard reaction
at 850°C

It can be seen from Figure 38, that the wood samples behave very similarly in gasification.
The WW results seem slightly better compared to the WP results, but the difference is so
small that it could be stated that it would be more of a result of error. In theory, the materials
should behave very similarly during the carbonization and gasification process based on the
analyses done for the raw materials. However, as it was earlier discussed, pyrolysis did not
seem to increase the share of elemental carbon of the WW sample as significantly compared
to the WP sample. The amount of CO produced during EW char gasification presents a
similar trend to the other results, where the amount of CO increases with carbonization
temperature, with reasonably high results considering that the pyrolysis step did not increase

the yield of elemental carbon similarly to the other materials.

The results of gasification were significantly affected by the reactor configuration and
technical issues related to the reactor. Even though the top of the reactor was connected to
the reactor pipe with a tightened clip, the reactor sometimes leaked from the top, especially
at high temperatures when the metal clip experienced thermal expansion. Due to this, the

outlet gas amount was sometimes not equal to the amount of gas flow set on the mass flow
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controllers. This affected the calculations, as the used values were calculated based on the
set flow rate. In addition, the result was sensitive to weighing errors, and even a small error
in the weight could affect the calculations significantly. This resulted in relatively large
differences in even replicate measurements. The percentage yield also varied between 51-98
%. However, the largest yield was achieved for the WP_400_180 point which was detected
as an outlier in the MODDE analysis, which indicates that the value is not reliable. The

average of all yields was 72 %.

6.3.2 Gas composition and purity of product gas

In addition to the amount of CO produced, the composition of product gas is to be considered
when evaluating the results of gasification. As discussed earlier, CHs and H> peaks were
detected in all gasification experiments, regardless of carbonization temperature and
residence time. However, the carbonization temperature and feedstock material affect these
concentrations, as in higher temperatures, the volatilization of the compounds happens in the
pyrolysis step. The effect of carbonization temperature on the composition of the produced
gas from gasification is illustrated in Figure 39 and residence time in Figure 40. The effect
of the material is depicted in Figures 41 and 42. The results are calculated and presented
without the excess CO» from the gasification process, although also visible in the GC
analysis. An equal amount of CH4 and Hy is subtracted from the results, because the used
CO:; also contained traces of the compounds, as discussed earlier. An example of pure CO>

GC chromatogram is presented in Appendix 2.
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Figure 39. The effect of carbonization temperature on product gas composition. The share
of excess CO, was not included in the calculation. The difference of maximum and minimum
from the observed average is also presented for samples with replicate experiments
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It can be observed from Figure 39, that the temperature of pyrolysis also influences the
volatilization of CH4 and Hz during gasification. The residence time of carbonization does
not seem to have a significant effect. In Lampropoulos’s et al. (2020) research, a similar
phenomenon of decreasing CH4 amount with increasing temperature was observed, when
chars pyrolyzed at 300°C, 500°C, and 800°C were gasified with CO>. However, the H;
amount increased between the chars produced at 300°C and 500°C, but decreased, when the

char pyrolyzed at 800°C was gasified.
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Figure 41. The effect of feedstock material on product gas composition when the feedstocks
were carbonized at 400°C. The share of excess CO was not included in the calculation. The
difference of maximum and minimum from the observed average is also presented for
samples with replicate experiments
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Figure 42. The effect of feedstock material on product gas composition, when the feedstocks
were carbonized at 600°C. The share of excess CO> was not included in the calculation. The
difference of maximum and minimum from the observed average is also presented for
samples with replicate experiments

Based on Figure 41, the gasification of the EW char produces more methane and hydrogen.
However, when the temperature of the carbonization was 600°C, the difference between the
composition seems to be minimal (Figure 42).

In addition to CO, CHg4, and H, ethylene (C2H4) was detected in the WP samples carbonized
at 300°C, regardless of residence time, and in the EW samples carbonized at 400°C for 30
min. The ethylene peak was not detected in the gasification of the EW_600_30 sample.
Additionally, there were some small peaks of other compounds, but the used standard gases
did not contain the compound, so it was difficult to identify the peak. However, the peak
areas were not significant. CoHs peak was also detected in WP_400_30 gasification at 800°C,
but at 850°C and 900°C the peak was undetectable. Also, in the catalytic gasification
experiments for WP_400_30 at 800°C, the GC did not give an area for a CoHa peak. Although
ethylene is a hydrocarbon, it can be classified as a permanent gas (see Figure 14) (Dufour et

al., 2009). However, Gupta et al. (2023) classify ethylene as an organic impurity.

The ethylene peaks detected in the gasification of the WP_300 and EW_400_30 samples

were only detected in the first bag of analytics, when the gasification duration had been
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approximately 30 min. The amount of ethylene in the wood pellet char gasification seemed
to decrease with increasing carbonization residence time, as the amount of ethylene
decreased from approximately 0.008 g(CzHas)/g(char sample) to 0.002 g(C2Ha4)/g(char
sample), when residence time increased from 30 min to 120 min. The amount of ethylene in
the EW char gasification was approximately 0.005 g/(C2Ha)/g(char). However, the values
were calculated based on the ethane standard peak, as there was no standard gas with

ethylene in it available.

The amount of CxHy gases was relatively low compared to some results found in the
literature. For example, in Zaini’s et al. (2020) research, the CxHy content in gas produced
from biochar steam gasification was 3.1 vol-%, whereas in these experiments the share from
energy waste sample was approximately 0.3 vol-%, and 0.5 vol- % from WP_300_30
sample, if neglecting the share of the gasification agent (CO) in the calculation. Zaini et al.
(2020) also studied the steam gasification of RDF and its co-gasification with woody
biomass and biochar. The observed amounts of CxHy gas without any biomass or biochar
addition was approximately 0.25 g/g(fuel daf), or 25.6 vol-%. However, the RDF itself was
not pyrolyzed in the experiments, which explains the higher amount of CxHy gases. In
addition to CoHs, a hexane peak was also detected in the WP_300_30 sample, but the
replicate experiment measurements did not contain the peak. The peak did not have a clear

shape either.

There were also some abnormal peaks in the FID detector during the first performed
experiments. The abnormal peaks might be due to using isopropyl alcohol (IPA) in one of
the washing bottles bottles during some of the first performed experiments. The IPA was
later replaced with water. For example, an unidentified peak was detected in the FID for a
WP_400_60 gasification experiment, while IPA was used in the bottle. When comparing to

experiments done for WP_400_60 sample later with no IPA in the bottle, there was no peak.

The results obtained from the purity evaluation indicate that larger than 300°C carbonization
temperature would be preferable for wood-based samples, if aiming towards as clean CO
production as possible. For the energy waste sample, temperatures larger than 400°C could
be preferable, considering also the previously discussed statement about complete RDF
pyrolysis at temperatures >600°C (Buah et al., 2007). However, when evaluating the gas
purity, it is to be considered that the limits of impurities for different future applications of

the gas are strict, and the produced gas might need some type of pre-treatment or cleaning,
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even though no tar compounds were detected. For example, for FT synthesis, the limits for
COz and CH4 are <5% and <2%, respectively (E4Tech, 2009). Based on this thesis’s
experiments, especially the limit for CO. seems low, considering that the amount of
unreacted CO: in the experiments was significant and impossible to minimize due to the

limitations in the lowest gas flow.

It can be concluded that the produced gas was relatively clean. With this mentioned, there
was some liquid tar formation during the gasification, but the samples were so small that the
condensed tar was visible in the washing bottles only after several experiments. The size of
the sample also naturally affects the amount of gas and tar released during the gasification
process. As most of the analysed gas was excess COg, it is possible that the collected gas
sample and the shares of other gas compounds were relatively diluted. When reviewing the
results, it must be noted that there might be some compounds not detectable in the GC unit.

6.3.3 Effect of gasification temperature

The effect of gasification temperature on produced CO and gas composition was also
evaluated. The tests were done for the WP_400 30 char at 800°C, 850°C and 900°C. The
effect of gasification temperature on the amount of CO is illustrated in Figure 43. The

amount is also presented as yield from raw wood pellet.
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Figure 43. The amount of CO from gasification of wood pellet char in different temperatures
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It can be seen from Figure 43 that the amount of CO increases with the increasing
gasification temperature. A similar phenomenon was observed in Porada’s et al. (2017)
research, where two different coals and coal chars were gasified with CO2. For example, the
CO produced from “Janina coal” gasification was approximately 1300 cm?, 1900 cm?, and
2400 cm?, when the gasification temperatures were 850°C, 900°C and 950°C, respectively
and 1 g of sample was used in the experiments. The “Janina coal” was chosen for the
comparison due to similar elemental carbon content compared to the WP biochar used in
these experiments. However, the ash and moisture content of the coal were larger compared
to the WP char sample, and the pressure of the gasification was 0.6 MPa, whereas in these
experiments it was 1 atm. The results at the same unit from these experiments were
approximately 1516 cm®/g(char sample) (52.2 %), 1978 cm®/g(char sample) (66.3 %), and
2266 cm?®/g(char sample) (78.1 %) at 800°C, 850°C and 900°C, respectively.

Gasification temperature also affected the CH4 and Hz content of the produced gas slightly.
However, the formation of the species did not seem to correlate directly to temperature
increase. In Porada’s et al. (2017) study, the amount of H: in the gasification of “Janina coal”
were approximately 80 cm?, 96 cm?, and 148 cm?®, when temperatures were 850°C, 900°C
and 950°C, respectively and the sample amount was 1 g. The effect in this experiment was
not nearly as significant or affected by temperature, as H> amount at 800°C, 850°C and
900°C were 142 cm®/g(char sample), 119 cm®/g(char sample) and 148 cm®3/g(char sample),

respectively.

6.3.4 Effect of catalyst

The effect of the KoCOs catalyst was evaluated based on process duration and produced
amount of CO. The experiments were done for WP_400_30 char, to which 5 wt% of catalyst
was added before carbonization. However, as previously stated, the reaction time in the
experiments does not present the actual reaction time, as samples were collected between 20
minutes, as continuous collection was not feasible. The effect on produced CO is presented
in Figure 44.
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Figure 44. The effect of KoCOs catalyst on CO yield in gasification temperatures of 800°C
and 850°C

It can be seen from Figure 44, that the addition of 5 wt% K>COz3 catalyst does not seem to
affect the amount of CO produced during gasification at temperatures of 800°C and 850°C.
A similar effect to the CO production was detected in Gupta’s et al. (2018) research, where
the gasification of biomass pellet char at 800°C and K.COs catalyst were studied. The yield
of CO was 5450 ml, 5350 ml, and 5300 ml when the experiments were done for char with
no catalyst, and 3% and 7 % of catalyst, respectively. However, it is difficult to directly
compare the yield to this thesis’s experiments, as the gasification was done directly after
pyrolysis in Gupta’s et al. (2018) experiments. The inserted biomass sample mass was 15 g
in Gupta’s et al. (2018) study, which would explain the larger yield of CO, if compared to

the obtained CO volumes of this thesis’s experiments presented in Chapter 6.3.3.

Gupta et al. (2018) also observed a significant decrease in reaction time. In the experiments
with no catalyst, the time taken for the total conversion of char was 225 minutes, whereas
the process took 140 min and 110 min with 3% and 7% catalyst additions. The effects to the

process duration in this thesis’s experiments are illustrated in Figures 45 and 46.
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Figure 45. The effect of K2COs catalyst on CO yield as a function of elapsed process duration
at a gasification temperature of 800°C
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Figure 46. The effect of KoCOs catalyst on CO yield as a function of elapsed process duration
at a gasification temperature of 850°C

Observing Figures 45 and 46, the addition of K.COz3 catalyst also decreased the process
duration in these experiments. The process duration with the catalyst addition is
approximately 1 h at both temperatures, whereas without the catalyst the duration for 800°C
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is almost 2 h, and at 850°C approximately 1.5 h. However, to study the exact process
duration and minimum catalyst needed, more experiments would be required. Also, the

behaviour of different waste materials with the catalyst could be different.

In addition, the behaviour of the catalyst blended biomass during the carbonization step was
left narrow in these experiments. The yield of the solid fraction did seem to increase from
approximately 24 % to 32 % during the carbonization. However, not enough experiments
were done to make any conclusions about the effect of catalyst on carbonization. In literature,
some studies have been made of using K>COs catalyst in pyrolysis. For example, in Zhou’s
et al. (2018) experiment, the addition of a K.COs catalyst did seem to increase the yield of
char from 20 % to approximately 27 %, at the expense of pyrolysis oil. However, after the

catalyst addition exceeded 10%, the change was contrary.

6.4 Future development of the process

There are already many different technologies for waste management that promote circular
economy. Some of these technologies have already been implemented in pilot or even
commercial-scale applications, as previously discussed in Chapter 3.5. Amongst developing
new techniques for waste processing, current processes are improved using different process

intensification methods.

One of the often-mentioned intensification methods is microwave-driven CO; gasification,
which has been studied to improve the gasification rate significantly compared to
conventional heating systems. Other alternative heat sources include solar-driven
gasification, which has not been studied to improve the rate of gasification, but due to the
use of renewable energy, the net CO2 emissions of the process are decreased. (Lahijani et
al., 2015.)

In addition, the process should be continued to test on different materials and more large-
scale applications. According to Chan et al. (2021), especially the application of the
Boudouard reaction in industrial applications should be studied more in terms of possible
industrial reactor configurations and the purity of the gasifying agent, as pure CO2 might not

be feasible.
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7 Summary of results

During the literature part of the thesis, it was understood that the temperature of both
pyrolysis and gasification processes is the most affecting parameter, hence it was studied
extensively in the range of 300-700°C in the carbonization step. In addition to temperature,
the effect of residence time on the results of carbonization was studied between 30 min and
180 min. The results indicated that the effect of temperature is the more effecting parameter,
although the effect of both temperature and residence time on the mass-based yield of char
was relatively small after the temperature exceeded 400°C. Similar observations were made
of the wood and energy waste samples. The most drastic difference in the yield of wood
pellet char was experienced to be at 300-400°C, where the mass-based yield dropped from
approximately 45 % to 24 %, when the samples were carbonized for 30 min at both
temperatures. The effect of residence time was nearly insignificant in the studied range of
30-180 min at temperatures of >400°C, although a small decrease in mass-based char yield

was observed when increasing the temperature.

The effects of carbonization temperature and residence time were also evaluated based on
elemental analysis and CO production from gasification. The share of elemental carbon
increased with increasing temperature and residence time, although the temperature had a
more significant effect in this case also. Similarly to the mass-based yield, the residence time
seemed to have little to no effect at temperatures over 400°C. The carbonization step was
successful in increasing the elemental carbon content of the wood pellet sample from
approximately 48 % up to 85 %, when the sample was carbonized in the range of 300-700°C.
Out of the waste materials, the wood waste behaved similarly to the wood pellet, although
the increase in elemental carbon was slightly lower. However, the share of elemental carbon
of the energy waste sample decreased slightly with the carbonization treatment. The
elemental analysis experiments for the waste materials’ behaviour were quite narrow in these
experiments and should be broader to draw more detailed conclusions about the development

of elemental carbon.

The carbonization experiments were also studied by the share of solid, gas, and liquid matter.
Differing from the initial plan, due to technical difficulties the analysis could not be done for

the energy waste sample. The share of gases increased with the increase of temperature, at
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the expense of the solid product, when temperatures were compared at 400°C, 600°C, and
700°C. The share of solid products with the wood pellet and wood waste samples were in
the range of 19-31 %, gas in the range of 7-19 %, and liquids in the range of 61-66 %. The
share of liquids was concluded to be relatively high and the share of gases low, when
comparing the results to the ones found in literature. However, the mass balances concluded
in the experiments were done with some adjustments, which could affect the results’

reliability.

Based on the experiments, the “optimal” carbonization process conditions depend highly on
the desired product and its characteristics as well as the used material. If solely focusing on
the maximization of char and elemental carbon, the optimal conditions based on these
experiments would be the lowest experimented temperature of 300°C and a 30-minute
residence time. This is mostly due to the large decrease in mass-based char yield after
increasing the temperature and residence time from that point. However, as the aim of the
experiments was also to decrease tar and impurity formation compared to direct gasification,
a larger carbonization temperature of at least 400°C could be required. For the energy waste
sample, it was concluded that temperatures over 400°C could be preferable. Based on the
literature search, even the lower temperatures of carbonization or torrefaction lower the
produced tar amount during gasification. The increase in temperature could also “remove”
other volatilizing impurities before the gasification step. In addition to the tar formation, if
aiming towards high surface area and porosity, a temperature larger than 400-500°C is
required. The surface area and porosity could increase the gasification rate, although not

studied in this thesis.

In the gasification step, the effect of carbonization conditions as well as gasification
temperature and catalyst were studied. Most of the gasification experiments were done at
850°C, but the effect of temperature was studied also at 800°C and 900°C. The increase of
temperature had an increasing effect on the yield of CO. However, the experiments lack
observations of the behaviour of different waste materials in different gasification

temperatures, as well as tar formation during gasification.

The amount of CO obtained from the gasification of the wood pellet char generally
corresponded to the increasing elemental carbon content. The amount of CO from the

gasification of the wood waste char was slightly higher compared to the wood pellet char
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sample, but the energy waste char gasification yielded a lower amount of CO. However, the

produced CO from all samples corresponded to the increased carbonization temperatures.

In addition to the production of CO, product gas purity was evaluated. Based on the results,
the gas produced from wood pellet and wood waste char gasification was free of hydrocarbon
gases for samples that were carbonized at temperatures of >400°C. At temperatures of
300°C, 0.002-0.008 g of ethylene per g of char sample was detected in all wood pellet
samples regardless of residence time. H> and CH4 not volatilized during the carbonization
step were also detected in the gas analytics, but the amount decreased with the increasing
carbonization temperature. The gas produced from the gasification of the energy waste
sample carbonized at 400°C for 30 minutes also contained 0.005 g/g (char) of ethylene.
However, no ethylene was detected in the gasification of char carbonized at 600°C.

Finally, a K2COs catalyst was tested for the wood pellet gasification. The 5 wt% catalyst
addition did not affect the amount of CO but improved the reaction time significantly in all
tested temperatures. For example, the process duration at 850°C decreased from nearly 90

min to approximately 60 min.

Generally, most of the carbonization and gasification results were supported by studies found
in the literature. However, some technical difficulties were experienced with the reactor
configuration, which affected the calculations significantly, which should be considered
when reviewing the results. Especially the results of the mass balances should be evaluated
with caution. The calculated yields of gasification also had some significant variability, but

the results could be evaluated also based on the elemental analysis results.



111

8 Conclusions

Different thermochemical biomass conversion methods have been broadly researched to
meet for example the growing energy and chemical demand. The studies have also widened
their scope to include different waste materials, such as municipal solid waste (MSW) and
its fractions. Among the methods, incineration in WtE facilities have been popularised over
recent years, especially in high-income countries. Other mentionable thermochemical
conversion methods include pyrolysis and gasification, which have also been applied in
commercial and pilot plants. However, the processes still face some difficulties related to tar

and impurity formation, as well as the heterogeneity of waste feedstocks.

In this thesis, a combination of a pyrolysis and gasification process was studied, focusing on
CO2 conversion and the production of relatively clean carbon monoxide from carbonized
waste materials. The aim of the research was also to investigate carbonization as an impurity
and tar removal step before gasification. The process involved a carbonization step followed
by the Boudouard reaction of CO> and the produced char. Process parameter testing and
optimization were first done using wood pellet as the raw material. The methodology was

later tested using wood waste and energy waste collected from a local waste centre.

It can be concluded from the results that waste materials could be a feasible feedstock for
relatively clean CO production. The CO yield from more heterogeneous waste feedstocks
was lower compared to lignocellulosic biomass, but as waste materials are generally free or
low-cost, the method is a highly promising solution for improving waste management
practices. However, the process needs to be optimized regarding CO2 conversion efficiency,
as there was a significant amount of excess CO> from the gasification experiments. The
excess CO2 might also affect further applications of the produced gas among other gas

components such as CHa.

In addition, the energy waste sample used in this study had a high heating value and
relatively low ash and moisture content, indicating its good quality and suitability for the
process. However, further research using lower-quality waste streams would be required to
evaluate the feasibility of the method. The experiments in the thesis were small-scale
laboratory experiments, so more large-scale experiments with industrial reactors would also

be preferable. The effects of the different conditions on energy efficiency and process costs
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would be interesting and offer a new point of view for selecting the most optimal conditions

for the intended purpose.
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Appendix 1. Experiment results

Table 1. A collection of carbonization and gasification results for different samples and process conditions. The experiments are named

according to the material, carbonization temperature and carbonization residence time, respectively

Exp. Name Material Carbonization Carbonization residence Gasification Yield Yield(CO),
temperature, °C time, min temperature, °C char, % mmol/g(char)
WP _300 30 wood pellet 300 30 850 44.54 51.97
WP 300 30 wood pellet 300 30 850 44.54 51.70
WP _300 60 wood pellet 300 60 850 30.46
WP_300 120 wood pellet 300 120 850 30.00 70.48
WP_300 180 wood pellet 300 180 850 29.02 78.26
EW 400 30 energy waste 400 30 850 32.40 55.26
EW 400 30 energy waste 400 30 850 37.46 47.68
WP 400 30 wood pellet 400 30 800 26.72 63.01
WP_400_30 wood pellet 400 30 850 23.89 82.22
WP_400_30 wood pellet 400 30 850 23.89 82.22
WP_400 30 wood pellet 400 30 900 26.72 94.19
WP 400 30 catalyst wood pellet 400 30 800 32.13 63.32
WP _400 30 catalyst wood pellet 400 30 850 32.13 80.01
WP 400 30 catalyst wood pellet 400 30 900 32.13 68.87
WW 400 30 wood waste 400 30 850 31.40 90.03
EW 400 60 energy waste 400 60 850 32.43 -
EW 400 60 energy waste 400 60 850 32.43 -
WP_400 60 wood pellet 400 60 850 23.44 95.69
WP_400_60 wood pellet 400 60 850 23.44 83.68




Table 1. Continued

Exp. Name Material Carbonization Carbonization residence Gasification Yield Yield(CO), mmol/g(char)
temperature, °C time, min temperature, °C char, %
WP_400_120 wood pellet 400 120 850 23.58 91.64
WP_400_180 wood pellet 400 180 850 23.24 127.55
WP_400_180 wood pellet 400 180 850 24.18 94.78
WP_400_180 wood pellet 400 180 850 24.18 92.58
WW_400 180 wood waste 400 180 850 27.76 96.18
WW _400_180 wood waste 400 180 850 27.76 96.18
WP_500 60 wood pellet 500 60 850 20.27 123.87
WP_500_120 wood pellet 500 120 850 20.67 102.26
WP_500_120 wood pellet 500 120 850 21.22 99.69
EW _600 30 energy waste 600 30 850 25.60 65.72
WP_600_30 wood pellet 600 30 850 20.15 110.09
WP_600_30 wood pellet 600 30 850 19.86 93.65
WW_600_30 wood waste 600 30 850 27.78 103.49
WP_600_150 wood pellet 600 150 850 20.08 107.46
WP_600_150 wood pellet 600 150 850 20.74 90.66
WP_700_30 wood pellet 700 30 850 18.83 114.99
WP_700_90 wood pellet 700 90 850 18.85 130.09
WP_700_180 wood pellet 700 180 850 19.60 115.68
wood char from
WC-sample company 500-740 11-30 850 - 136.83
wood char from
WC-sample company 500-740 11-30 850 - 100.03
wood char from
WC-sample company 500-740 11-30 850 - 88.22




Table 2. Ultimate analysis results and averages of replicate measurements. The samples were carbonized and gasified in different conditions.
The experiments are named according to the material, carbonization temperature and carbonization residence time, respectively

Exp. Name | C, % | C(average), % | H, % | H(average), % | N, % | N(average), % | O, % | O(average), %
WP_300 30 |62.18 61.11 6.13 5.55 -0.03 0.03 31.72 33.31
WP_300 30 |60.04 61.11 4.97 5.55 0.09 0.03 34.91 33.31
WP_300 60 |67.45 67.45 2.19 2.19 0.45 0.45 29.91 29.91
WP_300 120 | 71.05 71.05 4.84 4.84 0.27 0.27 23.84 23.84
WP 300 180 |72.42 72.42 4.80 4.80 0.35 0.35 22.43 22.43
WP_400 30 |75.42 74.51 4.20 3.86 0.07 0.11 20.30 21.52
WP_400 30 |73.59 74.51 3.52 3.86 0.16 0.11 22.73 21.52
EW 400 60 |51.58 51.43 4.73 4.89 0.81 0.77 42.88 4291
EW 400 60 |51.27 51.43 5.05 4.89 0.74 0.77 42.94 4291
WP_400 60 |74.88 74.88 2.44 2.44 0.60 0.60 22.08 22.08
WP 400 120 | 76.84 76.84 3.80 3.80 0.11 0.11 19.25 19.25
WP 400 180 | 78.52 78.52 4.03 4.03 0.10 0.10 17.35 17.35
WW _400 180 | 69.42 68.09 3.21 3.13 1.53 1.60 25.84 27.18
WW _400 180 | 66.75 68.09 3.05 3.13 1.67 1.60 28.52 27.18
WP_500 60 |84.35 84.35 3.37 3.37 0.09 0.09 12.18 12.18
WP_500 120 | 84.30 82.65 3.61 3.60 -0.06 -0.09 12.16 13.84
WP_500 120 | 81.00 82.65 3.60 3.60 -0.12 -0.09 15.53 13.84
WP_600 30 |82.92 82.92 2.23 2.23 0.24 0.24 14.61 14.61
WP_600 30 |82.92 82.92 2.23 2.23 0.24 0.24 14.61 14.61
WP_600_150 | 83.82 84.37 2.00 1.96 0.27 0.37 13.91 13.30
WP 600 150 |84.91 84.37 1.92 1.96 0.47 0.37 12.70 13.30
WP_700 30 |84.55 84.55 1.51 1.51 0.31 0.31 13.63 14.63
WP_700 90 |87.53 87.53 1.37 1.37 0.54 0.54 10.56 10.56
WP_700 180 |88.72 88.72 1.24 1.24 0.60 0.60 9.44 9.44
WC-sample | 88.83 87.83 1.40 1.41 0.51 0.48 9.26 10.27
WC-sample | 86.84 87.83 1.42 1.41 0.45 0.48 11.29 10.27




Table 3. Theoretical and percentage yields and intermediate results. The samples were carbonized and gasified in different conditions. The
experiments are named according to the material, carbonization temperature and carbonization residence time, respectively. The modifications
made in the calculations are explained in Chapter 6.3.1

Exp. Name Gasification Sample size | m(C insample), | n(C, sample), | n(CO, experimental), | n(theoretical) n (CO)
temperature, (char), g g mol mol CO, mol experimental / n
°C (CO) theoretical , %

WP_300_30 850 0.225 0.137 0.011 0.012 0.023 51.08
WP_300_30 850 0.231 0.141 0.012 0.012 0.024 50.80
WP_300_120 850 0.229 0.163 0.014 0.016 0.027 59.57
WP_300_180 850 0.235 0.170 0.014 0.018 0.028 64.89
EW_400_30 850 0.191 0.098 0.008 0.011 0.016 64.53
EW_400_30 850 0.189 0.097 0.008 0.009 0.016 55.68
WP_400_30 800 0.206 0.149 0.012 0.013 0.025 52.25
WP_400_30 850 0.224 0.167 0.014 0.018 0.028 66.27
WP_400_30 850 0.224 0.167 0.014 0.018 0.028 66.27
WP_400_30 900 0.207 0.150 0.013 0.020 0.025 78.10
WP_400_30_catalyst 800 0.152 0.095 0.008 0.010 0.016 60.44
WHP_400_30_catalyst 850 0.206 0.130 0.011 0.017 0.022 76.37
WHP_400_30_catalyst 900 0.215 0.135 0.011 0.015 0.023 65.74
WW_400_30 850 0.213 0.159 0.013 0.019 0.026 72.56
WP_400_60 850 0.228 0.171 0.014 0.022 0.028 76.74
WP_400_60 850 0.135 0.101 0.008 0.011 0.017 67.11
WP_400_120 850 0.218 0.168 0.014 0.020 0.028 71.61
WP_400_180 850 0.222 0.175 0.015 0.028 0.029 97.55
WP_400_180 850 0.220 0.173 0.014 0.021 0.029 72.49
WP_400_180 850 0.181 0.142 0.012 0.017 0.024 70.80




Table 3. Continued.

Exp. Name Gasification Sample size | m(Cinsample), | n(C, sample), | n(CO, experimental), | n(theoretical) n (CO)
temperature, (char), g g mol mol CO, mol experimental / n
°C (CO) theoretical , %
WW_400_180 850 0.219 0.149 0.012 0.021 0.025 84.83
WW_400_180 850 0.219 0.149 0.012 0.021 0.025 84.83
WP_500_60 850 0.226 0.190 0.016 0.028 0.032 88.18
WP_500_120 850 0.225 0.186 0.015 0.023 0.031 74.30
WP_500_120 850 0.194 0.160 0.013 0.019 0.027 72.43
EW_600_30 850 0.185 0.095 0.008 0.012 0.016 76.74
WP_600_30 850 0.222 0.184 0.015 0.024 0.031 79.72
WP_600_30 850 0.211 0.175 0.015 0.020 0.029 67.82
WW_600_30 850 0.216 0.179 0.015 0.022 0.030 74.94
WP_600_150 850 0.218 0.184 0.015 0.023 0.031 76.49
WP_600_150 850 0.221 0.187 0.016 0.020 0.031 64.53
WP_700_30 850 0.207 0.175 0.015 0.024 0.029 81.67
WP_700_90 850 0.230 0.201 0.017 0.030 0.034 89.24
WP_700_180 850 0.222 0.197 0.016 0.026 0.033 78.30
WC-sample 850 0.265 0.233 0.019 0.036 0.039 93.55
WC-sample 850 0.191 0.168 0.014 0.019 0.028 68.39
WC-sample 850 0.178 0.154 0.013 0.016 0.026 61.01




Appendix 2. Gas chromatography result examples
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Figure 1. Example of a GC chromatogram of first collected gas bag, when wood pellet carbonized at 400°C for 30 minutes was gasified at
CO peak can be seen at TCD1A at 14.307. The numbers represent the retention time of each compound

850°C.
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Figure 2. An example of GC chromatogram, when only CO> was analysed. The numbers represent the retention time of each compound



#  MName Signal description RT {min) Area Areath Height Height% Amount Concentration  Start time (min) End time (min)
1H2_inArgon TCD3D 0,886 20856,761 73,424 2593,250 75,14 0,828 0,892
2 TCD3D 0,986 363,947 9,038 434,747 12,60 0,896 1,193
3 TCD3D 1,247 401,563 9,972 211,459 6,13 1,237 1,386
4 TCD3D 1,535 304,715 7,567 211,805 6,14 1,512 1,627
5 TCD1A 2,494 144,640 0,297 25,382 0,55 2,483 2,653
6002 TCD1A 2,747 42801,856 87,753 3371378 72,72 52,088 52,088 2,653 3,626
7 TCD1A 5,261 313,021 0,642 32,010 0,69 5,172 5,743
8 TCD1A 12,003 65,710 0,135 15,823 0,34 11,923 12,007
) TCD1A 12,029 93,077 0,191 40,196 0,87 12,017 12,081
10 TCD1A 12,171 301,281 0,618 15,054 0,32 12,081 12,557
11N2 TCD1A 13,169 150,351 0,308 63,766 1,38 0,316 0,316 13,113 13,327
12|CH4 TCD1A 13,436 473,391 0,971 194,037 4,19 1514 1,514 13,381 13,562
13 TCD1A 13,830 75,171 0,154 26,315 0,57 13,770 13,925
14 FID2B 13,833 1303,279 100,000 438,018 100,00 13,479 14,276
15 TCD1A 14,307 4357,000 8,933 852,223 18,38 14,247 14,743

Figure 3. The corresponding GC peak table for the chromatogram presented in Figure 1. CO peak is the 15" peak in the list, while H, and CHq4
are the 1% and 14™ peak, respectively. The corresponding peaks can be seen in Figure 1 based on the retention time (RT (min)) and detector
(signal description). The concentrations calculated by the GC system were not used in the calculations

i Name Signal description RT (min) Area Area% Height Height% Amount Concentration Start time (min) End time (min)
1H2_inArgon  [TCD3D 0,845 22,344 0,881 21,196 1,04 0,806 0,921
2 TCO3D 0,976 718,803 28,340 1525,979 74,65 0,956 1,075
3 TCD3D 1,164 1795,225 70,779 497,103 24,32 1,154 1,350
4 TCO1A 2,484 238,837 0,485 35,893 0,83 2,432 2,642
5C02 TCO1A 2,739 46177,954 93,864 3532,305 81,64 56,196 56,196 2,642 3,617
[ TCO1A 5,260 129,687 0,670 31,069 0,72 5,164 5,735
7 TCO1A 11,979 71,471 0,145 14,227 0,33 11,872 11,980
8 TCO1A 12,031 61,885 0,126 23,871 0,55 12,019 12,073
9 TCD1A 12,181 296,800 0,603 15,266 0,35 12,073 12,462
10M2 TCO1A 13,136 475,206 0,966 169,999 3,93 0,998 0,998 13,069 13,271
11 TCO1A 13,329 1544,581 3,140 503,859 11,65 13,271 13,518
12 Methane FID2B 13,760 207,495 100,000 35,796 100,00 0,037 0,037 13,527 14,137

Figure 4. The corresponding GC peak table for the chromatogram presented in Figure 2. The corresponding peaks can be seen in Figure 1 based
on the retention time (RT (min)) and detector (signal description). H2 and CH4 are the 1%t and 12™" peak on the list, respectively



